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[0005] 

[0006] 

[0007] 

[0008] 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention pertains generally to optical transmission, and more 

particularly to an optical coupler for changing the direction of light 

transmission. 

2. Description of Related Art 

High-density photonic integrated circuits (PICs) are important to 

integrate various optical functionalities in one single chip for many 

applications, ranging from communications, sensing, display, to system-on-a-

chip and lab-on-a-chip applications. These devices, by and large, utilize light 

guided by waveguides in the direction parallel to the wafer surface, known as 

the in-plane direction. Devices are cascaded longitudinally (in the direction of 

light propagation) or laterally (orthogonal to light propagation) to achieve 

higher levels of functionalities. Various material platforms have been reported, 

including lnP-based material, silicon and silicon-on-insulator (SOI), various 

organic materials, and so forth. Efficient coupling of a surface-normal 

propagating light beam, such as from an output of an optical fiber or free­

space optics, or a device, (e.g. lasers such as vertical cavity surface emitting 

lasers (VCSEL)), with PICs is especially desirable. 

20 [0009] However, conventional second order gratings have limited efficiency, 

often significantly below 25% in each in-plane direction. Some approaches 

propose adding reflection DBRs or by using slanted gratings. However, those 

approaches can make fabrication complicated, and perhaps too complicated 

for practical manufacture. 

25 [001 0] Accordingly, a need exists for an optical coupling means which can 

couple and redirect light at high efficiencies. The present invention fulfills that 

need and overcomes shortcomings of prior coupling technologies. 

BRIEF SUMMARY OF THE INVENTION 

30 [0011] A vertical optical coupler with high coupling efficiency using a sub-

wavelength high contrast grating (HCG), and a number of novel device 

-2-



5 

10 

WO 2012/149441 PCT/US2012/035615 

designs into which the vertical optical coupler is integrated, are desc 

HCG is a single-layer sub-wavelength grating in which the grating high-index 

bars are completely surrounded by a low-index material. It has been 

demonstrated that high-Q resonances and high reflectivity can be beneficially 

achieved under proper design of grating dimensions. For regular grating 

couplers, when the period A is equal to wavelength, the surface normal 

incident light couples into the in-plane waveguide. By utilizing the resonance 

nature of HCG, the coupling efficiency from vertical incidence to in-plane 

waveguide can be increased to a total of at least 92% in both in-plane 

propagation directions (combined). The inventive coupler can be used in the 

reverse direction, with input received from an in-plane waveguide and directed 

to the vertical direction as well. Efficiencies of greater than 90% are achieved 

for both single-side incidence and double-side incidence. Various inventive 

devices incorporating the vertical optical coupler are presented. 

15 [0012] Further aspects of the invention will be brought out in the following 

20 

[0013] 

[0014] 

portions of the specification, wherein the detailed description is for the purpose 

of fully disclosing preferred embodiments of the invention without placing 

limitations thereon. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS 

OF THE DRAWING(S) 

The invention will be more fully understood by reference to the following 

drawings which are for illustrative purposes only: 

FIG. 1 is a schematic of a "vertical to in-plane" coupler according to an 

25 embodiment of the present invention. 

[0015] FIG. 2 is a schematic of an "in-plane to vertical" coupler with 

symmetrical incidence according to an embodiment of the present invention. 

[0016] FIG. 3 is a schematic of a single-side "in-plane to vertical" coupler 

according to an embodiment of the present invention. 

30 [0017] FIG. 4A and FIG. 4B are graphs of operating modes utilized according 

to an embodiment of the present invention, showing first through third modes 
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in FIG. 4A, and an overall mode profile at the output plane z = tin Fl 

[0018] FIG. 5 is a graph of HCG surface normal reflectivity utilized according to 

an embodiment of the present invention. 

[0019] FIG. 6 is a graph of a mode dispersion relationship utilized according to 

5 an embodiment of the present invention. 

[0020] FIG. ?A and FIG. 7B are graphs of vertical to in-plane coupling, utilized 

according to an embodiment of the present invention, showing field distribution 

in FIG. ?A, and coupling efficiency in FIG. 7B. 

[0021] FIG. 8A and FIG. 8B are graphs of coupling utilized according to an 

10 embodiment of the present invention, showing symmetrical in-plane incidence 

to vertical coupling field distribution in FIG. 8A, and coupling efficiency in FIG. 

8B. 

[0022] FIG. 9A and FIG. 9B are graphs of in-plane characteristics utilized 

according to an embodiment of the present invention, showing waveguide field 

15 distribution for the case of in-plane reflection in FIG. 9A, and in-plane 

reflectivity in FIG. 9B. 

20 

[0023] FIG. 1 OA through FIG. 1 OC are graphs of efficiency spectrum in 

response to different HCG thickness utilized according to an embodiment of 

the present invention, showing in-plane reflection (-x direction) in FIG. 1 OA, 

vertical coupling (+z direction) in FIG. 1 OB, and in-plane transmission (+x 

direction) in FIG. 1 OC. 

[0024] FIG. 11 A and FIG. 11 Bare graphs of single side in-plane incidence to 

vertical coupling field distribution in FIG. 11A, and coupling efficiency in FIG. 

11 B utilized according to an embodiment of the present invention. 

25 [0025] FIG. 12 is a schematic of light being turned in a hollow-core waveguide 

(HW) utilizing vertical couplers according to an embodiment of the present 

invention. 

[0026] FIG. 13 is a schematic of light being turned in a hollow-core waveguide 

(HW) utilizing side-coupling according to an embodiment of the present 

30 invention. 

[0027] FIG. 14 is a schematic of connecting two HCG hollow core waveguide 
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couplers according to an embodiment of the present invention to turr 

[0028] FIG. 15 is a schematic of an HCG multiplexer according to an 

embodiment of the present invention. 

[0029] FIG. 16 is a schematic of an HCG demultiplexer according to an 

5 embodiment of the present invention. 

[0030] FIG. 17 is a schematic of vertical incidence to single side in-plane 

waveguide coupling according to an embodiment of the present invention. 

[0031] FIG. 18 is a schematic of parallel waveguide coupling according to an 

embodiment of the present invention. 

10 [0032] FIG. 19 is a schematic of an HCG vertical coupler and reflector for 

surface-emitting quantum cascade laser according to an embodiment of the 

present invention. 

[0033] FIG. 20 is a schematic of an HCG reflector as cavity mirror in GaN laser 

diode according to an embodiment of the present invention. 

15 [0034] FIG. 21 is a schematic of HCG light extraction for GaN light emitter 

20 

25 

30 

diode according to an embodiment of the present invention. 

[0035] FIG. 22 is a schematic of an HCG light collector for a solar cell 

[0036] 

[0037] 

according to an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

1. High Contrast Grating Vertical Coupler Structure 

FIG. 1 through FIG. 3 illustrate different operations of the inventive 

vertical coupler which can couple light from a vertical light source into both 

directions of a horizontal waveguide (FIG. 1 ), or from both directions of the 

horizontal waveguide to the vertical direction (FIG. 2), or utilize a single side 

operation of the vertical coupler in which light is preferentially coupled to or 

from one direction of the waveguide (FIG. 3). The optical coupler thus 

angularly displaces light transmission passing either way through the coupler. 

These operations of the vertical optical coupling are described in greater detail 

in the following sections. In one embodiment, the vertical coupler comprises a 

sub-wavelength high contrast grating (HCG) configured with proper grating 
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dimensions and spacing for interoperation with a waveguide whose 

characteristics match the HCG. The period of the HCG preferably should be 

close to, or the same as, periodicity of the field profile for a specific waveguide 

mode in the propagation direction (i.e., propagation constant). 

5 [0038] In the embodiment illustrated in FIG. 1, a laser light source 12, 

10 

15 

20 

25 

30 

comprising a laser (which, for example, can be a VCSEL or edge emitting 

laser), is shown coupled to a HCG 14, having periodic spaced apart segments 

of grating material 16 of width (s) and thickness (t), with a spacing 18 of 

distance (a) between segments and period A. Although the embodiments 

address the use of a VCSEL, it should be appreciated that a laser or edge 

emitting laser can be generally substituted. The HCG is positioned with a gap 

15 beneath the VCSEL, and a gap 17 above the waveguide 20. 

[0039] The gap size is a design parameter which can influence power coupling 

efficiency and its spectral width from laser into waveguide. The gap size 

design can be optimized by finite-difference time-domain (FDTD) simulations 

or numerical analysis. A typical value is in the range from 10 nm to about 

1,500 nm, depending on the refractive indices of the material used for the gap 

and the HCG, as well as the wavelength of interest. In the range given above, 

there exists an optimum value range with which a high coupling efficiency and 

broad spectral width is achieved. As the gap increases and reduces from the 

optimum range, both coupling efficiency and spectral width are reduced. 

[0040] In this example embodiment, waveguide 20 is shown comprising an in-

plane silicon-on-insulator (SOI) waveguide having a waveguide layer 22 and 

buried oxide layer 24. The buried oxide layer should be sufficiently thick that 

the light is guided by the waveguide 22 and does not experience significant 

leakage into the silicon substrate. A plane wave with the E-field polarized in 

they-direction (hereinafter TE polarization) propagates in the z-direction 

(downward) from VCSEL 12 towards HCG 14. The three physical parameters 

that select the characteristics of the HCG are period (A), thickness ( t) and 

duty cycle ( ri ). The period (A) of sub-wavelength high contrast grating 

should be smaller than the working wavelength while the thickness can be 
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larger. The duty cycle ( 11) is defined herein as the ratio of grating b::: 

period (s/A). In this example, an in-plane SOI waveguide is utilized and 

placed beneath the HCG, separated by a gap 17 denoted by (d). In this 

example, the silicon waveguide thickness is 0.1 µm, SiO2 layer thickness is 

1.35 µm. Based on such structure, the light incidence from +z direction is 

coupled into the waveguide in both +x and -x directions 28 symmetrically. It is 

also seen in the figure that the top surface of the HCG waveguide is 

designated as z=0, while the bottom is at z= t. 

[0041] In FIG. 2, operation of the vertical coupler is illustrated in example 

10 embodiment 30 with light symmetrically incident along the waveguide being 

output vertically. The sub-wavelength HCG 32 can have the same parameters 

as described for FIG. 1 with grating segments 32, and spacing 34, and gap 37 

over the waveguide 38, such as having a waveguide layer 40 and buried oxide 

layer 42 and a substrate layer 44. Light 46 is shown traversing the waveguide 

15 38 and coupled through the vertical optical coupler 32, with its interaction with 

the waveguide to direct the light in direction 48. 

20 

25 

30 

[0042] In FIG. 3, operation of the vertical coupler is illustrated in example 

embodiment 50 with light transmission through waveguide 64 being blocked 

from vertical coupler 52 for vertical output 74, by an in-plane reflector 58. The 

vertical coupler 52 can be configured with the same parameters as described 

for FIG. 1 with regard to spaced art segments of grating material 54, spacing 

56, and gap 57 over the waveguide 64. The waveguide 64 is illustrates by 

way of example and not limitation with a waveguide layer 66, buried oxide 

layer 68 and a substrate layer 70. In the figure, arrow 72a depicts light input 

to the waveguide, with arrow 72b depicting transmission light that cannot be 

coupled vertically in a single pass. Arrow 72c represents the reflected light of 

72b through in-plane reflector 58. The large vertical arrow 74 represents the 

total vertically out-coupling light. The reflector 58 also comprises segments of 

grating material 60, spaces 62, and is positioned with a gap 63 separating it 

from waveguide 64. HCG parameters for reflector 58 differ from that of the 

vertical optical coupler to provide efficient and broadband reflection. 
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[0043] The coupler design procedure is as follows. The first step is t 

determine the HCG period A. The goal is to couple a down-propagating 

plane wave, with the E-field polarized in y-direction into the fundamental TE 

mode of the Si waveguide (E-field in the same direction). It will be appreciated 

that an HCG can be considered as a (short) slab waveguide array supporting 

modes propagating in the z-direction 

[0044] FIG. 4A and FIG. 4B depict mode characteristics of a high contrast 

grating utilized in the vertical optical coupler. In FIG. 4A, in-plane lateral mode 

profiles for the first three modes of propagation are seen. Due to the large 

index contrast, there exists a wide wavelength range where the HCG supports 

exactly two propagating modes, while the third and higher modes are 

evanescent in z and are bound to input and output surfaces of HCG (surface 

modes). These first two modes propagate in the z-direction with different 

propagation constants, 13 1 and 13 2 . At the input and output planes, z = 0 and 

z = t, respectively, the two modes are reflected not only back to themselves, 

but also couple into each other's reflections, resulting in a mixing of the two 

modes. The propagation wave-numbers adjusted for the mode cross-coupling 

are denoted herein as 13'1 and 13'2 . Most importantly, due to the sub­

wavelength period, the two modes do not couple into any diffraction order 

other than the fundamental one, which is a surface normal propagating plane 

wave. 

[0045] In FIG. 4B, the net field profile at the existing planes is seen having a 

periodic spatial variation equal to the HCG period. The high coupling can be 

anticipated when this periodicity is matched to the propagation constant of the 

Si/SiO2 waveguide mode, denoted as 13x since it propagates in x-direction. 

The first step for the vertical coupler is therefore calculating the effective index 

lletr of Si/SiO2 waveguide, where lleff is f3xAo/2rc and Ao is the free space 

wavelength. This leads to the determination of the period of HCG, 

A = 2rc/f3 x = A o/lleff • 
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[0046] Next, HCG thickness is determined by finding the condition wl 

and 13'2 t are a multiple of 21t, which is the condition in which the two modes 

are in resonance, whereby the field inside the grating under this condition is 

accordingly enhanced. 

5 [0047] FIG. 5 depicts HCG surface normal reflectivity, indicating that for a 

given Ao and A, there are multiple sets of t and Tl pairs that satisfy this 

condition. 

[0048] FIG. 6 depicts the dispersion relationship of one such resonance mode, 

in which the four sets of dotted lines represent HCG resonance modes, while 

10 the solid lines represent coupled waveguide modes. The flat solid line and 

lower dotted line depict the mode without coupling. The other lines illustrate 

the use of an air gap (d) of 0.25 µm, 0.30 µm and 0.35 µm, respectively. 

Toward the middle of the graph the dotted line curves are seen in order of air 

gap spacing, with 0.35 µm seen as the lowest dotted line, and 0.25 µm as 

15 

20 

[0049] 

25 [0050] 

[0051] 

the uppermost dotted line. On the other hand, the Si waveguide mode 

propagating in the x direction can be represented by a straight horizontal line 

in the dispersion curve. By changing the gap between HCG and Si 

waveguide, d, the HCG resonance mode couples with the waveguide mode, 

causing the crossed dispersion lines to repel against each other. The stronger 

the coupling is, the wider the bandgap of the forbidden zone. At the center of 

the forbidden zone, there is no longer allowed real values for kz, indicating 

the wave is forbidden to propagate in the vertical direction and all energy is 

transferred to in-plane propagation. 

2. Coupler Performance 

2.1 Vertical to In-Plane Coupler 

At the wavelength of 1.55 µm for this example embodiment, the 

waveguide effective index is 2.13. The HCG perturbs the effective index of the 

waveguide underneath to 2.14. Based on the design principle described 

above, the following parameters were chosen: period A = 0.724 µ.m, HCG 
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thickness t = 0.96 µm, duty cycle 17 = 0.61 and air gap thickness d 

µm. 

[0052] FIG. 7A and FIG. 7B depict results of a finite difference time domain 

(FDTD) simulation performed to test the design. In FIG. 7A, the intensity 

5 distribution shows the coupling effect, in which it can be clearly seen that the 

field inside the waveguide under the HCG is enhanced and the surface normal 

incident light is coupled into the waveguide. In FIG. 7B, coupling efficiency is 

seen for each propagation direction as a function of wavelength. The highest 

coupling efficiency for this example is 46% and the coupling wavelength is 

10 

15 

1.552 µm. Therefore, in the combination of both +x and -x directions, 92% of 

incident energy was coupled into the waveguide. The remaining 8% was 

leakage due to the limited HCG width. The 1 dB and 3dB coupling bandwidths 

were found to be 30 nm and 50 nm, respectfully, which is substantially wide 

and readily makes this device useful for WDM application. The bandwidth is 

determined by the band gap of the forbidden zone, which can be tuned by the 

spacing between the HCG and the waveguide, as was shown previously in 

regard to FIG. 6. Therefore, wider or narrower bandwidth can be achieved by 

tuning the air gap and the corresponding HCG dimension. 

[0053] 2.2 Coupler from Symmetrical In-Plane Incidence to Vertical 

20 Output 

25 

30 

[0054] Based on reciprocity, it can be expected that the symmetrical light 

incidence from two sides of the waveguide can be coupled into the vertical 

direction with high efficiency as well, as shown in the schematic of FIG. 2. 

[0055] FIG. 8A through FIG. 80 depict FDTD simulation results for coupling 

light from two sides of the waveguide into the vertical direction. The 

dimensions in this configuration are the same as the vertical to in-plane 

coupler. In this simulation, two mode matched light sources are positioned at 

the waveguide symmetrically to HCG. In FIG. 8A the field distribution is 

plotted in a log scale, while FIG. 8B shows the coupling efficiency with plots for 

-z leakage (bottom line) +x, -x leakage (trough-shaped curve), upward 

coupling (peaked curve), and the combination (summation). At the 
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wavelength of 1.551 µm, the highest coupling efficiency is found to 

The 1 dB and 3 dB bandwidths are 38 nm and 70 nm, respectively. 

[0056] 2.3 Coupler from Single Side In-Plane Incidence to Vertical Output 

[0057] For the single side in-plane incidence case, previously described in 

FIG. 3, to prevent optical transmission passing through the waveguide, an in­

plane reflector is integrated into the device. By changing the HCG thickness t 

with the other dimensions fixed as in the previous designs, a broad band high 

efficiency in-plane reflector can be designed. 

[0058] FIG. 9A and FIG. 9B depict simulated waveguide field distribution and 

10 in-plane reflectivity, respectively. The field distribution of in-plane reflectivity in 

FIG. 9A is shown in a log scale, for a device with HCG thickness t at 0.495 

µm, a period 'A of 0.724 µm, and duty cycle T\ at 0.61. FIG. 9B depicts the 

reflectivity spectrum, with the highest reflectivity in this test being 97% with a 

bandwidth of 30 nm. It will be noted that by varying the HCG thickness in the 

15 simulation, the HCG expresses different behaviors. 

[0059] FIG. 1 QA through FIG. 1 OC, respectively, depict that the light can be 

reflected backward in the -x direction shown in FIG. 10A, coupled upwardly in 

the +z direction shown in FIG. 1 OB, or transmitted through in the +x direction 

shown in FIG. 1 OC across a range of different HCG thicknesses, with these 

20 transformations observed with respect to grating period. 

25 

[0060] In the above example, the HCG coupler and in-plane reflector grating 

were selected with the same thickness, but having different periods and duty 

cycles. By increasing the duty cycle, the anti-crossing behavior seen in FIG. 5 

can be shifted to smaller HCG thicknesses. In FIG. 5, sharp reflectivity 

changes indicate the resonance conditions of specific modes. At the center, 

two modes which are supposed to intersect with each other repel at the 

crossing point, and is referred to as the anti-crossing behavior. The coupler 

HCG of the example embodiment has a thickness of 0.495 µm, period 0.715 

µn1, and a duty cycle of 0.69. 

30 [0061] FIG. 11A and FIG. 11 B depict, respectively, coupling field distribution 

and the coupling efficiency spectrum for this configuration. The highest 
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coupling efficiency observed in this example embodiment was 91.7°/i 

wavelength of 1.554 µm, with the 1 dB bandwidth at 70 nm. 

[0062] 3. Applications 

[0063] 3.1. Integration of Vertical Coupler with Hollow Core Waveguides 

5 [0064] Notwithstanding the numerous beneficial configurations described in 

10 

15 

20 

25 

30 

the preceding sections, the inventive vertical optical coupler also provides 

wide applicability in the context of hollow-core waveguides (HWs). It will be 

appreciated that a wide range of applications exist for these hollow-core 

waveguides (HWs), including applications in gas sensing and gas-based 

nonlinear optics. With the elimination of core material, the problems with 

nonlinearity, dispersion effects and scattering losses in traditional SiO2, Si or 

11I-V waveguides can be drastically reduced. Utilizing chip-scale HWs opens 

up a new range of on-chip applications, such as optical buffers, optical signal 

processors, and RF filtering. Although integrated HWs can achieve a low 

propagation loss for the straight session, there is usually a relatively large light 

leakage when the waveguide bends. At the bending region, the sidewall 

reflection reduces, and thus large radiation losses can arise, in particular with 

integrated HWs. The small footprint of integrated optics requires unavoidably 

tight packing of the waveguides and sharp turns. This would introduce high 

loss as the bending loss increases exponentially with the decrease of the 

radius of curvature. These losses have imposed significant limitations on the 

application of integrated HWs. Use of the inventive vertical coupler can solve 

this problem by bridging two adjacent HWs without the need of a sharp bend. 

[0065] FIG. 12 through FIG. 14 illustrate example embodiments utilizing 

vertical couplers with waveguides. The hollow core waveguides can be of any 

desired types, such as metal HWs, distributed Bragg reflection type HWs, anti­

resonant HWs, HCG HWs, or other form of HW. These examples illustrate 

coupling so that the light is turned a full 180 degrees, although the teachings 

are applicable to turning light through other angular displacements. Because 

the coupler can be designed to have coupling with any angle, the stripe 
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waveguide 98 and HCG HWs 92 and 94 can be configured to any re 

angle and work with the corresponding couplers. 

[0066] In the embodiment 90 of FIG. 12, two HWs are seen 92, 94 having 

exterior 102 surrounding an interior hollow light guide region 104. At the end 

of each of these HWs are vertical couplers 96a, 96b, in a butt-coupling 

arrangement, that are in turn interconnected with each other by a strip 

waveguide 98. An HCG 1 00a, 1 00b are seen in each vertical coupler upon 

which light has normal incidence from HWs 92, 94 to the vertical coupler. 

Through the vertical coupler, light can be transformed from the HWs to the 

stripe waveguide. The propagation direction of the light thus changes 90 

degrees at each vertical coupler. The first vertical coupler 96a directs light 

from a first waveguide 92 into a stripe waveguide 98, while a second vertical 

coupler 96b transforms the light back onto the adjacent HW 94. In this case, a 

virtually sharp turn is made without any sharp bends. With the high efficiency 

15 of the vertical coupler, the loss for the whole transformation can be small, on 

the order of 10% or less. 

20 

25 

[0067] FIG 13 illustrates an alternative HW light bending technique to the 

above, utilizing the vertical coupler configured in a side-coupling embodiment 

110. A first waveguide 112 and second waveguide 114 are shown having an 

exterior 102 with hollow waveguide interior 104. The grating 118a, 118b of the 

vertical couplers 116a, 116b are placed on top of the waveguides 112, 114 

with a stripe waveguide 120 connecting the vertical couplers. This and other 

embodiments of the invention may also be equally realized by replacing the 

stripe waveguide with other forms of waveguides, such as HCG waveguide, or 

hollow waveguides. With a proper design, light can be coupled upwards to the 

stripe waveguide, and then downwards to the adjacent HW. It should be 

appreciated that this configuration may be particularly well-suited to simplified 

fabrication processing. 

[0068] FIG. 14 illustrates an embodiment 130 in which the vertical coupler is 

30 utilized with HCG HWs 132, 134, to which it may be even more beneficially 

coupled. It will be appreciated that HCG HWs represent another class of 
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hollow-core waveguide, with the HCG configured as high reflection n 

and light is thus confined between opposing layers 136, 137 of HCGs. This 

form of waveguide has an extremely low propagation loss, and lateral 

confinement can be achieved by choosing different periods and duty cycles for 

5 the core and cladding region. A first vertical coupler 138a with its HCG 140a 

is shown integrated with first HCG HW 132, with light coupled through a stripe 

waveguide 142 to a second vertical coupler 138b, with its HCG 140b, coupled 

to a second HCG waveguide 134. It will be appreciated that the HCGs at the 

end of the waveguide can be designed as a vertical coupler to transform the 

10 light upwards to the stripe waveguide, or downwards from the stripe 

waveguide. The transition between the waveguide and the coupler can be 

designed to be smooth, and this ensures a minimum loss. It would appear 

that this arrangement can provide a most beneficial combination to replace 

traditional lossy light bending arrangements. 

15 [0069] 3.2. WDM Multiplexer and Demultiplexer 

[0070] FIG. 15 and FIG. 16 illustrate utilizing the inventive HCG vertical 

coupler for multiplexing and demultiplexing in a WDM system. In the 

multiplexer embodiment 150 of FIG. 15, outputs from a plurality of VCSELs 

152a, 152b and 152c with different wavelengths ( 11., 1 , A2 , 11, 3 ) are coupled 

20 through the inventive vertical optical coupling into a waveguide 162. It will be 

appreciated that the multiplexor and the demultiplexer of these figures are 

shown having three inputs/ outputs, for the sake of simplicity of illustration, 

however, the technique can be utilized with any desired number of inputs/ 

outputs, respectively. It should also be appreciated that each vertical coupler 

25 is configured for its particular working wavelength, and that by optimizing HCG 

parameters, the crosstalk arising between different wavelengths can be 

essentially eliminated. 

[0071] It will be seen from the figure that inputs 152a, 152b, 152c are directed 

through gap 154a, 154b, 154c to an HCG 156a, 156b, 156c, containing 

30 segments 158a, 158b, and 158c along with spaces 159a, 159b, 159c. Vertical 

coupling between HCG 156a, 156b, 156c is through gap 160a, 160b, 160c 
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with a waveguide 162 having a waveguide layer 164, a buried oxide 

and a substrate layer 168. It should be appreciated that waveguide 162, and 

other waveguides within the optical coupler, may comprise any desired forms 

of waveguides. It can be seen from the figure that the light received at A1 is 

5 dispersed in both directions 170a of the waveguide 162, while similarly light 

received at A2 is dispersed in both directions 170b, and light received at A3 

is also dispersed in both directions 170c. 

[0072] FIG. 16 illustrates a demultiplexer embodiment 190 configured for 

demultiplexing a plurality of wavelengths from a common waveguide. It will be 

10 noted that because of the reciprocity principle, the demultiplexer can have the 

same dimensions as the multiplexer described in FIG. 15. Based on the 

simulation results, the phase difference of the input light at each side of the 

coupler is optimally an integer multiple of 2n, which can be readily satisfied in 

response to tuning the distance between the couplers. By way of example 

15 and not limitation, a set of typical dimensions for multiplexing of a 1.55 ~un 

and 1.3 µm wavelength input. For a 1.55 µm coupler, HCG thickness is 0.7 

µm, duty cycle Tl is 0.6, period A is 0.744 µm; while for a 1.3 µm coupler, 

thickness is 0.84 µm, duty cycle Tl is 0.635, period A is 0.581 µm. 

[0073] In the demultiplexer embodiment 190, wavelengths 206a, 206b, and 

20 206c of light along waveguide 198 having a waveguide layer 200, an insulating 

layer 202 and a substrate layer 204, are vertically coupled to HCG 192a, 192b, 

192c having segments of grating material 194a, 194b, 194c and spaces 195a, 

195b, 195c, over gap 196a, 196b, 196c, whereby in response to vertical 

25 

optical coupling operation the three wavelengths ( A
1

, A 2, A 
3

) are output 

vertically. It will be noted that the HCG elements are configured to be 

frequency selective and thus perform demultiplexing of signals from the 

waveguide. 

[0074] It should be appreciated that the waveguide can be coupled to any 

desired optical elements, such as optical fiber ports or other optical devices 

30 without limitation. In particular, in the case of a multiplexer, the various 
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wavelengths coupled into the waveguide can be passed to an optica 

wherein they are coupled for communication over an optical fiber. 

[0075] 3.3. Vertical to Single Side Coupler 

[0076] The phases of HCG modes are significantly influenced by high index 

5 material width. By chirping the grating, that is by changing the periodicity of 

the grating, the coupling from surface normal incidence can have a directional 

preference to the in-plane waveguide. 

[0077] FIG. 17 illustrates a vertical to single side coupling embodiment 210 

utilizing a chirped grating. Light can be directed from a laser light source 212, 

10 depicted as VCSEL, through gap 218 to an HCG 214, having segments of 

grating material 216 of different widths and / or spacing 217, and coupled 

through gap 220 to a waveguide 222 having a waveguide layer 224, an 

insulating layer 226 and a substrate layer 228. It can be seen in the figure that 

the I ight 230 from the light source, VCSEL 212, is shown traversing the 

15 

20 

[0078] 

[0079] 

waveguide in a single direction 230 in response to the chirp of the HCG whose 

grating bar width (s) and gap width (a) are chirped in the x direction to give a 

phase preference in that direction, thus providing a selection of coupling 

direction. 

3.4. Parallel Waveguide Coupler 

FIG. 18 illustrates an embodiment 250 of utilizing an HCG coupler to 

couple the light wave between two parallel waveguides. The HCG coupler 

256 is located between two parallel waveguides 252, 264. Light from the input 

waveguide 252 along a first direction 254 is coupled through HCG 256 through 

gaps 260, 262 to waveguide 264 wherefrom light continues traveling along in a 

25 second direction 266 parallel to said first direction 254. 

30 

[0080] 3.5. Reflector and Coupler for Surface-Emitting Lasers with In-

Plane Waveguide and Active Region 

[0081] An HCG vertical coupler and reflector can also be utilized in fabricating 

in-plane lasers emitting in the surface-normal direction. This is particularly 

useful for devices where mirrors are hard to construct (e.g., such as due to 

lack of suitable material or processing techniques) and/ or surface emission is 
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desirable for two-dimensional integration and on-wafer testing. One 

is quantum cascade lasers (QCL) and a second example may be GaN or 

ZnO2 based devices. 

[0082] FIG. 19 illustrates an example surface-emitting QCL structure 

5 embodiment 270. HCG reflectors are shown 272a, 272c, having segments of 

grating material 274a, 274c, and spaces 276a, 276c, and located at two ends 

of waveguide 280 comprising a waveguide layer 282, insulating layer 284 and 

substrate layer 286, act as cavity mirrors with spacing 278a, 278c over 

waveguide 280. An HCG vertical coupler 272b having segments of grating 

10 material 274b and spaces 276b disposed over gap 278b from waveguide 280, 

is upon the active waveguide region to provide the vertical emitting 289 from 

the combination of light waves 288a, 288b. Similar to the structure in previous 

sections, the reflector and coupler can have identical thickness. In this case, a 

monolayer HCG can solve both vertical emitting and cavity reflection issues. 

15 [0083] FIG. 20 illustrates the utilization of the HCG reflector within a GaN 

20 

25 

laser, exemplified by a GaN laser embodiment 290. GaN material system 

based laser diodes are of particular interest in recent times because of their 

short wavelength outputs. However, the etching of GaN facets always poses 

a difficulty. The implementation of the HCG reflector in a GaN laser structure 

provide a beneficial alternative to fabrication of the facets. The GaN laser is 

exemplified as having an n-electrode 292 beneath substrate 294, such as of 

sapphire or GaN material. Over the substrate is an n-GaN layer 296, an n­

AIGaN layer 298, another n-GaN layer 300, an ln-GaN layer 302, a quantum 

structure layer 304, such as comprising a multiple quantum well (MQW) layer, 

of lnGaN/AIGaN within an active region, another ln-GaN layer 306, a p-AIGaN 

layer 308 and a p-GaN layer 310. It should be appreciated that the active 

region may comprise quantum wells, quantum wires, quantum dots, either 

separately or in combination, or even a bulk region. 

[0084] At the upper portion of the device there is stopper layers (Sls) 312 of 

30 AIGaN/p-GaN. Shoulders of SiO2 in layer 314 flank a vertical portion of layer 

312 of AIGaN/p-GaN, which is capped with a layer of p-GaN 316. An HCG 
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318 is integrated on the flanks of the vertical portions of layer 312 wi 

segments 320 within a p-electrode layer 322. It will be appreciated that HCGs 

318 are sitting at two edges of the laser diode acting as the reflector of the 

GaN laser cavity, while SiO2 layer 314 is the low index gap between HCG and 

the semiconductor in the cavity. The HCG reflectors 318 are incorporated 

within the laser heterostructure to confine the light mode in the active region 

between the two HCG reflectors, so that device edges do not require special 

treatments, such as etching and reflective coating. If surface-normal emission 

is desirable, a vertical output coupler can also be made on the laser, similar to 

10 that of FIG. 18. 

[0085] 3.6. LED Coupling 

[0086] FIG. 21 illustrates an example embodiment 330 of a GaN light emitting 

diode incorporating an HCG vertical coupler on the active region. The light 

extraction efficiency for GaN based light emitting diodes has been an ongoing 

15 obstacle to the advance of LED efficiency, which without special treatment is 

only around 4%. One method to improving this light extraction efficiency is to 

roughen the emitting surface. However, utilizing the present invention optical 

coupling light extraction efficiency is dramatically increased. 

[0087] The example LED embodiment 330 is shown fabricated with a metal 

20 base 332, upon which is an n-electrode layer 334, a layer of n-GaN 336, 

above which is an active region of lnGaN 338 followed by a layer of p-GaN 

340, a layer of SiO2 342, above which is an HCG layer 344 having grating 

segments 346 and spaces 347, and a p-electrode 348 disposed centrally. It is 

preferable that the central p-electrode be of a heavily doped material to inject 

25 

30 

the current. It goes through SiO2 layer 342 and connect to p-GaN layer 340. 

It should also be noted that the shape depicted in the top plane view of FIG. 

21 is not necessarily constricted, but is dependent on how the LED is 

designed. Typically, the shape of the p-electrode is as a circle or a ring. It 

will be appreciated that the above describes an improvement to conventional 

GaN diodes, whose operating principles need not be discussed in detail as 

they are well known in the art. 
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[0088] 

[0089] 

3.7. Solar Cells 

FIG. 22 illustrates an example solar cell embodiment 350, incorporating 

an HCG vertical coupler 352 with respect to a solar cell instead of a 

waveguide. The HCG 352 comprises segments of grating material 354 and 

spaces 355, positioned with a gap 356 over a solar cell 358 acting as a light 

collector, and shown comprising a p-n junction layers 360, 362 on a substrate 

364. The incorporation of the HCG vertical coupler increases solar cell 

efficiency by reducing light reflection, because of the resonant nature of HCG 

in this configuration the light can be confined in the active region and therefore 

10 help to enhance efficiency 

15 

[0090] 3.9. Use of Different Materials 

[0091] The material requirement for an HCG coupler and reflector are readily 

achieved using a wide range of materials, as any material combinations can 

be utilized in which the refractive index of the grating materials have a high 

contrast with refractive index of the surrounding materials. The larger the 

contrast, the better the performance (bandwidth, coupling efficiency, and so 

forth) of the HCG coupler and reflector. Some possible materials include Si, 

Ge, GaAs, lnAs, AISb, lnP, AIGalnP, lnGaAs, AIGaAs, AIAs, CaSe, ZnSe, 

GaSb, AISb, GaN, and similar dielectric materials. 

20 [0092] From the discussion above it will be appreciated that the invention can 

25 

be embodied in various ways, including the following: 

[0093] 1. An apparatus for optical coupling, comprising: a sub-wavelength 

high contrast grating (HCG) having a plurality of separate spaced apart 

segments of material with a gap between adjacent segments; and an optical 

waveguide proximally coupled through a selected gap to said sub-wavelength 

high contrast grating (HCG); wherein light is coupled between normal 

incidence on said sub-wavelength high contrast grating (HCG) and 

transmission through said optical waveguide. 

[0094] 2. The embodiment of claim 1, wherein said spaced apart segments of 

30 material of said high contrast grating (HCG) comprise a high refractive index 

material surrounded by low index material. 

-19-



WO 2012/149441 PCT/US2012/035615 

[0095] 3. The embodiment of claim 1, wherein the index of refractior 

high index material and the index of refraction of said low index material have 

a differential that is greater than one unit. 

[0096] 4. The embodiment of claim 1, wherein said spaced apart segments of 

5 material comprising said high contrast grating have a width (s), thickness (t), a 

spacing (a) between segments, and a period A. 

[0097] 5. The embodiment of claim 1, wherein said optical waveguide 

comprises a slab waveguide, HCG, or hollow-core waveguides (HW). 

[0098] 6. The embodiment of claim 1, wherein said sub-wavelength high 

10 contrast grating (HCG) can be chirped to support asymmetrical waveguide 

transmission. 

[0099] 7. The embodiment of claim 1, further comprising an in-plane reflector 

for preventing transmission along selected directions of angular displacement 

of said light. 

15 [00100] 8. The embodiment of claim 1, wherein said optical coupler comprises 

a multiplexer or demultiplexer for coupling, through an angular displacement, a 

number of wavelengths of light between a normal incident direction to said 

HCG and transmission through said waveguide. 

[00101] 9. The embodiment of claim 1, wherein said apparatus comprises 

20 materials selected from the group of materials consisting of Si, Ge, GaAs, 

lnAs, lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, 

ZnSe, CdSSe, lnAIGaN, lnN, AIN, GaN, ZnO2, and SiN. 

[00102] 10. The embodiment of claim 1, wherein said optical coupling is 

integrated within the surface of a light emitting diode to transfer light reaching 

25 the waveguide along the surface to a vertical output. 

[00103] 11. The embodiment of claim 1, wherein said optical coupling is 

integrated within the surface of a solar cell to transfer light impinging on the 

surface into the p-n junction taking the place of a waveguide along said 

surface. 

30 [00104] 12. An apparatus for optical coupling, comprising: a sub-wavelength 

high contrast grating (HCG) having a plurality of separate spaced apart 
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segments of material with a gap between adjacent segments; where 

spaced apart segments of material comprise a high refractive index material 

surrounded by low index material;wherein the index of refraction of said high 

index material and the index of refraction of said low index material have a 

differential that is greater than one unit; and an optical waveguide proximally 

coupled through a selected gap to said sub-wavelength high contrast grating 

(HCG); wherein light is coupled between normal incidence on said sub­

wavelength high contrast grating (HCG) and transmission through said optical 

waveguide 

10 [00105] 13. The embodiment of claim 12, wherein said waveguide comprises a 

slab waveguide, HCG, or hollow-core waveguides (HW). 

[00106] 14. The embodiment of claim 12, wherein said sub-wavelength high 

contrast grating (HCG) of said optical coupler can be chirped to support 

asymmetrical waveguide transmission. 

15 [00107] 15. The embodiment of claim 12, further comprising an in-plane 

20 

25 

30 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

[00108] 16. The embodiment of claim 12, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, 

lnAs, lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, 

ZnSe, CdSSe, lnAIGaN, lnN, AIN, GaN, Zn02, and SiN. 

[00109] 17. An apparatus for multiplexing or demultiplexing optical signals, 

comprising: a plurality of sub-wavelength high contrast gratings (HCGs), each 

having a plurality of separate spaced apart segments of material with a gap 

between adjacent segments; and an optical waveguide proximally coupled 

through a selected gap to said plurality of sub-wavelength high contrast 

gratings (HCGs); wherein light received by each of said sub-wavelength high 

contrast gratings (HCGs) is multiplexed onto said optical waveguide; and 

wherein light received by said optical waveguide is demultiplexed through said 

plurality of sub-wavelength high contrast gratings (HCGs) which contain sub­

wavelength high contrast gratings (HCGs) that are adapted to pass different 
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wavelengths of said light. 

[00110] 18. A surface-emitting quantum cascade laser apparatus, comprising: 

an active region having quantum wells; a reflector on either side of said active 

region; and at least two reflective sub-wavelength high contrast gratings 

(HCGs) near an output the surface-emitting laser to confine the light mode in 

an active region of the laser between two HCG reflectors. 

[00111] 19. A light emitting diode apparatus, comprising: an n-electrode region; 

a p-electrode region; an active region disposed between said n-electrode 

region and said p-electrode region; and an optical coupler disposed on an 

output of said light emitting diode and comprising a waveguide layer for 

collecting light in a horizontal plane and coupled with a sub-wavelength high­

contrast grating for redirecting collected light for output in a vertical direction. 

[00112] 20. A solar cell apparatus, comprising: a sub-wavelength high contrast 

grating (HCG) having a plurality of separate spaced apart segments of 

material; and a solar cell having layers of a p-n junction upon which light from 

said HCG is directed and converted to electrical energy. 

[00113] Although the description above contains many details, these should not 

be construed as limiting the scope of the invention but as merely providing 

illustrations of some of the presently preferred embodiments of this invention. 

Therefore, it will be appreciated that the scope of the present invention fully 

encompasses other embodiments which may become obvious to those skilled 

in the art, and that the scope of the present invention is accordingly to be 

limited by nothing other than the appended claims, in which reference to an 

element in the singular is not intended to mean "one and only one" unless 

explicitly so stated, but rather "one or more." All structural, chemical, and 

functional equivalents to the elements of the above-described preferred 

embodiment that are known to those of ordinary skill in the art are expressly 

incorporated herein by reference and are intended to be encompassed by the 

present claims. Moreover, it is not necessary for a device or method to 

address each and every problem sought to be solved by the present invention, 

for it to be encompassed by the present claims. Furthermore, no element, 
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component, or method step in the present disclosure is intended tot 

dedicated to the public regardless of whether the element, component, or 

method step is explicitly recited in the claims. No claim element herein is to be 

construed under the provisions of 35 U.S.C. 112, sixth paragraph, unless the 

element is expressly recited using the phrase "means for." 
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CLAIMS 

What is claimed is: 

1. An apparatus for optical coupling, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

spaced apart segments of material with a gap between adjacent segments; and 

an optical waveguide proximally coupled through a selected gap to said sub­

wavelength high contrast grating (HCG); 

wherein light is coupled between normal incidence on said sub-wavelength 

10 high contrast grating (HCG) and transmission through said optical waveguide. 

15 

20 

2. The apparatus recited in claim 1, wherein said spaced apart segments 

of material of said high contrast grating (HCG) comprise a high refractive index 

material surrounded by low index material. 

3. The apparatus recited in claim 1, wherein the index of refraction of said 

high index material and the index of refraction of said low index material have a 

differential that is greater than one unit. 

4. The apparatus recited in claim 1, wherein said spaced apart segments 

of material comprising said high contrast grating have a width (s), thickness (t), a 

spacing (a) between segments, and a period A. 

5. The apparatus recited in claim 1, wherein said optical waveguide 

25 comprises a slab waveguide, HCG, or hollow-core waveguides (HW). 

6. The apparatus recited in claim 1, wherein said sub-wavelength high 

contrast grating (HCG) can be chirped to support asymmetrical waveguide 

transmission. 
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7. The apparatus recited in claim 1, further comprising an in-plar 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

8. The apparatus recited in claim 1, wherein said optical coupler 

comprises a multiplexer or demultiplexer for coupling, through an angular 

displacement, a number of wavelengths of light between a normal incident direction 

to said HCG and transmission through said waveguide. 

10 9. The apparatus recited in claim 1, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, lnAs, 

lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, ZnSe, CdSSe, 

lnAIGaN, lnN, AIN, GaN, ZnO2, and SiN. 

15 10. The apparatus recited in claim 1, wherein said optical coupling is 

integrated within the surface of a light emitting diode to transfer light reaching the 

waveguide along the surface to a vertical output. 

11. The apparatus recited in claim 1, wherein said optical coupling is 

20 integrated within the surface of a solar cell to transfer light impinging on the surface 

into the p-n junction taking the place of a waveguide along said surface. 

12. An apparatus for optical coupling, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

25 spaced apart segments of material with a gap between adjacent segments; 

wherein said spaced apart segments of material comprise a high refractive 

index material surrounded by low index material; 

wherein the index of refraction of said high index material and the index of 

refraction of said low index material have a differential that is greater than one unit; 

30 and 

an optical waveguide proximally coupled through a selected gap to said sub-

-25-
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wavelength high contrast grating (HCG); 

wherein light is coupled between normal incidence on said sub-wavelength 

high contrast grating (HCG) and transmission through said optical waveguide 

5 13. The apparatus recited in claim 12, wherein said waveguide comprises a 

slab waveguide, HCG, or hollow-core waveguides (HW). 

14. The apparatus recited in claim 12, wherein said sub-wavelength high 

contrast grating (HCG) of said optical coupler can be chirped to support asymmetrical 

10 waveguide transmission. 

15 

20 

15. The apparatus recited in claim 12, further comprising an in-plane 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

16. The apparatus recited in claim 12, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, lnAs, 

lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, ZnSe, CdSSe, 

lnAIGaN, lnN, AIN, GaN, Zn02, and SiN. 

17. An apparatus for multiplexing or demultiplexing optical signals, 

comprising: 

a plurality of sub-wavelength high contrast gratings (HCGs), each having a 

plurality of separate spaced apart segments of material with a gap between adjacent 

25 segments; and 

an optical waveguide proximally coupled through a selected gap to said 

plurality of sub-wavelength high contrast gratings (HCGs); 

wherein light received by each of said sub-wavelength high contrast gratings 

(HCGs) is multiplexed onto said optical waveguide; and 

30 wherein light received by said optical waveguide is demultiplexed through said 

plurality of sub-wavelength high contrast gratings (HCGs) which contain sub-

-26-
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wavelength high contrast gratings (HCGs) that are adapted to pass differen 

wavelengths of said light. 

18. A surface-emitting quantum cascade laser apparatus, comprising: 

an active region having quantum wells; 

a reflector on either side of said active region; and 

at least two reflective sub-wavelength high contrast gratings (HCGs) near an 

output the surface-emitting laser to confine the light mode in an active region of the 

laser between two HCG reflectors. 

19. A light emitting diode apparatus, comprising: 

an n-electrode region; 

a p-electrode region; 

an active region disposed between said n-electrode region and said p-

15 electrode region; and 

20 

an optical coupler disposed on an output of said light emitting diode and 

comprising a waveguide layer for collecting light in a horizontal plane and coupled 

with a sub-wavelength high-contrast grating for redirecting collected light for output in 

a vertical direction. 

20. A solar cell apparatus, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

spaced apart segments of material; and 

a solar cell having layers of a p-n junction upon which light from said HCG is 

25 directed and converted to electrical energy. 

-27-
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REMARKS 

Dkt. 2901/88184-2 

This Third Preliminary Amendment cancels dependent claims 7, 20, 21, and 25-27 

without prejudice or disclaimer, and submits in their place independent claim 31 and dependent 

claims 32-36. The total number of claims remains 30 but the number of independent claims is 

increased from 3 to 4, which complies with the limitations regarding number of claims in 

applications made special based on applicant's age as set forth in MPEP § 708.02. 

Examples of structures integrating a photodetector and an active electronic circuit on the 

same silicon are illustrated in Figs. 44-52 and 86, and discussed in paragraphs 196-205 and 247 

of the subject application, and elsewhere. Examples of photodetectors and their performance are 

illustrated in Figs. 2-43D, 53-85, and 87-117. 

Applicants thank the Examiner for scheduling a telephone interview with their undersigned 

representative for Wednesday, September 28, 2016, 1 PM. 

The Patent Office is hereby authorized to charge any fees that are required in connection 

with this amendment and to credit any overpayment to our Deposit Account No. 03-3125. 

Respectfully submitted, 

/Ivan S. Kavrukov/ 
Ivan S. Kavrukov, Reg. No. 25,161 
Attorney for Applicant 
COOPER & DUNHAM LLP 
30 Rockefeller Plaza, 20th Floor 
New York, NY 10112 
Tel.: (212) 278-0400 
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The following listing of claims will replace all prior versions, and listings, of claims in the 

subject application: 

1. (Previously Submitted) An integrated detector/processor circuit for data communication 

comprising both a photodetector with microstructure-enhanced photoabsorption and an 

electronic processor formed into a single semiconductor chip, comprising: 

a photodetector formed on a semiconductor substrate and comprising a photon absorbing 

region configured to absorb photons from an optical source signal modulated for 

data communication and provide an output electrical signal corresponding thereto; 

said photon absorbing region comprising a plurality of holes therein extending toward 

said substrate and configured to concurrently receive the same source signal at a 

plural number of the holes; 

an electronic processor also formed on said semiconductor substrate and operatively 

associated with said photon absorbing region to receive therefrom and process 

said output electrical signal into a processed output, thereby forming a single 

semiconductor chip that receives the optical source signal and outputs the 

processed output; 

wherein said photon absorbing region and said electronic processor have respective 

thicknesses that are of the same order of magnitude; and 

a cathode region and an anode region operatively associated with said photon absorbing 

region and reverse biasing circuitry configured to apply a voltage between said 

cathode and anode regions such that said cathode region is driven to a more 

positive voltage than said anode region. 

2. (Original) The integrated detector/processing circuit of claim 1, wherein the thickness of the 

photon absorbing region is in the range of 0.5 to 5 micrometers. 

3. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic 

processor comprises an application specific integrated circuit (ASIC) comprising at least 
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one of complementary metal oxide semiconductor (CMOS) devices, bipolar (Bi) devices, 

and BiCMOS devices. 

4.(Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing 

region is configured to absorb in excess of 60% of the incident source signal at 

wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto. 

5. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing 

region is configured to absorb the incident source signal at an absorption percentage that 

varies by less than 20% over selected wavelength spans of at least 20 nm of source signal 

wavelengths from 800 nm to 900 nm. 

6. (Original) The integrated detector/processing circuit of claim 1, wherein the photon absorbing 

region is configured to absorb the incident source signal at an absorption percentage that 

varies by less than 20% over selected wavelength spans of at least 20 nm of source signal 

wavelengths from 800 nm to 900 nm. 

7. (Canceled) The integrated detector/processing circuit of claim 1, wherein the photon 

absorbing region is configured to absorb in excess of 60% of the incident source signal at 

wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto 

8. (Previously Submitted) The integrated detector/processing circuit of claim 1, further including 

one or more additional photodetectors formed on said semiconductor substrate and 

having respective photon absorbing regions receiving respective additional source signals 

and providing respective output electrical signals corresponding thereto, and one or more 

additional electronic processors also formed on said semiconductor substrate and 

operatively associated with the respective photon absorbing regions of said additional 

photodetectors to receive therefrom and [procces] process said respective output 
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9. (Previously Submitted) The integrated detector/processing circuit of claim 1, wherein the 

plurality of holes enhances absorption of photons compared to a hole-free but otherwise 

same photodetector at a range of wavelengths that includes a wavelength of said source 

signal. 

10. (Original) The integrated detector/processing circuit of claim 1, wherein the electronic 

processor includes one or more types selected from a group consisting of: transimpedance 

amplifier, signal processing electronics, and routing electronics. 

11. (Original) The integrated detector/processing circuit of claim 1, wherein a capacitance 

associated with the photodetector is decreased compared to an otherwise same 

photodetector having its anode and cathode regions operatively connected to a 

conventional bond pad. 

12. (Previously Submitted) A photodetector with microstructure-enhanced photoabsorption 

compnsmg: 

a photon absorbing region having a thickness between 0.5 and 5 micrometers and 

configured to absorb photons from a source signal modulated for data 

communication and provide an output electrical signal corresponding thereto; 

said photon absorbing region comprising silicon with a plurality of holes extending 

through at least a portion of the thickness of the photon absorbing region and 

configured to concurrently receive the same source signal at a plural number of 

the holes; and 

said photon absorbing region being configured to absorb in excess of 40% of the incident 

source signal at wavelengths in at least one of the ranges from 800 nm to 900 nm 

and from 1400 nm to 1700 nm and provide an output electrical signal 

corresponding thereto. 
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13. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured 

to absorb in excess of 40% of the incident source signal at wavelengths from 800 nm to 

900 nm and provide an output electrical signal corresponding thereto. 

14. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured 

to absorb in excess of 50% of the incident source signal at wavelengths from 800 nm to 

900 nm and provide an output electrical signal corresponding thereto. 

15. (Original) The photodetector of claim 12, wherein the photon absorbing region is configured 

to absorb the incident source signal at an absorption percentage that varies by less than 

20% over wavelength spans of at least 20 nm of source signal wavelengths from 800 nm 

to 900 nm. 

16. (Original) The photodetector of claim 12, wherein each hole has a cross-section parallel to 

the upper surface of the substrate and has a maximum dimension of between 400 nm and 

2500 nm, and each hole has a center that is spaced apart by less than 3500 nm from a 

center of a nearest adjacent hole of the plurality of holes. 

17. (Previously Submitted) The photodetector of claim 12, wherein the photodetector comprises 

a reflecting structure configured to cause multiple reflections of the source signal thereby 

traversing the photon absorbing region with said source signal multiple times. 

18. (Previously Submitted) A photodetector with microstructure-enhanced photoabsorption 

compnsmg: 

a cathode region; 

an anode region; 

reverse biasing circuitry configured to apply a voltage between said cathode and anode 

regions such that said cathode region is driven to a more positive voltage than said 

anode region; 

a substrate material having an upper surface; and 
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a photon absorbing region comprising silicon, operatively associated with the cathode 

and anode regions, and configured to absorb photons from a source signal, said 

absorbing region including a plurality of holes each having a cross section parallel 

to the upper substrate surface having a maximum dimension of between 400 nm 

and 2500 nm, and each hole having a center that is spaced apart by less than 3500 

nm from a center of a nearest adjacent hole of the plurality of holes. 

19. (Original) The photodetector of claim 18 wherein the source signal has a wavelength that is 

greater than 800 nm and less than 1000 nm. 

20. (Canceled) The photodetector according to claim 18 wherein the plurality of holes are 

arranged into a periodically-spaced array. 

21. (Canceled) The photodetector according to claim 20 wherein the periodically-spaced array 

has a hexagonal or square lattice pattern. 

22. (Previously Submitted) The photodetector according to claim 18 wherein the plurality of 

holes enhances absorption of photons compared to a hole-free but otherwise same 

photodetector at a range of wavelengths that includes a wavelength of said source signal. 

23. (Previously Submitted) The photodetector according to claim 18 wherein each of the holes 

has a predominately circular cross-section parallel to the upper substrate surface. 

24. (Original) The photodetector according to claim 18 wherein the cathode and anode regions 

are operatively connected to integrated circuit electronics and the photodetector and 

integrated circuit electronics are integrated into a single silicon chip. 

25. (Canceled) The photodetector according to claim 24 wherein the integrated circuit 

electronics includes one or more types selected from a group consisting of: 
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transimpedance amplifier, signal processing electronics and routing electronics. 

26. (Canceled) The photodetector according to claim 18 wherein said photodetector is 

configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per 

second at source signal wavelengths of 850 nanometers with a quantum efficiency of at 

least 30%. 

27. (Canceled) The photodetector according to claim 18 wherein said photodetector is 

configured to detect said source signal at a data bandwidth of greater than 2.5 gigabits per 

second at source signal wavelengths of 850 nanometers with a quantum efficiency of at 

least 50%. 

28. (Original) The photodetector according to claim 18 wherein said photodetector is configured 

to detect said source signal at a data bandwidth of greater than or equal to 5 gigabits per 

second, at source signal wavelengths of 850 nanometers with a quantum efficiency of at 

least 30%. 

29. (Original) The photodetector according to claim 18 wherein said photodetector is configured 

to detect said source signal at a data bandwidth of greater than or equal to 5 Gb/s, at 

source signal wavelengths of 850 nanometers with a quantum efficiency of at least 50%. 

30. (Original) The photodetector according to claim 18 further including a substrate and wherein 

the cathode, absorbing and anode regions are formed above the substrate and the 

photodetector is configured to receive the source signal from directions facing a side of 

the photodetector opposite of the substrate. 

31. (New) A single silicon substrate on which are fabricated and integrated a photodetector, an 

active electronic circuit, and electrical interconnects that operatively couple the photodetector 

and the active electronic circuit to each other and provide an output for use by other circuits, 

compnsmg: 
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a photodetector fabricated on the single silicon substrate and comprising a P-doped 

region, an N-doped region, and an I-region that is between the P-doped region and 

the N-doped region and is not intentionally doped or is doped to a lower dopant 

concentration than the P-doped region and the N-doped region, wherein: 

said I-region: 

comprises at least one of silicon and germanium; 

is no more than 5000 nanometers thick in a direction from one toward the 

other of said P-doped region and said N-doped region; 

comprises intentionally formed pillars or holes, said pillars or holes being 

spaced from each other and extending in said direction from one 

toward the other of said P-doped region and N-doped region; 

said photodetector is configured to receive an optical beam that: 

is modulated at 10 Gigabits per second or more; 

is substantially continuous in cross-section; and 

impinges on plural ones of said pillars or holes at the same time; 

said photodetector is further configured to provide, in response to impingement 

thereon of said optical beam, a photodetector electrical output that: 

represents the modulation of said optical beam; and 

has a bandwidth of 10 Gigabits per second or more; 

said photodetector has quantum efficiency of at least 30% (i) when the optical 

beam wavelength in 850-1000 nm and the I-region comprises silicon, and 

(ii) when the optical beam wavelength is 1550-1660 nm and the I-region 

comprises germanium; and 

an active electronic circuit that: 

is fabricated on the substrate on which the photodetector is fabricated; 

comprises at least one of CMOS and Bi CMOS integrated circuit fabricated 

with at least one of silicon and germanium; and 

is configured to: 

receive the photodetector electrical output from the photodetector; and 
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process the received photodetector electrical output to thereby produce a 

processed electrical output that has at least some different 

characteristics compared with the photodetector electrical output; 

and 

electrical interconnects that: 

also are fabricated on the same silicon substrate; 

are configured to operatively couple said photodetector and said active electronic 

circuit to each other, including by transferring said photodetector electrical 

output from said photodetector to said active electronic circuit; and 

are further configured to output the processed electrical output from the active 

electronic circuit for use by other circuits. 

32. (New) The single silicon substrate of claim 31 in which the I-region comprises said holes. 

33. (New) The single substrate of claim 32 in which the holes are arranged in an aperiodic array. 

34. (New) The single silicon substrate of claim 31 in which the I-region comprises said pillars. 

35. (New) The single silicon substrate of claim 31 in which said pillars are arranged in an 

aperiodic array. 

36. (New) The single silicon substrate of claim 31 further comprising a layer of oxide between 

the silicon substrate and the photodetector. 
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The following listing of claims will replace all prior versions, and listings, of claims in 

the subject application: 

1. (Previously Submitted ) An integrated detector/processor circuit for data 

communication comprising both a photodetector with microstructure-enhanced 

photoabsorption and an electronic processor formed into a single semiconductor chip, 

compnsmg: 

a photodetector formed on a semiconductor substrate and comprising a photon absorbing 

region configured to absorb photons from an optical source signal modulated for 

data communication and provide an output electrical signal corresponding thereto; 

said photon absorbing region comprising a plurality of holes therein extending toward 

said substrate and configured to concurrently receive the same source signal at a 

plural number of the holes; 

an electronic processor also formed on said semiconductor substrate and operatively 

associated with said photon absorbing region to receive therefrom and process 

said output electrical signal into a processed output, thereby forming a single 

semiconductor chip that receives the optical source signal and outputs the 

processed output; 

wherein said photon absorbing region and said electronic processor have respective 

thicknesses that are of the same order of magnitude; and 

a cathode region and an anode region operatively associated with said photon absorbing 

region and reverse biasing circuitry configured to apply a voltage between said 

cathode and anode regions such that said cathode region is driven to a more 

positive voltage than said anode region. 

2. (Original) The integrated detector/processing circuit of claim 1, 

wherein the thickness of the photon absorbing region is in the range of 0.5 to 5 

micrometers. 
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3. (Original) The integrated detector/processing circuit of claim 1, wherein the 

electronic processor comprises an application specific integrated circuit (ASIC) 

comprising at least one of complementary metal oxide semiconductor (CMOS) devices, 

bipolar (Bi) devices, and BiCMOS devices. 

4.(Original) The integrated detector/processing circuit of claim 1, wherein the 

photon absorbing region is configured to absorb in excess of 60% of the incident source 

signal at wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto. 

5. (Original) The integrated detector/processing circuit of claim 1, wherein the 

photon absorbing region is configured to absorb the incident source signal at an 

absorption percentage that varies by less than 20% over selected wavelength spans of at 

least 20 nm of source signal wavelengths from 800 nm to 900 nm. 

6. (Original) The integrated detector/processing circuit of claim 1, wherein the 

photon absorbing region is configured to absorb the incident source signal at an 

absorption percentage that varies by less than 20% over selected wavelength spans of at 

least 20 nm of source signal wavelengths from 800 nm to 900 nm. 

7. (Original) The integrated detector/processing circuit of claim 1, wherein the 

photon absorbing region is configured to absorb in excess of 60% of the incident source 

signal at wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto 

8. (Previously Submitted) The integrated detector/processing circuit of claim 1, further 

including one or more additional photodetectors formed on said semiconductor substrate 

and having respective photon absorbing regions receiving respective additional source 

signals and providing respective output electrical signals corresponding thereto, and one 

or more additional electronic processors also formed on said semiconductor substrate and 
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operatively associated with the respective photon absorbing regions of said additional 

photodetectors to receive therefrom and [procces] process said respective output 

electrical signals therefrom. 

9. (Previously Submitted) The integrated detector/processing circuit of claim 1, wherein the 

plurality of holes enhances absorption of photons compared to a hole-free but otherwise 

same photodetector at a range of wavelengths that includes a wavelength of said source 

signal. 

10. (Original) The integrated detector/processing circuit of claim 1, wherein the 

electronic processor includes one or more types selected from a group consisting of: 

transimpedance amplifier, signal processing electronics, and routing electronics. 

11. (Original) The integrated detector/processing circuit of claim 1, wherein a 

capacitance associated with the photodetector is decreased compared to an otherwise 

same photodetector having its anode and cathode regions operatively connected to a 

conventional bond pad. 

12. (Previously Submitted) A photodetector with microstructure-enhanced photoabsorption 

compnsmg: 

a photon absorbing region having a thickness between 0.5 and 5 micrometers and 

configured to absorb photons from a source signal modulated for data 

communication and provide an output electrical signal corresponding thereto; 

said photon absorbing region comprising silicon with a plurality of holes extending 

through at least a portion of the thickness of the photon absorbing region and 

configured to concurrently receive the same source signal at a plural number of 

the holes; and 

said photon absorbing region being configured to absorb in excess of 40% of the incident 

source signal at wavelengths in at least one of the ranges from 800 nm to 900 nm 

and from 1400 nm to 1700 nm and provide an output electrical signal 
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corresponding thereto. 

13. (Original) The photodetector of claim 12, wherein the photon absorbing 

region is configured to absorb in excess of 40% of the incident source signal at 

wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto. 

14. (Original) The photodetector of claim 12, wherein the photon absorbing 

region is configured to absorb in excess of 50% of the incident source signal at 

wavelengths from 800 nm to 900 nm and provide an output electrical signal 

corresponding thereto. 

15. (Original) The photodetector of claim 12, wherein the photon absorbing 

region is configured to absorb the incident source signal at an absorption percentage that 

varies by less than 20% over wavelength spans of at least 20 nm of source signal 

wavelengths from 800 nm to 900 nm. 

16. (Original) The photodetector of claim 12, wherein each hole has a cross-

section parallel to the upper surface of the substrate and has a [ maxi um] maximum 

dimension of between 400 nm and 2500 nm, and each hole has a center that is spaced 

apart by less than 3 500 nm from a center of a nearest adjacent hole of the plurality of 

holes. 

17. (Previously Submitted) The photodetector of claim 12, wherein the photodetector 

comprises a reflecting structure configured to cause multiple reflections of the source 

signal thereby traversing the photon absorbing region with said source signal multiple 

times. 

18. (Previously Submitted) A photodetector with microstructure-enhanced photoabsorption 

compnsmg: 
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reverse biasing circuitry configured to apply a voltage between said cathode and anode 

regions such that said cathode region is driven to a more positive voltage than said 

anode region; 

a substrate material having an upper surface; and 

a photon absorbing region comprising silicon, operatively associated with the cathode 

19. (Original) 

and anode regions, and configured to absorb photons from a source signal, said 

absorbing region including a plurality of holes each having a cross section parallel 

to the upper substrate surface having a maximum dimension of between 400 nm 

and 2500 nm, and each hole having a center that is spaced apart by less than 3500 

nm from a center of a nearest adjacent hole of the plurality of holes. 

The photodetector of claim 18 wherein the source signal has a 

wavelength that is greater than 800 nm and less than 1000 nm. 

20. (Original) The photodetector according to claim 18 wherein the plurality of 

holes are arranged into a periodically-spaced array. 

21. (Original) The photodetector according to claim 20 wherein the periodically-

spaced array has a hexagonal or square lattice pattern. 

22. (Previously Submitted) The photodetector according to claim 18 wherein the plurality of 

holes enhances absorption of photons compared to a hole-free but otherwise same 

photodetector at a range of wavelengths that includes a wavelength of said source signal. 

23. (Previously Submitted) The photodetector according to claim 18 wherein each of the holes 

has a predominately circular cross-section parallel to the upper substrate surface. 
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24. (Original) The photodetector according to claim 18 wherein the cathode and 

anode regions are operatively connected to integrated circuit electronics and the 

photodetector and integrated circuit electronics are integrated into a single silicon chip. 

25. (Original) The photodetector according to claim 24 wherein the integrated 

circuit electronics includes one or more types selected from a group consisting of: 

transimpedance amplifier, signal processing electronics and routing electronics. 

26. (Original) The photodetector according to claim 18 wherein said 

photodetector is configured to detect said source signal at a data bandwidth of greater 

than 2.5 gigabits per second at source signal wavelengths of 850 nanometers with a 

quantum efficiency of at least 30%. 

27. (Original) The photodetector according to claim 18 wherein said 

photodetector is configured to detect said source signal at a data bandwidth of greater 

than 2.5 gigabits per second at source signal wavelengths of 850 nanometers with a 

quantum efficiency of at least 50%. 

28. (Original) The photodetector according to claim 18 wherein said 

photodetector is configured to detect said source signal at a data bandwidth of greater 

than or equal to 5 gigabits per second, at source signal wavelengths of 850 nanometers 

with a quantum efficiency of at least 30%. 

29. (Original) The photodetector according to claim 18 wherein said 

photodetector is configured to detect said source signal at a data bandwidth of greater 

than or equal to 5 Gb/s, at source signal wavelengths of 850 nanometers with a quantum 

efficiency of at least 50%. 

30. (Original) The photodetector according to claim 18 further including a 

substrate and wherein the cathode, absorbing and anode regions are formed above the 
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substrate and the photodetector is configured to receive the source signal from directions 

facing a side of the photodetector opposite of the substrate. 

REMARKS 

This Second Preliminary Amendment submits the claims that were filed on November 

20, 2015. The intent is to remove any uncertainty as to what claims are pending that may have 

arisen because of the filing of a substitute specification on July 1, 2016. 

Applicants thank the Examiner for scheduling a telephone interview with their undersigned 

representative for Wednesday, September 28, 2016, 1 PM. 

The Patent Office is hereby authorized to charge any fees that are required in 

connection with this amendment and to credit any overpayment to our Deposit Account 

No. 03-3125. 

Respectfully submitted, 

/Ivan S. Kavrukov I 
Ivan S. Kavrukov, Reg. No. 25,161 
Attorney for Applicant 
COOPER & DUNHAM LLP 
30 Rockefeller Plaza, 20th Floor 
New York, NY 10112 
Tel.: (212) 278-0400 
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Application No. Applicant(s) 

Notice of Non-Compliant Amendment t-1_4_;9_4~s,_00_3 ________ w_A_N_G_E_T_A_L_. --------i 
{37 CFR 1.121) Examiner Art Unit 

Eduardo A. Rodela 2893 
-- The MAILING DA TE of this communication appears on the cover sheet with the correspondence address --

The amendment document filed on 01 Julv 2016 is considered non-compliant because it has failed to meet the 
requirements of 37 CFR 1.121 or 1.4. In order for the amendment document to be compliant, correction of the following 
item(s) is required. 

THE FOLLOWING MARKED (X) ITEM(S) CAUSE THE AMENDMENT DOCUMENT TO BE NON-COMPLIANT: 
D 1. Amendments to the specification: 

D A. Amended paragraph(s) do not include markings. 
D B. New paragraph(s) should not be underlined. 
□ C. Other . 

D 2. Abstract: 
D A. Not presented on a separate sheet. 37 CFR 1 .72. 
□ B. Other . 

D 3. Amendments to the drawings: 
D A. The drawings are not properly identified in the top margin as "Replacement Sheet," "New Sheet," or 

"Annotated Sheet" as required by 37 CFR 1.121(d). 
D B. The practice of submitting proposed drawing correction has been eliminated. Replacement drawings 

showing amended figures, without markings, in compliance with 37 CFR 1.84 are required. 
□ C. Other __ 

~ 4. Amendments to the claims: 
D A. A complete listing of all of the claims is not present. 
D B. The listing of claims does not include the text of all pending claims (including withdrawn claims) 
~ C. Each claim has not been provided with the proper status identifier, and as such, the individual status 

of each claim cannot be identified. Note: the status of every claim must be indicated after its claim 
number by using one of the following status identifiers: (Original), (Currently amended), (Canceled), 
(Previously presented), (New), (Not entered), (Withdrawn) and (Withdrawn-currently amended). 

D D. The claims of this amendment paper have not been presented in ascending numerical order. 
□ E. Other: __ 

D 5. Other (e.g., the amendment is unsigned or not signed in accordance with 37 CFR 1.4): 

For further explanation of the amendment format required by 37 CFR 1.121, see MPEP § 714. 

TIME PERIODS FOR FILING A REPLY TO THIS NOTICE: 

1. Applicant is given no new time period if the non-compliant amendment is an after-final amendment or an amendment 
filed after allowance. If applicant wishes to resubmit the non-compliant after-final amendment with corrections, the 
entire corrected amendment must be resubmitted. 

2. Applicant is given two months from the mail date of this notice to supply the correction, if the non-compliant 
amendment is one of the following: a preliminary amendment, a non-final amendment (including a submission for a 
request for continued examination (RCE) under 37 CFR 1.114), a supplemental amendment filed within a suspension 
period under 37 CFR 1.103(a) or (c), and an amendment filed in response to a Quayle action. If any of above boxes 1. 
to 4. are checked, the correction required is only the corrected section of the non-compliant amendment in 
compliance with 37 CFR 1 .121. 

Extensions of time are available under 37 CFR 1.136(a) only if the non-compliant amendment is a non-final 
amendment or an amendment filed in response to a Quayle action. 

Failure to timely respond to this notice will result in: 
Abandonment of the application if the non-compliant amendment is a non-final amendment or an amendment 
filed in response to a Quayle action; or 
Non-entry of the amendment if the non-compliant amendment is a preliminary amendment or supplemental 
amendment. 

/Eduardo A. Rodela/ 
Primary Examiner, Art Unit 2893 

U.S. Patent and Trademark Office 
PTOL-324 (11-13) 

Part of Paper No. 20160913 
Notice of Non-Compliant Amendment (37 CFR 1.121) 
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h~~c~1u~e: th,::s_y r~l3.t~ to s:ub}ect n::}att~rrH:..~ n:.:·4ufrtxl to b~- :'.:~-{:tchr:.d by flns .A~~th~J:rit::t:- F~i-:raei:y: 

C!riim~ Nns.: 
b(:f:..:e.u~c Htty r~};n::~ !(~ p~rt~ ~Jf ~he inW-rr-.atinn~1f appht:'."rth.J?"} i-h~t d<:~ rt{}t t~(>rhp,!y -;r..-·ith fh::: pn:~~t:'nJ:-·1,:::.d t(:qi~ir~tncnt.~ to ~~K~h un 
..::xte:nt thst fH► lY1e;lrn1:Jft\1!. ~:r~~~":rn~ti>~~naJ .~ean;h ~,1:t~ bt~ r;.~nit:d t'.<~H 1 xp~l:~fil:;~Hy· 

:L □ Chnm~Ntii<.: 
hi~~~nB$::·~.th(::y ;.~n=• dcpi:rE.k":nt ,~}3frn$ and ~n~ rHJ:t r.k~1h,xJ ~n {1tc--i:.n·d~-n-:.::<: ,r..,·ifh ~he ~•·~C:t(J1d a.nd ~hitd ~}CfH,~rK::~~; vf .R ... ~h": 6.4(;.-;.). 

·rhifi $r1tt:rnaiion::~j St~art::hi{!i~ At$thn::-ir5..- tt•tnHJ rnw.~titile ~nvt!tHi~1rE~. i.n tht.s ~ntt~fnstion~1i; ar~rJii\.~i1ti(H'\ .:l.;; fol~{~\¥s· 
~;~~J l::.xtr~ St·)~et. 

! 

·, ..:.. 

·' 

□ 

□ 

[""] 

!,;:;;:::i'! 
k:::i.l 

' ' 

}\:;: 2.H :.;:~:8.f'\.~ht$bh'! t.:-ia~rssx- ~:.;~~u1d. h:-: s:-~})f{':hed v-.nrhot.5t (:ffr}tt ju~ht)'"ing ~d"-·hrit{:-·%~l f◊i.:~:::;. t~fa ,•'\.HliuJrity J.id not in~1~t0 payn:i~rH nf 
~~~zjfuu • 

.:\f; :i: .. Jnl~f :s,1rfii.:.~ of'.rh~ rcqtdro:ci :3dcii~HJn&] ~~arch ·iees }VC:te drn~lY paj . .;j b_y rh~ ~ipp!i~;s..rH~ thi$ ?r5i_~~rrmtSon~-:f ~ezr-.:::h r~port t.:>'.JYt:-f~ 
~)n!::,/ ~h~:,.~>: ~~i~itsl$ i;~, Y...'hicJ~ !Ct~S v.:·,;:~r~ psskt :-tpecific«Hy 'Ch~irn$: N·\js,: • 

·NQ 1"!'.:-qu1H~d ad~htk·u~}·d sc~ti-''~:,h fi::l:$ \r..1~;:rc hn1~~~y p:s.id b_y :.he apph~..:~1i~:t.. ~--~n·~i'->equ,::rrU .. f\ J.h}:~. Bn~tr::atfon~d ;s;~;3.n.:h rcJ::·Cffl i~ 
rc::SGtn-:.::ltXi t~) ttie ~:'T\,'t~r:S~qr~. i?r:-n rnt~ntit·:r}~fJ in th(:: i.::j:~un:.;.~~ 1l is ,-:-t,>V~~r~~ri by t~t~1in.1$. r~.fos.: 

□ 

□ 

□ 

' ' 

'Tht': addition:~~~ ~.r::ar;;..~h f~t~t=- \);•i;:~r~ ~1c<..x~n1p,:1r~ied h) .. j th,;: ~ppHi..:ant's prot~~~; ~,nci, .. <".·h~-r~~.s1pp}i;..~&ble~ th(,~ 
p&ym,~rn. c,f a prot~;.t fo,,. • 

Th-t~ »<ldi'l~onsJ s~arch tees w~re 3CC3.)tr:..p,1ni~cl b):~ ~-he appf~~~nt"-s prnt,;::-~t b\J:l the appl~•::Ebh: pru.t~.:'.~n 
f.~~c -..-..~ n◊t pii~d vtithi~. th~ t.hn~~ ~~tnit _specifi~J ~r: tbB invh:.Hil)t~ 

N·o p.-::-,}t{:s.t ;~.r-;..~;,,;rH}l;:lnk".:d t!~t~ payn-:.erH- (}f s.dthtk-i~li~] &;.:~anJ~ f~e::>. 
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b~i:~g r~tY~·•;<~~ t~c a pc~(:-n sJ:iHtd is:. 'ih(~ ~u-! 

ct~t~:..:•m~;~t pu~l:i~hi:,dJ>ti<..}r {:) th~: fr:(t-m.i!tk,~r;::~ Hb~1z ~~atr.- b,a~ ta~c-rth«n ~,~~ ~, ,kx:-..un~i~~ ~~~i:'nb<;-f ,~r ~ht: :.~~rt~-::: pt.<t{.~~n foJ'f<.H)' 
1,-... ___ i,;.h,;.e,..;!,.;.",;.'',;.";.· '--~):..'-'·-t;}_i_~:_,_·i_~._i . .:_n;,.{X,.;.'l __________________ .,.,_ _______ -;--__ , ........ ....., ..................................................................... ._""' _______ _ 

D;H,1 t.{ the acmzl t•;Jrnph,1tli)n ;Jf !h~, ,m,:,rnati<'.ln,)l ~;.,1;,n:!1 Di,te ,,f "mi1ilbli, bf thi1 imerna!i~,11;.,l scard1 n~tmri 

• 2 8 NOV 2014 
•--------~..,..,..,..,,,,,.._.._.._.._,~---••••••~n•~-----..-..-..,,-..-..~,-..~-..,~---H~~~~•n 

Nam;: ;md n>ildin1~ adilrc,$ <ifth'<'., IS/1./US • • • A>llhHit:.e,l ,,ffi,,t:r: 

M::1ii St◊f:' PCT, Attrr ISNUS, C<irnmfss/on.er for Patent$ 
P.O. 8;:i>; 145G, Atm,,mdMn, \t'iqmi>, ~:2J13,145tl 

• ft;'): B!'::~:~~: ~·t~s•2°i~~~;R~..' 

._i_:•~-"-' ,-_·i_m_il_~_' _N_'"_" __ ~_.,_,,_1_~2_,_?_3_,._3_2_0_1 ___ ~_ 
2 

___ ·"' ______ ""'"' _, ___________ .. ________ , _, _ ... __ .. ____ -~~~:~ _{)~~; '.>~~ --~~-';:_._!_<"! __ • 4-· ________ _ 



INTERNATmNALSEARcu 1u~Po.n-rPCT/US20.,.,t~d*i-i--~~.1~'M.,~M;~~,~"'1,--P1..,,.1
~-~i;~t~-:2~ 

PCT1USH,"1SW0 .............. . . .I ------------------------------,., ....................................... ~,--.,.--------------
c ((\irilin1w.tim,). DOCUMENTS C:ONSH)ERED TO m~; R.hLEY .. \NT ! 

....... ,---..-.-..-. ...... ...,_ ..... ~ ,, ...... , ...... ,-.,..,,._,,._ .................................... ...,.,.,.,.,.,,n,-.H••"-----,.,,,,,,____ : \ j 
: :: t,,· i· Cat::;gorv"' i Cii»tion of d,x.wnen!, with 1mlJc.a!i1):1, where il-p):irn-ptiaw. t)fth~ rekv;ml p2.%1itW, Rdevanl li~ claim No . .... "' : 

-..-• ,-.-------,, ........................ -.: ._.. ......................................... ---••---~''''••••••••••••••• ........................ _~HH .................... HHu•••uu,,,, ........ ,,,"'."'.".,,,, ......................................................................... -;,-----------~ 

y 

A 

US 4~6:'fl\ i 2~ t, {OERKITS 1 ti~ .)~. ~l ~t} J~t~~·a~)< .;:~o. ~ 8{~l~ .~p~~t~ct; r:g~.r~:$$: ·~--?~ coh~n~q 2, 
Hnes 24-40 

' 

/'' 
i 2:.t 24 

US 7 .795.(~¼· B~: {PAN. 2 et~*.} Septe-rnber ··u~ .. 2010: ab$tr~ct f:-g:wre '.j~ co~umn 4. Hns.&.6U--6B; .i3, ~.-·1 
,~-ttJrnn 5~ !u10s i · 5 • 

. . 
,._-------~··············· ..................... --------·····················••. •• ......................... • ..•...... · .................... ·---"-----



PCTIUS;!Ol ~Mffl,1.:i~dl;1;l 2014"""'""' 
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. . 
"Oti~ ~ppfa::~tk.--:n ~~~:mt~H1~ th$!. fohow~ng invenUc;ins t1r grci:ups uf ~n"¥enti-t:Jr.g whkJ~ ijf~ nJt ~A) t~nkect. ?ls tci fot"rrt « ~~ri~i~ gs~n(~rat ir.-vH"F"st}ve 
;:.x-:r1c~;;,d un1~r PCT Ruh~ 1 ~L 1. fn Q.rd~r tor ~~~i j~:Y~ff'i:~·ons to be· !t¥.a;r::n~"i'.J{ the aµpropri~ta ;3.<1~.:nh?n«.c .~.i.a.rnk~aik,"\•n f~e nlust be P<~s~~j. 

O.,ro9.p ~~ Ctijtms ~ ·4t~· f~ft':. difect~ t{~~·<1rd ~3 pht.dodetector cortlPris:n9 9 ('~thod&~ an ~~1od~. r~~-~r&tS. t:~a8'.tt:_g ciri~tHtrr't 
ffl{cro:&ttu~te..:H"e-~~nhwced ~ho:t~1 fib:~nrtjin9- ::'.-~.m~cor~cluc,r .. ,:- (n~:s~.t~~ia:-~ ~:1,-s ~- ::,.1~,:r-:'3~~tr 01/n~cfc- $)lHJ','.",,.i~:~H½ 

(.;ri.:1tcp H: Cf~it)1~ S0.-.5~ ~r~ diN:i:ct~cl to~v~i~d f} pht..)h:iv-~1n:ai'c de~d-c<;:1 r;i)r~;pti:~~dnf,j. ~ e,~rnicQnt$uctcrf m._-s~eii~lf, .a ph.JHlMy o~ ~-◊fd.;:.; ~\·~thin ~ii$JQ 
~~rni<:on,k.:.;:::t~,r rn~tert~~- ::'lr1rj convertir::Q soJar r«-~1i,?:Uon into d-cn.-"'-C...°1 tw-r~ni Q~ctrtci{y-. • 

(Jn ... ~lp Br C!a•in1$ 54, .. t;a, f~t·e dfR~<-1~0 tow~.rd ~ 9:a~s rn~teti:23~ corr.(priGir19. {$ ~~k~r;:;.~it.)' n·f ~1::..cri~lJvoW~. sa~d ,..-c-Cd~ di:rn-=1~~i:.S:;-;r<~d bf,tl(.,.<fs-*ri n Qi 
micn)n(> <!rid iOOO ,,m:wn&. • • 

f3F-.,"'Ui~ !V: t:-~shn& t~S:-02. are directe ... 1· l0¥>'arC<: a rn!:CiO½(~~v.t3: tra~s.tr:iss~a.n Hr:~ strwctur~ dornprl'Si:.tng ci: snn1~cr5nd:.Jcto·r s~~trstrat~. ~.3 p!~~n..::r:My of 
hibe-:1--.:.ieH~~fy' Ci-el$:·C?ri-o.-fi:~ed i.:-'Oid&. re~1ttced Qfai·~t-=tri:~ ~~-:-::nst._-sr.t1 ~-nd ~•h.£raUty of B"H}taW~j rr:jcn:::,~Y3V(::1 trar:::.::-:nit~.s.:-qr: :"iru~;-$. 

Gmi;;:, V·. 0,.,..,,-,,1; 6:3-Wl <Sm dke(,t;l<J tow<'ln;l ;,r. oplic;i,: w«'lll} t~,,i<li; ;:,wudwre ccrn,,tising ;sn op1J1.;;~l rno,:b rn.,:J;on, -:i s;;.Jppcrlln~ :1,aten;,l. a 
PHJf(~Hfy' of mi.c:ost=-t~Ch..Sf'~~ Yoids ~n tr.~ S-t.lPPl):"\j:ng rn.;3t~ri~i: ~nd ~lt~rfr~tl $P: eff8t'!HV~ irycl:ex· of r~frMth.1r. 

C·~JUP \n·. c.:t~in;~ 68.,69 ~ra .(liract~d t:J~~arct a h~<'3t g&r1Gf~Hi~<Q ·dtSvk~. « heat $3.~nkc ~ ~Lrro:.Jr)l·jing rn~~1iHr~l~ a:s-·1 in~:arinn(ik~tt": m~t-~_ni~( ,~ 
pi;.;rnllty <>f v,,k'l::. l<, ,sai<l .ifllet:1'H:~ct,,:,\~ m,~terl~!. ancl ;;1iterir.~ mt, !timw~il ,::,;Jnduciiviiy of ~~id ir:t~miis-d\alis- m,it~ri»l. 

: ' 

Th~ fff..,'"Jntk,(c~$ *i·ste<l ii:S i,Jr):.:cup-s f--v; ~~ n~t n~~~<:\16 to a. Eir:gl~- ~-er:~ral lr:v.entht~ (;(;ncep~. t~r~cler PC·T Ht:-!-e 1 a. 1 bec;;HJ~e. under PC"f Ruh~ 
i3 .. ~~, t~a~~- h3-Ck U'JG s~-mG t>r cor,re,$f...:,~rK~in9 sp~ciS3i t~r::hn]cRt f~~hJ:"')~~- Gt,;:::up i ha& ~t l~--;t~~~f .a u~~hvt.i~~ t{$<Jh . .":n. ~r:Qd~ r~g:ia-nf ·f-..'.$"Ver;%,~ 
bi~l&~:19 c,,,;;:..~ifry; $<>urce ijlgrtat ._1n<t ~ .~-ot:-:"f)t~ w-e:¥~i~n-gtt; m~i rirf>BPs. g,.,\/~ dt'> not t1ave. (>n):.~p B t!-23::S a~ l~~s:t t>~:tn\/~ftin~ ~oiar r<H1~;1tior~ 
intc: .(J;::-~t--:t c~~rre-nt ~h~:,~rki-{y n1;~1 Grt.R}f:.;:S i ~1nt.~ i u~ Vi <:-o not hxiv~. Grqln).•lH h~?.:- ~t !~<~~( a gt~s,s, m~t~rta: a.r.,d dlrn~r~~~t)nt;d voki-c::.,;J ~f::tw0;;:1r} 
t}.Cn rn~r;ro..~-N- {'3.nd 100{} n-:-:CTT-:cns Hl3t r3.rnt:p~ :,, B, ~r:-d §V• \/J d<~ not ~:3v0. G.ro:Jp P•/ h·a&j~f ~Q~~t ~ cl$~$l~t.:t-rk ~-!Hr~g~ a ~e-~\=,-:~1cl di~i~~-::~:,ic 
t··:r}rsgt::~nt, ~nd <1 plu~")3City ;.1f r~<i-":tgm~ rnk:n::<r.."-l'~ve H»:r~$:rfi~~¾~on lin~~j th(,~- (~(!{>UP:$ },fU: V} ~:n6 V~ ~:to nt.<t h::\-.t~, Gn:.}t~~':.i ',./ ~;a~- ~n }t~<s~>) ari ~;,phr.~)~ 
,._~·23veg~(~~~ c1.nd <)r:· ,1p~h: .. :.:i; ~na:de r~g~cH1 that G~):)i~:£.JS i,h/ ,eS:nd \.n 10 r:ot t~«v~. Gtcup v·i na& ~~t i~f:~t ~ Mr--.:x1 ~:-.u .. t~~nger. ~ ~~~at ij~n~~~t;::-~g 
~k~v~c*. ~ heat :sin-k 1 a $u~:ot~rKih19 N<e<Ut.nr:} ~fl lnt~rn1t1<li~<tfj ni:*tfj:t:i~t, ~{id ar; ~iler~d H~ertna! c:-onducttv~tv tn{~3t Gt,;}-ut,$$: v•,/ de ht.:t h&Y-e. 

"Th~) ~.:rJfnrnrJtc t~-~~:hn·~c~! f:2»:ture c,st C:(rs>t~~>~ j,.,\/} ~~ at !east a pkH"B:iitV Qf ,~·oifJs.. Thts t."'::t)tPr~~on t~,~~.: ... H·~- ;,,:; dh:K;!:o$wJ t.;-y· US .2005l0~)92S~~5 Ai_ HJ 
2~nt&i ~~ aL (hf:r~x~n&fi,i~f "'Z~ntar1}. Z£-~t~~ di•tt~k~~&::> ~ pk$rt~,l~ty· ::.·j V<..iCd~1 (;..:c ph•~tot::~teo.:or r;;~qp._.•.;}r:~~~n l&.>'»r ir~dudR~ AA >~i:tu:~Ut)1 ot 
~l-:k-:n::,~\";.~t-epi-c :''t::(i:.::fs; ·(lb:Stn::~•.::~; ll9'\SH;"': 2A~ par.ssgr:es~i fOG i ~:Jn. 

!~mci:1 H°'H3· cornnc(m te(:f~n~~c f~.al:.u-~ is r.~'"e-Vk1H~fy di~cios-~d t>y- H<e z.ent.:d rett5:r:ent>:3:, t~f~~ ¼---ot1:n1of: 10~HJr~ ;~ not ~ipec:~¢~ ;snd -so (3rou;.rs 
g~\!f :ad< t~nits· • 



:=-:"':-~·).:s:3.:CS:=} ~c:~:G) 
.~rp:·:,;-1;,:·~Xi k'!f :..:s~: ~:':f•:,{~!·~~ ~~?i')1t:2t: ~i O!'t-~)~l 08t~,-r-O:)'~~-~ 

U ~) Ps:tt-~nt and lrn:rh~m«d, Offi:e:f:-:. U.S tH~~·~.RTr ... ~fNT'OF ;.:-:{)r ... ~~-~[rt.E 

r""""""""""·----------------------·--------·--·------·----·------------·------·----·--·----------·--·------·--·----·--·----------·----------------·----·------·--------·--------------------""'"·············· 1 

; U,S,PA TENTS ! 
1 ·····································-r············································ [ ••••••••••• ································-r····················································· ••••••• ·······-r· .:, .. ·-x. '. ,--"· ... ' '< ... '". ,··· '"'' ••• ' •• "' ., , .. ,, .......... 1 
· ·· I --- : : , , .. f ,., , , , P,,it,t,~-~.,,,)k,_ru.,.,,.l,:i:..s ,._,,,i:.,t, , 
i c~arnmsr Ute ; .., • , , i t<eind ; ,:.larn0 o, l-' dome<.::: or ,<,ppk,~nt ; ··~ ; t ,.) R . • ; 
! 

1
, ••i•' ,x i .. ,... j rs:ll<:.:nl ,'11Jn-m1~r i r".-,, ,, !s~ve Date i r --i' .. .i (') " -~. "t i he,evar: ~· i:lSSl:lf?~~, or ,e,evan, j 

, ,,,_,.;i, , '"'-·' . , ,.,, .. tA,,. . o. 1.":e,., o.,l;,. ,~,, • - A , 
: ' : : : : r :r-it;r~'·S PPF'.;;!' : 

·1 .;iQ DEFfr{!TS G ,!R ~t al 

' : ,, i ,34,;·,·,2-,-A ; '1985·'!0··10 i "'•A•'~lY'H' K ' l l ~ ! d d' ~ ' ' l ' ' ' ,,_, ~ ,, i 

I 3 7:,97101 2®8ill)C7 I MASiNI. G. et >I - ~ J 
1i•··········-········ ••••• t.··:.::·:.·.:::i.··············· ·································1.·:~·-:·N························ .......... : ............................ t_--·................... 1,,_·. 

4 , , , ;:,~« .. ,··w 201.0·0&·74 · ,·'•\ Z. ~,t ,:iL · , 
i I . "· .. , : i . . . ! 

18129?10 

I 

I ' , 2006· 10·0> i Stcmbo I 
~-----· ___________________ .... ________ , _________ .. __ . L ............................. I~-----·:""'""'"""""". ·· ........................... l......................................................... . ........ : 



·--------······-···~····------------·--·······----·····················••»• ·•·•············· ... 
i Application Nu,nb•f j 1 '04500J ... l 

I INFORMATION DISCLOSURE :::~g~::~:cl inventor j Shih·'~::,:~~t:~~ ~t ~' 1 

I ~~:~f!r~:;1~!0~!1!~~~~~~-~~; Att Unit .,,,,,,,, .. ,,.,, ....... : ........... !.,, ...•.. ,, .................. ,, ................. ,, ................. ,, ...... ,, ..... ,, ...................... ,,,,.J 
i Examiner Name l ,~e-l yet as~;ignect . ,,,,.~,,,,J 

i_,,:' ' l\,ttornev Docket Nwnber ! s4;·'6iSH'lH,L? I , ................................................. , .............. ----~•-----------~----~•• ", .... , .. ,.,, ...... , .................... , .......... n ................... ~ ...... ." ............................................................................................................................................. .,, 

I If you wlLJ:: US. PalJcltatlX::::::.:,:nµle:::, click th•Md. button·=:: =====] 
! U,$,PATENT APPUCATlON PlJS!JCAT!ONS i 
~ ...... -.-........................... .. .......................................................... ,. ...... ,. .. ,. .. ,._._._._._._._._._ ________ ~ .... ' i 

I ; I -~'. :---..,,.,,~ ... , .,.... .. :. ··r,;Q.... fr,ai,.--. I ,,,. · ' ·, ,.r · : , .. d t' ,, • .. , >d f -~ . . . A 1. . , Paqi:;::,.l..,,o{u,nns.,..L,..,~ ,\ .. ~.e , 
r::<,:immer ,. Pu0il(~$tn.:in '••. t\in r~:.Jviication , ,'lame o !·'alent<::le or ,pr,:1cam , " • . w • -~ • • , Cite No , .. • • ,... , Re!evanl ;.-•as.sac.es or Ke;evam , 

:,,,, N:...imbor ! Code1 Date , of Cited Document , F. .~ " 1 , , , 1qures , ...... opear , 

....-----,...1~1 ____ ..,..l 2D05008292' I i 2DOC>-G'S-05 I lENTAI. Get ai • 1 ~ , i 

--------1-------------.. -· r-......................................... , .... ,.... . . , .. 1,,,,,, 

I 2 120050184354 I 2005,08·25 I Cfll) Jet al 

---- .. -. ..................................... .., .............................. ~ .................................................................. 4-................................................................................... ........................................................ + ...................................................................................................................................................... : 

12007•04-26 I ,A,CHOUCHE. Mel ai I i 

i ~ 

I 

2ww210No I 2ooaw 1, 

1 

vw.uAMS R "' ., . 

. ------------------ ~ l : ---- ~ .............................................................. -+ ............................................................................................................................................ -+ ......................................................................... -.................................................. .. 

... -----------

! __ l_'_· ________________ l,_201-oomo1oe • 1 I ,01o.c,a-0s I Habib I 
....... -.' ........................................... , .... 1 .... , ...... , ...... , .... , ................. , ............................ 1 ... , .............................................................. , ....... . 

Ir I "0101'N7 l'6" i ZD1Q.f1005 I Poon I 

l 
L .............. ,. .. ,. ............ ,. ........ ! .... .... 



C ------------------,....----------------,---.-.,----------------~·._._..,._..,._..,._.,_....,._..,._..,..,._._._ ... ._._._._..,._._..,..,._._.., 

i 1.Appiii~tltion N~imtH:.:r 14:945GC'.l3 1 

Ill, i~lFQD. 11.~.A ·T'OIU .. n __ iscL.OSUl:.'lE I Ffong Dat;z I 2015.11.12 ' 11'1 f."\.JVIM I §'ff U§ f'- ; ....... n ........................................ n .............. l ..... : ........................................................................................................... ! 
, I First Named inventor S>"'llt°'·Y,,an \NANG t~l a, 

1

1 

I $TA TEMENT BY APPUCANT I 'rt'' .. 
j ( Not for .st1bmission 4nd(l'r 37 CFR UH)) I"''· , • .in,t .............................................................................. . 

. l.~:~~~~.'.::.~.~ .. ~~'.'.:.:~'., ... ., ......... l.~.~'.:.t:~~.:::.~.'.~:,:::~ .......................... ·-----~ ............. ., ... .,.,., .............. ) 
:l j ,,&..Horney D<~cket ?.Jurr.,t.H~T i ~/ti7i)/B8·ifs,;,~~--~~ [ 
..... -~~~ ...................................................................... • ................................................................. t .... • ..... ~~~~~~~~~~~~~·-.... .! 

~ l ................................................................... , 
1,,,,,,, i i ,•,0,·,0,•,,,·,0c5::_·7 I t "' ,,,. I., ... , I,.. . 

I 9 i "'""" , ou ", I "O;J\J•;) 1 ·CV 1 , ,,ng et a! 

! ro I 20080265449 I I 20080825 L~an 1 . . ···············• 

i !f you 'vVis~~ t<.:- ~KU ;;t~dibc,nsi~ u>;. Pul::<!ished A~pficat1ori cita!K::~,-infofmation ·please ·dick ·the Ad;·b:..i!fon.""""'""" ••••• ••••• ••• •••••••••••• •• l 

( ....................................................................................................... "roi~ii.ioN··f;ATENT. DOCi:iMiiNT$········································································································i 

r·~:·, .. ~-~, ,.~J •"'oh 
1 i I Na,;:·:~--;:~:~~~::·:~:· .... T~~,i~;~~:c,~::_~·~::=;:L;:;~;;r ....... 1 

, '"'·'·"·' -,!, , ... ,, ;,_,.,,,. i Forl~i~yl D<l(:urnent j Coi.mtry ! Kind i F\,b!ication 1 " , , ~ . . ,~,i~i~, Ri:.,~:.\l(.:Ht , ., .. 
' :. • • . i f,pi;n:c,:in, o, cite(~ .. , . , , ~ 
: Initial' ,. No , Nwo1her:.i , Cod"'::? i :,_ Co:.Ki~4 Date i ,, • • • Passaoes or R1~tevar.ti 
:. l ! • • •...: • i .___. • i t..-:ncurnent . .... . : 
t t l l : i . Figures .Aopear , 

I [, i W02~12149441: I wo . J .1201~ 11 ◊.1 i ~=,7~e:':;SNAIN ........ !··· ..............•.......................... 1 ~ I 
[] 

I FCT/US16tl"l 120 s C~] 

·-----· 

lP(:T;us·::>:-0·~120 ;US i ~0'15-~41-1~-- ~VV.ANG S i l 

IVv'O 



' ..... -.-............................................................................................................................................................. ~ ... ----~----

1, NF ORMA TION DISCLOSURE I ;~.~:c~:::.Number J ;:::~010

:
1 ----·---1 

i Fir$t Narned Inventor Snih-Yum\ vvANG e.t ,Ii i 

ll ~!~,:~~:~!o~~n:~;,~~~~~; i ::~~~~., Name ] ,,ot yet .,,,o,1eci • : • I 
i Attomey Dockel NtJn\ber 517f:I/B8HM--2 l 

--···"'""'""""""""""""""·----·············-----------------~---------------------J 

,············ ' ' • 

!,,,,,,,_ t i 18 lw02014•••J189 
vvo 

i H' yot, wish to ;:.;;;kl m:lditinna! Foreign Pat~mt Document citation inforrnation p!ease ciic~: the Actd button 

r-·""" NON~PAlENl UlERATUR:E OOCUMgNTS _ 

i i i 1nciude name of the authof (i,'1 CAPITAL LETTERS). title of the article {whe,, appn:ipr!ate), title of H,e item i i 
! Exrn,1iner! cite l i l 

(book. magazine, Journal, smia!. symposium. catalog, {~t(~}- dste. pages(s), vo!t.HT1e-issue number(sL ·p; 
publisher, city ;;ind/!Jt cNmtry whete publi~he;:L 

En~~in(~~3ting: \/o.i 53(2),( 027102 .. F~bruary, {2014\ http:llopth::--alsngirteedng. spledlg:tambrary .i:,-r9/articl(:.aspx? 
~~:t~dnid:::: ·1 H2Hf-s6C~ 

I 
i nayci' G . el at ··sroadnaod infrared metamaterlai atisNb€r >1,iith ,.-is,bie tran~;pareoc.y ;;sing rro as ground ,:,,,ane··. l 

1211111-()P.T!~~S.EXPR.[$:\.:~~:~~:~ .. ~.U:'(;;: (2014) ............................... )111_ .... ~::::..1,,,_ 

1,,, ".,.. y :- i Denn~:[(y . .J. L .. e:! f~.L _ ''f~~od~:-:.-b&t;-:;!d ~n~ly~3,i•s of ~>ihc,.,n n&nohok~ 8.r::--~3YS· fqr photc-:...~Qit~~k:: 2~ppht:~~tk:,n~_:• \lo: 22. N<:•. St\ 1, ............ -.: 
' (J.p:·ics EXPFESS_ A1343 2,f;, ;\ugu~;t .(2014). L.J 

i.J 

:-~--.:, 

! ! ~ir./aCf.J., 'htvsst~g~ticn of the s~~..:.i~ vv~vag;,.:.:de f-~rv.)toti,les Using ~ .. D f D t..:1etnoo for N~g~ Sp~e..:~ , . .ipti~-::at : ! 

: ;_ 

6

1,;~~,~~,',;;'Jfo'." > S.~_.,•w:•",~:•,Sta~",'~'", :~, .:¼,'~~-~il~~('a,:•\e~h .~b-~w,a, /~y~"'~_O_N:~',•"""'"ao1 Wapc pay 3"" j . : > I 
I I·:, i }<:_(,,,,xi,~f..-Y, ,,., t:, ~i:, v~)j,(,,:, ,:I.,(! ~,,~.,-,,P),»\.• 1,.l:01)~:l:1;<S (), ~1-.:>!:,\_,, ~t!k,f:, ~:\NYil ,,,,- ,,,! :,.lJbS,i,:!(,~1,:-.' .i,x.1m,:t! oI Gi'~'S\Iil :· :--··1 i 

[l __ .i:::"_:'~:3~~'"95). --·- ····-···························:···,:·l 

l : :'""' 1 f ::· li9ht "''":'"O-" ,,,,,,·,;•v•:w:•' Jove-,., ,, Phy,::: :Pli•d:~ht= 4() ("'JO,,, Jc\ 



. ' -------~-----------........................................................................................................................ -. 

! i t\pp!ic@tion Nurnb(:!r 14945003 
: ' ..................................................................................................................................... -. . 
j [ f:Hn~J Date 2015· 11··18 i 
: lNFORMA TION DISCLOSURE i . . . ~ , . . , . ......................................................... ······1 
: • • • • • • • i F,rst Narneo Inventor ::Shit,•'ruan ,ti,u.r~G et al. : i STATEMENT BY APPLICANT ; . . ....................................... " · · ······································ i 
: . . _ _. . • . • «'Y __ , . ; /m Unit . : , l Nol for submrs~mn tmi:kir ~ 1 CFR 1.9$~ : ................................................... , ............. , ............................... ~................................................................. ······: 
: • j Exanslner Narne ~ nc::t yet ::.t:;,~~t?~t}d ! 

............ 1 Attorney ~~~.~~.t- .~k,~11~er • ...... l.5,?6/881.84-2 .................................................................................. i 

___________________ ,_._ ....... _ ...................................................................................................... ···························-, 

,..' -----~1 ... • •_:~ __ ..,l_t_.,_;t_, ._· ._/:-.._ ••• _. _"_t_e_!._. _,·_rl_•_:.:_~_r_.t_u_1"_1:_d_o_t_!_e_s_E_,_n_:_t_o_,_· ~-(.!-!i_c_~)_"'_·_~_,t_1_◊_t-_::i_,.,_:i•_;;_s_[_i:_n_y_•j.-_~&--d-J._ .. _~_)_r_:◊_t_o_r_1: i_c_s_:: ~:I : :: S Omober '2015; 
1

• , ! 
'1: L.:,1,J, N .. t:f ::::1. •:infr(B{:·\j Perfe:::t i\bso~ber arKi HS ;\pp}~:::ation l\S Pf~:tsn-toni~~ s~~ClS{)r .·, Nan{) LBtL ·H).. 2.2,42m?346, (20'10). !\ \\ .. ···:\ 

~:(} l ............. , 

t- ...... ---·---------- ........................................................... ·············· ........ --- .------------- .-- .. -- .---------------: _____________________________________________________ ....................................... , ........... ~ 

I I I 
l 1 I K.ang. '1" ·Mor,ot;tt:,c G$/Si Ava:nache Photo<i!o<i,1s. •• 9,rg .• , .. ,124,t.4402< !EEE. uuom [] I 

L!-w, f.\ .. Y., et aL) CL..~anturn Dc1t Lasers· on S1:hcon/ ~UCSB h~1ateri~Hs Dep~rtrnent) Sfu1ta H~u-bt1ra. C~Hforn~tt USA. 
p ..... . ·1,,',,,, 

13 
Lcne,eswacae V J . 'A 14-ps ll.,11 widtl; at t,all rn"xie,c;cp ligh-spe0d phot;x;cedcctcc tatc,ca"" w,!h iotmsecii"S tcf' I _ i 

~ ................ ----l-------'------------------------------------~--------................................................................................................................................................. -......... -... · .. t .. •·······t 

1. Hu. ., t~t aL '•Analy~.:~1 ~)f (l}Hk:.dl .Ab~;~xption Jr-: $mGfX! Nan{:v·.tire ,'\:-ray~ t'.';x Photo~·oHai-c .t\ppHcatisx:s,·· Nl\NC~ LETT i· .. -~ 
~ : 

~ \/ol ?. No. ·1 ·J. 200? ~n-~ 

'40 GH;: Si/G;,: ur,1.trnveiir;g c.$rri<:ffW,3vi,guide phc:,iot!cde'·. ,k,urnei c:!Ughiv,··avs; Tech,~o;:.::,gy, 15908, I 
.;,..... \ 

! 
Fount~~,ne, K. et al., 0·Ne.o!Mmity i;,ro~1dband abson:::<lion de~qns f::,:-r si~rni,xmdtx:tinQ n,mowiri,, an,,,y·s via k,1::,:i!i?fd :-adiail --·--·1 

: ie. mo;Je ~xcttatk:m·. \id n No OPT!CS EXPRESS ;,~no. s M;~y- i201<'1) ! 1 .... i ! 

1 ....................•...........................•...........•.•...•.............................................................. • ................... • ..... • ......... •. _ ... 1-.· 
: feng D et a: -·r--Hgh•SPe~d (;e p:-:otodetect.cH rnono:i!h~c-.aHy integr~ted ~\-nth iarge cnJss,s:ectH)n smc,on ... or:~lns~~tator i 
t l ~,.-="v~ .... qtwJ-:: .... (• .,.\ qp~\Pd P}·rv~w-~ t -:: .... tt-t-...f~ ~15 2~ i: ~ OS :"10-c~C: ~ [ ...... I i: ~) I \. ,_., •..., '- • • J:,• ' .- • • ' ._H...,. • ' • • ~ •n • ,\, ' \. ~ ,h ',_.,_.,' -.-.-.J 

t t 

I I 
: ........................................... ; ....................... : .......................................................................................................................................................................................................................................................................................... • .......................................................................................................................................... -. 



······-····································-············ ........... ..... ... .. .. .. .. . . . . . . . .. .. . .. .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............... ~· ..... •: . . ................................ -...... -. . . ....... -.................................. -... . 

I J_,~~?li_(~~ti~f~-!~~_t?~~f ____ ! _ 1,t\}+500~ ---- -------------------------------------------------------------------------------------· 
i : i:::,1ino n·~·e i 201s. ·i 1-rn 
! l N FORMA T!ON DISCLOSURE : ·.:• .... , •.. -"''.' ........................................ ' ................................................................................................... -.--. --l 
! ! First Named Inventor ! Stiih•Yuan WANG N aL ! 'STATEMENT BY APPUCANT , ..................................................... , ............ , ....... , .............. ., .................. ,.,.,.,.,. ........ ,.~~-~-·"' 
! i Art Unit ! • ! 
i ( Not for submission und~r 37 C:FR 1,.99} ~ .................................................... , ............. l ....................... -.. -.-.-.-.-.-.,-.-.---------.------------------------------------------------------------·----····i 
l ~ ~·xa;,"'l'1ifH-.~r N;:.u-ne i 1·1ct :l~~t ~)~s::g.n~~o l 
l i }..,,... • ~ , • ...... • ... : .) - ............ -,........................................................................................................................... ..... _J 

! ! l\ttornev Dockel Number i 51'i'6i88W4-2 i 
: ......................................................................................................... ~ ........... ' ................................. ' ................... : ........ : .................................................................... ~ .................................... : 

r ...... -------..,,..--------------··································································································· .. ·········-···-·· .. ··------------------

! I Sdl,~(lP, J.D .. et,,! ''H<1Sonant-Cav!iy-Enha:x:eci Hioh-Sooed $; Photo<:ik,de Grow:, by Epitsi.xial Li,foml ()vt,:rgr<:w,·!h,·· re !,HEE 'PMotonico Technology' l ettsrs. vc,_, ',, No' 12'. osCemtw , 1999 ,,, _,,,,,,,,,, ,,,,,, ''''''''''''''''''' i 

':I,-:._·: _r• ! Seyedt_ r~~ /i-, .. ~1t al. ·'EfHc!ent Schc•Hkv-.Hke ~uncUnn c;.a/\s na:70\Nin:~ ohotpdete·ctot 1./,.:i·H·l 9 (;Hz rnodwtation band\.v:dtrf 
• \ w\t>• Hr<>~ 0'·'t:·,-~ , .... ~..., ., t.pP1 !En PH'iSiCS LETTEr;.S 106. Ot; 1105 1,2014',;. ' [J : l ~q.~,::~:r,,..•~'-.••~> .... ~.:~-=:,,.,,..,..-.... \ ~ 

I ! .................. ·----------------------------.,,;-,,,-('-,',-' _.,,-,_,,· ~--... ·:,:~, .. ,:: .... :· ... :·.::·,:::: .. 1··i,·_·_·.·.·!:·:·:·:· ... ·,,.·_1i,,,_ Pt~te~,, S.,. 'l~hysics and Operat~on of' an ~<"iPPC/" ·rutodats. Han·tBn<3tsu Pnc\tt::tonit.~, Ncvernber ... - \<, .) ...-, ,~·~r: • •·-c" 7' _.. , 

22 h:Jrr1acnatsu. C{)nt/usl~~fi<.".c•rnniunity/opt~c~~t_.~ssnt~o:s/tt~tontlls/phy~::lc:s ___ _of __ fnpp<:'/ind(3x.htrn!? 
uttri ..... souc"'c~~~goog!eplus&1.J~n~_rnediwrn:::~~oci~~~&utrn_c~t1)pa~9n=:hc--sncrt~l 

1_. .. ,. ·,~ .... ' .. -.-

i,,,',,,_ ........................ ,,. •• ,,..,,. ......... _._ ................ ·-··· .. -· .. •• ........ -•• ···-··················· .. ········-·········~------.. ------------

123 

1 

C:,,n,,d,. F ·t.,ght Tr,~ppm;J !n Sihmr: N~HK•wire Sdi,r (;<2:,!s'. N~1no 1.-etters, (2010! Vil W. 108?--Wi}T 

ELECTl"~()Nl.CS: VoL 9: l.s{..;))~: 5 {2003/ 

-·-., ...................................................................................................................................................................................................................... -.-. 

:, I,~ .. .::-: :, ~,~::.-:\:,nnL~g, ~.t ~~L. •·Er~h;;snc:t3d ~~t:~~·KHptiDn ;:\nd c.an-tt.5r cnl~Bctton in S~ \1t;tJn?, ::~rr~3~/s ft:1r pf·~otovo(!~:::tc appt:cation~~- Natut1:~ ----- i, 

': ': ..... ::.., :, •,\,:,;1·r.,·t"-.·',·.:~--•,·,,,, \-'~,. '. ~~- •-.··,,,,,,·,~_h ·,':1,,",,,', L _ _.i i, y ~~~ .... ~ ·~ .-.- •~H ~ nl\ ... ·:~~ ~ pg. ~~39-.-244. f:ttp:fiauthors.library caJt~~~h.e:::h.:lfl588/ 

fi,- 1, ·;:-,·; I • ,,,,_,, ____ ,, __ ,_,,_, _____ ,_, __________________ ~ .............................. ,,,. 11',I 

,.:.'. '"t :r:J. • Optical al::lsorptic,r, enhancement in silicc,n nanov,·,re and nanc,n,:.-1$ 1:mays fo;· pr,oto,./01ta1c app!1c,~t1ons, • 
Pmz:e,,i::.Jing of SP!E. \iQi. T'/2. TT?21G-1. f2010}. i I 

____ ll ___ j ____ l-1,,· 

c:·:at:H~-}-h~~n.a:n. C,.,. {3t al. 1 :,H:~~h cc.,ntrast gn:::tlng~, for intt3~1n~Hi~d opt()~~l~::.~::trlonics: Adv~3nf~\~S in (Jpti~~s ;3,r:~j f·)h\.)!~)nis~3 I Vo! 4, (2012). pg. ~-F9-·44(l httpJ.,\~·,-.w.-'M;Cs berl-;~;!ey.ed;;/Pwbsrrechf<pts/10·14/UiC:.S-·20'14-197.Mrni ---- i 
. . : ! l 
i t i • 
l j .... ~~ l Chu . H.J .. et al .. ··vvu(tzite tnF.t r~anovv~fe a.n:?.:iS gr(;-;,\,'t":· b\l setecth~e are·a t'>~OCVD~;"\ Ph}tS·, Status S:)l.1d:i: VoL C ? . N:) ~iO, !,,,,_ .--~ ..... 
l l ~~-V l r>cq {1\ P(' :~14q4 •n 74,~7 ·-----· 

1······················ f- -1•···· ... ·.• - • -' ,, __ •• • • • ------ ,,,,,,,,,,,,,,,,,,,,,,,,,,, · · ,,,,,, !,,,_ -----------: 

• ! 
2

i;: ~ Kang ~t ;.1L. "Ep:ta:x:ally--gro:.i•ln (Je/S: av~!a:·E~h~:?. photochod*~~ f<ff 1 3;,.:rn :j.ght •S~::tes.::ti◊n:· OPTiCS EXr-lr.u::.SS. 93tJ5. Vol. ,·•·••, 
t ':6·. ?"-io. 1:\ .Ju:-~f.~ ~~3- 2CKt8 . 

: 1
1

,o 

1

,nternenJo,,ai S•acch R•p.o,; datw No,.,rbc, 2B, 2014 io PCTIUS2014/0920& I /'I j v~• : L ... : 

""""""""""" .. "."""·------~~-~-----~ I 

2.7 



I 

INFORMATION DISCLOSURE 
STATEMENT BY APPUCANT 

"""""'""'"'"' ---------------------------------------- .. '""····"'""·· ····················· ....................... ----.......... __ ,, _________ __ 
31 !nt(~i·nati~)fH:d Sea:c.h Fl~:-pc,r1 Pcst~d Decf::rrlb~1c· 23,. 2.0i ·: in PCT/US2o·r 1HJ51Q~:-:. -~---------- i , , I 

['f:~~~::~•:::::•t:•'::·::::''llt::::;~~;,~c:~~~;:;;:nrj,:••::':'.~?==~o: .. ·················· • ......... l 
l E>;.;;irn•n<:::r Siqnatms i Date Constd<:lred i l 
t••••••••••••••••••••••••••••-.; •••••••••nn•n••l•nnn•nn,nn••n•n••••••••••••••••••••••••••n•n•n"~-----------~._._._._._._._._._._._,,,-.-.-. .. , .... , ... -.,,••••••••••••••••••••••••••••••••: ......... ••••••••••n .......... ,n••••••••••••••••••••~~•••~ 

I 'EXf.\t"1lNER !nit!aJ ,f mft.':}rence crn~s,dered, ,.._,nelher or not i:.1i;oition is 1n conformance w,1r1 MPEP 609 Dm',\' line (r:ro,iqh ;;1 I 
I dt;oii1on :i ,,t;t i,~ conform,oince and not considered. !ndude copy of ths forrn with nsxt cornmlmic~1.~tion to aopfo::ant ! 
I ---- • I 

[~~~r~~J1;;f ~~i~:~~~~\::ii:~~~~'.::;~~:=;;~,~~,~:~~;:+~~;~i;E;r[=~~;~~;2;1;;.~,J 



PCTJUS2011/051091 23.12,2011 

PATt<:NT COOPERATION T.IUtA.TY 

tN'l'f'.RNATIONAL SEARCH RKf'OlU 

(PCT AfHd2 l S ,mct Rnk% 43 ,md ,H) 

l•\r~:no-PC:T ACTlON • a; wdjl:l-;;, whwc ~pplis:~hk\ j[cm 5 bd<Jw 

I ~~PJ}i,,~ql', m ,ljj!:<ill.'s Hk gofon:n~c i>OR FVRTlU:R •• • ••••••••••••• ••• : • ~~., Fonn V(:T/lS.•'<.iJ.W 

1 '· 1~::;;;~;;;~~l-~~f'f;i;;;~;;;~~;·;~;~·-·-··--··············· ··1~;;;;~~;;,i~l"tlli~~e~·d;;;"f~,:,.y;~~;;;;~;~;;;;:_;""'i Tii~-;i,,sl) ?;imit_y t)o;,;·f:-;,~;:;;;~~~;;::;~:;;;_; " 
PC:TlUS2011/051091 (!(! $<.>~(;,moo, 2M1 I -1c, S»~\<,<ntmr i?t.'Hl I 
-----• , ,,._._,, ....................... ___________ -<-.-..~- ~-.~~._,._,,._._._,._,,,._._._.__ 0 •••••••••••••••••••••H•n••••Hnn•••• :1 ••••••••••,,,..,,,,,,,,,,,,,,,,..,,,,'"..,,,,,.-,,-..-.,•••••••••••••, .................. n ............ ,,,,ni 

~¼gJffi'.\%1--l!M,i"l~K> ....... , ................................... ._I ............................................................................... I 
Th~~ $;_;;.~~ri)~~i•):rm~ w=~::'-:.~ n-:r.,·(:_i:~i has 't,,i;tn p,~,p)~t,xi l;3~· th i~. in~enu~t~,.:#i;$J Se,:i$Chini i~uthcrt?:('· :1:n<l ~~ trMJ»~·s~it~c:-d. t,1 :t.ht ~ppht~s&n~ 
:$¢{;:f>r:J:f>~~ tn /ts-:.h.~k- H~ />;. ,;in1y ~.:<; b-:h~g tr~r1:$.n_;itts:d lo· Ui,: Jnttrnatk>tud B~H(:aU, • • 

Q 
T:"}$~: ii::.tt!~'f}f1fji..'n-ca! s:r:~r:,",:h H"l~rt ~::i:-.:n$ht~; ~fa t;;~t~J ~..)f .... ~~....... sh~et~. . 

□ uh ~-1~{-~\1 $S::_.,;.:f:-tHp·~:~i~d h)' ~ ~upy f.1 f~~-0.~h rnior t)$"t dn:,;:tffn,:.::s:~t {~it~{l s,~ th,ss:NJ?{fff 

8,i,i-' ;!I the rqwrl 

~- \.V~H3 rtgard' tfi, me i&~~~u$~':":, ?h~ ir~t~·:---x.1.st~~)n;d ~~-${t~h iv&8 <.:~tdt:cl uttl or) th.~ b~~i~ o:t: 

~ ~he lnt~:r.n:s.tfr~~J»l <(ppH:v~ti.,_1n i:1- thf•: bmgu)>g):: .i.n ~-hk.f~ .it ·">v.;c$ fi}~.:-1:J. I 

□ 

0 ;j u~~n~lahtm.oftht~ rn!~>naHors~~J &ppH~::~1ht•·;J h~tt• ............................. 1 ................................. whh.;h i:s. tfu;, ,~~~tr:l£t~ <.1f 
* fr:#:cr)l~ti::tm ~in-s-si::.h~<l ~hi fh~ pu:rpn:x{~~ nf i.nk~rn;liinna~. ~{~S:H:-h (H.l~l:~s 12 3(:S) ~jt.H.l 23 1 (h )} 

Th::'( intt!rn.;ninn-~] ·)~;s:n..J~ n~p,)st h;.$~ l~':~-:n ~:.s1~bti:-·JH·:d tak:~n& ~ith..) ~~~:f;~:-d.n.t ~he n:s;tJfi.(.~th,N} of in t)tri-·io~~: n:d'<>f.;.tkt 
::t.·uth{'.1-d:~-.~d hy c;: nt·,-i.ifi-~~d to ~}ri~ ~<\,l~fh~)t"ity t.lrt<.R-:r R.ut~ ~l ('R".~k .-;j.{)h;J(tj). 

\Vtth rt!1ari:j t.(} :c\ny $Ht~:!.~(}tidt ~fHV~H- .;:n~lhRl ir.id. ~~ip..ten:ct- disd◊s(~d H~ ihc ~n~>:tn3t~~J.nz~~ apr,,Hc:..~Hor:. ~e:; rlo:< }•~Q: 

:t O (~i~?·t~s~ i-:tNis:s:s'5 ~~t-~ io;HHJ ~~~s~·~rrJ~shk {s~o;::: H~.:.~ N<i. H). 

J O Uiiit_~- <>f ,11vtn !¾mi /;; !~ddit~ {$<~<~ t~nx N(l, Hl}. 

5. 

Wi\h n>i:;,~rd h1 th~ tiik, 

!Z1' th'-' t~:!(f is ;;pprnvrs1l. ~s.:; e;»h,qiw,d t>r' th;: ,i,;rlicant. 

0 tl-,;; !J;.~l hi,s l>e;'<m ~,,t;;bhsh'-'d by lhis Aufamitr m n,,,;J ;,s. fo!inws. 

\.V i~h Si.'.'=~to . .::-d ~<.;. th~- ~b❖{.n~r:t, 

~ Hlt: ~-l':.\.t ~s ~ppr;;,_n,(;-:(t R.S ~SJb]~~~tle<l by the ~ppt~~at1t 
f""J 
' ~~~~~~ thi:' t~?-tt h3:S. b-:.~~n e~-~~hHshcd. iH::t:~tCil\~' H) Ruh~ JS.Z, b-v th~8 AtJ.Hlli.1r~t'·l ~$ ~t ~PJ~~a_;s n~ B~lX Nf.i. Pl. l'ht~ af}[.(f.icant 

m~~\ w,ithin one :.1'l:firjih t!Qn1 Hs~ ~:l;~t~ >...:fn1uHing_<>f;his int~rn~ti-oual ~,c~a.r~h t(:p()f1~ stib::-r£i~ ~":(>fEB)t-:nts h) tlih~ ~Auth-odty, 

~Vh.h r~i:~~d l9 th::: f1r~w~~1gs.: 

;j_ th~ Hm+rr:- nf ih~-: d:ru w~~gs: HJ fx: Pt<h~ h{i1~:0 ~o·dh ilie s◊strac~ ·i~ Fi$.ut~: l~5J, .-1 I ·1,7i ,. .. ... .,. ................. .. 
!L:':l.l as s,,gg~,,.,,<S;l by the 3ppl1,:mt11. 

r::~~:1_1 c ____ ~ ~~ ~~::~~{~d by ~hi~ ~\UH'"}f)t1t)'~ ~~--,--~tf)~ ~.h..'.::"s U}.lph~-~-nt f3il£',d ~i..( :S~~§,~{i~t ~ fiRt=r~. c::J ~ s{;h;~ct.:;;~d hoy U-::~s i',ut.tH.W:t:1, l~e,a~s~ th.~s Hgur~ b,;;tJe'f ~hm"*~:;eri~~~s th~ Srn:~nt::,;1n, 

t.•. 0 rH;ne (>fJ.h~ fi~t:.rc:~ ~~ h".( b~ fmb}~~:h~-d ~-vi:Eh ~h~- ~h;:;·~nl(:L 



! l lnt~Jn:1rio~al a{)p-i!,&uun t-,k1 .. 
I_: i: n.....,_, • .., ~ '-.'\"" ...... l 

f·{~. ~ ;:.J~t2U't ~!»~~~~'~ 

,----------------.... --·--·-----·----·------·----·------ . --------· ···-···------·W------------· ... --... ----------· .......... 
A CLASSiFlC:ATlON OF sunrncr MATT'F~ 
!PC($), MOH ... :woo (201 U)1) 
USPC • n6i2o5 

,-\(;.~.(}ni~ns, t~J tnh~n~.~~.i(}lu,t P~~CFt Ct«s~ifie:a:t~~n {LP(:}~-=- rn~ b~fu ~at~~f1~~ ..:.~lR~sifi,;~tk)~ii}~V{ EPC 
......................................................................... ..._..._ __ ..._..._ ................... ._.--------------------l 

~·tirnrm~m rl~H~1en-ts1ion ~~a~\:hed (itas~~ik;:n.i:.-Jn ;)JSt<.~Hl f~~H::•~>~•{l hy f.,~3.~Ziifii..:;~ss[~H ;:cyrn~~-:.i~) 

i>"Ci!>)• HOH. :rnnn. Wiil SUt><n,, m1,.$ MOlN 6/0Q {2:01 i.01) • 
USPC, 1.l6/7.44, tS0/'151, am.1 i3-fit2~5 

........... ..................................................................... ................. ··········· .. ~ .. ~--·--·--.......... _ ..... _ ......... --------------.._.. ................... ...,._ ....................... ______ _, 
j 
l 
l 
l 
l 

i,------------------................................................................ .......,_...,. ................ .._. .... •••••••••••••••••••••••••••••••••••••••~---------------...... m.ni 

k.~k:-;,,:~-t,·mk tt::s.~--t~ t.'i'I'.~~ {:·~1r~~;.~h~~ tJt:t:dn:g Wt:: 5n~.(;:n~;J;ti·tnwl ~~<~\;h (n;~~!-~~ <~f <l~~ l~se ~-id~ wher~ pr-~,ni;;:.:c:Nc1 ~~-a.nd1: i~t?i'~~ ~~s(:'-~} ~ 

Micro;>~le!'li., Gee-gill o:>,~-l:!1-m, erict ,'\CM I 
I 

________ ............. -............................. _ ........................................... ----------------
C C>O(U/-.•ffNT:"; C()r~,JSlPfRSD TO HE RE:LEV,.\.NT 

; •• ,n,, •••••••••••• n.•,n••·······~~::~.;..~::~;-;:·~~f~~~~~-~;~~\nt)~~~,-~~~~;;~~:~~.j~~~~~ appn~pr~;~~~ .. ~\f .. ~~~;~~§~i_.~~~:-;;;~;;~;;~---·----·---;··--~-:;::~;;~·;~;·~~~;;::·~(l. -
lCs,t~~,·.,r;.·• ( ....... , .. , .......... "'- , ---·. . .. __ . "-···---·-------··- , .................. __ ·--

\ Y ! u,, ,,m,-!i.ttl04'lll(~ A 1 (KORF.Viv>,!'< «l nl) 28 1",~bw&:)' zooa (2e.02.:WOE) entin, tl,:,.~-<)t'!<.<nt l 1-,rn 

~ ~ • ,,,,:',i ~ Y US iai~.UO"l~~l6-S ;\"l {N.,6-,S-!S-~ 05-lo;.~~J~$t 2QH) {0~-00.2010} en-tir~ '1f.'r.::);ff-_~--lt ~:~ .. ~§ 

Y tJ$ ;u)1Q/Q:·iijft:,;5tl ;\) {~OQN ))'~ ~~~) (:0~ Altff~~s-t <!~31~) {{ft:.n6-.2D10} Rr:fo~:. ,jf,,:~:{.H':~nt : G--·'t{} ~~r~d 17 

Y tJ~, :,!!)lXl,'(r:,<t,itl!l-\i A~ {CHO <.<i 1:lcl) 29 O~!i:,t.,<.<t· 2\),)9 (2~- i(l.2(}\}')) «nfa-,:, dcd;manl I l l rn. ~m.21 

'{ US 1ffH)ffH1ti5-~~~ ,.:\:l {JANG ~t ~i~~ 1( k:1~.~ 20H) {27.0~.1fHU} ~t:tff~ ,j~""-'•, .. mient 

y us innist01 ◊~55J A 1 (1/t.KE,) 01 M«,' 1,i:lGfl (Ol .05.,:tll)t>) en\,r~ f;l,;;,~;,i-r<,.mt • 

: ws 7. 11~<~J-J ~1 ~~rn.n~-1so ~tan O:J O<:tc-OOr ioot• (OJ,·JQ.l(lt't.H ~~~:f~ dc-t.iRr.)fff)~ 

I !..lS 2◊(>&/M:654@,' A 1 (MUND>:l'-(S "' ai) :;;, Oc.,bso<S< ,Wf--8 {S◊ 1~,20021) <Sntn, ,t~,-;,,.,,·,,;,11( 
; : 

y 

y l us: ...,,,o7.'01SC\4'.i<l f,1 {S\JO.",) to A,:g,«,l <=007 (Hi-Nl.;mon <.m\i<~> dt'>r.>W<",'<I 2''>•;:'~ 

'{ j OS 2009ln~ 88tt~~( A·i {\~fa.NG e1· ~l} :JO· Js;~}l 2.tX~~ r~n.rr, -~{K,•~, ~f~h:~- <.k~t~u~r~-:n~ 34 ... J:a 

y I us moo!<)''""' " MC<OAR>)" ""''""""' ~"" (2SWWW' ""'" ""~'~"' ,..., 

~~ ...... nn .......... l ,~ ........ -.,,-.,. .. ~.......,_ .... ______________________ ..... ...,. .. ....._ .................... ~ .. ~...-•••L•••••••••••••••••• .. •• .. •-----"' 

D [ .. ].. l, 
F~.a-th{.~r iJ:')i::.-i;s:-:1:.:'.Nt~ •ff~~ ifs-:\~d fr~ tht-: G<.··m:!St-.trn.t?'-1~·5 ef Bo:<" C. 

>< sr.,.~ei;s.: .;::.,:,n-e.~t~.»rs-c~ ..-:,{ {:Hi.x-S :$(}i:.":i:.~-. -.-,,~i$-. ------------,-.. -]"-. _!_a_:{:'"~.,~.:::.~~-,')-)'::-!:-,n-e-,"_~· ;;;~~;~~~~ .. ~1~-i~h~~;<ni-.:•a~! f~nH~ {la~e. ❖~ f1~i<.1ri{y ~ 
d-~.J~·u.m:::m .;J~f>r:i}":,g :.t,g _gi.:-~{:,:::.}) ~a~-i~ vf ~h~ $)1 whi-.:h i:'.> r:-~t'Y<.Hi~id~t~,:S d3?f i'>~d r.{n :~ r:-m•;J:fo.:~ wif-~ _"..h_.:: ~:~ph~;..-...t-'(.'t:.:).~"'.}} ,;i~>xi 1:◊ w)dit:-:rst.1:n-::.1 
ff: b-:: i:}f ~~j,~!:hu- n.~~~",i;.;::w.:.:: t!n: ~:n::,:~f--~•:- i)f t~<~t"!>~y ~.n-::~"!{:~nyln:g -:·rR:-: nr':•'i.:"m!-r.~1:-: 

~.a_r~S:::r {\pph,;:.s:.tit~~ <~r p~:.,;;nt b-ut pl.:'bh::::h~:53 fHl: t:·;, .j.§'ls:r ~-h-~ int;;:n.;-,.:fo:.,m<i "'"X"' d.::<~-.~n11t-:r,t cf ~~-:i:i:£:.:ta~ r,~~!~..,.·~\:~.::-; U')•~ •.:.l<~i:a.'t,c,-::,;;l: ~w1-~~'l-hM1- .-:.~:~•C--:<Jt _t'X::~ 
.fiii~i;& d~-t~ -..:-e:}n~s~~~(,."""-i m~~-d ~-=-r ,~~~·m:v·~· ~ .,:\)rJ.$.kk':r~~ \.tv = ... '"t ..... ·.::lh·~ ~.-;, ~ ... ~-..-m.._-c:,~·~. 

u~~~ment wh:-d~ m;s~: thr<w<" ,;j..~:.:l:-!S G:t~ criont-,,· e~slm{:$} cc· .,_,,hi.chi~ 
dti.":d -ci:., e~~~l1fr·~-h >h~ t~5.,1:~fa~ntk1-;,, d~,~ ~uJ o)n6fh~~- >:tfu~~i~n ~~r t:th~~ 
S:~;;:~~i n:a..:'.{.Hl { ~ SK.,_~'l~~~}~~dj 

-.k,i;•~-m~;;t r,;:,forrfri~ t{.} &n \}f~ dis:~-lt:su,e~ us~~ ~xhihiHon q~ ~1:,~: 

S?.~~p· ·,"°h-c.~n ~h~ ~Q~urn::::t:)> i-ie- ~~k~n ~~❖t-~'! 

<k~w-mt~m nf J~rJi{;::.:-l:<r Hd~vw-a.:* th...:: ,;.h~~m¢d frw,:,r~-H•)FJ. t:~nr:-nt ~-: 
c~r:si<f(ffi1 ti> I in\":_1-h·'-~ ·;~~ ~n~-·~nt~~:~ ;::~p ~fo~~~ ~hi <k=<.:~.m~n( is 
:i:.:{}ff::hin~.d- with '-'J5-i::- nr mtHt ).\~~~;~r sc.:~:h :d(X.:»menis. Stlth c.,xnnbin;s.u~_H'S 
~::':~ <.lt:• ... '!>)US\~"-l ~ r«rnnn ~:kiB:--:-d ?n ih~ on 



DKT: 5176/88 l 84··2 

IN THE UNTrEn STATES PATENT AND TRA.DEl\lARK OFFICE 

Shih-Yuan \VANG et aL 

An1-,!icatinn No. !4/'945,003 ' • 

Date Fi led: Novernber l 8, 2015 

For: iVllCROSTRlJCTURE ENH/\NCED ABSORPTION PHOTOSENSlTlVE DEVICES 

This ,":,~r'f,;_~:;x\:t:d-.-::m:-~ i~. lx:~Hg nk:d ckc"i:f~~nic~~Hy \vith ;.ht~ u s.. P-i!ll.:'B.t 
;$.c,.d -~·r;>di?.in:>.:t. f)ffo.:::} vm EFS- Vi,:h. 

Julyl9,2016 

P .0. Box l 450 
/\kxandria, VA 223 U--1450 

INFORl\lATION DISCLOSURE STATE.l\·tENT 

infnnnation cited in annexed Funn PTO-SHiOSa. ht corrnldercd h}' the Examin.:x in connection vnth 

The ahove--idcnt,fied application is a continuation of hit.cniaiional i\ppiication 

PCT/US l 4/39208. One or more of the items listed on tb;., anrn.:~xtxl Form PTO-SB-i08a \-Vm'i cited 

A.pphcations No. PCT/US 14/39208 and PC'TiUS201 l/5 l 091 or U.S. /\pplic;:n.ion SN 13/821,963 

cxarniner: 

(a) U.S. Application Ser. No. 13/821,963 fi:kd Ch.:tolxir 22, '.2013; 



Shih--\\rnn \V,\NG, ct aL 
/\pplication No.: 14,945Jl03 
p,ioe ·) 

-.;~~--:-·. ,:,. 

(c) LLS: Appli.:.:ution Ser. No 14/947,7 i 8 filed November 20, 2015; 

(cl) U.S. Applirntion Ser. No. 14/892,821 filed Nmernbi.~r 20, 20! 5; 

(e) lntemational A.pplkation Number PCT/US l 4/39208 filed J\'iay 22, 20 l 4~ 

(g) international .Application Nurnh1;.ir PCTil)Sl5/61120 filed Novcm.her 17, 2015. 

The citation of the h~tcd ite1ns b not a represent::itkm that they constitute a compk:tc or 

be, nwtc.riul to patentabllity as defined m 37 cs.re i l.56{b). 

Pursuant to 37 c:.F.R. i1 98, coptes are submitwd herewith thr only rdbnc'.l/C.eS Hstcd on 

(}!lice is hereby ;mthoriz1;.1d to charge any fees that arc rqquircd fr,r consideration of this 

;,ipplicmion, to our Dl:.'.posh Account No. 03-3 i 25. 

·1\..-:,,, K····,,vnik•··ru n,~o Ni) )"i jfij 
' .. ~ .... ). ' .. ~. ' .l;. v) }r. 'I; :: r, \,, t:>~ ... ~- ., ...,,..,.., ... ,. 

/.\ttorney fi.)r i\pplie[111t 
COOPER S.: DU NTL'\\\d LLY 
30 R.ockefodkr Plaza, 2V,., Floor 
Ncv,r\'ork,.Ne\N '{ork J.Ol 12 
Tel.: (212.i 278~0400 



-
;;;;;;;;;;;;;;; 
;;;;;;;;;;;;;;; 
;;;;;;;;;;;;;;; 

-
;;;;;;;;;;;;;;; --
;;;;;;;;;;;;;;; 
;;;;;;;;;;;;;;; 

;;;;;;;;;;;;;;; --;;;;;;;;;;;;;;; 
;;;;;;;;;;;;;;; 

;;;;;;;;;;;;;;; 

;;;;;;;;;;;;;;; -

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
27 November 2014 (27.11.2014) 

(51) International Patent Classification: 
HOJL 31/06 (2012.01) 

(21) International Application Number: 
PCT /US2014/039208 

(22) International Filing Date: 

(25) Filing Language: 

(26) Publication Language: 

(30) 

22 May 2014 (22.05.2014) 

English 

English 

us 

(81) 

Priority Data: 
61/826,446 
61/834,873 
61/843,021 
61/905,109 

22 May 2013 (22.05.2013) 
13 June 2013 (13.06.2013) 

4 July 2013 (04.07.2013) 
15 November 2013 (15.11.2013) 

us (84) 
us 
us 

(72) Inventors; and 
(71) Applicants : WANG, Shih-Yuan [US/US]; 766 Encina 

Grande Dr., Palo Alto, CA 94306 (US). WANG, Shih­
Ping [US/US]; 38 3rd Street, Suite #307, Los Altos, CA 
94022 (US). 

1111111111111111 IIIIII IIIII 111111111111111 II Ill lllll lllll 11111111111111111111111111 IIII IIII IIII 

(10) International Publication Number 

WO 2014/190189 A2 

Designated States (unless otherwise indicated. for every 
kind of national protection available): AE, AG, AL, AM, 
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, 
BZ,CA,CH,CL,CN,CO,CR,CU,CZ,DE,DK,DM, 
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, 
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR, 
KZ, LA, LC, LK, LR, LS, LT, LU, LY, tv1A, MD, ME, 
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, 
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, 
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, 
TN,TR,TT,TZ, UA, UG, US, UZ, VC, VN,ZA,ZM, 
ZW. 

Designated States (unless otherwise indicated, for evelJ' 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ, 
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ, 
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, 
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, L V, 
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM, 
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, 
KM, ML, MR, NE, SN, TD, TG). 

(74) Agent: KA VRUKOV, Ivan, S.; Cooper & Dunham LLP, Published: 
30 Rockefeller Plaza, 20th Floor, New York, NY 10112 
(US). without international search report and to be republished 

upon receipt of that report (Rule 48.2(g}) 

(54) Title: MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

(57) Abstract: Techniques for enhancing the absorption of photons in semiconductors with the use ofmicrostructmes are described. 
The microstructures, such as pillars and/or holes, effectively increase the effective absorption length resulting in a greater absorption 
of the photons. Using microstructures for absorption enhancement for silicon photodiodes and silicon avalanche photodiodes can 
result in bandwidths in excess of 10 Gb/s at photons with wavelengths of 850 nm, and with quantum efficiencies of approximately 
90% or more. 



WO 2014/190189 PCT/US2014/039208 
1 

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

REFERENCE TO RELATED APPLICATIONS 

5 [0001) This patent application claims the priority of and incorporates by 

reference each of the following applications: 

U.S. Prov. Ser. No. 61/826,446 filed May 22, 2013; 

U.S. Prov. Ser. No. 61/834,873 filed June 13, 2013; 

U.S. Prov. Ser. No. 61/843,021 filed July 4, 2013; and 

10 U.S. Prov. Ser. No. 61/905,109 filed November 15, 2013; 

The above-referenced provisional patent applications are collectively referenced 

herein as "the commonly assigned incorporated applications." 

FIELD 

15 [0002] The present invention generally relates mainly to photosensitive 

devices. More particularly, some embodiments relate to photosensitive devices 

having microstructure enhanced absorption characteristics. 

BACKGROUND 

20 [0003] Fiber-optic communication is widely used in applications such as 

telecommunications and communication within large data centers. Because of 

attenuation losses associated with using shorter optical wavelengths most fiber­

optic communication uses optical wavelengths of 800 nm and longer. Commonly 

used transmission windows exist between 1260 nm and 1675 nm. A main 

25 component of optical receivers used in fiber-optic communication system is the 

photo detector, usually in the form of a photodiode (PD) or avalanche photodiode 

(APO). 

[0004] High-quality low-noise APDs can be made from silicon. However, while 

silicon will absorb light in the visible and near infrared range, it becomes more 

30 transparent at longer optical wavelengths. Silicon PDs and APDs can be made for 

optical wavelengths of 800 nm and longer by increasing the thickness of the 

absorption "I" region of the device. FIG. 2 is a cross section of a conventional PIN 

photodiode 200, where "d" is the length of the absorption "I" region 220. FIGs. 3A 

and 38 show bandwidth and quantum efficiency a conventional silicon photodiode 
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with a 30-micron diameter at 850 nm optical wavelength. As can be seen, in order 

to obtain a quantum efficiency of 90% the thickness "d" of the "I" region is over 30 

microns. This leads to a maximum bandwidth of less than 2.5 Gb/s, which is too 

low for many current and future telecom and data center applications. 

5 [0005] To avoid the inherent problem that silicon PDs and APDs have with 

longer wavelengths and higher bandwidths, other materials are used. Germanium 

(Ge) detects infrared out to a wavelength of 1700 nm, but has relatively high 

multiplication noise. lnGaAs can detect out to longer than 1600 nm, and has less 

multiplication noise than Ge but still has far greater noise than silicon. lnGaAs is 

10 known to be used as the absorption region of a heterostructure diode, most 

typically involving lnP as a substrate and as a multiplication layer. This material 

system is compatible with an absorption window of roughly 900 to 1700 nm. 

However both lnGaAs and Ge devices are relatively expensive and have relatively 

high multiplication noise when compared with silicon. 

15 [0006] The subject matter claimed herein is not limited to embodiments that 

20 

solve any specific disadvantages or that operate only in environments such as 

those described above. Rather, this background is only provided to illustrate one 

exemplary technology area where some embodiments described herein may be 

practiced. 

SUMMARY 

[0007] According to some embodiments, a photodetector with microstructure-

enhanced photoabsorption is described. The photodetector (e.g. photodiode or 

avalanche photodiode) includes: a cathode region; an anode region; reverse 

25 biasing circuitry configured to apply a voltage between the cathode and anode 

regions such that the cathode region is driven to a more positive voltage than the 

anode region; and a microstructure-enhanced photon absorbing semiconductor 

region configured to absorb photons from a source signal. The absorbing region 

includes a plurality of microstructures that are dimensioned and positioned to 

30 increase absorption of photons at a range of wavelengths that includes a 

wavelength of the source signal. According to some embodiments the 

microstructures have at least one dimension that is equal to or shorter than a 

longest signal wavelength. According to some embodiments the microstructures 
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are pillars, holes and/or voids. The microstructures can be arranged into a 

periodically-spaced array, a non-periodically-spaced array, a randomly-spaced 

array or a multiperiodically-spaced array. According to some embodiments the 

microstructures have a major longitudinal axis that is normal to the upper surface of 

5 the underlying substrate material. According to some other embodiments, the 

microstructures have major longitudinal axes that are not parallel to one another. 

According to some embodiments, the microstructures are oriented so as to reduce 

sensitivity to any single direction of the source signal. 

[0008] According to some embodiments, the microstructures increase 

10 absorption at least in part by forming an absorbing mode high contrast grating that 

makes use of resonance effects, scattering effects, near field effects, sub­

wavelength effects, and/or interference effects. 

[0009] According to some embodiments, the absorbing region and the 

microstructures are formed of silicon. According to some embodiments, a silicon 

15 photodiode is provided that can detect source signals at a data bandwidth of 

greater than 5 gigabits per second, at wavelengths of 850 nanometers with a 

quantum efficiency of at least 60%. According to some embodiments, a silicon 

photodiode is provided that can detect source signals at a data bandwidth of 

greater than 10 gigabits per second, at signal wavelengths of 850 nanometers with 

20 a quantum efficiency of at least 60%. According to some embodiments a silicon 

avalanche photodiode is provided that can detect source signals at a data 

bandwidth of greater than 5 gigabits per second, at wavelengths of 850 

nanometers, while having a gain of greater than 2. According to some 

embodiments a silicon APO has a multiplication region with microstructures that 

25 extend into the P multiplication layer, N multiplication layer and/or charge layer. 

According to some embodiments a silicon photodiode is provided that can detect 

source signals at a data bandwidth of greater than 1 gigabit per second, at 

wavelengths of 980 nanometers with a quantum efficiency of at least 40%. 

According to some embodiments a silicon photodiode is provided that can detect 

30 source signals at a data bandwidth of greater than 0.5 gigabits per second, at 

wavelengths of 1000 nanometers with a quantum efficiency of at least 30%. 

According to some embodiments, the microstructures effectively reduce 
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capacitance of the photodetector when compared to a microstructure-free device 

having a similar photon absorbing length. 

[0010] According to some embodiments, the absorbing semiconductor region 

and the microstructures are formed of silicon and germanium. According to some 

5 embodiments, the microstructures are formed by etching away portions of silicon 

and using a selective area growth process to grow germanium in the etched away 

portions. According to some embodiments, the absorbing semiconductor region 

and the microstructures are formed of germanium. According to some 

embodiments, the photo detector is configured to receive the source signal from 

10 the substrate-side. The anode region can include a germanium Player formed by 

an epitaxial lateral overgrowth process. The device can be configured such that 

the source signal to passes through the absorbing region a first time, reflects from 

a surface and thereafter passes through the absorbing region a second time. The 

device can also be configured to receive the source signal the top-side and the 

15 anode region can be made of a silicon P layer. According to some embodiments, a 

avalanche photodiode is provided that detects source signals at a data bandwidth 

of greater than 1 gigabit per second, at source signal wavelengths of 1750 

nanometers or shorter, and having a gain of greater than 2. According to some 

embodiments, the absorbing semiconductor region and the mlcrostructures are 

20 formed of 111-V family material(s) such as lnP, GaAs, lnGaAs, GaN, lnGaN, 

lnGaAsP, A!GaAs, A!GaN. GaP, lnSb or lnAs. 

[0011] According to some embodiments, the microstructures include voids 

buried within the absorbing semiconductor region. According to some 

embodiments, voids are buried in a layer of material so as to effectively lower the 

25 refractive index at the signal wavelength(s) and as well as lower the capacitance of 

the layer of material. 

[0012] According to some embodiments, a photovoltaic device is described that 

includes a semiconductor material having a plurality of voids buried therein. The 

semiconductor material being configured to convert solar radiation into direct 

30 current electricity. According to some embodiments, the voids are microstructured 

voids and are configured to enhance absorption of the semiconductor material 

thereby increasing conversion efficiency of the device. According to some 

embodiments, the voids are sized and/or spaced apart by less than 3 microns, and 
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are configured to alter an effective refractive index of the semiconductor material 
near a surface, for example to reduce reflection of incident sunlight from the device 

and/or increase internal reflections within the semiconductor material. 

[0013] According to some embodiments a glass material ls described ln which 

5 the glass has a plurality of buried voids dimensioned between 0.01 microns to 
1000 microns. In some examples the glass forms a part of a photovoltaic device. 
According to some embodiments, the buried voids are filled with a material gel, 
polymer and gas. The buried voids can provide flexibility of the glass material, 

and/or increased resistance of the glass material to physical damage and/or 
1 O damage propagation. 

[0014) According to some embodiments, a microwave transmission line 

structure is described that includes: a semiconductor substrate material having a 
plurality of high-density dielectric-filled voids configured to reduce a dielectric 

constant of the semiconductor substrate material; and a plurality of metallic 
15 microwave transmission lines, least one of which is positioned above the 

semiconductor substrate material. According to some embodiments, the dielectric­
filled voids are filled a material such as: nitrogen, argon, vacuum, air, helium, 

polymer, metal oxides, silicon dioxide, silicon nitride, calcium fluoride, or zinc oxide. 
According to some embodiments, the voids are further configured to reduce 

20 dispersion and reduce loss associated with the microwave transmission lines at 
least in part by reducing current loop flow and/or eddy currents. 

[0015] According to some embodiments, an optical waveguide structure is 
described that includes: an optical mode region; and a supporting semiconductor 
material adjacent to the optical mode region. The supporting material includes a 

25 plurality of microstructured voids that are configured to alter an effective index of 
refraction of the supporting material based on the size, shape, density, etc. of the 
microstructured voids. 

[0016) According to some embodiments, a heat exchanger system is described 

that includes: a heat generating device; a heat sink configured to dissipate heat to 
30 a surrounding medium; and an intermediate material mounted between the heat 

generating device and the heat sink. The intermediate material includes a plurality 

of buried voids configured to effect thermal conductivity of the intermediate 

material. According to some embodiments, some of the buried voids are filled with 
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thermally conductive material and others are filled with a thermally isolating 

material. The two types of voids being positioned to conduct heat from the heat 

generating device to the heat sink and to reduce thermal cross talk with other heat 

sensitive devices mounted on the intermediate material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] To further clarify the above and other advantages and features of the 

subject matter of this patent specification, specific examples of embodiments 

thereof are illustrated in the appended drawings. It should be appreciated that 

10 these drawings depict only illustrative embodiments and are therefore not to be 

considered limiting of the scope of this patent specification or the appended claims. 

The subject matter hereof will be described and explained with additional specificity 

and detail through the use of the accompanying drawings in which: 

[0018] FIG. 1 is schematic side cross section of three dimensional micro 

15 structures that enhance bulk absorption coefficient in photo sensitive devices, 

according to some embodiments; 

[0019) FIG. 2 is a cross section diagram showing aspects of a typical structure 

of a conventional PIN photodiode; 

[0020) FIGs. 3A and 3B a plots showing bandwidth and quantum efficiency 

20 (OE), respectively, of a bulk conventional silicon photodiode versus "d" in microns; 

[00211 FIGs. 4A-4D are graphs showing the enhancement of bulk absorption 

coefficient vs bandwidth and QE for a microstructured Si photodetector, according 

to some embodiments; 

[0022] FIGs. 5A and 5B are cross sections showing aspects of a top 

25 illuminated microstructered PIN silicon photodiode, according to some 

embodiments; 

[0023] FIGs. 6A and 6B are cross sections showing aspects of a bottom 

illuminated microstructered NIP silicon photodiode, according to some 

embodiments; 

30 [0024] FIGs. 7 A and 7B are cross sections showing aspects of a 

microstructered avalanche photodiode, according to some embodiments; 

[0025] FIG. 8 is a cross section showing a silicon epitaxial structure for a high-

speed high-efficiency microstructured APD, according to some embodiments; 
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[0026] FIGs. 9A-9E are a series of cross sections showing some basic 

microstructure processing steps, for a high-speed APO, according to some 

embodiments; 

PCT /US2014/039208 

[0027] FIGs. 10A-10B are cross sections showing aspects of a top illuminated 

5 microstructered photo diodes, avalanche photo diodes and/or photovoltaics (PV) 

with microstructured voids in N-Si, according to some embodiments; 

[0028] FIGs. 11A and 11 Bare cross sections showing aspects of an 

heteroepitaxial APD structure of Ge on Si, according to some embodiments; 

[0029] FIG. 12 is a cross section illustrating aspects of a passivation method 

10 for Ge surfaces on microstructures, according to some embodiments; 

[0030] FIGs. 13A and 138 are graphs showing the effects of mictrostructure 

enhancement of Ge bulk absorption coefficient for photodiodes and/or avalanche 

photodiodes based on Ge on Si, according to some embodiments; 

[0031] FIGs. 14A-14B are cross sections showing aspects of a top-illuminated 

15 Ge on Si avalanche photodiode having microstructured pillars/holes, according to 

some embodiments; 

[0032) FIGs. 15A-15D are cross sections illustrating aspects of bottom-

illuminated Ge on Si avalanche photodiodes having microstructured pillars/holes, 

according to some embodiments; 

20 [0033] FIGs. 16A and 16B are graphs comparing single pass and double pass 

photodiodes and/or ava!arn::he photod!odes based on Ge on Si, according to some 

embodiments; 

[0034] Fl Gs. 17 A-178 are cross sections showing aspects of a top-illuminated 

Ge on Si photodiode structure having microstructured pillars/holes for applications 

25 with signal wavelengths ranging from 700 to 1800 nm, according to some 

embodiments; 

[0035] FIGs. 18A-18B are cross sections showing aspects of a bottom-

illuminated Ge on Si photodiode structure having microstructured pillars/holes for 

applications with signal wavelengths ranging from 1200 to 1800 nm, according to 

30 some embodiments; 

[0036] FIGs. 19A-19C are diagrams illustrating how mictrostructures can 

reduce capacitance of a photodiode such that a larger area photo diode can be 

fabricated with the same bandwidth and QE, according to some embodiments; 
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[0037] FIGs. 19D-19E are cross sections showing aspects of fabricating an 

APO device having a 111-V absorbing layer grown on a P-1-N silicon multiplication 

layer, according to some embodiments; 

[0038] FIG. 20 shows bulk layers without a final P-Si layer for devices having 

5 microstructured Ge buried or embedded in an Si microstructure, according to some 

embodiments; 

[0039] FIG. 21 is a cross section showing etching of microstructured pillars 

and/or holes for devices having microstructured Ge buried or embedded in an Si 

microstructure, according to some embodiments; 

10 [0040] FIG. 22 is a cross section showing a device having microstructured Ge 

buried or embedded in an Si microstructure, after the Ge "I" layer is grown in the 

etched region and planarized, according to some embodiments; 

[0041] FIG. 23 is a cross section showing a device having microstructured Ge 

buried or embedded in an Si microstructure, after I-Ge regrowth and planarization, 

15 and a cap layer of P-Si, according to some embodiments; 

[0042] FIGs. 24A - 24B are cross sections showing aspects of a 

microstructured APO with buried/embedded I-Ge absorbing microstructures in I-Si 

microstructures, according to some embodiments; 

[0043] FIGS. 25A - 25C are cross sections showing aspects of a photodiode 

20 having buried/embedded Ge microstructures in a Si microstuctured pillar and/or 

hole array, according to some embodiments; 

[0044] FIGs. 25D - 25E are cross sections showing aspects of a forward biased 

device such as a vertical cavity surface emitting laser (VCSEL), according to some 

embodiments; 

25 (0045] FIG. 26 is a cross section showing starting epitaxial layers in which 

mictrostructured voids are fabricated, according to some embodiments; 

[0046] FIG. 27 is a cross section showing microstructured holes/pillars etched 

into the I-Si layer, according to some embodiments; 

[0047] FIG. 28 is a cross section showing microstructured voids buried or 

30 embedded in Si with a Si capping p+ anode layer 2826, according to some 

embodiments; 

[0048] FIG. 29 is a cross section showing Bragg reflectors formed on the P-Si 

surface to provide a highly reflective mirror, according to some embodiments; 
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[0049] FIG. 30 shows an example of a PIN PD/PV structure with 

microstructured voids to enhance absorption, reduce bulk refractive index, reduce 

capacitance and increase mechanical flexibility of large sheets of PV on 

semiconductor material, according to some embodiments; 

5 (0050) Fig. 31 is a cross section showing regrown I-Ge with a buried/embedded 

voids, according to some embodiments; 

[0051] Fig. 32 is a cross section showing a device having buried 

microstructured voids in I-Si with regrown I-Ge and capped by a epitaxial layer, 

according to some embodiments; 

10 [0052} FIG. 33 is a top view showing distribution of microstructured pillars, 

holes and/or buried voids in an PD/APO, according to some embodiments; 

[0053] FIG. 34 is a top view showing distribution of microstructured pillars, 

holes and/or buried voids in an PD/APO, according to some other embodiments; 

[0054] Fig. 35 shows the basic epitaxial structure for a conventional Si PV/PO 

15 diode on N Si substrate; 

[0055] FIG. 36 shows microstructured voids incorporated into an N-Si layer, 

according to some embodiments; 

[0056] FIG. 37 is a cross section showing etched Si microstructured 

pillars/holes with regrown Ge covering the Si, according to some embodiments; 

20 [0057] FIG. 38 is a cross section showing microstructured Si pillars/holes with 
Ge regrowth on an N-Si layer having embedded microstructured voids, according 

to some embodiments; 

[0058] FIG. 39 is a cross section showing partial coverage I-Ge on 

microstructured Si pillars/holes, according to some embodiments; 

25 [0059] FIG. 40 is a cross section sowing the basic components for the a 

microstructured Si-Ge pillar hole array PO/PV and/or APO, according to some 

embodiments; 

[0060] F!Gs. 41A-41B are cross sections showing aspects of a microstructured 

pillar/hole array device above a N-Si layer having buried microstructured voids, 

30 according to some embodiments; 

[0061] FIGs. 42A-42O are cross sections showing aspects of an APO with 

microstructured pillar/hole arrays above an N-Si layer having buried 

microstructured voids, according to some embodiments; 
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[0062] FIGs. 43-46 are top views illustrating various dimensions, spacings and 

shapes for microstructured elements, according to some embodiments; 

[0063} FIGs. 47-48 are cross sections showing microstructured pillar and hole 

arrays having varying lengths and depths, according to some embodiments; 

5 [0064] FIG. 49 shows shows a microstructured surface having a combination of 

both pillars and holes, according to some embodiments; 

[0065] FIG. 50 is a cross section of an optical ridge waveguide, according to 

some embodiments; 

[0066] FIG. 51 is a cross section of a buried optical waveguide in silicon using 

10 voids, according to some embodiments; 

[0067] FIGs. 52 and 53 are a cross section and top view, respectively, of a 

ridge waveguide integrated with a microstructured PD/APO, according to some 

embodiments; 

[0068) FIGs. 54A and 54B show a microwave transmission line on Si with 

15 voids, according to some embodiments; 

[0069] FIG. 55 is a cross section of voids for thermal conduction and thermal 

isolation of heat producing ICs and light emitters, according to some embodiments; 

and 

[0070] FIG. 56 is a cross section showing a distribution of voids to increase 

20 lateral path length for increasing lateral electrical resistivity and decrease lateral 

thermal conduction, according to some embodiments. 

DETAILED DESCRIPTION 

25 [0071] A detailed description of examples of preferred embodiments is 

provided below. While several embodiments are described, it should be 

understood that the new subject matter described in this patent specification is not 

limited to any one embodiment or combination of embodiments described herein, 

but instead encompasses numerous alternatives, modifications, and equivalents. 

30 In addition, while numerous specific details are set forth in the following description 

in order to provide a thorough understanding, some embodiments can be practiced 

without some or all of these details. Moreover, for the purpose of clarity, certain 

technical material that is known in the related art has not been described in detail 
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in order to avoid unnecessarily obscuring the new subject matter described herein. 
It should be clear that individual features of one or several of the specific 

embodiments described herein can be used in combination with features or other 
described embodiments. Further, like reference numbers and designations in the 

5 various drawings indicate like elements. 

[0072] According to some embodiments, microstructures are used to enhance 

the bulk absorption constant (also referred to as absorption coefficient} to achieve 
high quantum efficiency (QE) while maintaining an absorption length suitable for 

high data rate applications. As used herein, "QE" refers to internal quantum 
10 efficiency (IQE). IQE is equal to external quantum efficiency (EQE) in cases where 

reflection and transmission are negligible. 

[0073] According to some embodiments, microstructures are used to improve 
bulk absorption constant at wavelengths in the proximity of the semiconductor 
material's band gap. This allows for extending the operating optical wavelengths 

15 and/or operating spectrum of the photosensor. The enhanced bulk absorption 

constant (or coefficient) is called the effective absorption constant (or coefficient). 
The term "effective" is used since absorption constant or coefficient is an inherent 
material property. However, with resonance effects, plasmonic effects, field 

enhancement effects, scattering effects, near field and sub wavelength effects, the 

20 effective absorption constant or coefficient can be greater than the bulk or material 
absorption constant or coefficient As used herein, the following terms are used 

interchangeably: enhanced absorption constant, enhanced absorption coefficient; 
enhanced effective absorption constant; enhanced effective absorption coefficient; 
enhanced absorption; enhanced effective absorption; and effective absorption 

25 constant; and effective absorption coefficient. 

[0074] According to some embodiments, enhanced absorption can also have 
drastic effects on path length. In one bulk absorption example, the path length for 
the photons to be absorbed to 1/e of its original amplitude is, for example 100 
micrometers (µm), whereas under enhanced absorption according to some 

30 embodiments, the path length is 1 micrometer for the optical amplitude to decay to 
1/e of its original amplitude. Equivalently, if path length is kept constant to one 

micrometer then the enhanced absorption coefficient is 100 times greater than the 
bulk absorption coefficient. 
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[0075] This is seen by the relationship A= Ao e-oL where A is the decaying 

amplitude of the incident photon flux Ao and a is the absorption coefficient and L 

the path length for absorption to take place. So, rather than have L be 100 times 
longer, an effective a can be defined such that it is 100 times greater than a non 

5 enhanced absorption coefficient such as the bulk absorption coefficient. The 

resonance/scattering/near field effects of microstructures for example gives the 

equivalence of the path length that is 100 times longer where the 

resonanUscattering/near field microstructure is just one micron long. To put it 

another way, in a very simplistic view, the photons in the resonant structures make 
10 50 round trips before reaching the 1/e value of its original amplitude, so the 

equivalent linear length is 100 times the length of the resonant structure. For 

simplicity, resonance/scattering/near field effects will collectively be referred to 
herein as "resonant" which can include, resonant, scattering, near field. plasmonic, 

nonlinear and linear optical effects. 

15 [0076) As used herein the terms "microstructures" and "microstructured" refer 
to: pillars, voids, holes and mesas, of various shapes and sizes having at least one 

dimension in the micrometer scale, subrnicrorneter scale, and/or sub-wavelength 
scale. 

[0077} According to some embodiments, properties of the microstructures can 
20 also be explained as the absorption mode of high contrast grating (HCG) being 

used to enhance the effective absorption constant/coefficient or enhanced 

absorption. Conventionally, HCG uses material that is transparent at the optical 

wavelength of interest In contrast, according to some embodiments, at least one 
of the microstructures is absorbing or weakly absorbing at the optical wavelength of 

25 interest. According to some embodiments a low-0 absorbing mode HCG enhances 
absorption {e.g. Q values in the range of 2-200). 

[0078) According to some embodiments, a low index material is used such as 

buried oxide (BOX), silicon on insulator (SOI), silicon on sapphire (SOS), low­

density semiconductors such as amorphous semiconductor, nanowire 

30 semiconductors, voids and holes to lower the effective refractive index. Refractive 
index is an inherent property of a material. However, according to some 

embodiments, when structures such as voids, air gaps, and/or holes (which can be 
filled with low index material, and/or regrowth) have dimensions on the order of the 
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optical wavelength, the optical electromagnetic field will see an average refractive 

index consisting of the material refractive index and the structures (which can be 

filled by a low refractive index material). This average is referred to herein as the 

effective refractive index. According to some embodiments, a low index or effective 
5 low index material need not be used in the microstructures. 

[0079] According to some embodiments, the techniques for enhancing effective 

absorption can be applied to various materials including: silicon, germanium, 111-V 

material such as lnP, GaAs, GaN, lnGaAs, and any combination of the 111-V 

material family. As used herein, the term «material family" of a 111-V material is 

10 defined as any material that is lattice matched or approximately lattice matched 

(within a few percent) to GaAs, lnP, GaN, lnSb semiconductors. For example, the 

lnP material family can include lnGaAs, lnGaAsP, lnAIAs. According to some 

embodiments, in the case of microstructures, regrowth such as selective area 

growth (SAG) of Ge, lnGaAs, or other 111-V material in silicon microstructures can 
15 be carried out without the detrimental effects of lattice mismatch since the 

dimension of the footprint of the lattice mismatched material on silicon is small 

(approximately a few micrometers to sub-micrometers). This allows Ge and other 

111-V materials to be integrated with silicon without the use of a conventional buffer 

layer (such as amorphot.'S Ge in the case of Ge on Si growth). The heterogeneous 
20 integration of materials can be homo or hetero structures, combination of 

crystalline and microcrystamne and amorphous semiconductor, conductor such as 

carbon, graphene, insulator, dielectrics, solid, gaseous, liquid such as glass or 

polymer that can be semiconducting. 

[0080] Due to the microstructures, the capacitance can also be represented by 
25 an effective capacitance which is a parallel capacitance of (1} the dielectric 

constant of one semiconductor, and (2) the dielectric constant of another material, 

which can be a semiconductor, dielectric, gas, vacuum, partial vacuum, liquid such 

as glass or polymer (polyimide, mylar, or other organic compound). The effective 

capacitance of the device is the combination of the capacitance of the parallel 

30 capacitors, which can be two or more. An advantage of the use of microstructure 

according to some embodiments, is that the effective capacitance can be 

significantly lower than the capacitance of a homogeneous material such as a 

semiconductor. The lower capacitance allows a device to have a larger area while 
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still maintaining suitably high data rate bandwidth, and/or increase the data rate 
bandwidth by reducing the thickness of the device to reduce the transit time. 
[0081] According to some embodiments, the photosensor can be a photodiode 
(PD), avalanche photodiode (APO), photovoltaic (PV) or solar cell, or any 

5 optoelectronic device that converts photons to electrons. According to some 
embodiments, emitters such as lasers and light emitting diodes that convert 
electrons/holes to photons can also be implemented using microstructures. 
[0082] According to some embodiments, the enhanced absorption allows the 
APD/PD to: ( 1 ) extend the sensitivity of the APD/PD to photons with energies ( or 

10 wavelength) closer to the material band gap with QE greater than 60% and data 
bandwidth greater than 3 Gb/s; (2) operate at a high data rate bandwidth (e.g. >10 
Gb/s), due to shorter absorption length therefore shorter transit time; (3) increase 
quantum efficiency with enhanced absorption; (4) be manufactured of silicon which 
has superior APD properties with low excess noise; (5) be compatible with Si 

15 Photonics and CMOS processes. According to some embodiments, the PD/APD 
can be integrated with ASIC (application specific integrated circuits) such as signal 
processing, signal amplification, memory, cpu, electrical transmitter, optical 
waveguides. integrated optics, and other ICs for specific applications. This is 
advantageous for mass production using CMOS foundries. 

20 [0083} According to some embodiments, microstructures such as voids are 
used to reduce effective refractive index to create resonant structures to enhance 
the absorption. In microstructures where selective area growth are used to 
integrate Ge or 111-V material with silicon, voids can be made in the silicon 
microstructure such that the absorbing region is a resonant structure to enhance 

25 the effective absorption coefficient by 2 to over 100 times. 

[0084] According to some embodiments, silicon is used for avalanche gain. 
Silicon has the lowest excess noise for an avalanche photodiode. By integrating 
Ge and/or 111-V material with silicon, the absorption takes place in Ge and/or 111-V 
material and the electronic gain occurs in silicon. Depending on the optical 

30 wavelengths, for example shorter than 1100 nm, silicon may be used for both 
absorption and electronic gain with the use of microstructures. 

[0085] According to some embodiments, microstructures such as buried voids 
can reduce lateral electrical and thermal conductivity. In situations where 
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directional conductivity of electrical or thermal (phonons) is preferred, voids can be 

used to confine the flow of electrical current and/or heat. 

[0086] According to some embodiments, the absorption of photons in 

semiconductors is enhanced with the use of microstructures. The microstructures 

5 can have effects such as resonance, field enhancement, near field and sub 

wavelength effects, scattering, plasmonics, photonic crystal, absorption mode in 

high contrast grating at the near field regime, which are both linear and non linear 

effects that can effectively increase the effective absorption length resulting in a 

greater absorption of the photons for a given length. 

10 [0087] According to some embodiments, microstructures used for absorption 

enhancement for silicon photodiodes and silicon avalanche photodiodes can result 
in silicon PD and APO with bandwidths in excess of 10 Gb/s (or equivalently 6.75 

GHz approximately depending of the digital coding format) at photons with 

wavelengths of 850 nm approximately (which is the current datacom preferred 

15 wavelength) with quantum efficiencies of approximately 90% or more. 

[0088] Silicon optical detectors are very robust due to the maturity of the 

material and processing techniques, the surfaces can be easily passivated to 

eliminate dangling bonds that can cause surface states and carrier recombination 

centers, they have excellent carrier lifetimes due to low defects and high material 
20 purity, and for APO applications, the noise is low due to the small ionization ratio 

bet.veen holes and electrons (k factor, silicon have the lowest k factor than any 111-

V material) and such detectors are CMOS compatible for integration with 

electronics for signal processing and with Si photonics. 

(0089) According to some embodiments, other material such as germanium, 111-
25 V, a-Si (amorphous silicon) may also be used singly or together with other 

materials such that a multiple bandgap in parallel can be fabricated with enhanced 

absorption. 

[0090] According to some embodiments, microstructures and voids are used to 

reduce the effective refractive index and capacitance to achieve the absorption 

30 mode high contrast grating effect and to reduce the effective capacitance of the 

device for lower RC time constants. 

[0091] In addition, according to some embodiments, microstructures buried in 

the semiconductor can reduce lateral electrical and thermal conduction. Microwave 
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transmission lines are possible for example where high-density voids are buried in 
Si to reduce the dielectric constant and also eddy currents in the semiconductor 
resulting in low loss and dispersion. Voids can also be used for thermal isolation 
and to improve thermal conductivity by filling the voids with thermal conductors. 

5 This is useful in thermal management of components on a silicon substrate. 
[0092] The enhancement using nanowires (Garnett et al, Light trapping in 
silicon nanowire solar cells, Nano Letters, 2010, 10, 1082-1087; Kelzenberg et al, 
Enhanced absorption and carrier collection in Si wire arrays for photovoltaic 
applications, Nature Materials, vol. 9, March 2010, 239-244) and nanoholes (Lin et 

10 al, Optical absorption enhancement in silicon nanowire and nanohole arrays for 
photovoltaic applications, Proceeding of SPIE. Vol. 7772, 77721G-1, 2010) have 
been reported. Nanowire is known to be used for light trapping in photovoltaic 
applications where the photogenerated carriers diffuse to the anode or cathode of 
a P-N junction with zero external bias operating at DC (direct current). 

15 [0093] According to some embodiments, the photogenerated carriers are swept 
out with an external reverse bias in the absorbing "i" region of a P-1-N diode (PD) or 
P-I-P-1-N diode (APD) for high modulation bandwidth (greater than or equal to 10 
Gb/s bandwidth) and high quantum efficiency and for APD for high current gain, 
with gain greater than 3 dB. 

20 [0094] The cause or causes of the enhancement of the absorption coefficient 
are believed to include one or more of the following: an increase in optical field 
concentration, resonance effects, constructive and destructive optical interferences 
(amplitude and phase) effects, scattering, and high contrast grating (HCG) effects. 
See, e.g. Chang-Hasnain et al, High contrast gratings for integrated 

25 optoelectronics, Advances in Optics and Photonics 4, 379-440 (2012), hereinafter 
"Chang-Hasnain." The HCG effects are at the near-wavelength regime (See, 
Chang-Hasnain) where the optical wavelength in the material of the grating and the 
optical wavelength in the surrounding material of the grating is the range of the 
period of the grating. 

30 [0095] FIG. 1 is schematic side cross section of three dimensional micro 
structures that enhance bulk absorption coefficient in photo sensitive devices, 
according to some embodiments. Microstructured pillars 110 and/or holes 120 are 
etched into the "I" Si layer 100. The optical wavelength in material M1 is >Jn1 where 
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n1 is the refractive index of M1 and the optical wavelength in material M2 is given by 
>J02 where n2 is the refractive index of material M2. The center to center distance L 
of the structures 110 can be between >Jn1 and >Jn2 or approximately 100-2000 nm, 
which is referred to as the near-wavelength regime. The diffraction regime is 

5 where L (one cycle) is greater than the wavelength, while the subwavelength 
regime is where L is less than the wavelength. The cross section of FIG. 1 shows 
the 3D (dimension) microstructured pillar/hole array, which enhances the bulk film 
absorption coefficient by factors of 1.5 to over 100. The period of the 3D pillar/hole 
microstructured array can be seen as a 3D high contrast grating, whose period of 

10 the grating A can lie between >Jn1 where n1 is the optical refractive index of material 
M1 and >Jn2 where n2 is the optical refractive index of material M2. If n1 > n2 then 
A/n1 < /\ < A/n2 where A is the optical wavelength of the light to be absorbed by the 
microstructured pillar/hole array typically in the "I" region of a P+N PD or for APO, 
the absorbing "I" region P-1-P+N where the second "I" region is the multiplication 

15 region, or the wavelength of the optical signal to be detected by the PD and APO. 
At this near-wavelength regime of the 3D HCG microstructured pillar/hole array, the 
resonance Q (quality factor, or proportional to the ratio of the energy stored in the 
resonator/energy losses per cycle; where it is the optical cycle, the optical 
frequency impinging on the resonator or in the resonator) can be as high as 107 

20 (see, Chang-Hasnain) if the HCG has minimal absorption loss as is known. In 
addition, in most cases the ratio of the index of the HCG to the surrounding 
material index need only be approximately 1.1 to observe the effects of the HCG. 
[0096] The HCG effect that may explain the high enhancement of the 
absorption coefficient of the bulk material is that a single or multiple HCG layer (or 

25 a single microstructured pillar/hole array layer) due to its resonance effects and/or 
due to a varying of the microstructured pillar/hole period spacing, the optical signal 
resonating in the HCG/microstructured pillar-hole array can be directed to 
propagate in the plane of the HCG/microstructured pillar-hole array rather than 
normal to the surface. Together with resonance and in-plane propagation this can 

30 greatly increase the absorption path length in the HCG/microstructured pillar-hole 
array. According to some embodiments, the absorbing HCG mode is operated with 
a reverse voltage bias for PD/APO and a built-in bias (zero applied bias) in 
photovoltaic devices. 
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[0097] Using the phenomenon of near-wavelength and also deep-wavelength 

where the HCG period is much less than the optical wavelength, and the diffraction 

regime where the HCG period is greater than the optical wavelength (See, Chang­

Hasnain) the microstructured pillar-hole-void array can have enhanced absorption 

5 coefficient over the bulk absorption coefficient by a factor of 1.1 to over 100. 

[0098) According to some embodiments, the HCG effect is also used in the 

absorbing mode or lossy mode or low Q of 1-10000 (compared with known HCG 

that are in the non-absorbing mode or non-lossy mode to achieve high Q of greater 

than 1,000,000 and high reflectivity), in both buried/embedded (not fully buried) Ge 
10 microstructures in Si and buried/embedded void microstructures in either Ge or Si 

to improve the quantum efficiency (QE) and operating wavelength range of Si (400-

1100 nm} and Ge (400 to 1800 nm) and Ge on Si photodiodes and avalanche 

photodiodes operated in a reverse bias mode of the pn, pin, pinip junctions (p and 

n can be switched for certain device configurations) that can be homo or 

15 heterojuction, crystalline or amorphous or any combinations thereof. In addition, 

the substrate can be on SOI or BOX or voids to reduce the index of refraction or 

effective index of refraction and the dielectric constant or effective dielectric 

constant (a dielectric with many voids can be represented as an effective dielectric 

constant, or equivalently effective capaci!ance). 

20 [0099} Known silicon photodetectors have been limited to wavelength ranges of 
200 to 1000 nm due to indirect bandgap of 1.1 eV. In particular, near the band gap 

wavelengths of 800-1000 nm, the frequency response of the silicon photodetector 

to a modulated optical signal at Gb/s rate is limited to 1.5 Gb/s approximately or 

less due to the weak absorption constant of Si at those wavelengths which are 

25 approximately 760 cm-1 at 850 nm and 67 cm-1 and 63 cm-1 at 980 and 1000 nm 

respectively, resulting in long absorption lengths of material, 30 microns or more, 

which results in low frequency response for the PD/APO. The wavelengths 850 nm 

is of interest since this is the standard wavelength for short distance (few meters to 
a few kilometers) multimode fiber optical datacommunication. 

30 [00100] The amount of incident photons absorbed is approximately given by 

ri=1-e-oL where ri (also the quantum efficiency if reflection off the surface of the PD 

is negligible) is the amount absorbed and "a" is a the absorption constant and "L" is 

the length length of the absorber. Using this equation and the absorption constant 
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of Si at 850 nm, 90% of the incident photons are absorbed at a depth of 

approximately 30 µm. Known high speed photodetectors typically have an 

absorption region of approximately 2 µm in length. The reason for this is that transit 

time and RC time of the photodiode need to be considered to have a bandwidth of 

5 20 GHz (or approximately 30 Gb/s) or more and still have an external quantum 

efficiency of 80.90% or better. 

[00101} Efficiency and bandwidth {transit and RC time}: At a field strength of 

6• 104 V/cm the electron drift velocity is 1•107 cm/s at a temperature of 300 K. The 

3 dB bandwidth of the photodetector due to transit time is given by: 

10 f(3dB)=0.45/t(transit) where t(transit) is the transit time for the carriers to cross the 

depleted high field region. FIG. 2 is a cross section diagram showing aspects of a 

typical structure of a PIN photodiode structure. Assuming negligible photocarriers 

generated in the P region 210 of the PIN 200 and mostly generated in the "i" region 

220, the transit time is determined by the electron drift velocity and "d" (the high 

15 field "i" region). The PIN 200 is reversed biased (e.g. between -4 and -25 V). The 

"i" region 220 is fully depleted in this case. The RC time of the PIN structure 200 is 

determined by the capacitance, which is the ratio of the area (TT w2/4) of the PIN 

220 to d. 

[00102] According to conventional techniques, a 30 µm thick absorption layer 

20 ('i") to achieve 90% absorption for Si at 850 nm wavelength will give a transit time 

limited 3dB bandwidth of 1.5 GHz (approximately 2.2 Gb/s} which is too low for 

many current applications. Many current applications are in the 10-20 Gb/s range 

and in the near future 40 Gb/s. A d of 2 µm or less is desirable for current high­

speed photodiodes in optical datacom applications to give over 30 Gb/s bandwidth. 

25 [00103) RC time is another time to consider in photodiodes (applies to both APD 

and PD). The 3 dB bandwidth due to RC time is given by f(RC)= 1/(2TTRC); where 

C is the capacitance of the photodiode and R is the load resistance which is 

typically 50 ohms (and occasionally 25 ohms). Capacitance in the case of a 

conventional PIN structure photodiode with the "i" region fully depleted by the 

30 reverse bias, is just a parallel plate capacitance given by EA/d where E is the 

dielectric constant of the material {multiplied by vacuum permittivity of 8.854•10·14 

farads/cm) which is 11.9 for Si, A is the area of the capacitor (TT(w/2)2 ), and d is the 

depleted "i" (i and I are used herein interchangeably). The f(RC) becomes larger 
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as d increases since the capacitance is decreasing with increasing d and a fixed 
area, where the diode diameter for example is 30 µm (diameters of high frequency 

PD/APO range from 5 to 60 µm). Diameter of diode for calculating the RC time is 
the total capacitive area of the diode that includes the photosensitive area and any 

5 metallization that may contribute to the overall capacitance. 

[00104] The overall frequency bandwidth of the photodiode is a sum of the 
squares of the transit time and the RC time. This is given by the equation: 

f=1 /(2TT(RC)2 +(T/2.4 )2
) 

112
). 

[00105) FIGs. 3A and 3B are plots showing bandwidth and QE, respectively, of a 
10 bulk conventional Silicon photodiode versus "d" in microns. From plots 310 and 

312 in FIGs. 3A and 3B, for the combined f(3dB) of the transit time and RC time 
and the quantum efficiency 11 (assuming negligible reflection losses) we see that for 
bulk silicon to reach 10 Gb/s, the quantum efficiency (QE) is less than 40%, for a 
30 µm diameter PD. which is too low for most datacom applications. 

15 [00106) According to some embodiments, to overcome the relatively weak 
absorption of semiconductors with radiation energies near the bandgap and 
indirect bandgap semiconductors, for example Si at 850-1100 nm, a 
microstructured array is used that is etched into silicon that is grown by 
conventional methods epitaxially such as chemical vapor deposition {CVD) or 

20 metal organic chemical vapor deposition (MOCVD), atomic layer deposition (ALO), 
molecular beam epitaxy (MBE). Note that according to some embodiments, non 
semiconductors can be used: such as polymers, glass, ceramics, hybrid material 
such as transition metal oxides, hydrides, chlorides, sulfides embedded with 
semiconductor, metal, carbon nanoparticles and or atoms, which may or may not 

25 have a bandgap. The microstructured array of silicon consists of pillars of Si 
and/or holes in Si. See, Garnett and Yang, Light Trapping in Silicon Nanowire 
Solar Cells, Nano Lett. 2010, 10, 1082-1087 (hereinafter "Garnett et al.") that 
experimentally demonstrates that an ordered array of silicon nanowires increased 
the optical path length of the incident optical radiation by 73 times greater than that 

30 of bulk silicon. 

[00107) According to some embodiments, as described earlier, the concept of 
effective absorption coefficient is introduced. The effective absorption coefficient of 
the ordered array of Si nanowires is 73X that of bulk silicon; bulk a for Si is 760 /cm 
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and nanowire Si a is 5.548x104 /cm at 850 nm which is higher than direct bandgap 
111-V material. 

[00108} It should be noted that the microstructures can also be epitaxially grown 
using methods such as VLS (vapor liquid solid epitaxial grown) nanowires or 

5 microwires (some nanowires have the largest dimension, such as the diameter, in 
the micron range, so that it can be called a microwire) with or without catalysts, or 
using a dielectric mask for selective area growth (SAG) epitaxy. 
[00109) The nanowire array described in Garnett et al. has a diameter of the 
nanowire of approximately 390 nm using an array of beads of 530 nm as a dry etch 

10 mask. Roughly 1 /2 of the Si material is etched away; the effective capacitance for 
the nanowire array is less than that of the bulk. The effective capacitance can be 
estimated as two parallel capacitors, one with Si and another with polyimide (filler) 
whose dielectric constants are 11.9 and 3.4 respectively. The area of each 

capacitor will be 1/2 that of a 30 µrn diameter parallel plate. 

15 [00110) With the effective capacitance lower, the overall 3dB bandwidth for a 30 
µm diameter device is significantly higher. FIGs. 4A-4D are graphs showing the 
enhancement of bulk absorption coefficient vs bandwidth and OE for a 
microstructured Si photodetector, according to some embodiments. FIGs. 4A and 
4B shows the bandwidth (plot 410) and quantum efficiency (plot 420) of a 

20 microstructured Si photodiode (PD) or avalanche photodiode (APO) at 850 nm 
wavelength photons impinging on the PD/APO either single or double pass. With 
an effective absorption coefficient (EAC) of 73X (412), 30X (414) or 15X (416) over 
bulk absorption coefficient (BAC), the bandwidth and OE are 54 Gb/s, 98%; 49 
Gb/s 90%, 28 Gb/s 90% respectively for a 30 micrometer diameter PD/APO for 

25 example. At 1100nm, shown in plots 430 and 440 of FIGs. 4C and 40, with 
enhancement, for example, of 172X OE of 90% and bandwidths of 26 Gb/s can be 
attained using Si microstructured PD/APO. Both PD and APO operate at a reverse 
bias of -2 to -50 volts range. APDs in general will have less bandwidth than PDs for 
the same geometry due to the added multiplication layer of the APO. In addition, 

30 APDs have a gain-bandwidth product. For simplicity, APO and PD are shown to be 
approximately the same. 

[00111] According to some embodiments, a combination of low capacitance due 
to the gaps between the microstructured pillars and the enhanced absorption 
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allows the silicon photodiode and avalanche photodiode to operate at bandwidths 

greater than 10 Gb/s with high quantum efficiencies(> 90%) at 850 nm 

wavelength. This has not been demonstrated by conventional silicon PD/APD at 

these wavelengths. 850 nm is chosen as the nominal wavelength, but according to 

5 some embodiments, wavelengths can have values from 700 to 1100 nm. 

[00112] According to some embodiments, the weak absorption in the bulk can 

be taken advantage of for photodetector applications since this will allow light at 

850 nm and longer to pass through Si substrate and epitaxial layers toward the 

microstructured silicon with minimal optical loss and minimal photocurrent outside 

10 of the high field region, which can diffuse to the i-region and can cause the 

photodetector to have a degradation in frequency response. 

(00113] According to some embodiments, the techniques described herein are 

applied to other semiconductors, polymers, organic films, glass, dielectrics, hybrid 

material such as glass, dielectrics, polymers embedded with nanoparticles of 

15 metal, semiconductors. According to some embodiments, one or more of the 

following are used: Ge, 111-V material family such as lnP, GaAs, GaN, lnGaN; II-VI 

material family such as ZnSe, and also heterostucture material such as 111-V grown 

on Si, Ge grown on Si. For example, for Ge on Si, microstructures are fabricated 

on the Ge to increase absorption which allows a shorter length of Ge to be used 

20 resulting in higher speed due to lower effective capacitance and shorter transit time 

for the carriers, 

[00114] FIGs. 5A and 5B are cross sections showing aspects of a top 

illuminated microstructered PIN silicon photodiode, according to some 

embodiments, FIG. 5A shows the starting basic material structure 500. In FIG. 5B, 

25 silicon epitaxial structure is shown for a high-speed high efficiency microstructured 

photodiode 520, The photophoto diode 520 in FIG, 5B is designed for top 

illumination. According to some embodiments, BOX/SOI layer 504 may not be 

used. FIGs. 6A-B, infra show an example for bottom illumination, Note that with 

minor modifications the n and p doping can be switched and the direction of 

30 illumination may also be affected. Acccording to some embodiments, the 

illumination can be either perpendicular to the surface of the PD/APD or at an 

angle off perpendicular to the surface. According to some embodiments, in 

integrated structures where the optical signal is guided in an optical waveguide, the 
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microstructured absorption region can also be illuminated edge wise, directly into 
the microstructures or evanescently coupled to the microstructured i region. 

[00115] FIG. 5B shows a microstructured pillar and or hole PD 520 in silicon with 
the starting material 500 consisting of a P-1-N Si layer grown on an Si substrate 

5 502 that can be N doped or low doped in which case an extra N+ layer is first grown 
on the substrate to minimize series resistance. The dimensions and doping of the 
layers can range as follows; N+ cathode contact layer 506 (or a thin layer on top of 
506, between 506 and 508) with N doping of greater than 5. 1017/cm3

, and 
thickness ranging approximately from 0.1 to 10 micrometers or more; N layer 506 

10 with N doping greater than 5. 1017/cm3
, and thickness ranging approximately from 

0.1 to 10 micrometers or more; I high field absorption region 508 with background 
doping of less than 5x1016/cm3 and thickness ranging approximately from 0.1 to 5 
micrometers depending on applications; and p+ anode layer 510 with P doping 
greater than 5. 1018/cm3 and thickness ranging approximately from 0.1 to 5 

15 micrometers or more. The PD (and APO) photosensitive area (defined by the P-1-N 
or P-1-P-I-N junction area) is nominally 30 micrometers (10-80 micrometers in 
diameter are possible ranges) in diameter for 20 Gb/s or more bandwidth 
operation. According to some embodiments, the area can be larger for lower 
bandwidth or smaller for higher bandwidth operation. The Si microstructures of 

20 arrays of holes 522 and/or pillars 524 shown in FIG. 5B, which can be random, 
patterned or pseudo-random, are for enhancing the bulk absorption coefficient of Si 
to detect photons with wavelengths from 300-1100 nm. In the case of datacom 
applications, according to some embodiments, the optical signal wavelengths 
range from 750-1100 nm. A transparent conducting oxide and P-ohmic layer 526 

25 is also provided. 

[00116] The PD 520 is operated in a reverse bias mode, with negative voltage 
on the anode (P• layer 51 O via P-ohmic and bond contact metal 528) and positive 
voltage on the cathode (W layer 506 with N-ohmic bond contact metal 530) ranging 
from -1 to -20 volts. According to some embodiments, the PD structure 520 shown 

30 in Fig. 5B (and PD structure 620 in FIG. 6B, infra) can also be used for photovoltaic 
(PV) operation without any external bias. 

[00117] As shown in FIG. 5B, the optical signal can impinge normal to the 
surface or at an angle off normal. In certain cases, optical signal coming in at an 
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angle off normal can have a higher QE and can also be at a certain rotation about 
the axis normal to the surface. This is to avoid the bald spot effect where some 
photons travelling normal to the surface can "see" bald spots whereas for photons 
illuminating at an angle off normal to the surface, the bald spots are hidden by 

5 other microstructures. This is not the case in near field optics where the spacing of 
the microstructures are of the order of the optical wavelength or subwavelength, 
the bald spots are not a significant issue. 

(00118] FIGs. 6A and 68 are cross sections showing aspects of a bottom 
illuminated microstructered NIP silicon photodiode, according to some 

10 embodiments. The optical signal impinges on the photodiode 620 from the 
substrate side or bottom. The substrate 602 can be thinned to 10 microns or less 
by etching for example a via and stopping at the P layer or the photodiode can be 
fabricated on a BOX (buried oxide) or silicon on insulator (SOI) silicon wafer and 
the etch via can stop at the BOX layer 604 which can also be selectively etched to 

15 the silicon layer 606, the via 630 is as wide or wider as the photosensitive area of 
the photodiode 620. An antireflection layer (not shown) is applied to the silicon 
remaining layer 606 or the BOX layer 604 (the BOX layer 604 can be designed as 
a part of the antireflection layer for example) to minimize reflection (the BOX layer 
604 can also be selectively etched off such that antireflection layer can be applied 

20 to the silicon P layer 606 to minimize multiple reflections). The back illuminated 
photodiode 620 has the advantage that a reflector 626 can be applied on the N 
layer 610 to reflect any light not absorbed on the first pass, in effect doubling the 
length of the "I" layer 608. The QE can be increased due to the extra length. In 
addition the reflector 626 on the N layer 610 can be smooth of textured to scatter 

25 (non-specular or diffused reflection) the light (optical signal) to optimize absorption 
by the microstructures (arrays of pillars 624 or holes 622). Since the length of the 
"I" region is effectively doubled, the transit time can effectively be reduce since only 
half of "I" is needed. 

[00119] Bottom illuminated PDs such as PD 620 in FIG. 68 are also sometimes 
30 referred to back/substrate illuminated PDs, and top illuminated PDs such as PD 

520 in FIG. 58 are also sometimes referred to front/surface illuminated PDs. 
[00120] According to some embodiments, the basic structure of a 

microstructured Si photodiode such as shown in in FIGs. 5A, 58, 6A and 6B, is 
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fabricated from a bulk thin film epitaxially grown silicon with a P-1-N structure on a 

silicon wafer which can be doped N type or not intentionally doped or low doped N 

type Si substrate with (100) orientation or other orientation such as (111 ). 

[00121) According to some embodiments, the basic layer structures {such as 

5 layers 502, 504, 506, 508 and 510 of structure 500 of FIG. 5A, and layers 602, 

604, 606, 608 and 610 in structure 600 of FIG. 6A) are all grown epitaxially using 

one or more of the following methods: chemical vapor deposition (CVD), metal 

organic chemical vapor deposition (MOCVD), plasma enhanced chemical vapor 

deposition (PECVO), molecular beam epitaxy (MBE). atomic layer deposition 

10 (ALO), pulsed laser deposition (PLO) on Si substrate of either P or Nor low doped 

or undoped) or BOX/SOI substrates. 

[001221 Processing details have been left out for simplicity. According to some 

embodiments the following basic steps are carried out: first (for pillars, not 

necessary for holes), depositing the p ohmic contact metal layer using e-beam, 

15 thermal or sputtering deposition; second, photolithographically (or imprint 

lithography) defining the microstructure pattern either pillars or holes and forming 

the etch mask for either dry or wet etching; third, etching of microstructure patterns 

on the P and I layers partially or fully and can extend into the N layer; fourth, 

passivating the sidewalls of the microstructure patterns (pillars or holes) with 

20 thermal oxide to minimize surface recombination of the photogenerated carriers via 

surface states due to dangling bonds and other surface imperfections (other 

passivation techniques may also be applied such as ALD {atomic layer deposition) 

of Si oxides and Si nitrides); fifth, planarization (filler step) using either spin on 

glass. polyimide, or plasma enhanced chemical vapor deposition (PECVD) of 

25 dielectrics such as Si oxides and Si nitrides; sixth, etch back to expose the P layer 

or P ohmic metal layer ( polyimide or spin-on glass may partially fill the holes or 

space between the pillars/microstructures); and seventh, ohmic and/or bond 

contacts formed on the P and N layers. In the case of top illuminated 

photodetectors, where the optical signal enters on the epitaxial surface where the 

30 microstructure patterns are fabricated, a transparent conducting oxide is deposited 

to connect all the P ohmic metal layers (for pillars). In the case where the 

microstructures are holes or voids the transparent conducting oxide layer is not 

used, according to some embodiments. A voltage bias is applied between the P 
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layer (anode) and the N layer (cathode) of -1 to -20 V, and the photodiode is 

operated in a reverse bias mode to deplete as much as possible the "I" layer, 

preferably the entire I layer. 

[00123] FIGs. 7A and 7B are cross sections showing aspects of a 

5 microstructered avalanche photodiode, according to some embodiments. As in the 

Si rnicrostructured photodiodes shown in FIGs. 5A, 5B, 6A and 6B, the epitaxial 

layers 700 for the APD 720 are grown first followed by microstructure processing. 

The microstructured avalanche photodiode 720 can be illuminated ( e.g. with 300-

1100 nm) from the top with transparent metal oxide P ohmic contact 726, or the P 

10 ohmic contact 726 can be a mirror to reflect the photons illuminating from the 

bottom (e.g. with 950-1100 nm) to have a double pass absorption. The double 

pass absorption greatly improves the RC time and the Transit time of the APD for a 

higher frequency response. 

[00124] FIG. 8 is a cross section showing a silicon epitaxial structure for a high-

15 speed high-efficiency microstructured APD, according to some embodiments. 

Layers 800 are shown prior to microstructure processing. With minor modifications, 

the n and p doping can be switched and the direction of illumination may also be 

affected. Starting with a N silicon substrate 802 (or low doped or silicon on 

sapphire or a BOX /SOI wafer depending on the application and packaging 

20 considerations), an N+-layer 804 (N ohmic contact layer) is formed with doping 

concentration of greater than 1018 cm-3 (typically phosphorous) with layer thickness 

ranging approximately from 0.1 to 10 µm. A non-intentionally doped layer "t 806 or 

a p· (very low doping level P layer) has a doping concentration less than 5x1 O 16 cm· 
3 (this is the multiplication or electronic gain layer of the APD) with thickness 

25 ranging approximately from 0. 1 to 2.0 µm depending on gain and bandwidth of the 

APD. AP charge layer 808 is grown with an approximate thickness 0.05-0.2 µm 

and doping concentration of greater than 2x1017 cm-3
. An absorption layer 810 is 

grown (P" or "i") ("I" and "i" are used interchangeably herein) with doping less than 

5x1016 cm-3 with thickness ranging approximately from 0.1 to 5 µm. Finally a p+ 

30 contact layer 812 is grown with doping greater than 5x1019 cm-3 with layer 

thickness ranging approximately from 0.1 to 1.0 µm. According to some 

embodiments, all layers 800 are grown epitaxially using CVD or MOCVD reactors. 
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Doping and thickness are approximate and are adjusted depending on 

applications. 

PCT /US2014/039208 

[00125] For best noise performance of the Si APO, photogenerated electrons 

should dominate in the multiplication process; Le. holes diffuse/drift toward p 

5 (anode) and electrons diffuse/drift toward then (cathode) with reverse bias. The Si 

layers 800 are grown epitaxially using chemical vapor deposition, plasma 

enhanced chemical vapor deposition, molecular beam epitaxy, atomic layer 

deposition (can be a combination of these methods to generate the optimal layer 

structure in doping and interface quality) on doped or undoped substrates. The 

10 total length for the electrons to transit range from approximately 0.25 to 7.2 

microns. This can be, for example, 0.5 µm for absorption, 0.1 µm for charge, 0.5 

µm for multiplication, with a total of 1.1 µrn for the APO layer structure 800 shown. 

According to some embodiments, for higher QE, the absorption region can be 

lengthened to one µm for a total transit length of 1.6 µm for example. Other layer 
15 thickness and doping concentrations can be adjusted to optimize device 

characteristics for different wavelength, integration with CMOS, application 

requirements, operating conditions such as bias voltage, gain and noise. 

[00126] Also. the APD can be illuminated with modulated optical signal from the 

bottom, where using BOX or SOI, the bulk of the substrate can be removed to 

20 minimize optical losses and thus can use the double pass of the photons in the 

enhanced absorbing microstructured layer. 

[00127] FIGs. 9A-9E are a series of cross sections showing some basic 

microstructure processing steps, for a high-speed APO, according to some 

embodiments. FIG. 9A shows the high speed APO epi structure 800 as described 
25 with respect to FIG. 8. In FIG. 9B, as in the PD process, a P-ohmic metallization or 

dielectric mask 910 can be deposited first on the Player 812 for the 

microstructured pillars. In the case of holes and/or voids this step may not be 

carried out. Dry etch mask 910 is deposited on the surface using photolithography, 

metal/dielectric deposition techniques and wet/dry etching. In FIG. 9C, according 

30 to some embodiments, reactive ion etching (RIE) or deep reactive ion etching 

(DRIE), wet etching using chemicals and oxidation of the Si are used to generate 

the microstructured pillars 914. Native silicon oxide for surface passivation can be 

provided by thermal oxidation (which is preferred in some cases), electrochemical 
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anodization, and/or plasma enhanced chemical vapor deposition. According to 

some embodiments, the thermal oxidation of the pillars 914 can also be used to 

fine tune the diameter of the pillar since the oxide is created from the Si material. 

Thermal oxidation also smooths the surface which is favorable for electrical 

5 properties. In FIG. 90 a filler 916 is used to fill or partially fill the space between 

the Si pillars 914 to support subsequent contact layers to be deposited. The filler 

916 can be spin on glass, polyimide, dielectric such as silicon nitride, or silicon 

oxide, that can be deposited for example using plasma enhanced chemical vapor 

deposition. Once the contacts are made the fillers can be left in place or removed 
10 by dissolving the filler with an etchant or solvent. Removing the filler has an 

advantage of further reducing the capacitance of the device since air has a 

dielectric constant of 1. The reduction of the capacitance allows the device to 

operate at higher bandwidth due to reduction of the RC time. In FIG. 9E, the 

anode and cathode ohmic contact metallizations 922, 924 and 926 are made. 

15 Depending on the direction of illumination, transparent conducting oxide TCO 932 

(such as indium tin oxide ITO) can be used. In the case of top illumination, a dry 

etch can be used to expose the pillars if they are buried in the filler. The TCO 932 

can then be used to contact the p+ silicon pillars at the tip or the P ohmic 

metallization 922. Ohmic contact metallization is then applied to the cathode (N+) 

20 layer either on the surface (924) or bottom (926) depending on integration 

topology. 

(00128] In the case of the optical signal coming from the substrate side (the 

bottom), the wafer is thinned. If the thinning is carried out by etching it can include 

a buried silicon dioxide layer such as silicon on insulator, SOI/BOX, such that the 
25 oxide layer can act as an etch stop layer. The wafer can be thinned first by 

chemical mechanical polishing to 100 µm followed by a via etch to the oxide layer 

which can be selectively etched off, such that the optical signal only need to 

traverse a few micrometers of Si bulk material. Anti-reflection coating 930 is 
applied to the Si surface to minimize reflection loss. Ohmic metallization is applied 

30 to the N+ layer followed by bond metal 924. On the microstructured pillars, ohmic 

metallization is applied to the p+ tips (if its not applied already in the preliminary 

steps), followed by bond metal 922. According to some embodiments, an 

advantage of the optical signal entering from the substrate surface (i.e. the bottom) 
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is that the light will bounce and travel twice within the pillar structures, thus 
increasing the quantum efficiency. According to some other embodiments, the 

pillars can be made shorter to improve the transit time. 

[00129] According to some embodiments, the optical signal can also enter from 
5 the edge as shown FIG. 52, infra, either in a guided mode or in free space. In the 

edge application, TCO 932 and solid anode ohmic contacts may not be used and 
wafer thinning may not be carried out. Cathode ohmic contacts can instead 
complete the structure. According to some embodiments, in edge approach, the 
pillars are arranged such that their density is not uniform to optimize the capture of 

10 the optical radiation. It can be arranged in a V pattern for example to reduce optical 
reflection. 

(00130] Not shown in FIGS. 9A-9D are mesa etching steps used to define the 
diameter of the APO 920. According to some embodiments, other methods such 
as ion implantation may also be used. Note that the microstructures themselves 

15 provide good confinement of current in the vertical direction and not in the lateral 
direction. Other known processing steps that are not shown for sake of simplicity 
include: thermal oxidation passivation of exposed surfaces; adding guard rings; 
thinning of the wafer; adding anti-reflection coatings; annealing of ohmic contacts; 
and creating via holes for removal of filler. 

20 [00131] Taking advantage of low absorption constant of bulk Si. High speed 
photodiodes made with !l!-V material often are constructed such than the 
photocarriers are generated only in the i layer of a PiN structure to minimize the 
photogenerated carriers outside of the high field region that can cause degradation 
to the frequency response of the device. This can be done easily in 111-V material 

25 since there are many ternary and quaternary material such as lnGaAsP, lnGaAs, 
lnAs, that are lattice matched to lnP and the bandgap of these alloys can be 
changed by altering the composition such that the P+ anode 812 and P charge 808 
layers are mostly transparent and the i layer is absorbing. However it is not easy 
for silicon since there are no materials that are lattice matched to silicon. 

30 Germanium can be grown on silicon but with the addition of a buffer layer to 
accommodate for the lattice mismatch. 

[00132] According to some embodiments, a method to overcome this issue in 
silicon is to take advantage of the low absorption constant of silicon at radiation 
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near the bandgap of silicon. According to some embodiments, the wafer can be 

thinned to the insulator of an SOI structure and the 850 nm optical signal will only 

traverse 1-2 µm of bulk silicon losing approximately 10% or less of the incident 

radiation. The rest of the radiation continues to the microstructured pillar silicon 

5 where the absorption is stronger possibly due to resonance effects. According to 

some embodiments, the shape of the pillars can be circular, oval, rectangle, 

chevron, hexagon, double-circle, crescent, star, or any shape to optimize 

absorption and collection efficiency. The pillar diameter range from 50-1200 nm 

(smallest dimension can be 50 and largest dimension 1200 nm) and can be spaced 

10 uniformly or non-uniformly, periodic or aperiodic, chirped, or a pattern either locally 

or globally to optimize APD/PD performance and applications. The spacing of the 

pillars can be 20-2000 nm. The microstructured pillars can be 100 to 10000 nm in 

length that is optimized for bandwidth and efficiency for a particular wavelength 

near the silicon bandgap for example 850, 880, 980, 1000 nm. 

15 [00133) According to some embodiments, multiple dimensions (both structure 

and spacing) of the microstructures within a single PD/APD can broaden the 

resonance bandwidth of the microstructures such that the enhanced absorption 

coefficient is over a broader optical spectrum. 

[00134] The substrate becomes less absorbing as the wavelength approaches 
20 1100 nm ( 1.1 eV Si indirect bandgap ). 

[00135] According to some embodiments, the microstructured pillars/holes/voids 

can have orientations that are not perpendicular to the surface of the silicon 

substrate. Other orientations off perpendicular or with multiple orientations or even 

random or pseudo-random are possible to optimize the OE with respect to the 

25 directivity of the optical signal. In multiple and/or random or pseudo random 

orientations of the microstructures, the device become less sensitive to the 

direction of light illumination which is beneficial in PV applications. In certain 

applications, antenna like high directivity of the PD/APD may be desirable to avoid 

cross talk for example from other optical signal sources or to further improve its 

30 OE. 

[00136] According to some embodiments, microstructured hole arrays, instead 

of pillar arrays, are used as light traps in silicon. Microstructure hole arrays have 

similar properties as microstructured pillars. See e.g. Lin et al, Optical absorption 



WO 2014/190189 PCT /US2014/039208 
31 

enhancement in silicon nanowire and nanohole arrays for photovoltaic applications, 
Next Generation (Nano} Photonic and Cell Technologies for Solar Energy 
Conversion, edited by Loucas Tsakalakos, Proc. of SPIE Vol. 7772, 77721G 
(2010). According to some embodiments, instead of etching microstructured pillar 

5 arrays as described herein, microstructured hole arrays are etched using RIE/DRIE 
and similar processing for the pillars, including thermal oxidation for surface 
passivation, deep ion implantation for electrical isolation, confinement of optical 
fields and reduction of capacitance. In the case of the hole arrays, it is possible that 
the filler need not extend the entire length of the hole. For example, if the surface 

10 tension of the filler is high, only partial filling of the holes with filler will be possible 
and provide support for subsequent layers of TCO, metal, oxide, silicide, alloys to 
name a few that may be necessary to complete the device structure. According to 
some embodiments. in the case of microstructured holes, fillers are not used in the 
PD/APD/PV devices since the surface is contiguous rather than consisting of 

15 islands as in the case of microstructured pillars. 

[00137] According to some embodiments, the microstructured holes can have 
diameters of 50-3000 nm and can be a square, hexagon, oval, rectangle, chevron, 
double-hole, with the smallest dimension at 50 nm to the largest dimension of 3000 
nm approximately. The spacing between holes (adjacent edges) can be regular or 

20 irregular or a pattern at 20-2000 nm. The depth ( or length) of the hole can be 100 
to 10000 nm and can be uniform depth or non-uniform depth. Dimensions are 
chosen for optimal absorption, quantum efficiency, bandwidth and radiation 
collection efficiency for a particular wavelength and application. 
[00138] As discussed earlier, to optimize High Contrast Grating in the 

25 Absorption regime of this invention, it may be desirable to have the microstructured 
enhanced absorption structures on materials of a lower refractive index such as 
BOX or SOI where the silicon dioxide refractive index is lower than that of Si, Ge or 
111-V/II-VI material. According to some embodiments, the effective refractive index 
can be made lower than the refractive index of the microstructures with the 

30 inclusion of voids in the substrate. FIGs. 10A-10B are cross sections showing 
aspects of a top illuminated microstructered photo diodes, avalanche photo diodes 
and/or photovoltaics (PV) with microstructured voids in N-Si, according to some 
embodiments. Voids can be included in the substrate or as a rnicrostructure for 



WO 2014/190189 PCT /US2014/039208 
32 

enhancing absorption coefficient as will be discussed infra. Refractive index in the 
optical spectrum of Si, Ge, 111-V material typically range from 3-3.6, by using silicon 
dioxide such as SOI and voids that are 50% of the material in volume, the 
refractive index or effective refractive index can be reduced to approximately 0.5 

5 that of the bulk semiconductors. By adjusting the ratio of the volume of the voids to 
the material (Si for example) the effective refractive index can also be adjusted 
from a few percent to more than 90% that of the bulk material. The voids can be 
filled with other material such that it is not just air, gas or vacuum, but a dielectric 
such as glass, polymer, dielectric, oxide, or amorphous semiconductor that can be 

10 optically and/or electrically passive and or active with optical and/or electrical gain 
for example. 

[00139) FIG. 10A shows the layers 1000 including N-Si layer 1006 which 
contains microstructured voids 1008 that effectively reduce the refractive index of 
the N-Si layer 1006 as described. FIG. 10B shows a top illuminated PD/APD/PV 

15 1020 that includes microstructured pillars 1024 and/or holes 1022, as well as 
transparent conducting oxide layer 1026. Microstructered voids 1008 can be 
random or patterned. The microstructered voids 1008 can be used reflect photons 
back to the absorbing •r region if the voids 1008 are patterned to have HCG 
effects at wavelenghs where loss is low such as 950-1100 nm. According to some 

20 embodiments, BOX or SOI substrates can also be used together with voids or 
without voids or without BOX/SOL 

[00140] According to some embodiments, the microstructuring techniques 
described herein are also applied to heteroepitaxial material (111-V on Si, Ge on Si, 
or II-VI on Si). Ge (bandgap 0.66 eV at 300K) having much smaller bandgap than 

25 Si, can be used for detecting optical signals at 850 and 1300 nm. Using the 
techniques described herein, Ge devices can also be made to detect optical signal 
with wavelength at 1550-1600 nm which can than replace 111-V material based 
photodetectors. According to some embodiments, microstructures are grown such 
as nano/microwires or etched from bulk material with or without lithographic 

30 masking. 

[00141] Ge thin film can be grown epitaxially on Si. See, e.g. Kang et al, 
Epitaxially-grown Ge/Si avalanche photodiodes for 1.3µm light detection, 23 June 
2008 / Vol. 16, No. 13 / OPTICS EXPRESS 9365 (hereinafter "Kang et al."), where 
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an APD was fabricated for 1310 nm wavelength operation for a 30 µm diameter 

device. The QE of the device with a 1 µm Ge absorption length is only 56% 

whereas by using microstructured pillars/holes/voids according to embodiments 

described herein, QE of approximately 90% or greater can be achieved at 1300-

5 1600 nm wavelength with bandwidths of approximately 30 Gb/s or greater for a 30 

micrometer diameter PD/APO. Such devices can find useful applications in 

datacenters, local area networks, and in metro and long distance optical 

data/telecommunications. According to some embodiments, integration on silicon is 

used which results in significant cost reduction in manufacturing and packaging. In 
10 comparison, in Kang et al. a 30 µm diameter APO was only able to reach 

approximately 15 Gb/s bandwidth at 1310 nm and cannot extend the wavelength 
due to low absorption of the bulk material without sacrificing a significant reduction 

in bandwidth. 

[00142) FIGs. 11A and 11 B are cross sections showing aspects of an 

15 heteroepitaxial APD structure of Ge on Si, according to some embodiments. 

Layers 1100 and APD device 1120 show a possible heteroepitaxial APD structure 

of Ge on Si (as opposed to descriptions, supra, of homoepitaxial APD/PO structure 

where only silicon is used with different doping concentrations). Similar processing 

methods as in the homoepitaxia! Si APD are used to fabricate microstructured 

20 pillar/hole arrays. According to some embodiments, the absorption constant of 

bulk Ge is enhanced by greater than 70X, for example 73-172X. Acr....ording to 

some embodiments, APDs and POs with bandwidths in excess of 30 Gb/s can be 

achieved in devices with an active diameter of 30 µm or less at wavelengths to 

1750 nm and QE of approximately 90% or greater. This is a significant 

25 improvement over existing Ge on Si APO with illumination normal or off normal to 

the surface of the substrates. 

[00143] According to some embodiments, the microstructured pillar and hole 

(and variations thereof) arrays can be fabricated in Si, Ge, Ge on Si, SiGe on Si, 

SiGe on Ge; it can be any combination of Si.Ge and SiGe. 

30 [00144] At longer wavelengths 1200-1800 nm, Ge (germanium) photodiodes are 

often used since Ge has a bandgap of 0.66 eV (whereas Si has a bandgap of 1.1 

eV). However, for high bandwidth applications (greater or equal to 20 Gb/s) Ge 

photodiodes are only good to 1350 nm due to the fact that for transit times to be 
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approximately 30 picosec (electron saturated drift velocity is 6x106 cm/sat 1x104 

V/cm in order to have a bandwidth of approximately 20 Gb/s (f(3dB)=0.44/T where T 

is the transit time through the "I" region) the length of the absorption region or the 
"!" region is limited to approximately 2 microns. At this length, the QE at 1550 and 

5 1600 nm is less than 10%, which is not generally acceptable for optical receivers 
for datacom and telecom applications. In a waveguide configuration, the length of 
the absorption region can be 50-100 microns and still achieve 20 Gb/s or higher 
with QE equal or greater than 90%. The waveguide Ge on Si photodiode structure 
have been reported by other research groups however such waveguide 

10 photodiodes have excess optical losses due to waveguide losses and coupling loss 
(coupling of optical signal to the optical waveguide) which can be as high as 3 dB 
or half of the optical signal is lost. The ·tree-space" coupling (where the optical 
signal is directed to the PD/APO using elements such as lens, diffraction elements, 
light pipes, optical waveguides to name a few) of optical signal to the 

15 microstructured photodiode and avalanche photodiode have much less optical 
losses, typically a few percent or less. One of the reason is the large area of the 
microstructured PD/APO which is 30 microns in diameter as compared to 
waveguide photodiodes its dimensions are a few microns, typically 1-2 microns. 
Not only is coupling loss high in waveguide PD/APD, it often uses active alignment 

20 which requires that the waveguide PD/APO is turned on to monitor the coupling of 
the optical signal into the waveguide PD/APD. This active alignment is slow and 
time consuming which adds cost to the packaging of the waveguide PD/APO in any 
optical receiver module. In contrast, the large area microstructured PD/APO, 
according to some embodiments, uses only passive alignment where it is aligned 

25 without turning on the microstructured PD/APO. Such alignment is much faster 
and easier which reduces the cost of a microstructured PD/APD in any optical 
receiver module. It should be noted that with the effective capacitance of the 
microstructured PD/APO significantly lower than bulk PD/APO by 10 to 80% or 
more, the area of the microstructured PD/APO can be correspondingly larger by 10 

30 to 80% or more. 

[00145) In FIG. 11 B, a microstructured Ge on Si pillars/holes APO structure 
1120 with bottom illumination is shown. Epitaxial layers for an APO Ge on Si are 
used where the optical absorption to generate electron-hole pairs takes place in Ge 
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and the gain/multiplication of the electrical charged carriers takes place in Si. The 
epitaxially grown layers are similar to Ge on Si bulk {thin film) APO with the 
following layer compositions ranges (shown in FIG. 11A). N is undoped, or low 
doped (20 ohms-cm) Si substrate 1102, which can also be SOI or BOX, to allow 

5 removal of the Si substrate for bottom illumination and/or to reduce the refractive 
index. If SOI or BOX substrates are used, the N ohmic contact and bond metal will 
be on the N+ -Si surface adjacent to the multiplication I region. W contact layer 
1104 which can be 2-8 microns, N+ > 5.1018 cm·3

. I multiplication layer (or gain 
layer) 1106 which can be undoped (not intentionally doped), 0.2-1.0 microns thick 

10 and I< 1.1016 cm·3. P charge layer 1108 having a thickness of 0.05-0.2 microns 
and P - 1-6. 1017 cm·3

. p· 1ow temp Ge buffer layer 1110 having a thickness of -
0.01-0.04 microns and p·- < 1. 1016 cm·3

. I or P'absorption layer 1112 having a 
thickness of 0.2- 2.0 microns, and I (or P') <1. 1016 cm·3

. Finally, p+ contact layer 
1114 has a thickness of 0.05- 0.2 microns, and p+ > 2. 1020 cm·3

, approximately. 
15 [00146] Starting with a wafer with all the layers 1100 grown for APO operation, 

the processing details are left out for simplicity. The basic steps involve first, 
depositing the p ohmic contact metal layer 1126 using e-beam, thermal or 
sputtering deposition. The microstructure pattern of either pillars or holes is 
photolithographically, using positive or negative or image reversal photoresist 

20 methods depending on pillars or holes, defined to form the etch mask for either dry 
or wet etching, According to some embodiments imprint lithography can be used. 
The microstructure patterns are etched on the p+ and I ( or p·) and P Ge layers 
1114, 1112 and 1110, respectively, partially or fully to the P Si layer 1108 (e.g. 
using fluorine, chlorine, bromine based gases such as SFa, CF4, BCl2 , Ch, for 

25 selective dry etching using RIE and ORIE). The selectivity of the etch between Ge 
and Si can be as high as 70, so as to etch Ge 70 times faster than Si by adjusting 
gases mixtures, pressure, temperature and bias, and power. The sidewalls of the 
microstructure patterns (pillars or holes) are passivated with dielectric or SiGe and 
gradually reducing the Ge content such that Si remains on the surface (using for 

30 example atomic layer deposition ALO) and subsequently using thermal oxidation to 
minimize surface recombination of the photogenerated carriers via surface states 
due to dangling bonds and other surface imperfections. According to some 
embodiments, other passivation techniques may also be applied such as ALO of 
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Si oxides and Si nitrides. Planarization is performed using either spin on glass, 

polyimide, or PECVD deposition of dielectrics such as Si oxides and Si nitrides. 

An etch back is performed to expose the P layer. For microstructured holes and 

pillars, it may not be necessary to planarize completely, by using polyimide or spin-

5 on glass to partially fill the holes and spaces between pillars. Ohmic and/or bond 

contacts are formed on the P and N layers. For top illuminated photodetectors, 

where the optical signal enters on the epitaxial surface where the microstructure 

patterns are fabricated, a transparent conducting oxide 1126 (the transparent 

conducting oxide may not be used in the case of microstructured holes) is 

10 deposited to connect all the P ohmic metal layers (for pillars). A voltage bias is 

applied between the p• Ge layer 1114 (anode) and the N+ Si layer 1104 (cathode) 

of -2 to -45 V. The APD 1120 is operated in a reverse bias mode to deplete as 

much as possible both of the "I" layers. Many detailed processing steps are left out 

such as annealing, surface preparations, deposition of ohmic contacts, bond metal, 
15 RIE, ORIE, wet etching, masks for etching, mask removal, antireflection coatings, 

mirrors such as Bragg reflectors on the microstructured layers, to name a few. 

Ohmic contact metallization to P and N semiconductors and bond metallizations 
are well known in the art and details are not mentioned here. Also, holes are used 

in electron-hole pairs as charged electrical carriers and holes as in a physical void 

20 such as the microstructured holes. From context it should be understood if "hole" 
refers to a charged electrical particle or a physical void. 

[00147] According to some embodiments, Ge surfaces of the microstructured 

pillars or holes and any Ge surfaces exposed to an electric field, where electric 

current can flow and/or where electric charges are formed are passivated to reduce 

25 current leakage, minimize surface states that can be a potential sink or 

recombination centers for carriers, especially photogenerated carriers of electrons 

and holes (as in Si, thermal oxide or rapid thermal exidation, to create SiO2 and 

SiOx used to passivate any silicon surfaces that can cause excessive leakage 
current or recombination centers for photogenerated carriers, or a carrier sink) and 

30 GeOxNy which is a native Ge oxynitride that is formed in two stages, where the Ge 

microstructured pillars and/or holes are first exposed to oxygen and then to 

ammonia ambient in a rapid thermal annealer to form the Ge oxynitride passivation 

layer. These passivation methods are well known in the art. 
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[00148] FIG. 12 is a cross section illustrating aspects of a passivation method 
for Ge surfaces on microstructures, according to some embodiments. Shown are 
microstructured Ge pillars 1202 (or holes) for a PD and/or APD. On the Ge 
surfaces is conformally epitaxially grown SiGe layer 1210. Gradually, the Ge 

5 content is reduced within layer 1210 until only Si is exposed on the surface. 
Thermal oxidation of Si is then used to passivate the exposed Si surfaces, forming 
SiO2 layer 1212, to minimize leakage current and surface states that can be a 
potential sink for carriers, especially photogenerated carriers (electrons and holes) 
that can degrade QE. 

10 [00149] FIGs. 13A and 13B are graphs showing the effects of mictrostructure 
enhancement of Ge bulk absorption coefficient for photodiodes and/or avalanche 
photodiodes based on Ge on Si, according to some embodiments. According to 
some embodiments, a 73x enhancement of bulk absorption coefficient is gained in 
PD/APO devices having microstructured pillars/holes at 1550 and 1600 nm. FIG. 

15 13A shows the bandwidth verses "d" or the length of the "I" layer for 1550 nm (point 
1310) and for 1600 nm (point 1312) Note that APDs have both a Ge "I" layer and 
an Si "I" layer; whereas for PDs have just a Ge "I" layer. FIG. 13B shows QE 
verses "d" or "I" layer length for 1550 nm (point 1320) and 1600 nm (point 1322). It 
can be seen that for a 30 micron diameter active region PD/APD bandwidths of 40 

20 and 31 Gb/s can be attained at 1550 nm and 1600 nm optical wavelength 
respectively with 90%, QE This result was not achievable with bulk Ge photodlodes 
and avalanche photodiodes of conventional design. 

[00150] The separation of using Ge microstructures to absorb the light 
generating e-h (electron-hole) pairs and using Si for the avalanche multiplication of 

25 the carriers, preferably electrons, results in an APO with very low noise due to the 
fact that the ionization ratio (defined as hole ionization rate/electron ionization rate) 
for electrons injected into the multiplication region (gain region which is a function 
of applied reversed bias voltage) is lower than in 111-V material family. This result in 
a low excess noise factor leads advantageously to a high signal to noise ratio 

30 (S/N). 

[00151] FIGs. 14A-14B are cross sections showing aspects of a top-illuminated 
Ge on Si avalanche photodiode having microstructured pillars/holes, according to 
some embodiments. FIG. 14A shows the bulk layers 1400. In FIG. 148, top 
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illuminated microstructured Ge on Si APD 1420 is shown with a semitransparent 

conductive oxide 1426 connecting the P-ohmics on the Ge microsturctured pillars 

1424 (holes 1422) as described supra. Both top and bottom illuminated 

microstructured Ge on Si share similar epitaxial structures. The processing steps 
5 for top and bottom illuminated microstructured APDs are similar. The main 

differences are that the transparent conductive oxide for top illuminated APO (or 

PD) is replaced with an opaque ohmic/bond metallization that can act as a mirror to 

reflect the optical signal back toward the absorption I layer. According to some 

embodiments, the mirror can also consist of Bragg reflectors either wafer bond to 
10 the microstructure or epitaxially or vacuum deposited such as dielectric or 

conductive metal dielectrics to enhance the reflectivity to greater than 90% of the 
optical signal. In addition, bottom illuminated PD/APD may require a window or via 

where most of the Si substrate is removed to reduce optical losses depending on 

the wavelength of the optical signal. 

15 [00152] FIGs. 15A-15C are cross sections illustrating aspects of bottom-

illuminated Ge on Si avalanche photodiodes having microstructured pillars/holes, 

according to some embodiments. FIG. 15A shows the bulk layers 1500 prior to 

forming the microstructures (pillars and/or holes). FIG. 158 shows a Ge on Si 

microstructured APD 1520 with the optical signal illuminating from the bottom 

20 (substrate side) for wavelengths from 1200-1800 nm. Note that Si is basically 

transparent at these wavelengths. According to some embodiments, to further 

reduce optical losses. the Si wafer can be thinned just at the area of illumination, 

for example through a via of 50-500 microns in diameter and thinned to the N+ layer 

of the Si; or the Si substrate 1502 can include a BOX or SOI layer 1502. The Si 
25 substrate 1502 can then be thinned selectively to the BOX or insulator layer 1502 

which can be etched away selectively. According to some embodiments, an anti 

reflection layer (not shown) can be added to minimize reflection. The advantage of 

this arrangement is that the optical signal will have a double bounce, reflecting off 

the metallization 1526 on the Ge p+ layer 1514 and traversing the Ge "I" absorber 

30 region 1512 once again. For example, as shown in FIGs. 13A and 13B, keeping 

the same absorption length, Ge "I" length, the OE for both 1550 and 1600 nm 

would be approximately 90% or higher for a Si substrate side (bottom) illumination 

by the optical signal assuming negligible reflection loss. According to some 



WO 2014/190189 PCT /US2014/039208 
39 

embodiments, the Ge "I" absorption length can be further shortened to increase the 

bandwidth and still maintain acceptable QE. 

[00153] For Ge epitaxially grown on Si, it is known that the bulk absorption 

coefficient is greater than that of Ge bulk by itself (not grown on Si); at 1750 nm the 
5 Ge on Si absorption coefficient is approximately 100 cm·1

. According to some 

embodiments, this can be enhanced by the microstructured pillars and/or holes by 

172 times. The resulting enhanced Ge on Si microstructured pillar and/or holes 

absorption coefficient can be about 1.72. 104 cm·1
. 

[00154] FIG. 15C shows an APO 1540 in which the microstructure extends all 

10 the way to the N cathode layer 1506 to further reduce capacitance and refractive 

index. In this case, the absorbing i layer 1512 is microstructured as is the charge 

layer 1510 and the i multiplication layer 1508- According to some embodiments, 

the microstructures can also be formed partially into the charge and multiplication 

layers 1510 and 1508. Additionally, according to some embodiments, the 

15 microstructures in the absorbing layer 1512 and the multiplication layer 1508 need 

not be the same. In FIG. 150, photons may generate electron hole pairs in the 

multiplication region which may contribute to added gain but also may contribute to 

excess noise. According to some embodiments, the absorption and multiplication 

region using the microstructure APO is combined in one region without the use of 
20 the charge layer. This is possible due to enhanced absorption: the length of 

absorption and multiplication can be of the order of one micron or less allowing 

reasonable avalanche voltage. 

[00155] FIG. 150 shows a microstructered APD 1560 where the absorption and 

multiplication region are a single region 1566, pillars or holes, according to some 
25 embodiments. This is enabled by the microstructure enhancing the absorption 

coefficient so that less than one micron of the absorbing microstructure length is 

needed to achieve QE of approximately 90% or more and avalanche multiplication 

can also occur in this length of material. For example, if 0.5 µm of microstructured 

Si shown in Fig.15O is the thickness of layer 1566, a back illuminated APO 1560 
30 allows a double bounce of the optical signal reflecting off the N ohmic contact and 

bond metallization resulting in an effective length of one micron of absorption 

length. The Si APO 1560 can operate at 0.5 µm multiplication length resulting in 

gain of 3 dB or more with a reverse bias ranging from -5 to -50 volts. According to 
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some embodiments, the structure shown in FIG. 15D can be applied to other 
material systems such as Ge, Ge on Si, 111-V, and 111-V on Si or not on SL 

[00156] FIGs. 16A and 166 are graphs comparing single pass and double pass 
photodiodes and/or avalanche photodiodes based on Ge on Si, according to some 

5 embodiments. Points 1610 and 1620 show the bandwidth and QE values for 
single pass with d of approximately 1.4 microns and points 1612 and 1622 show 
the bandwidth and QE values for a thinner d of approximately 0.7 microns single 
pass. For double pass the device will have points 1612 for bandwidth and point 
1622 for QE. At 1750 nm optical signal wavelength, using absorption coefficient 

10 data of 100/cm for Ge on Si and with, for example, 172 times (172X} enhancement 
factor due to the microstructured Ge on Si photodiode/avalanche photodiode 
structures, a bandwidth of 27 Gb/s and a QE of approximately as high as 90% can 
be attained with an "I" (also "d~} length of approximately 1.4 microns for a single 
pass (top illuminated - where the optical signal illuminates the top Ge 

15 microstructured side). As mentioned earlier, for photodiodes the "I" or "d" is the 
absorption length, whereas for avalanche photodiodes the "I" is the combined 
absorption length and the multiplication length. For example, for an APD to 
achieve 27 Gb/s the total "I" length needs to be limited to 1.4 microns. A double 
pass arrangement can be used such that for example the absorption length is 0.9 

20 microns and the multiplication is 0.5 microns, making the absorption length 
effectively 1.8 microns to achieve QE above 90%,. However, if we instead have the 
optical signal illuminate from the bottom Si substrate side, the Si substrate and Si 
layers are basically transparent and have minimal optical losses (approximately 1-3 
dB/cm) at optical radiation energies that are below the bandgap of Si (1.1 eV or 

25 1127 nm wavelength at 300K) for example for radiation from 1200-1800 nm 
wavelengths. The advantage of illuminating from the Si substrate side (bottom) is 
that the optical signal can have a double pass at the Ge "I" absorbing region if the 
metallization on the p+ contact layer is reflective which it should be since it is 
metallic composing of Au, Al, Ag, Cr, Zn, Ti, Ta, Ge, or a combination of these 

30 metals and semiconductors. Bragg reflectors consisting of material with alternating 
refractive indices from oxides, nitrides, chlorides, semiconductors, either wafer 
bonded to the microstructures or deposited on the microstructures can also be 
incorporated. Reflectivity can be greater than 90%. With double pass, as shown in 
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FIGs. 16A and 16B, a bandwidth of 40 Gb/s can be attained with a QE 

approximately as high as 90% or more. 

PCT /US2014/039208 

[001571 FIGs. 17A-17B are cross sections showing aspects of a top-illuminated 

Ge on SI photodiode structure having mlcrostructured pillars/holes for applications 

5 with signal wavelengths ranging from 700 to 1800 nm, according to some 

embodiments. FIG. 17A shows the bulk layers 1700. In FIG. 178, Ge on Si 

microstructured pillars 1724 and/or holes 1722 are in a configuration for 

photodiode 1720. This is essentially a P-1-N structure where the "P" and "I" are Ge 

with microstructured pillars 1724 and/or holes 1722 to enhance the bulk absorption 

10 coefficient of Ge grown on Si. The increase in the absorption coefficient of Ge 

grown on Si (Ge on Si) could be due to the stress build in the Ge epitaxial layer 

due to lattice mismatch with the Si host substrate that it is grown on. Optical signal 

as in the case for Ge on Si APO can be illuminated from either the microstructured 

side (as in FIG. 17B) or the substrate side (as in FIG. 188). 

15 [00158] FIGs. 18A-18B are cross sections showing aspects of a bottom­

illuminated Ge on Si photodiode structure having microstructured pillars/holes for 

applications with signal wavelengths ranging from 1200 to 1800 nm, according to 

some embodiments. FIG. 18A shows the bulk layers 1800. FIG. 188 shows photo 

diode 1820 configured for signal illumination from the Si substrate side {bottom 

20 illumination) with photo energies that are less than the Si bandgap of 1.1 eV at 

3001<. The corresponding wavelength range is 1200 to 1800 nm. Ohmic contact 

1826 can also act as a mirror such that the light makes a double pass of the Ge 

absorbing microstructures where the metal contact layer on the P Ge can reflect 

the optical signal back toward the Ge "r absorbing layer. 

25 [00159] It should be noted that in all the discussions of the P-1-N structures, 

according to some embodiments the P and N are interchanged such as with an N-

1-P structure formed on a P substrate or on a low doped P substrate or undoped 

substrate. According to some embodiments, the N and P for the APO structures 

are also interchanged and the substrate can be P, low doped P or undoped. 

30 However, in an Si multiplication layer, to achieve the lowest noise and the best 

S/N, electrons are injected into the multiplication region as dominantly as possible 

since the ionization rate of electrons is higher than the ionization rate of holes in Si; 

the ionization ratio for Si can range from 0.06 to 0.002 where as compared to Ge 
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and lnGaAs it is 0.9 and 0.45 respectively. This is why in many of the 

embodiments described herein the enhanced absorption is in Ge microstructures 

and the gain or multiplication which is dependent on the field strength and 

therefore on the applied reverse bias voltage which for the described devices can 

5 range from -10 to -60 V, is in Si. 

[00160] According to some embodiments, the microstructured pillars and or 

holes for Si and Ge on Si photodiodes (PD) and avalanche photodiodes (APD) are 

used to replace relatively expensive 111-V photodiodes. The Si microstructured 

pillars and holes PD/APD can operate from 500 to 1100 nm at bandwidths of 20 
10 Gb/s or higher and QE of 90% or higher. In particular, the datacom wavelengths of 

730-980 nm. The microstructured pillars and or holes on Ge epitaxially grown on Si 

PD and APD can operate from 500-1800 nm with bandwidths of 20 Gb/s or more 

and QE of 90% or more. In particular, the telecom wavelengths of 1250-1600 nm 

and possibly to 1750 nm. The techniques described herein thus extends the 

15 wavelengths, bandwidth and QE of conventional Si and Ge on Si free space 

coupled photodiodes and avalanche photodiodes. 

[00161] According to some embodiments, the microstructured pillars can also be 
fabricated using VLS (vapor-liquid-solid epitaxy) growth of Ge nanowires on an Si 

substrate. Others have demonstrated the grovvth of vertical Ge nanowires on Si 

20 ( 111) orientation for example, with Au nanopartic!es as catalysts for the VLS 

epitaxial gmv.1h using chemical vapor deposition (CVD) or metal organic chemical 

vapor deposition (MOCVD). Crystal orientations other than ( 111 ), or with materials 

with multiple orientations such as in polycrystalline may be used. Materials such as 

Si, Ge, 111-V, glass, quartz, meta!, to name a few can also be used as substrates. 
25 According to some embodiments, a thin Ge buffer layer of approximately 2nm on Si 

( 111) substrate is formed together with Au nanoparticies as catalysts for VLS 

growth in a CVD reactor. The Au catalyst can be deposited using a lithography 

mask to expose photoresist that is coated on the Si substrate. The Au is 

evaporated onto the Si substrate with patterned photoresist. Using standard 

30 processing methods such as lift-off, the Au pattern is left behind on the Si substrate 

which is then the catalyst for Ge VLS growth on Si substrates. According to some 

embodiments, it can also be grown using selective area growth where a dielectric 



WO 2014/190189 PCT /US2014/039208 
43 

mask is deposited on the Si substrate with a pattern of voids that allow Ge to grow 
in the void using CVO. 

[00162] The microstructure of pillars and holes on the surface of a bulk 
photodiode not only enhance the absorption coefficient by factors ranging from 10-

5 200 over the absorption coefficient of bulk material (material without any 
microstructured features and grown on lattice matched substrates so that stress 
due to lattice mismatch is minimal) but also significantly reduce the capacitance of 
devices such as P0s and APDs. The reduction in capacitance allows the PD or 
APO to have a shorter absorption length, which in turns result in a faster transit 

10 time for the photogenerated carriers to be swept out of the high field region. The 
absorption region typically is depleted as much as possible by the reverse bias 
voltage that is applied externally with an electric field strength approaching 10,000 
V/cm or higher. If the microstructured pillars or holes can result in removing half or 
more of the semiconductor material, which for silicon has a dielectric constant of 

15 11.9 and germanium have a dielectric constant of 16, replacing the removed 
material with either air (dielectric constant of 1) or polyimide (dielectric constant of 
3.5) or other dielectrics with low dielectric constants, then the overall capacitance 
can be estimated to be the sum of the capacitance due to the total area occupied 
by the semiconductor and the capacitance due to the area occupied by air or 

20 polyimide. C(total)=C(semiconductor)+C(air or polyimide) where C= EA/d where E 

is the dielectric constant times the free space permittivity (8.854 10~14 farads/cm), A 
is the area occuped by the semiconductor or air/polyimide and d is the length of the 
"I" region which can be the absorbing region or the absorbing and multiplication 
region as in the case for APO. From the equation for C(total), the more 

25 semiconductor material which has a high dielectric constant removed and replaced 
by low dielectric material such as air/polyimide/ SiOx/spin on glass the lower the 
overall capacitance and the faster the RC time. This reduction of capacitance for 
PD and APD invention can be extended to other PD and APD such as those of 111-
V material, microstructures can be fabricated on its surfaces and extend into and 

30 pass the optical signal absorbing regions to remove half or more of the 

semiconductor material to reduce its capacitance and can effectively make a larger 
area PD/APO and have the same bandwidth as before etching microstructures on 
the device. The larger area allows for easier coupling of the optical signal to the 
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photodetector. A simple formula for the increase in radius for example by replacing 
semiconductor material with low dielectric material is: r=(E1/((E1-E2)x+ .:2)))112 r0 
where x is the fraction of semiconductor area left. e1 is the dielectric constant of the 
semiconductor, E2 is the low dielectric material such as air or pofyimide or spin on 

5 glass, and r0 is the radius of the active area of the PD/APD before etching 
microstructured pillars and or holes. As an example, for a 20 micron diameter Ge 
photodiode with E1=16 and for simplicity e:2=1 (air) and x=.5 (half of the 
semiconductor material is removed in the microstructured pillar or holes), the 
increase in the new radius with the same capacitance as the non-microstructured 

10 Ge PO is 13 microns or a diameter of 26 microns which is significantly larger than 
20 microns and can significantly reduce the cost of coupling the optical signal into 
the microstructured large area photodetector. This reduces the cost of passive 
packaging of the optical receiver module and increase the yield. 
[00163] FIGs. 19A, 19B and 19C are diagrams illustrating how mictrostructures 

15 can reduce capacitance of a photodiode such that a larger area photo diode can be 
fabricated with the same bandwidth and QE, according to some embodiments. 
FIG. 19A shows the bulk layers 1900 in an lnP-lnGaAs-lnP structure. In FIG. 19B, 
the lnP-lnGaAs-lnP layers with microstructured holes 1922 effectively reduce the 
capacitance of the photodiode 1920 to allow a larger area photodiode to be 

20 fabricated with the same bandwidth and QE. FIG. 19C is a top view showing PD 
1920. The microstructurad holes 1922 can be 100..1000 nm in diameter with depth 
of 0.1 to 3 microns. Also visible in FIG. 19C is contact ring 1930 and bond pad 
1932. According to some embodiments, a complementary microstructured pillars 
can also be fabricated. According to some embodiments, the sidewalls of lnP and 

25 lnGaAs can be passivated with SiOx, SiNx (silicon oxide and silicon nitride via ALD 
or PECVO), polyimide or spin-on-glass that can be spun on using standard 
processing methods. The absorption coefficient of the bulk material can be 
enhanced by up to two orders of magnitude or more. 
[00164) According to some embodiments, 111-V material such as lnP, lnGaAs, 

30 lnGaAsP, lnAs, inSb, GaSb, lnGaSb on Si, Ge on Si, is epitaxially grown in a sub 
micrometer selective area growth (SAG) or vapor liquid solid (VLS) {See, e.g. 
Sarkar et al, Heteroepitaxial growth dynamics of lnP nanowires on silicon, Journal 
of Nanophotonics, Vol. 2, 021775 (12 February 2008); Roest, et al, Position-
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controlled epitaxial 111-V nanowires on silicon, Nanotechnology 17 (2006) S271-

S275) heteroepitaxy using metal organic vapor epitaxy with or without catalyst 

which can consists of Au, Cu, Al, Ti, W, Fe, Cr to name a few. Also for vertical 

oriented microwfres grown on silicon, wafers with surface orientation ( 111 ) are 

5 selected. It is not necessary that the microwires be normal to the surface, it can be 

off normal and even have a mixture of orientations. 

[00165] In VLS growth, the silicon wafer that has the layer structure for APO or 

PD just prior to heteroepitaxial growth is photo!ithographically (ore-beam or 

nanoimprint lithographically) patterned with aperture ranging from 10-5000 nm, and 

10 spaced between 10-3000 nm. An Au deposition (e-beam, or thermal evaporation) 

follows with thickness of 0.1-10 nm, followed by a lift-off, VLS epitaxial growth in a 

MOCVD reactor. 

[00166] For SAG growth (See, e.g. Chu et al, Wurtzite lnP nanowire arrays 

grown by selective area MOCVD, Phys. Status Solidi C 7, No. 10, 2494- 2497 

15 (2010)), a 50 nm SiNx is PECVD (or sputtered or ALD) deposited on a (111) 

oriented Si wafer with the necessary APD or PD epitaxial layers grown on it ready 

for heteroepitaxiat growth. Using lithography (photo, e-beam or nanoimprint) 

apertures are defined with dimensions ranging from 10-5000 nm and spaced 

between 10-10000 nm followed by dry etching (RIE) to open a via to the silicon 

20 surface. The wafer is then ready for SAG of Ge, 11I-V microwires in a MOCVD 

reactor. 

[00167] Detailed processes such as surface treatments, surface preparations, 

annealing, plasma etching, are not described for simplicity. These processes can 

be found in the literature. 

25 [00168] FIGs. 190 and 19E are cross sections showing aspects of fabricating an 

APO device having a 111-V absorbing layer grown on a P+N silicon multiplication 

layer, according to some embodiments. In FIG. 190, a Si APO structure 1940 is 

etched as shown for v epitaxial growth of the 111-V material. In FIG. 19E a 111-V 

absorbing layer is grown on P-I-N silicon multiplication layer for APD device 1960. 

30 As in the 111-V on Si for a PD device, the 111-V nanowires or microwires can be 

grown on Si using VLS process with or without catalyst. Since the footprint of the 

nano/microwires on Si is of the order of a micron, defects due to stress from lattice 

mismatch are not a significant issue and high quality I11-V nano/microwires can be 
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grown on Si. According to some embodiments, SAG is used for fabricating I11-V 
microstructures on Si electronic gain layers. 

[00169) From FlGs. 190 and 19E it can be seen that the lnGaAs on Si APD 
1960 starts with a Si APO structure 1940 where microstructures of holes or pillars 

5 are etched to the charge layer 1944 or just before the charge layer 1944. 

According to some embodiments, the microstructure holes and/or pillars can be 
etched into the multiplication layer 1942. Then using a process. for example SAG, 
with or without silicon oxide on the Si microstructure's sidewalls, I-lnGaAs is grown, 

ending with P-lnGaAs at the surface. Surface growth can use a process such as 
1 o epitaxial lateral overgrowth (ELOG) to form a continuous P-lnGaAs film of high 

quality. P ohmic alloy and bond metal 1966 are formed and annealed on the P­
lnGaAs. The back side processing consist of thinning the Si wafer using for 

example a BOX layer for selective etch stop and removing the BOX layer. Anti 
reflection can be coated on the backside silicon to reduce reflection. N ohmic 1968 

15 is fabricated on the N Si layer. The optical signal is illuminated from the bottom. A 
reverse bias of -5 to -50 volts is applied to the cathode and anode. As mentioned 

earlier, the small footprint of the lnGaAs on Si microstructure of the order of 10 
square microns allows for high quality lnGaAs material to be grown where lattice 
mismatch causing crystal defects are not significant. 

20 [00170] According to some embodiments, the integration of Ge, 111-V with Si 
PDs, PVs (See, FIG. 25C. infra.) and APDs allow the absorption spectrum of Ge 

and 11I-V material on a mature Si electronic platform. It allows integration of 111-V 
with Si CMOS ICs for example for photodetector, optical light source such as light 
emitting diodes (LED) and laser diodes {LO) and 111-V electronics such as 

25 transistors. 

[00171] Multiple absorbing material and voids as microstructures. According to 

some embodiments, the microstructured pilllars and/or holes are regrown with Ge 
such that both Si and Ge are microstructured to enhance the bulk absorption 

coefficient. According to some embodiments, voids can also be buried or 

30 embedded to generate a buried/embedded microstructure such that the surface is 
more planar. The microstructured voids can also enhance the absorption 

coefficient, by being patterned so as to enhance reflection and also to reduce the 

effective refractive index of a material (e.g. Si), reduce the weight of the device, 
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and increase mechanical flexibility. The microstructured voids can be random, 
pseudo-random or patterned typically with dimension and spacing that are 
approximately the order of a wavelength or subwave!ength. According to some 
embodiments, instead of combining Ge with Si, others combinations can be used 

5 for example 111-V with Si or other semiconductor material, polymers, or other non 
semiconductor absorbers, which can significantly broaden the absorption spectrum 
over that of a single absorber. 

[00172} The enhancement using nanowires (See, e.g. Garnett et al, Light 
trapping in silicon nanowire solar cells, Nano Letters, 2010, 10, 1082-1087; 

10 Kelzenberg et al, Enhanced absorption and carrier collection in Si wire arrays for 
photovoltaic applications, Nature Materials, vol. 9, March 2010, 239-244) and 
nanoholes (See, e.g. Lin et al, Optical absorption enhancement in silicon nanowire 
and nanohole arrays for photovoltaic applications, Proceeding of SPIE, Vol. 7772, 
77721G-1, 2010) have been reported by various groups. The known use of 

15 nanowire for light trapping are for photovoltaic applications where the 
photogenerated carriers diffuse to the anode or cathode of a P-N junction with zero 
external bias, operating at DC (direct current). According to many of the 
embodiments described herein, the photogenerated carriers are swept out with an 
external reverse bias in the absorbing "i" region of a P-1-N diode (PD) or P-1-P+N 

20 diode (APO) for high modulation bandwidth (e.g. greater than or equal to 10 Gb/s 
bandwidth) and high quantum efficiency and for APD for high current gain (e.g. 
gain greater than 3 dB). In addition, according to some embodiments, multiple 
absorbing materials can be used to broaden the absorption spectrum. The multiple 
absorbing materials are connected in parallel as current sources whereas in known 

25 technology the absorbing materials are connected in series. In addition, the use of 
voids as microstructures to enhance the absorption of the material according to 
many embodiments described herein allows the surface to be more planar and 
simplify processing since fillers may be avoided. Also, the more planar surface 
allows the epitaxial growth of semiconductor Bragg reflectors to enhance reflection 

30 for double or multiple pass absorption in the I absorption layer of the PD/APO. 
According to some embodiments, Dielectric Bragg reflectors can also be used in a 
more planar surface since the surface can be highly N or P doped and the ohmic 
contact can be made on the periphery such as a ring ohmic contact and the 
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dielectric Bragg reflectors deposited on the photosensitive area such as shown in 
FIG. 29, infra. Chemical mechanical polishing (CMP) can be used to smooth the 
surface of the epitaxial layer with buried voids. 

[00173] Further aspects of fabricating devices having microstructured Ge that is 
5 buried or embedded in Si microstructure will now be described. FIG. 20 shows 

bulk layers without a final P-Si layer for devices having microstructured Ge buried 
or embedded in an Si microstructure, according to some embodiments. The final 
P-Si layer, according to some embodiment will be the last layer grown in the 
epitaxial structure where the first layer grown is the layer adjacent to the substrate, 

10 followed by the second layer that is adjacent to the first layer, and so forth to the 
last layer grown. Shown in FIG. 20 is P-1-N PD structure 2000 and a P-1-P+N 
APO structure 2020 both without the final P-Si layer. In many of the embodiments 
described herein, N can refer to N (mid N type doping of 5. 1016 cm·3 to 8. 1017 cm· 
3

, low N doping less than 1. 1017 cm·3

, and high N doping greater than 5. 1017 cm·3

, 

15 with the same for P doping. I (or i) doping is commonly defined as intrinsic, or not 
intentionally doped or low doping back ground doping of less than 5. 1016 cm-3. The 
"I" region is configured such that the field of a P+N junction is developed across 
the "I" region usually with an external reverse bias. In PD and APO applications, 
the absorbing material is in the "!" region so that the photogenerated carriers can 

20 be quickly sweep to anode (P) and cathode (N) layers. For APDs, the carriers 
(electrons in most cases shown here, since this gives the lowest noise APD) are 
swept to the second "I" region for multiplication (current gain) before transiting to 
the cathode layer). In the Figures herein, P-1-N, P-1-P+N structures are shown 
and the top P layer(s) that are in contact to external circuits are referred to as the 

25 anode and the N layer(s) that are in contact to external circuits are referred tp as 
the cathode; the layers can be interchanged from P to N and N to P with P or low 
dope substrates to also fabricate PD's and APD's. 

[00174] FIG. 21 is a cross section showing etching of microstructured pillars 
and/or holes for devices having microstructured Ge buried or embedded in an Si 

30 microstructure, according to some embodiments. The microstructure pillars 2104 
and/or holes 2102 are etched into the I-Si layer, partially or entirely or to/into the N 
(PD structure) or P (APO structure) Si layer. The etching process can be one of 
the following: wet chemical etching, dry etching using reactive ion etching (RIE), a 
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deep reactive ion etching (ORIE), ion milling, and/or focused ion beam milllng. The 

etching can be isotropic or anisotropic or a combination of isotropic and 

anisotropic. As shown in FIGs. 22 and 23, infra, Ge is then regrown in the etched 

region (i.e. the area around the pillars and on the sidewalls of the pillars in the case 

5 of pillars, or area in the holes, sidewalls of the holes in the case of holes) 

isotropically, anisotropically, or by selective area growth (SAG) where a dielectric 

layer such as SiOx, SlNx, cover area where regrowth of Ge is not desired which in 

some embodiments can include the sidewalls. During etching if a dielectric mask 

material such as SiOx, SiNx, SiCx is used and left in place during epitaxial growth, 

10 the epitaxy layers may not grow on the dielectric mask in a crystalline film and may 

be amorphous in nature or may not grow on the dielectric layer other than some 

dendrites. Note that the isotropic or anisotropic growth rate often depends on the 

crystal plane it is growing on and any etched structures may expose multiple 

crystal planes resulting in different growth rates at those planes that can lead to 
15 anisotropic growth in the etched regions with 3D microstructures. 

[00175) Growth of Ge on Si is well documented in the literature where a thin 

buffer Ge layer is first epitaxially grown at a lower temperature followed by a higher 
temperature Ge epitaxial growth using chemical vapor deposition (CVD), molecular 

beam epitaxy {MBE), atomc layer deposition (ALO), !ow pressure -CVD, and or a 

20 combination of growth techniques, for example the thin Ge buffer layer can be 
grown by MBE and the high quality thicker Ge film grown by CVD, The thin Ge 

buffer layer is to allow lattice mismatch stress to be accommodated between Si and 

Ge, (see, e.g. Feng et al, High-speed Ge photodetector monolithically integrated 

with large cross-section silicon-on-insulator waveguide, APPLIED PHYSICS 

25 LETTERS 95, 261105 ,2009}. 

[00176] The Ge regrowth may have voids or non-planarities and, where useful, 

the surface can be planarized using polishing such as chemical mechanical 

polishing (CMP) or etching. FIG. 22 is a cross section showing a device having 

microstructured Ge buried or embedded in an Si microstructure, after the Ge "I" 

30 layer is grown in the etched region and planarized, according to some 

embodiments. Note that according to some embodiments, planarization is not 

needed and is omitted. After the Ge "I" layer 2202 is grown and planarized, a p+ 

Ge capping layer 2204 is grown to complete the P-1-N structure of a PD or P-1-P-I-
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N structure of an APO. Optical signal or photons with wavelengths ranging from 

400 to 1800 nm can illuminate the PD/APD 2220 from the anode (top) side (P .. 

side) 2202 and optical signal or photons with wavelength ranges 950-1800 from 

the substrate side {bottom) since Si is mostly non-absorbing at these wavelengths. 

5 According to some embodiments, it is advantageous to configure the device 2220 

for illumination from the substrate side since this will allow a double bounce of the 

optical signal or photons within the absorbing Ge microstructures embedded in Si. 

Shown in these figures are only the basic epitaxial layer structures. Structures and 

layers not shown for simplicity include: anti-reflection coatings, passivations, ohmic 

10 metals, bond metallization, any metal interconnect to CMOS, via's for electrical 

connectivity, arrays of PD/APO for multichannel optical interconnects, to name a 

few. Optical signal/photons can illuminate either normal to the surface or at any 

angle off normal, including rotation angles for optimal PD/APO performances; 

optimizing QE and bandwidth of the PD/APO. 

15 [00177] FIG. 23 is a cross section showing a device having microstructured Ge 

buried or embedded in an Si microstructure, after I-Ge regrowth and planarization, 

and a cap layer of P-Si, according to some embodiments. In the case of FIG. 23, 

the buried Ge microstructures 2302 are capped with a p+ Si layer 2304. The Si p+ 

cap layer (anode) 2304 has low optical loss at optical wavelengths of 950-1800 nm 

20 and therefore generates minimal photocarriers that are not in the high field "I" 

region of the PD/APO 2320 and contribute minimal diffusion photocurrent which 

can lead to a degradation of the frequency response of the PD/APO 2320 and the 

QE of the PD/APO. 

(00178] Some dimension doping ranges for the buried or embedded Ge and 

25 capping layers shown in FIGs. 20-23 will now be provided in greater detail, 

according to some embodiments. The dimension of the rnicrostructured Ge (e.g. 

2202 and/or 2302) can range in depth from 0.1 to 5 micrometers, have a lateral 

dimension range from 10-5000 nm, and a spacing between adjacent microstructure 

structures (the structures can be identical or non-identical) in contact (overlapping) 

30 to 5000 nm. The "I" doping for both Ge (2202 and/or 2302) and Si (2104) is less 

than or equal to 5. 1016/crn3
. "I" is often called intrinsic or not intentionally doped 

and can have either a p or n background doping, the doping level is low enough 

that a reverse bias voltage of -2 to -45 volts can fully deplete the "I" region of 
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mobile holes or electrons (carriers). The capping layer, Si (2304) or Ge(2204) 
thickness can range from 0.1 to 5 µm with doping level greater than or equal to 6. 
1017/cm3

. These parameters can be adjusted to other values, but the goals are to 
increase or optimize the QE and bandwidth of the PD/APO for a given application. 

5 Series resistance, photogenerated diffusion current, ohmic contacts, capacitance, 
transit time, depletion of the •r absorption region all contribute to the performance 
of the PD/APD. In addition for double/multiple bounce within the ·r region for 
optical signal illuminating from the bottom substrate side, a reflective metal or 
dielectric stack such as a Bragg refelctor/mirror consisting of alternating dielectric 

10 layers of different refractive indices or HCG can be used to reflect the optical signal 
back into the microstructured absorbing region at the top anode side. With the Si 
cap layer as in FIG. 23, the optical signal can illuminate the Si p+ cap layer (anode) 
2304 and, since Si has minimal losses at 1100-1800 nm (below bandgap 
radiation), it can also have double bounce of the optical signal within the 

15 microstructured buried/embedded Ge 2302 by providing a reflector such as a 
Bragg reflector epitaxially grown at the Si N+ layer or at the Si substrate to reflect 
the light back into the absorption region. 

[00179J According to some embodiments, all the discussions of microstructured 
layers herein, light can additionally impinge from top and bottom surfaces, as well 

20 as on the sides of the microstructures, either directly or from scattering, near field 
effects. interferences, or resonance, which can vastly improve the QE of the 
microstructured photosensors since photogenerated carriers are generated directly 
in the high field absorbing "I" ("I") layer(s). 

[00180] According to some embodiments, dopant choices for Si and Ge (group 4 
25 elements) include the following: (1) for donors (n-type} from group 5 elements -

antimony, phosphorus, and arsenic; and (2) for acceptors (p-type) from group 3 
elements - boron, aluminum, and gallium. 

[00181) It is also noted that in the structure shown in FIG. 23, the I-Ge 
microstructures 2302 buried in Si 2104 are completely surrounded by Si which has 

30 a lower refractive index than Ge. At 1000-2000 nm wavelength range, the refractive 
index of Si is approximately 3.49 and for Ge is 4.1. The index ratio of Ge/Si is 1. 17 
so according to Chang-Hasnain reference, HCG effects will exist. The resonance 
and field concentration in the absorbing Ge microstructures can further enhance 
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the absorption coefficient from that of the bulk absorption coefficient value 

anywhere from greater than 1 X to several orders of magnitude. The index 

difference also causes light to be confined and concentrated in the high index 
material, In this example, Ge; further improving QE. 

5 [00182] The silicon (Si) microstructure can detect photons with wavelength 
ranging from 300-1100 nm and the germanium (Ge} microstructure can detect 

photons with wavelengths ranging from 300-1800 nm. According to some 

embodiments, for high bandwidth and high QE, the shorter wavelengths, 300-600 
nm, may generate photocarrfers outside the "I" region resulting in a diffusion 

10 current that can result in non-optimal bandwidth and or QE. Where bandwidth is 

not an issue, the degradations may not be very significant. 

[00183) FIGs. 24A and 24B are cross sections showing aspects of a 

microstructured APD with buried/embedded I-Ge absorbing microstructures in I-Si 
microstructures, according to some embodiments. FIG. 24A shows the bulk layers 

15 2400. In FIG. 24B, the etched pillars 2424 and/or holes 2422 are filled with I-Ge 

(intrinsic-Ge, non-intentionally doped or undoped or low doped Ge) and finished 
with a capping layer 2426 of p+ Ge or Si to complete the anode of the APD 2420. 
The microstructured Ge 2422 is buried/embedded in Si 2412. Optical signal of 
wavelength 950-1800 nm (or photons from 300.1800nm where the shorter 

20 wavelengths, 300-900 nm, may not have as high a bandwidth) can illuminate the 
APD 2420 from either top or bottom at various angles to the normal and/or normal 
to the surface. According to some embodiments, the starting layers prior to the I­
Ge regrowth into the etched regions can also include the p+ Si layer 2426, such as 
shown in FIG. 7 with layer 726, supra. In the case shown in FIG. 248, the starting 

25 layer was removed to minimize P dopant diffusion during I-Ge regrowth. The 

buried or embedded Ge microstructure in Si microstructure allows the APO (or PD) 
2420 to operate in two regimes. A first regime is at wavelengths where Si is low 
loss and Ge is absorbing or high loss (950-1800 nm). In this Si low loss regime, 
the Ge microstructures 2422 with a Si p+ anode cap layer 2426 is completely 

30 buried in Si which has a lower refractive index than Ge. The Ge microstructure 
arrays can have HCG low Q with Q ranging from 1 to 3000 approximately ( or other 
resonant, scattering, near field, linear and non-linear optical effects) or high 

enhancement of the absorption coefficient. A second regime is where both Si and 
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Ge are absorbing, 300-945 nm, and both Si microstructures 2424 and Ge 

microstructures 2422 work in parallel (parallel current generators) absorbing the 

photons with enhancement of the absorption coefficients of both Si and Ge. This is 
particularly advantageous for examples in photovoltaic applications. 

5 [00184) FIGS. 25A • 25C are cross sections showing aspects of a photodiode 

having buried/embedded Ge microstructures in a Si microstuctured pillar and/or 
hole array, according to some embodiments. Starting with a Si PD epitaxial layer 
structure 2500 with or without the P layer 2526, microstructures of holes 2522 

and/or pillars 2524 are etched into the Si Player 2526 and I layer 2512 and can 
10 extend into the N layer 2510. Regrowth of Ge 2522 (or 111-V material such as 

lnGaAs, lnAs, lnSb, GaN, lnGaN to name a few) using a process such as SAG 
with our without silicon oxide on the sidewalls of the Si microstructure 2524 or 

using a process such as VLS with or without catalysts, the I-Ge layer 2522 is grown 
followed by P Ge 2526 (or a P-Si layer which may be more suitable for top 

15 illuminated devices) at the surface where a process such as ELOG can be used to 
form a contiunous P-Ge film. P ohmic alloy, annealed, followed by bond 

metallization completes the contact 2528 for the anode. The back side processing 
as discussed earlier is deposited on the silicon surface to reduce reflection. See, 
e.g. FIGs. 19A-19C, supra, where the silicon is thinned and etched to the BOX 

20 layer selectively. The BOX layer is etched selectively and an anti reflection N ohmic 
alloy is formed on the N-Si !ayer, annealed and followed by bond metallization, 

which completes the cathode contact Reverse bias of -2 to - 10 volts is applied 
between the anode and cathode for high bandwidth PD applications. In PV 

applications, 0 bias is applied. 

25 [00185] According to some embodiments, the dimensions and doping are similar 
to the Si microstructured PD shown in FIGs. 5A-5B, supra, with the I-Ge doping 
level less than 5. 1016 cm-3

, and dimensions ranging in thickness of 0.1 to 5 

micrometers, and lateral dimension of the microstructure ranging from 10 to 5000 
nm with adjacent structures that can touch/overlap to 5000 nm separation. Optical 

30 signal/photons can either illuminate from the anode top side or cathode bottom 
side with wavelength range of 300-1800 nm and normal to the surface or at an 
angle to normal which can also include rotation. For bottom side illumination, the Si 

is thinned down to a few micrometers thickness for illumination at wavelength 
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ranges of 300-900 nm. Only the basic !ayers are shown for simplicity. For 
example, the following structures are not shown: isolation mesa or diffusion or ion 
implantation, passivation, anti-reflection, ohmic metal, guard rings (e.g. for an 
APO). Both Si microstructures and Ge microstructures can detect the optical 

5 signal/photons in parallel for wavelengths where both are absorbing, 300-1100 nm, 
and only the Ge microstructure at wavelength ranges 900-1800 nm. The cap layer 
2526 and 2546 in FIGs. 258 and 25C respectively can be either p+ Si or p+ Ge. For 
broad modulation bandwidth (sometimes just referred to as bandwidth) of greater 
than 10 Gb/s {gigabits per second), P~ Si cap layer is preferred for wavelengths 

10 ranges from 950 to 1800 nm, since at these wavelengths Si has low optical losses 
(also referred to low loss). According to some embodiments, the structure shown 
in FIGs. 25B and 25C can also be use for photovoltaic applications where no 
external bias is purposely applied in the reverse direction. 

(00186) According to some embodiments, for all the structures shown, the P and 
15 N can be interchanged to form for example N-1-P structures for the PD and PV 

(photovoltaic) and N-1-N+P structures for the APD. 

[00187] The regrowth of Ge microstructures in Si also have applications in 
photovoltaic devices where the device is operated without external reverse bias. 
The P-!-N PD structure for example with Ge microstructures embedded or buried in 

20 Si microstructures effectively have two bandgaps, Si bandgap and Ge bandgap 
that is exposed to the solar radiation, The combination of two bandgaps widen the 
absorption spectrum of the photovoltaic device and therefore can collect a broader 
spectrum of the solar energy. The two bandgaps can have a higher OE and or 
short circuit current over that of single bandgap photovoltaic devices or multiple 

25 devices connected in series. The microstructures also have enhanced absorption 
that can further improve the OE and or short circuit current of the photovoltaic 
device. The solar spectrum at AM 0 and AM 1.0, with a photovoltaic device with a 
spectrum width of 300-1800 nm, at least approximately 90% of the solar spectrum 
is captured. In addition, in the PV device with Ge and Si microstructures are 

30 adjacent laterally to each other (i.e. in parallel) rather than being vertically adjacent 
(i.e. in series) as in prior art PVs. This allows the Si and Ge to be exposed to solar 
photons equally and are parallel current generators that are additive; Is;+ IGe = l101a1 
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where Is is the photocurrent generated by the Si microstructures and IGe is the 
photocurrent generated by the Ge microstructure and l101a1 is the total photocurrent. 
[00188] Although according to some embodiments the use of Si and Ge are 
described, according to some other embodiments, other materials are used. 

5 According to some embodiments, Si is used with an lnP microstructure embedded 
or buried. According to some embodiments, more than two materials are used 
such as Si, Ge, lnGaAs, lnP, GaAS, GaN, lnGaN, lnSb, to name a few. The 
microstructures, in addition to pillars and holes, can be embedded and or burled to 
use the effects of HCG to enhance the absorption coefficient over that of bulk 

10 absorption coefficient to further improve QE and minimize the use of material in 
order to reduce cost of manufacturing. 

[00189] FIG. 25C is a cross section showing grown Ge, lnP, lnGaAs to name a 
few, within silicon rnicrostructures. SAG can be used where the sidewalls of the 
microstructures are oxidized or coated with a conformal dielectric and where the 

15 oxide/dielectric is removed at the bottom of the microstructure surface where it is 
approximately parallel to the silicon substrate where it can provide crystalline 
information for the growth of Ge, lnP, lnGaAs microstructures. The area where the 
Ge, lnP, lnGaAs will epitaxially grow with or without catalysts using various growth 
methods such as VLS, MOCVD, CVD to name a few, is approximately 100 square 

20 microns or less; more typically around 0.3-3 square microns. Because of the small 
area, crystalline defects due to lattice mismatch are not significant The sidewalls 
with the silicon dioxide that can be thermally grown or deposited using ALD, 
provide an electrical insulation between the Si and the Ge, lnP, lnGaAs SAG 
grown layer. It should be noted that SAG growth can continue until the Ge or lnP or 

25 lnGaAs (to name a few) can merge above the silicon microstructure and with 
lateral over growth (LOG) epitaxial process, the microstructures of Ge or lnP or 
lnGaAs can form a continuous epitaxial thin film layer that can be doped P type for 
the anode layer. 

[00190] FIGs. 25D and 25E are cross sections showing aspects of a forward 
30 biased device such as a vertical cavity surface emitting laser (VCSEL), according 

to some embodiments. VCSEL 2562 can also be fabricated using similar 
processing as described supra for the PDs, PVs and/or APDs. Starting with a Si 
PIN structure 2562, Si microstructure hole(s) 2564 are etched through I-Si layer 
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2566 to the N-Si fayer 2568. According to some embodiments, the etching of hole 

2564 can extend into the N-Si layer 2568. An SAG process is followed with or 

without silicon oxide on the Si microstructure sidewalls (oxide 2570 is shown). 

First. a GaAs/AlGaAs distributed Bragg reflector 2572 (DBR) all N type is grown, 

5 follow by N-GaAs 257 4, The active layer 2576 is undoped lnGaAs/GaAs multiple 

quantum well (MQW) of 1-5 wells, followed by P-GaAs 2578 to the surface and 

using ELOG which can form a continuous film at the surface of the I-Si 2566. 

Dielectric DBR 2582 on the P-GaAs 2580 completes the optical cavity. P ohmic 

alloy with anneal and bond metal 2584 on P-GaAs 2580 completes the anode 

10 contact and N ohmic alloy with anneal and bond metal 2582 on N-Si 2568 

completes the cathode contact. Forward bias of 1 to 20 volts to the anode and 
cathode will result 1200-1300 nm light to be emitted from the VCSEL 2560. 

[00191} The design and growth of VCSELs at 1200-1300 nm and other 

wavelengths are known. See, e.g. "High-performance 1200-nm lnGaAs and 1300-
15 nm lnGaAsN quantum-well lasers by metalorganic chemical vapor deposition", 

Tansu et el; Selected Topics in Quantum Electronics, IEEE Journal of (Volume: 

9, Issue: 5), 2003. 

[00192) According to some embodiments, longer wavelength are selected when 

ambedding lnGaAs, !nGaAsN and other 111-V material, because at wavelengths 

20 greater than 1000 nm silicon is mostly transparent and does not introduce excess 

additional optical losses. Accordingly, Si is a good heat sink for the VCSEL 2560. 

According to some embodiments, the GaAs/AIGaAs DBR 2572 is replaced with a 

silicon/air or a dielectric DBR on the bottom by thinning the Si wafer and etching to 

the BOX layer, removing the BOX layer and depositing a dielectric DBR. Design of 
25 DBR, dielectric and semiconductors are well known. The silicon/air DBR will 

require further processing, using sacrificial layers such as Ge that can later be 

selectively etched away via etch trenches. 

[00193) According to some embodiments, an LED is fabricated by applying 

minor variations, including removing the DBRs and adding multiple Si 

30 microstructures. The LED can use MQW or just a simple heterojunction of P-GaAs/ 

1-lnGaAs/N-GaAs for example. Other semiconductors can also be used such as 

lnGaAsN, lnGaAsP, GaAsN, to name a few. The substrate can be another material 

such as sapphire, SOI, insulator on Si (IOS), ceramic, glass, quartz, GaN, 
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crystalline or non-crystalline. Addtionally, other material for blue/UV LEDs such as 

GaN, AlGaN, GalnN, AIN, can be grown using epitaxial reactors and methods of 

fabrication described above. 

[00194) According to some embodiments, voids are formed, that are buried or 

5 embedded in Si or Ge on Si or Ge. As used herein "buried" refers to cases when 

the void is beneath the surface, and "embedded" refers to cases when the void can 

intersect or be slightly above the surface. As described supra, during regrowth of 

Ge on a microstructured Si with pillar and/or hole arrays, voids can develop due to 

the fact that growth rate during epitaxial growth often depends on the crystal 

10 orientation of the surface. Since etching microstructured pillars and/or holes in Si 

can expose different surface orientation of the side walls, asymmetric growth rate 

of Ge on these different Si surface orientation can result in void formation. 

According to some embodiments, the void formation is exploited to generate a 

buried and/or embedded microstructured void arrays that can behave as HCG and 
15 or light trapping structures that concentrate the optical field and/or resonance 

through interference of the optical field (amplitude and phase), scattering, near 

field, linear and non-linear optical effects to enhance the bulk film absorption 

coefficient by one to several orders of magnitude. In addition, the voids can be 

used to reduce the effective refractive index of a material (e,g. Si with voids) since 

20 the optical field sees an average or effective refractive index. At dimensions on the 
order of a wavelength or less, the refractive index of voids and Si, for example, can 

be approximated with an effective refractive index which is the average of the 

volume occupied by Si and the volume occupied by the void. For example, if Si 

occupies 1/2 the volume and voids occupy 1/2 volume, the Si index is 3.49 and the 
25 void is 1.0 (for air), then the average effective index is approximately 2.25. 

[00195] The voids also reduce capacitance of the device if the voids are 

generated in the "I" region, as discussed supra; where the space between 

microstructured pillars or the microstructured holes can reduce the capacitance of 

the P-t-N PD diode or the P-1-P-I-N APO diode. The voids according to some 

30 embodiments are either buried (buried holes) or embedded (space between pillars) 

and the total capacitance is approximately the capacitance of the total area 

occupied by the voids plus the capacitance of the total area occupied by the 

semiconductor. In the case where the voids do not occupy the full thickness of the 
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"I" layer (i.e. only occupy part of the thickness), then the effective dielectric 

constant can be estimated by taking into account a volume that contains both the 

void and the semiconductor extending through the thickness of the "I" layer, the 

volume of the void and the volume of the semiconductor in a given volume; for 

5 example if the voids occupy 1/2 of a given volume of the thickness of the "I" layer 

and the semiconductor material occupies 1/2, and if the semiconductor material is 

Si with dielectric constant of 11.9, then the average effective dielectric constant is 

approximately 6.5, where the void is assumed to be air with dielectric constant of 1 

for that given volume. The total area occupied by this effective dielectric constant, 
10 consisting of both voids and semiconductor material, is used in the capacitance 

calculation plus the area occupied only by semiconductor in the "I" region to give 
the total capacitance of the P-1-N or P-1-P-I-N diode. Reduction of capacitance 

leads to a reduction in RC time constant for the diode which improves the 

bandwidth of the PD and APD. 

15 [00196] Although buried voids in semiconductor material are known, such voids 

are conventionally regarded as detrimental and as such are to be avoided. 

According to some embodiments, such voids are intentionally created and form 

useful features in the semiconductor material. 

[00197] FIG. 26 is a cross section showing starting epitaxial layers in which 

20 mictrostructured voids are fabricated, according to some embodiments. To 
generate voids in PD. PV and APO structures start with a structure 2600. The 

starting material can be a Si PD or APD structure with or without the Si p+ anode 

layer. Details of the layers are not shown for simplicity. 

[00198] FIG. 27 is a cross section showing microstructured holes/pillars etched 
25 into the I-Si layer, according to some embodiments. The microsctured holes 2722 

(or space around pillars) are etched into the Si "I" layer and can extend pass the "I" 

layer or can be partially into the "I" layer. Wet and/or dry etching can be used or a 

combination of wet chemical and dry etching (RIE, DRIE for example) where the 

wet etching can be used to remove damage due to dry etching or wet etching in 

30 combination with dry etching and oxidation to form a certain shape or surface 

smoothness. As shown in FIG. 27, the etch can be isotropic or anisotropic, the 

sidewall can have negative or positive slope (slope defined with respect to the 

plane of the substrate). For anisotropic etching both negative and positive slope 
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can exist at the same time for an etched feature such as a pillar or hole. 

Anisotropic epitaxial growth can result In void formation, with the shape of the void 

being determined by many factors Including: side wall slope, crystal orientations of 

the side wall, growth conditions, pressure. temperature, flow rate, growth technique 

5 {CVD, MBE, ALD or a combination of growth methods), surface preparation, and 

surface oxidation. According to some embodiments, surface oxide, partial oxide or 

other dielectric 2726 can be intentionally deposited on the side walls, which can 

also influence the regrowth of Si or Ge (or any other semiconductor such as lnP, 

GaAs, lnGaAs, GaN, lnGaN, to name a few) and can be used to form voids. 

10 [00199] FIG. 28 ls a cross section showing microstructured voids buried or 

embedded in Si with a Si capping p+ anode layer 2826, according to some 

embodiments. The buried voids 2800 can be uniformly spaced, or with chirped 

spacing, or any complex patterns with a combination of periodic and aperiodic 

spacing or it can be random or pseudo-random. The buried voids 2800 can have a 

15 length ranging approximately from 0.1 to 10 micrometers and lateral dimension 

ranging from 10-5000 nm. The voids can also be overlapping one another. 

Although FIG. 28 shows buried voids in Si, according to some embodiments buried 

voids can be formed in Ge. For example, in a Ge epitaxial layer on Si, or any other 

semiconductors, such as !nP, GaAs, lnGaAs, GaN, lnGaN, lnGaAsP, and other 

20 semiconductors in the 111-V material family. The voids can be non-uniform is size 

and shape within the void and adjacent voids. The voids may also have non­

uniform spacing and/or orientation. However, with proper process control uniformity 

in size and shape, patterning, random and pseudo-random placements of the voids 

can be attained. For simplicity the voids are shown to be uniform. 

25 [00200) FIG. 29 is a cross section showing Bragg reflectors formed on the P-Si 

surface to provide a highly reflective mirror, according to some embodiments. 

With a more planar surface, high reflectivity Bragg reflectors 2900 may be 

deposited or grown using dielectrics or semiconductors on the P silicon layer 2826 

surface. The ohmic contact and the bond metallization 2902 can be on the 

30 peripheral in a ring configuration as shown in FIG. 29. Optical signal illuminating 

from the bottom will have a double/multiple pass through the absorbing I region 

thereby improving OE and the bandwidth of the PD/APO. In PV where bandwidth is 

not an issue, then the QE will be improved. According to some embodiments, 
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Bragg reflectors 2900 can be configured for wavelength selectivity so as to reflect 

the optical signal back into the absorbing I region. 

[00201] According to some embodiments, voids are not only in the I region but 

are also formed in the P and/or N region of a PIN PD or PV, in the P charge region, 

5 in the I multiplication region and/or the P anode and N cathode region of an APO. 

According to some embodiments, voids can also be formed in the substrate. The 

density, shape and material (voids can be filled with different material from 

vacuum, gas, helium to dielectrics with or without doping with rare earth elements 

for optical gain for example, carbon/graphene/diamond,copper, ceramics for 

10 thermal conductivity for example) of the voids in each layer can be different or the 

same, or differenVsame within the same layer. 

[00202] According to some embodiments, voids are also used to make the 

material more mechanically flexible and bend and or conform to different surface 

contours. For example, in PV applications where large sheets of the device are 

15 fabricated, the sheets can conform to contours in for example the roof, or the 

sheets of semiconductor PV can be rolled for compactness in storage prior to 

deployment According to some embodiments, voids sized between 0.01 microns 

and 1000 microns are introduced into semiconductor and/or glass material for use 

with photo voltaics for purposes of increasing flexibility and/or resistance to 

20 physical damage and/or damage propagation. 

[00203] High-density voids in semiconductors are also resistant to crack 

propagation since the crack will terminate at a boundary, in this case the boundary 

of the void. This is advantageous for large devices such as solar cells where if an 

object such as hail or stone strikes the solar cell, only the point of contact will be 

25 damaged and perhaps a small adjacent area (5-50% of the diameter of impact for 

example) where the damages are localized to area of impact and cracks will not 

propagate across the entire cell. A device may survive such small damage events 

with minimal degraded performance without taking the entire solar panel down. 

[00204] According to some embodiments, the voids are also formed in other 

30 materials also such as glass, ceramics, polymers, metal, plastics, to name a few, to 

avoid crack propagation in case of foreign object impacts since cracks will 

terminate at a boundary, in this case the boundary at the void. 
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[00205] FIG. 30 shows an example of a PIN PD/PV structure 3000 with 

microstructured voids to enhance absorption, reduce bulk refractive index, reduce 

capacitance and increase mechanical flexibility of large sheets of PV on 

semiconductor material, according to some embodiments. The Si substrate is 

5 removed leaving only the BOX/SOI layers together with the PIN epitaxially grown 

layers. Ohmic contacts, bond metallizations, antireflection coatings, passivations, 

are not shown for simplicity. In addition to PV, the techniques are also applicable to 

PD, APD, light emitters such as light emitting diodes and diode lasers, and to 

electronic integrated circuits such as CMOS and ASIC (application specific 

10 integrated circuits) where voids can not only make the material more flexible and 

lighter but also as mentioned earlier more resistant to cracking. The voids, 

according to some embodiments can be filled with a gel that can repair impact 

damage and seal exposed cracked edges to prevent further deterioration due to 

moisture for example to the semiconducting surfaces. The gel can be spin on glass 

15 for example. According to some embodiments, the voids can be filled with material 

to enhance thermal conductivity for example, reduction of optical or microwave 

losses by removing the silicon and replacing with material that is not lossy such as 

Ar. He. Xe, N2 , Ne gas, or vacuum for example. The voids can have different 

sizes and shapes and densities and can be random, pseudo random, aperiodic, 

20 periodic, chirped, single or multiple patterns. The voids can also be in a single layer 

or in multiple layers of the device. Fig. 30, for example, shows the voids in P-Si 

layer 3002, I-Si layer 3004, and N-Si layers 3006 and 3008. According to some 

embodiments the index of refraction near the uppermost surface can be altered to 

more effectively index "match" with surrounding air so as to reduce reflections of 

25 incident light. For example, in PV applications near surface voids can be used to 

index match such that less incident sunlight is reflected from the PV surface. 

According to some embodiments, the index of refraction at lower surfaces can be 

altered so as to increase internal reflections that may, for examples, increase the 

number of passes light makes through an absorbing region. 

30 [00206) According to some embodiments, random voids can also be generated 

by dry etching/electrochemical etching the surface of the semiconductor without 

any mask. Generating semiconductor nanowires followed by epitaxial regowth on 

these random nanowires will result in buried voids. As discussed in Frajtag et al, 
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Growing thin films that contain embedded voids, 23 June 2011, SPIE Newsroom; 

DOI: 10.1117/2.1201105.003750, this method can be used in GaN light emitting 

diodes to minimize defect formation due to lattice mismatch of the GaN epitaxial 

layer with the substrate which can be sapphire, Si, SOI, IOS to name a few. The 

5 random formation of semiconductor nanowires by dry etching of the surface of the 

semiconductor (which can be Si, Ge, 111-V material family such as lnP, GaAs, 

lnGaAs, lnGaAsP, GaN, lnGaN, lnSb, to name a few) without any mask and 

subsequently regrowing on the nanowires epitaxially using CVD for example, to 

form random buried voids can also be used to reduce the effective refractive index 

1 O of the semiconductor and reduce the effective capacitance of the P-1-N, P-1-P-I-N 

diodes if the voids are formed in the "I" absorption layer and/or P, N layers, and/or 

charge, multiplication layers of the PD. APO, in any combination to optimize the 

performance of the device in bandwidth, QE, and energy consumption. 

[00207] Fig. 31 is a cross section showing regrown I-Ge with a buried/embedded 

15 voids, according to some embodiments. The regrowth of Ge 3104 epitaxially on Si 

microstructured pillars and/or holes results in voids 3102 in the Ge layer that can 

be intrinsic or non-intentionally doped or low doped using the method shown in 

FIGs. 27-28, supra. In addition, selective masking with dielectric such as SiOx, 

SiNx for example can be used to generate nanowires only in the selected areas 

20 such as the Ge regrowth, for example, and with additional regrowth of Ge, random 

voids can be buried only in the selected Ge areas. The random voids can be 

combined with patterned voids to optimize a device performance in terms of 

bandwidths, quantum efficiencies and power consumption. The microstructures 

shown in FIG. 31 combine the Ge microstructure and void microstructure to 

25 enhance to bulk absorption coefficient and reduce the effective capacitance of the 

diode. 

[00208] Fig. 32 is a cross section showing a device having buried 

microstructured voids in I-Si with regrown I-Ge and capped by an epitaxial layer, 

according to some embodiments. As can be seen in FIG. 32, the 

30 buried/embedded microstructure voids 3202 can be in I-Si layer 3200 while the Ge 

microstructure 3104 is also buried/embedded in Si layer 3200 using a few 

additional processing steps. First the voids 3202 are buried/embedded as in FIG. 

28 with or without the P-Si anode layer 3226. Microstructures are then again 
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etched into the I-Si layer 3200 with the voids and then Ge 3104 is regrown 

resulting in a microstructure with voids 3202 in the Si layer 3200 and a Ge 

microstructure 3104 to enhance the bulk absorption coefficient and reduce the 

capacitance of the diode. Not shown is that the microstructured voids can also be 

5 buried/embedded entirely in Ge for Ge on Si layers, such that in Fig. 28, if the I-Si 
layer 3200 is replaced with I-Ge followed by a p+ Ge capping anode layer 3226. 

[00209] The buried/embedded microstructure voids is an inverse HCG structure 

with absorption, or a lossy HCG structure, and can have resonance, constructive 

and destructive optical interference effects of both phase and amplitude that can 
1 O result in the enhancement of the bulk absorption coefficient. The period of the 

microstructure pillar, hole, void, buried/embedded Ge arrays can fall in the near­

wavelength regime of the HCG effect or it can fall in the subwavelength regime 

where the grating period is much less than a wavelength and the diffraction regime 

where the period is greater than a wavelength. The HCG characteristics of the 

15 microstructure array and the input optical signal can be coupled to in-plane optical 

modes. The microstructured arrays can also behave as a lens to mode match the 

incoming optical signal. Good coupling efficiency also improves the overall QE of 

the PD/APD. According to some embodiments, a lossy HCG is provided where the 

absorbing region is a part of or included in the HCG structure (other effects such as 
20 scattering, near field, plasmonic, resonance, linear and non-linear optical effects to 

name a few, can also play a significant role in absorption enhancements), and 

where Si can be the HCG for photon energies that are below the Si bandgap and 

the Ge microstructures are buried or embedded within the Si that is absorbing to 

the photons with wavelength ranging from 950-1800 nm (where Si has relatively 

25 low optical losses). 

[00210) According to some embodiments. the microstructures of holes, pillars, 

and voids can be arranged in any pattern or no pattern in the active area, including 

any parts of the P-1-N structure of a PD or P-1-P-I-N structure of an APD; the active 

area includes the absorbing "I" region and the P and N regions. According to some 

30 embodiments, to simplify manufacturing and to improve yield, the microstructures 

can extend outside the active areas of a PD/APD if it does not interfere with the 

PD/APD operations and performance. FIG. 33 is a top view showing distribution of 

microstructured pillars, holes and/or buried voids in an PD/APO, according to some 
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embodiments. The microstructure array 3300 consists of pillars, holes, and/or 

voids, and buried/embedded Ge in Si or Si in Ge or any combination of multiple 

semiconductors, can be distributed over the entire active area 3302 of the 

photodiode or avalanche photodiode or just partially for example in the center 

5 where the optical intensity is the highest. The active area can be defined as any 

area that contributes to the generation of electrical signal upon illumination with 

optical signal, or in the case of a PV, the generation of electricity upon illumination 

with photons. In FIG. 33, the active area 3302 is commonly the area within the 

metal ohmic contact/bond metal ring 3304. The distribution of the array 3300 can 

10 be non uniform, non periodic, non uniform is size of the microstructure, or in shape. 

[00211) FIG. 34 is a top view showing distribution of microstructured pillars, 

holes and/or buried voids in an PD/APO, according to some other embodiments. In 

FIG. 34, the QE is optimized at the center of the active area where the optical 

intensity is the highest and away from the center, more semiconductor material is 

1 5 removed in the microstructure pattern to reduce the capacitance of the active area 

in order to decrease the RC (resistance, capacitance) time constant to achieve 

higher bandwidth for the PD/APO and or to increase the active area to allow 

passive alignment of the optical signal to the PD/APO thereby reducing the cost of 

packaging and assembly. Microstructured pillars/holes/buried voids 3400 near the 

20 center of the PD/APO optimize QE while the microstructured pillars/holes/buried 

voids 3410 at the peripherf of active area 3402 minimize capacitance while still 

maintaining good QE 

[00212] Buried voids in the N (or P if P and N are switched) part of the P-1-N or 

P-I-P-1-N diode structure can reduce the effective refractive index of the 

25 semiconductor in the N layer. This is useful in increasing the refractive index 

contrast for HCG structures (to indude other possible optical effects that may be 

significant in absorption enhancements such as scattering, plasmonic, near field, 

linear and non-linear optical effects to name a few), for example in Si the refractive 

index is approximately 3.5 {for wavelengths 950-1800 nm) and if half of the volume 

30 of the material is air, then the effective refractive index (1/2 air and 1/2 Si) would be 

approximately 1.8 for the air-Si composite material. Any semiconductor 

microstructures of pillars or holes fabricated on top of this composite air-Si material 

will have a index contrast of, for example Si pillars on the composite air-Si layer, 
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approximately 2. The high index contrast would enhance the performance of the 

HCG. According to some embodiments, this is used to enhance the lossy HCG 

performance {where loss can be as high or higher than - 1 dB/cm) and enhance 

the absorption coefficient with its resonance, light concentration and in-plane light 

5 coupling effects to name a few. There is an advantage in having the voids in the N 

and or N• layers since it will have a minimal effect on the electrical properties and 

characteristics of the diode since once electrons are swept into the N and or N+ 

layer, they are majority carriers. 

[00213] The microstructured voids in the N and or N+ layer can be patterned, 

10 non-patterned or random or pseudo-random, and can be defined using lithography, 

masking and etching or just etching followed by a regrowth of Si, or Ge or any 

other material. The voids can range in length approximately from 0.01 to 10 

micrometers and lateral dimensions can range approximately from 10-5000 nm 

with spacing between adjacent voids ranging approximately from overlapping to 

15 5000 nm. 

[00214] Fig. 35 shows the basic epitaxial structure 3500 for a conventional Si 

PV/PD diode on N Si substrate. FIG. 36 shows the structure of FIG. 35 with 

microstructured voids incorporated into the N-Si layer, according to some 

embodiments. The doping and thickness of the layers are dependent of the 

20 applications. For high bandwidth PD applications the "I" Si thickness ranges from 

0.1 to 3 micrometers whereas for PV applications the "!" Si thickness ranges from 1 

to 20 micrometers with doping range of intrinsic or not intentionally doped, 

background doping of< 5. 1016 cm·3 . Device size to define the area of the 

capacitance for high bandwidth PD (for circular apertures) ranges from 5 to 100 

25 micrometer diameter whereas for PV, the lateral dimension can range from 0.1 to > 

50 cm (centimeters) limited only by the size of the wafer or substrate. The doping 

ranges and layer thicknesses for non ·iw layers are similar for PV, PD and APD; P 

or p+ layer thickness ranges 0.1 to 3 micrometers P doping> 5. 1018 cm·3, Nor N+ 

!ayer{s) thickness ranges of 0.1 to 10 micrometers N doping > 1. 1017 cm·3. The Si 

30 substrate can be N doped, low N doped or undoped. 

[00215) After growing the N/W layer(s) on the Si substrate, microstructures of 

pillars and or holes and or nanowires are etched into the NIN+ layer(s) 3604 and 

followed by a NIN+ layer(s) regrowth resulting in buried voids 3622 as shown in Fig. 
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36. The regrowth surface may or may not need further planarization such as using 

chemical mechanical polishing· (CMP). Some applications may have more optimal 

performance with a non-planar surface. for example PV that can couple sun light in 

multiple angles with minimal reflections (a rough surface reflect less light). 

5 Subsequent "I" Si layer 3606 and P/P~ layer 3608 are grown on the NIN+ layer(s) 

3604 with the buried voids 3622. In addition to reducing the effective refractive 

index, at wavelengths where Si has low loss (approximately-1 dB/cm or less). 950-

1800 nm, the buried voids 3622 can be patterned into a reversed HCG and behave 

as a very reflective (close to 100% reflectivity) broad spectrum mirror for any 

10 photons illuminating from the top (P side) and not absorbed in the GI" 

microstructured pillar/hole region on the first pass, the photons can be reflected 

back toward the absorbing "I" region. In addition, with the voids, the substrate may 

be more flexible and lightweight such that it can be more adaptable to contoured 

surfaces and/or for use where weight is an issue such as a solar panel, or for 

15 mobility. 

[00216] FIG. 37 is a cross section showing etched Si microstructured 

pillars/holes with regrown Ge covering the Si, according to some embodiments. 

The starting structure is the same as layers 3500 in FIG. 35. The Si microstructure 

pillar and/or hole arrays are etched with a depth ranging from 0.1 to 10 

20 micrometers and subsequently regrown with a I-Ge layer 3702 of thickness 0.01 to 

4 micrometers including according to some embodiments a 1-10 nm low 

temperature buffer Ge layer to account for lattice mismatch between the Si and Ge. 

Note that the Ge buffer may not be included for pillar hole lateral dimensions of 

approximately 1000 nm or less since the lattice mismatch strain at that small area 

25 may not be significant to cause extensive defects to form. The lateral dimensions 

of the microstructured pillars 3704 and holes 3706 range from 10 to 5000 nm and 

spacing of adjacent elements from overlapping to 5000 nm. The P/P+ Si layer 3708 

is left on in FIG. 37 as it may be useful in making good P ohmic contact with the 

ohmic metals of Ti, W, Al silicide that are 1-50 nm thick to be semitransparent or 

30 transparent transition metal silicide. 

[00217] FIG. 38 is a cross section showing microstructured Si pillars/holes with 

Ge regrowth on an N-Si layer having embedded microstructured voids, according 

to some embodiments. The structure shown in FIG. 38 is similar in starting 
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material as shown in FIG. 36. The buried voids 3822 in the NIN+ layer 3804 act to 

reduce the effective refractive index of layer 3804. The voids spacing and lateral 

dimensions can be subwavelength (< >,.) or even deep subwavelength (<<>,.)to 

minimize optical scattering loss such as Rayleigh scattering which is proportional to 

5 >,. 4 where >,. is the wavelength. The wavelength of interest range from 300 to 1800 

nm. 

[00218] FIG. 39 is a cross section showing partial coverage I-Ge on 

microstructured Si pillars/holes, according to some embodiments. In the variation 

of the microstructure shown in FIG. 39, instead of regrowing I-Ge over the entire Si 

10 microstructured pillars and holes, it is only grown on part of the Si microstructures. 

Part of the Si microstructure is without !-Ge and the other part has regrown I-Ge. 

The partial regrowth of Ge can be accomplished by partially covering the Si 

microstructure with a dielectric such as SiOx or SiNx by directional deposition such 

as electron beam evaporation deposition, or directional laser ablation deposition or 

15 other directional methods such as ion milling to remove native oxide of Si 

selectively or ALO thin layer of oxides/nitrides and removing selectively and 

directionally with ion beam milling. Once the Si microstructure is partially coated 

with an oxide or nitride (or other dielectric such as CaFx, TaOx, TiOx, to name a 

few) Ge epitaxial regrowth will predominantly occur where there is lattice 

20 information such as a Si surface. The I-Ge regrowth 3902 thickness can range from 

0. 1 to 4 micrometers or more. The Si microstructure of pillars 3904 or holes 3906 

can have a depth of 0.1 to 10 micrometers and a lateral dimension of 10 to 5000 

nm and spacing between adjacent microstructures of overlapping to 5000 nm. 

Both Si and Ge microstructures are exposed to photons with wavelengths ranging 

25 from 300-1800 nm from photons impinging from the anode surface and impinging 

on the sidewalls of the microstructure directly, scattered, near field, resonance, 

HCG effect, linear and non-linear optical effects, and with enhanced absorption 

coefficient. Both Si and Ge will generate photocurrent due to the incident photons. 

The Si current generator and Ge current generator are in parallel and the total 

30 photocurrent generated by this PD/PV is the sum of the Si and Ge photocurrent 

generators. The buried voids 3922 reduce the refractive index of the N/N+ layer 

3914 and improve the index contrast of the microstructure and the substrate thus 

improving the performance of the lossy HCG for enhancing the absorption 
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coefficient. The voids 3922 in the Si 3914 can also behave as a good reflector to 

reflect photons back toward the 'T absorbing layer for a double pass (for photons 

illuminating from the top side). BOX or SOI 3912 can also be used in addition with 

the buried voids or without the burled voids, as the refractive index of Si02 is 

5 approximately 1.54, roughly half that of silicon at infrared and near infrared 

wavelengths. 

[00219) FIG. 40 is a cross section showing the basic components for a 

microstructured Si-Ge pillar hole array PO/PV and/or APO, according to some 

embodiments. Note that the APO multiplication layers are not shown for simplicity. 

10 Only the very basic parts of the device is shown. After processing steps shown in 

FIG. 39 are completed, surface passivation is carried out using thermal oxide or 

ALO or PECVD or CVD deposition of oxide or nitride to passivate or SiGe as a 

passivation layer on Ge. A filler 4002 is spun on or deposited such as spin-on­

glass, or SiOx, SiNx by PECVD or CVO. Using RIE to etch back to expose either 

15 the Ge or PIP+ Si ( during i-Ge epitaxial growth, the P dopant in the P/P+ Si may 

diffuse into the Ge layer to also result in a P/P+ Ge layer). Ge and or Si P- ohmic 

material may be Al, W, AuGe, Au, Au/Ti and Al, TiN, Pt, transition metal-silicide 

respectively; ohmic contacts to P and N semiconductors are well known in the 

literature and art and these are only a few examples of possible ohmic contacts. A 

20 transparent conducting oxide {TCO) 4004 such as indium tin oxide (ITO) may be 

used to further reduce the series resistance of the anode. For microstructured 

holes, since the P/P+ layers are contiguous, TCO 4004 may not be used and only a 

perimeter (ring for circular apertured PO/APD/PV) border ohmic contact and 

metallization 4006 may be used instead to reduce series resistance of the ohmic 

25 contact, such as Al, Au/Ti. Cu, to name a few. Anti-reflection layers are not shown 

for simplicity. N ohmic material can be used on the substrate or on the NIN+ layer 

together with metallization. Al, Pt, transition metal silicide, followed with Al or Au 

deposition (e-beam, sputter, thermal evaporation) on the ohmic contacts reduce 

series resistance. Ohmic contacts normally use an annealing process that is well 

30 known in the art. Bond and/or connecting metallization 4006 is deposited (using 

standard processing methods) to complete the PD/APD/PV device. SunlighUoptical 

signal is illuminated from the top (anode) of the device normal to the surface or at 

any angle off normal and may be rotated to optimize the QE. At wavelengths where 
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Si is low loss (950-1800 nm or more) the buried voids can both reduce the effective 

refractive index of Si and act as a reflector to reflect photons that are not absorbed 

back toward the absorbing region. The surface of the N/N+ layer 3914 can be non­

planar to help diffuse the reflected photons to optimize its absorption in the 

5 microstructured Si and Ge array. A contact pad 4008 can be provided, for 

example, on the side of layer 3914 as shown. Although many of the embodiments 

show the microstructures of Si and Ge, Si, Ge are normal to the surface (vertically 

alrgned) and straight, according to some other embodiments if the N/N+ surface is 

non-planar, subsequent layers may also be non-planar. Etching (wet chemical or 

10 dry RIE, ORIE) may result in microstructures that are off normal and not straight 

(with bends) which may further improve the absorption of photons. Due to the non­

planar topology of the surface, the microstructures may have various orientations 

depending on the orientation of the crystal within the same device. The different 

orientations of the microstructures are advantageous to capturing photons that may 

15 be illuminating the surface of the device at different angles, for example for PV as 

the sun changes position in the sky and for PD/APO for applications where multiple 

optical signal may illuminate the PD/APO from different angles/directions. 

[00220] Microstructured Si pillar and/or hole arrays/pattern/random PD shown in 

FIG. 5, supra, can also have buried voids in the N/W layers as shown in FIG. 10 to 

20 both reduce the refractive index of Si so that the microstuctures of Si pillars/holes 

are more optimized as lossy HCG by increasing the refractive index contrast and 

also as a HCG reflector in Si for wavelengths where Si has low loss, 950-1100 nm 

for this application as a wide bandwidth(> 5 Gb/s) PD or as a PV. 

[00221] The Si substrate in all the embodiments described herein can be either 

25 Si with doping, not intentionally doped, low doping, or buried oxide (BOX) or silicon 

on insulator (SOI) where the silicon layers again can be doped, heavily doped, 

lightly doped or not intentionally doped. The BOX and SOI layers allow the removal 

of the all or almost all of the Si substrate to reduce optical losses, increase 

mechanical flexibility and also the refractive index of Si02 in BOX and SOI have 

30 refractive index of approximately 1 .54 in the infrared and near infrared wavelengths 

which is roughly half of silicon refractive index. The low index of Si02 also improves 

the performance of HCG, or the silicon dioxide layer can be removed for bottom 

illuminated PD/APD/PV. 
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[00222] FIGs. 41A-41B are cross sections showing aspects of a microstructured 

pillar/hole array device above a N-Si layer having buried microstructured voids, 

according to some embodiments. The bulk layers 4100 shown in FIG. 41A include 

I-Si layer 4112 and N-Si layer 4110. Microstructured voids 4102 are formed in the 

5 N-Si layer 4110 using techniques such as described herein supra. The structures in 

FlGs. 41A and 41 B are a version of the PDs/PVs shown in Fl Gs. 25A-B but with 

buried voids 4102 in the NIN+ layer 4110 to improve the refractive index contrast for 

lossy HCG (microstructures of Si and Ge) and to provide a reflector low loss HCG 

for photons. Pillars 4124 and/or holes 4122 arrays are formed in I-Si layer 4112. 1-

10 Ge is regrown in the etch region 4122 resulting in a buried/embedded Ge "I" layer 

with microstructure voids 4102 in the N Si layer 4110 to reduce the effective 

refractive index of Si and/or to reflect photons entering from the anode surface at 

wavelength where Si is low loss (950-1800 nm). Cap layer 4126 can be P-GE or 

P-Si regrowth. In the case of bottom illumination, an anti-reflection coating 4130 

15 may be provided. 

(002231 FIGs. 42A-42D are cross sections showing aspects of an APO with 

microstructured pillar/hole arrays above an N-Si layer having buried 

microstructured voids, according to some embodiments. The APDs shown in FIGs. 

42A-42D are versions of the APD shown in FIGs. 24A and 24B, supra, except that 

20 buried voids 4202 are included in the N/N+ layer 4210 to improve the refractive 

index contrast for lossy HCG (microstructures of Si and Ge) and to provide a 

reflector low loss HCG for photons. According to some embodiments. BOX/SOI Si 

wafers can also be used with or without buried voids to improve refractive index 

contrast for optimal HCG lossy operation. Only the basic structures are shown for 

25 simplicity. Electrical isolation, passivations, ohmic metallization, anneal, anti 

reflections. bond/interconnect metallization, guard rings, to name a few are not 

shown. FIG. 42A shows the bulk layers 4200, which include N-Si layer 4206, I-Si 

layers 4208 and 4212 and P-Si layer 4210. Microstructured voids 4202 are formed 

in the N-Si layer 4206 using techniques such as described herein supra. As in the 

30 case of FIG. 41B, I-Ge is regrowth in the etched area 4222. The voids 4202 are to 

reduce the effective index of the N-Si since the optical field will be an average 

effective refractive index composing of air and Si. If the voids 4202 are patterned 

for HCG effect, photons can be reflected that are not absorbed in the first pass 
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through the "I" absorbing region 4212 for photons illuminating the APD 4220 from 

the top or anode surface. The APO can also be illuminated from the bottom or 

cathode side. 

[00224] FIGs. 42C and 42D show another variation of an APD 4230 in which 

5 voids 4204 are formed in the I-Si multiplication layer 4208 as well as in W layer 

4206 to reduce the effective refractive index and capacitance of those layers. Note 

that the elongated nature of the microstructured voids will have a minimal effect on 

charged carrier transport in the semiconductor materials. According to some 

embodiments, voids of various shapes and densities can be formed in the P 

10 anode, N cathode, P charge, and/or I multiplication layers of the APO in addition to 

the absorbing I layer. The addition of voids in the I multiplication layer 4208 and 

the I absorption layer 4212 can reduce the effective capacitance resulting in a short 

RC time constant for the device. The voids 4204 in the multiplication I Si layer 4208 

also reduce the effective refractive index, which is helpful in enhancing the 

15 absorption coefficient in a HCG absorbing mode. 

[00225] Epitaxial growth/regrowth/overgrowth/selective area growth/epitaxial 

lateral over growth of Si, Ge, SiGe, 111-V such as lnP, GaAs, GaN, lnGaN, lnGaAs, 

lnGaAsP, lnSb, heteroepitaxy, homoepitaxy, heterogeneous epitaxy to name a 

few, using chemical vapor deposition (CVD), metallic organic chemical vapor 

20 deposition (MOCVO), atomic layer deposition (ALO), molecular beam epitaxy 

(MBE), gas source molecular beam epitaxy (GSMBE) plasma enhanced chemical 

vapor deposition (PECVD), laser ablation deposition {LAD) to name a few, are well 

known in the art. 

[00226] According to some embodiments, material other than Si and Ge on Si 

25 are used. For example, the techniques described herein can be applied to all 

combinations of Si, Ge, 111-V and II-VI material families and substrates. 

(00227] FIGs. 43-46 are top views illustrating various dimensions, spacings and 

shapes for microstructured elements, according to some embodiments. FIG. 43 

shows a microstructured pillar and/or hole array 4300 (also applicable to 

30 embedded or buried voids) that is uniformly spaced with a fixed diameter ranging 

from 100-5000 nm and a spacing ranging from 100-10000 nm. The pillars and or 

holes can be formed in or using: Si, Ge, SiGe, or other materials such as 111-V or II­

VI material family. Examples includes: GaAs, lnP, lnGaAs, lnGaAsN, lnGaAsP, 
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lnAs, GaN, lnGaN, Zn Te, CdS, ZnSe, and HgTe. According to some embodiments, 

the microstructures can also be formed in or using absorbing polymers, glass, 

and/or ceramics. 

[00228) FIG. 44 shows a microstructured pillar and/or hole array 4400 having a 

5 fixed diameter but with non-uniform spacing such as aperiodic or a mixture of 

periodic and aperiodic or random/pseudo random spacing or a mixture of 

random/pseudo random, periodic and aperiodic. According to some embodiments, 

the arrays can also be uniformly spaced periodic but with varying diameter. FIG. 

45 shows a microstructured pillar and/or hole array 4500 having both variable 

10 diameters (ranging from 100 nm to 5000 nm) and variable spacing (ranging from 

100 nm to 10000 nm). According to some embodiments, the variations can be 

random/pseudo random, or a pattern or a mixture of patterns or any combinations 

thereof. FIG. 46 shows a microstructured pillar and/or hole array 4600 having 

various shapes such as oval, circular, rectangle, doublets, triplets, and stars. In 

15 general, any shape that can be generated using a photolithographic mask, or a­

beam direct write or that can be generated with a mold for imprint lithography, can 

be used. The pillar/hole arrays can also have a combination of different shapes 

and spacings, as well as variations in the depth of the microstructured holes or 

lengths of the microstructured pillars/mesas. The variations can be periodic, 

20 aperiodic, or random (or a mixture of periodic, aperiodic and random) within a 

single array. 

[00229) According to some embodiments, for some applications an array 

dimension of Si or Ge or 111-V microstructured pillars or holes of length 2 µm 

approximately (or depth of 2 µm approximately) with diameter of pillar/hole of 390 

25 nm approximately and center to center spacing of 1060 nm approximately has 

been found to be suitable for enhancement of the absorption coefficient of greater 

than SOX 

[00230) According to some embodiments, the material can be Si, Ge, SiGe, Ge 

on Si, 111-V, II-VI, 111-V on Si, polymer, glass, ceramic and any combination thereof. 

30 Examples of Ill-VI and II-VI are lnP, GaAs, AIGaAs, AIAs, AllnAs, lnGaAs, 

lnGaAsP, lnAs, lnGaAsN, lnN, GaN, lnSb, ZnSe, ZnTe, HgTe, and CdS. Also 111-V, 

II-VI and group IV material such as Ge can be embedded in Si microstructures 

using SAG, VLS, ELOG growth methods in MOCVD, CVD, MBE, reactors. 
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[00231] FIGs. 47-48 are cross sections showing rnicrostructured pillar and hole 
arrays having varying lengths and depths, according to some embodiments. FIG. 
47 shows a microstructured pillar array 4700 having different lengths, diameters 
and spacing. According to some embodiments, the pillar diameters range from 10 

5 nm to 5000 nm and the pillar heights range from 0.1 to 10 microns. FIG. 48 shows 
a microstructured hole array 4800 having different depths, diameters and spacings. 
According to some embodiments, the holes have diameters ranging from 10 nm to 
5000 nm and depths ranging from 0.1 to 10 microns. The variation in lengths and 
etched depths can be accomplished by additional lithographic masking steps 

10 where regions are masked for longer etch or shorter etch to vary the length of the 
pillars and the depth of the holes. The lengths and depths can be gradually or 
sharply varied. A patterned grating effect can be used to further optimize the 
optical path lengths and increase the enhancement factor for absorption 
coefficient. Other uses include forming a light trap by using constructive and 

15 destructive optical interference, generating a fresnel lens, matching the mode of 
the optical signal, forming a filter in wavelength selectivity in wavelength division 
multiplexing for example, or as a wavelength selector for spectroscopy and sensor 
applications. It should be noted that by varying the dimensions and spacing of the 
microstructured pillars and holes in an array can also result in constructive and 

20 destructive optical interferences that can also increase the enhancement factor of 
the absorption coefficient, improve light trapping, create fresne! !ens, mode 
matching of radiation patterns of the optical signal. 

[00232] FIG. 49 shows shows a microstructured surface having a combination of 
both pillars and holes, according to some embodiments. Microstructure array 4900 

25 includes pillars and holes co-existing on the same microstructured surface either 
globally or locally. Both pillars and holes can exist in a single array (such as shown 
in FIG. 49) for the microstructured photodetector, or holes and pillars can exist on 
separate arrays for different microstructured photodetectors. In addition, hole(s) 
can exist in a pillar and piflar(s) can exist within a hole and these also can be global 

30 or local. The pillars, holes, hole(s) in pillar and pillar(s) in holes can have any 
shape, for example a rectangular pillar within a round hole, can have any mixture 
thereof to optimize enhancement of the absorption coefficient, light trapping, 
constructive and destructive optical interference, scattering, near field effects, 
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linear and non-linear optical effects, subwavelengths effects, fresnel lens, 

wavelength selection, optical mode matching, diffraction, high contrast grating, 

blazed grating, high Q resonator, highly reflective mirrors using high contrast 

grating. 

5 [00233] The microstructured pillar and hole (and variations thereof} arrays can 

be fabricated in Si, Ge, Ge on Si, SiGe on Si, SiGe on Ge. The array structure can 

be any combination of Si, Ge and SiGe. The array can be entirely Si or Ge or 

SiGe, or Ge on Si, or Si on Ge, or Ge on Si with SiGe on both. The structure can 

also include 111-V and II-VI material systems together with Si, Ge and SiGe and any 

10 combination of Si, Ge, and 111-V, II-VI material systems. According to some 

embodiments, the array structure can also include polymer, glass, oxides, nitrides, 

sulfides and chlorides of transition metals, ceramics, quartz, SOI, IOS, organic 

conducting and non conducting polymers, carbon based material such as 

graphene to name a few. 

15 [00234] The microstructures pillars, holes, voids, and any other shapes such as 

pyramids, microwires, nanowires, multiple materials, SAG microstructures, can 

have orientations that are not perpendicular to the surface of the substrate. They 

can have a single or multiple orientations that can be perpendicular and or off 

perpendicular to the surface. They can be random or pseudo random, single 

20 pattern or multiple pattern orientations at any angle where angle can range from 0 

to 90 degrees with respect to the normal to the silicon substrate, and they can be 

on sidewalls and on all three dimensions. With the microstructures at certain 

orientations, the photosensor can have a higher sensitivity to certain direction of 

illumination. Conversely, with multiple orientations and or random or pseudo 

25 random orientations the photosensor can be mostly insensitive to direction of 

illumination. 

(00235] Reducing the effective refractive index with buried voids in 

semiconductor has applications beyond PD/APO and PV devices. It also, for 

example, has applications in optical waveguides. FIG. 50 is a cross section of an 

30 optical ridge waveguide, according to some embodiments. Waveguide 5000 uses 

the density of voids to alter the effective refractive index of Si. According to some 

embodiments materials other than Si are used, for example other semiconductors 

such as Ge, SiGe, any of the 111-V semiconductor family, or other material such as 
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ceramics, glass, polymer. In Si photonlc optical waveguide 5000, the ridge 5002 

and slab 5004 are made of Si on a BOX (buried oxide) Si substrate 5006. Due to 

the high refractive index of SL 3.49 at 1100-1800 nm wavelengths, the dimensional 

tolerance of the solid Si waveguide is very criticaL Known Si photonic components 

5 are difficult to manufacture and have low yield and are temperature sensitive. 

According to some embodiments, voids are buried in the Si layers. By varying the 

density of the voids, the refractive index of the composite Si-voids can be adjusted. 

In the schematic diagram of FIG. 50, a ridge waveguide 5000 has voids 5014 on 

slab 5004, as well as voids 5012 on ridge 5002. The density of voids 5012 in the 

10 ridge 5002 is less than the density of voids 5014 in the slab 5004. The refractive 

index in the ridge 5002 is therefore higher than the refractive index in the slab 5004 

resulting in a ridge optical waveguide. The optical mode of the waveguide 5000 is 

indicated by the dotted oval 5022. The lower refractive index helps in reducing the 

dimensional tolerance and the optical waveguide can have a larger dimension. 

15 Thus, according to some embodiments, the refractive index can be varied by 

varying the void density making other components such as couplers easier to 

manufacture. The dimensions of the voids can be subwavelength ranging from 

10nm to 1000nm depending on optical wavelengths. 

[00236] According to some embodiments, voids are also buried in a silicon wafer 

20 (including BOX/SOI silicon wafers) to adjust the effective refractive index of the Si 

wafer. The Si wafer with buried voids can then be the starting platform for silicon 

photonic circuits. It can also be the platform for large area PV cells that allow 

mechanical flexibility but still retain the high quality of silicon and its electrical 

characteristics. This can also be the platform for flexible displays and other 

25 electronics that require mechanical flexibility and or light weight. According to some 

embodiments, burying or embedding voids is not limited to just Si, but can include 

Ge, GeSi, amorphous semiconductors, 111-V, II-VI material families, polymers, 

glass, quartz, metal, alloys, ceramics and any other material that requires flexibility. 

In some embodiments, the voids can be filled with gas, liquid or solid for specific 

30 applications. Gel such as spin on glass that does not require anneal for example 

can be used for impact/crack situations where the integrity of the device is 

compromised such as a crack due to impact, to seal surfaces such as 

semiconductors or any surfaces sensitive to environment such as moisture, water, 
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oxygen to name a few to prevent further deterioration. Voids are also excellent in 

preventing crack propagation. 

[00237) FIG. 51 is a cross section of a buried optical waveguide in silicon using 

voids, according to some embodiments. A composite waveguide 5100 is formed in 

5 Si substrate 5106 using Si-voids to selectively alter the effective refractive index in 

certain locations. The effective refractive index of Si can be adjusted precisely by 

adjusting the total volume of the voids in a given volume of Si. In the example 

shown in FIG. 51, the higher density voids 5114 surround a central region of lower 

density voids 5112. The optical mode of the waveguide 5100 is indicated by the 

10 dotted oval 5122. 

[00238] According to some embodiments, the dimension and spacing of the 

voids are optimized to reduce scattering losses and to provide ease of 

manufacturing. Also, the void dimensions and spacing can be adjusted for certain 

applications. For example, in HCG the dimensions and spacings are selected to 

15 satisfy the near field regime where the dimensions and spacing lie approximately 

between the wavelength in the high refractive index material and the wavelength in 

the low refractive index material. In most cases, in the applications to reduce the 

effective refractive index, the void and the surrounding material dimensions and 

spacing are in the subwavelength regime where the microstructures containing the 

20 voids are less or much less than the wavelength in either the high or low index 

material. For coupling applications, the diffraction regime may be the 

microstructure (voids and material) dimensions and spacing. It can also be a 

mixture of two or more regimes to optimize a device performance. 

[00239} Array patterns can include microstructure ensembles whose distribution 

25 of individual microstructures can be periodic, aperiodic, chirped, random, pseudo­

random, uniform, or non-uniform in all three dimensions, orientations and spacings, 

(including overlapping). According to some embodiments, the patterns can include 

microstructures within microstructures. The terms "array" and "pattema are used 

herein interchangeably. 

30 [00240] The PD/APO are biased between the anode and cathode, to extract a 

broadband modulation signal greater than a gigabit per second (Gb/s) at a typical 

transmission line impedance is 25-50 ohms. According to some embodiments, the 

external bias is provided with a bias-tee connected to the transmission line to block 
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the RF signal from reaching the DC power supply and to block the DC from biasing 
the transmission line away from the PD/APD. The bias-tee basically consists of an 

inductor and capacitor, the inductor to block the RF and the capacitor to block the 
DC away from the PD/APO. External bias of -2 to -30 volts is applied depending on 

5 the application, PD or APD and performance desired. 

[00241] In PV mode, no external bias is applied and the PV is basically a current 

generator. All the electrical connections are for DC current from the PV which then 
connects to a converter that converts the DC current/voltage to AC current/voltage. 
[00242} PV devices are in DC mode whereas PD/APD for data and tele 

10 communication are all RF with modulation bandwidth ranging from 1 to 100 Gb/s. 

Transit time of carriers and capacitance are critical in PD and APD but not so much 
for PV. 

[00243] The terms "modulation bandwidth" and "bandwidth» are interchangeable 
as used herein. Both terms refer to the modulation (e.g. of a laser or LED) where 

15 an RF signal is impressed on the light. When this modulated light (also referred to 
as "optical signal") illuminates the PD/APD, the RF modulated signal is extracted 

and converted from light to electrical signal. For example, a bandwidth or 
modulation bandwidth of a PD/APD of 20 Gb/s means that an RF signal impressed 
on the laser light beam at a data rate at 20 Gb/s can be converted by the PD/APO 

20 from optical to electrical with good signal integrity or signal replication. The 

laser/LED is the transmitter and the PD/APD is the receiver where the electrical 
signal can be further processed by an amplifier such as a transimpedance amplifier 
and the signal sent for further analysis and processing in application specific 

integrated circuits (ASIC) computers (CPU central processing unit), routers, 

25 memories, to name a few. 

(00244) According to some embodiments the applications for the 

microstructured pillars and or holes in Si and Ge and Si regrowth with Ge, Ge on 

Si, with and or without buried or embedded voids photodiodes and avalanche 

photodiodes, are in data and tele communications. According to some 

30 embodiments, these applications include: fiber to home, local area network, data 

center optical interconnects board to board, on the board, rack to rack, and chip to 
chip, between data centers, metro area network, and optical communication for 
distances from less than a centimeter to over 10 kilometers or more. The 
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applications in consumer space also includes: game box, personal computers, 

tablets, mobile devices such as smart phones, animations studios, and anywhere 

that benefits from a bandwidth of more than one gigabit per second. Other 

applications of the mlcrostructured PDs and APDs, according to some 

5 embodiments, are in sensors where broadband communication is important, such 

as sensors for infrastructures, health, environment, oil exploration, where the 

sensors communicate with a remote receiver that is connected to data centers for 

data analysis. 

[00245) Other applications of the microstructured PD and APO, according to 

10 some embodiments, are in analytical instruments and optical tests and 

measurement instruments where high sensitivity and bandwidth are important. 

[00246] According to some embodiments, the microstructured PV have 

applications in energy harvesting for power generation all the way from gigawatts 

to watts, to power cities and homes to powering sensors. Since the microstructured 

15 PV is lightweight and high efficiency it can be used in mobile applications, space, 

solar transportation, recycling of photons in home, offices and factories. The PV 

can also be used on windows and can be semi-transparent 

[00247] The described microstructures in Si, Ge, Si regrowth with Ge, Ge on Si, 

pillars, holes, and voids can be any shape and form, and are not limited to the 

20 schematics shown. According to some embodiments, the dimensions range from 

10-10000 nm (nanometers). The microstructures can be within each other such as 

plllar(s) in hole(s), hole(s) in pillar(s) and void{s) can be in the pillar, and buried and 

or embedded in any layer of the semiconductor heterogeneous or homogeneous. 

The material used includes semiconductors such as Si, Ge, GeSi, Ge on Si, and 

25 the 111-V group material family of lnP, GaN, lnGaAsP, GaAs, and other 

semiconductors such as ZnO, CdTe, CulnGaSe {CIGS), amorphous Si, or any 

amorphous semiconductor and or microcrysta!line and crystalline semiconductor. 

The material can be a combination of amorphous, microcrystalline, crystalline 

heterogeneous and or homogeneous. The material used is also not limited to 

30 semiconductors, but also include polymers, electrically conducting, 

semiconducting, non conducting polymers, organic and or inorganic polymers, 

glass, conducting, semiconducting, non conducting glass. Nanoparticles of 

semiconductors and or metal can also be buried in the polymer and glass. 
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Semiconductors, polymer and glass can exist within the same microstructure, 

separately or in any combination. 

[00248) According to some embodiments, in silicon photonic circuit applications, 

optical waveguides such as shown in FIG. 50, supra, can be integrated with optical 

5 sources and optical detectors such as photodiodes, avalanche photodiodes and 

photoconductors. FIG. 52 is a cross section of a ridge waveguide integrated with a 

microstructured PD/APD, according to some embodiments. Device 5200 includes a 

ridge waveguide that is edge coupled to a microstructered Ge on Si photodiode or 

avalanche photodiode (with multiplication layers added). In the ridge wave guide 

10 portion, as shown in FIG. 50, a ridge 5202 has lower density voids 5212 and slab 

5204 had higher density voids 5214. Ion implantation is used to increase the N 

doping (region 5224) for the PD and a coplanar transmission line is fabricated on 

the photodiode to extract the electrical signal as shown in FIG. 53, infra. Anode 

contact 5226 is made of P-Ge, according to some embodiments. The cathode 

15 contact is made to layer 5224 ( cathode contact not shown for simplicity and clarity 

of drawing.) 

[00249] FIG. 53 is a top view the integrated ridge waveguide and 

microstructured PD/APD shown in FIG. 52, according to some embodiments. The 

device 5200 is in a coplanar transmission line configuration. Ridge portion 5202 is 

20 0.5 to 10 µm wide and 0.1 to 10 µm deep, according to some embodiments. Slab 

portion 5204 has higher density voids, as shown in FIG. 52, to vary the refractive 

index as a platform for silicon photonic circuits. Coplaner cathodes 5228 and 5230 

are in contact with the N-Si ion implanted region 5224 shown in FIG. 52. According 

to some embodiments, the optical field can also be coupled evanescently by 

25 placing the PD/APO above the optical waveguide such that the optical field 

overlaps the absorbing I microstructures. 

[00250) FIGs. 54A and 54B show a microwave transmission line on Si with 

voids, according to some embodiments. High bit rate transmission lines on silicon 

suffers from a multitude of effects, from slow wave to dispersion to loss. However 

30 by removing most of the silicon material with the addition of high-density voids 

according to some embodiments, the dispersion and loss can be alleviated and 

signal integrity restored. An advantage is that silicon can be the substrate for both 

microwave transmission line and for ICs without the use of intermediate ceramic 
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such as alumina for transmission line to connect various IC chips. FIG. 54A is a 

cross section showing high density voids 5314 buried in silicon 5304 which reduce 

the effective dielectric constant of the silicon, and disrupt lateral electrical 

conductivity which in turn can result in lower microwave loss and dispersion which 

5 are important as bit rate increases into the multi Gb/s range (e.g. 40-60 Gb/s). 

Coplanar microwave metallic transmission lines 5310 are provided as means to 

move the electrical signal to/from electronic devices (e.g. processors, storage 

devices, input-output devices, ASICs, CPUs, and memories) on the same 

substrate. FIG. 54B is a top view. Conventional techniques use multi chip carriers 

10 that need additional packaging. According to some embodiments, having many 

devices all on the same silicon substrate greatly reduces the cost since it can be all 

fabricated at once and requires no additional packaging for each chip. According to 

some embodiments, the voids 5314 are arranged in a fashion where the path 

length in silicon laterally is significantly increased in order to increase lateral 

15 resistivity. According to some embodiments, Ion implantation of protons and or 

oxygen can be used to further increase electrical resistivity. Although FIGs. 54A 

and 54B show a co-planar arrangement, according to some embodiments other 

microwave transmission line arrangements (e.g. microstrip, slotline, and stripline) 

are used with a semiconductor substrate having high-density buried voids. 

20 According to some embodiments, the positioning and/or other properties (e.g. size, 

shape, and filling material) of the high-density voids can be selected such that the 

slow wave effect can be manipulated or "tuned" in a way that is suitable for the 

application at hand. 

[00251) FIG. 55 is a cross section of voids for thermal conduction and thermal 

25 isolation of heat producing ICs and light emitters, according to some embodiments. 

The buried voids in silicon 5404 can be filled with thermal conductors such as 

helium gas. metal such as copper, aluminum, tungsten, or ceramic such as boron 

nitride, or carbon, graphene, diamond like carbon, or heterogeneous 

material/ceramic doped with metal nanoparticles, carbon nanotubes. The voids 

30 5414 underneath the heat producing elements such as ICs and CPUs 5422, and 

light emitters 5420 such as laser diodes and bipolar drivers, can be filled with 

enhanced thermal conductors to extract the heat from the hot components and 

direct it to a heat sink 5402. Voids 5412 between hot elements are kept at a low 
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thermal conducting state that are either in partial vacuum or filled with a gas such 

as nitrogen, argon, carbon dioxide, for example to prevent thermal cross talk 

between the hot components or to any other components where heat is not 

desirable. According to some embodiments, the voids are arranged in a fashion 

5 such that the path length in silicon is vastly increased to maintain low thermal 

crosstalk. According to some embodiments, the techniques of FIG. 55 are used to 

keep PVs cool when exposed to the sun. According to some embodiments, 

thermoelectric devices can be integrated together with the voids to generate 

electricity from the excess heat. 

10 (00252] FIG. 56 is a cross section showing a distribution of voids to increase 

lateral path length for increasing lateral electrical resistivity and decrease lateral 

thermal conduction, according to some embodiments. The buried voids 5602 

configured for microwave transmission lines and/or for thermal management can 

be arranged in a randomly, pseudo randomly, or in a pattern in areas where lateral 

15 electrical and thermal conductance is significantly reduced and vertical electrical 

and thermal conductance is significantly enhanced. There may be areas where 

lateral electrical and thermal conductance enhancement is desired, in which case 

the voids can overlap to form a conducting channel. 

[00253] This patent application refers to certain theories in explaining the nature 

20 and operation of devices, but it should be clear that such theories are based on 

current understanding and do not affect the actual operation of the disclosed 

devices even if future developments prove the theories incorrect. This patent 

specification also refers to numerical ranges of paramaters, and it should be 

understood that insubstantial departures from such ranges are still within the spirit 

25 of the disclosed advancements. 

[00254] Although the foregoing has been described in some detail for purposes 

of clarity, it will be apparent that certain changes and modifications may be made 

without departing from the principles thereof. It should be noted that there are 

many alternative ways of implementing both the processes and apparatuses 

30 described herein. Accordingly, the present embodiments are to be considered as 

illustrative and not restrictive, and the body of work described herein is not to be 

limited to the details given herein, which may be modified within the scope and 

equivalents of the appended claims. 
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CLAIMS 
What it claimed is: 

1. A photodetector with microstructure-enhanced photoabsorption comprising: 

5 a cathode region; 

an anode region; 

reverse biasing circuitry configured to apply a voltage between said cathode 

and anode regions such that said cathode region is driven to a more 

positive voltage than said anode region; and 

10 a microstructure-enhanced photon absorbing semiconductor region 

15 

20 

25 

30 

2. 

3. 

operatively associated with the cathode and anode regions and 

configured to absorb photons from a source signal, said absorbing 

region including a plurality of microstructures configured to increase 

absorption of photons at a range of wavelengths that includes a 

wavelength of said source signal relative to an absorbing region that 

is not intentionally microstructure-enhanced. 

A photodetector according to claim 1 wherein said microstructures are 

configured to increase absorption of photons at the range of wavelengths by 

being dimensioned and positioned to faciiitate said increase of absorption. 

A photodetector according to claim 2 wherein said microstructures have at 

least one dimension that is equal to or shorter than a longest wavelength in 

the range of wavelengths. 

4. A photodetector according to claim 1 wherein said microstructures have one 

or more shapes selected from a group consisting of pillars, holes and voids. 

5. A photodetector according to claim 1 wherein said microstructures are 

arranged into a periodically-spaced array. 

6. A photodetector according to claim 1 wherein said microstructures are 

arranged into a non-periodically-spaced, randomly-spaced or 

multiperiodically-spaced array. 
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7. A photodetector according to claim 1 further including a substrate material 

and wherein said microstructures have a major longitudinal axis normal to 

an upper surface of the substrate material. 

8. A photodetector according to claim 1 wherein said microstructures have 

major longitudinal axes that are not parallel to one another. 

9. A photodetector according to claim 1 wherein said microstructures are 

oriented to reduce cross-talk in an application selected from a group 

consisting of: free space applications and coupling to multiple sources in an 

array, compared to an otherwise same photodetector. 

10. A photodetector according to claim 1 wherein said microstructures are 

15 oriented to reduce sensitivity to any single direction of said source signal 

compared to an otherwise same photodetector. 

11. A photodetector according to claim 1 wherein the microstructures increase 

absorption compared to an otherwise same photodetector at least in part by 

20 forming an absorbing mode high contrast grating. 

12. A photodetector according to claim 11 wherein the microstructures increase 

absorption compared to an otherwise same photodetector at least in part 

due to one or more of the following effects: resonance effects, scattering 

25 effects, near field effects, sub-wavelength effects, and interference effects. 

13. A photodetector according to claim 11 wherein said high contrast grating is 

in 2-dimensions or 3-dimensions. 

30 14. A photodetector according to claim 11 wherein said high contrast grating is 

of one or more types selected from a group consisting of: periodic, aperodic, 

chirped, random, pseudo random. 
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15. A photodetector according to claim 11 wherein contrast for said high 

contrast grating is increased using a plurality of voids in one or more 

materials compared to an otherwise same photodetector. 

5 16. A photodetector according to claim 1 wherein said microstructure-enhanced 

photon absorbing semiconductor region and said microstructures are formed 

of silicon. 

17. A photodetector according to claim 16 wherein said photodetector is a 

1 O silicon photodiode. 

18. A photodetector according to claim 17 wherein said photodetector is 

configured to detect said source signal at a data bandwidth of greater than 5 

gigabits per second, at source signal wavelengths of 850 nanometers with a 

15 quantum efficiency of at least 60%. 

19. A photodetector according to claim 18 wherein said photodetector is 

configured to detect said source signal at a data bandwidth of greater than 

10 gigabits per second, at source signal wavelengths of 850 nanometers 

20 with a quantum efficiency of at least 60%. 

20. A photodetector according to claim 17 wherein said photodetector is 

configured for quantum efficiency of greater than 60%. 

25 21. A photodetector according to claim 16 wherein said photodetector is an 

avalanche photodiode. 

22. A photodetector according to claim 21 wherein said avalanche photodiode is 

configured to detect said source signal at a data bandwidth of greater than 5 

30 gigabits per second, at source signal wavelengths of 850 nanometers, and 

having a gain of greater than 2. 
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23. A photodetector according to claim 21 further comprising a multiplication 

region that includes a second plurality of microstructures. 

24. A photodetector according to claim 23 wherein said second plurality of 

5 microstructures extends into one or more multiplication layers selected from 

a group consisting of: P multiplication layer, N multiplication layer and 

charge layer. 

25. A photodetector according to claim 16 wherein said photodetector is 

10 configured to detect said source signal at a data bandwidth of greater than 1 

gigabit per second, at source signal wavelengths of 980 nanometers with a 

quantum efficiency of at least 40%. 

26. A photodetector according to claim 16 wherein said photodetector is 

15 configured to detect said source signal at a data bandwidth of greater than 

0.5 gigabits per second, at source signal wavelengths of 1000 nanometers 

with a quantum efficiency of at least 30%. 

20 

27. A photodetector according to daim 1 wherein said plurality of 

microstructures effectively reduces capacitance of the photodetector when 

compared to a microstructure-free device having a similar photon absorbing 

length. 

28. A photodetector according to claim 1 wherein said microstructure-enhanced 

25 photon absorbing semiconductor region and said microstructures are formed 

of silicon and germanium. 

29. A photodetector according to claim 28 wherein said microstructures are 

formed by etching away portions of silicon and using a selective area growth 

30 process to grow germanium in the etched away portions. 
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30. A photodetector according to claim 1 wherein said microstructure-enhanced 

photon absorbing semiconductor region and said microstructures are formed 

of germanium. 

5 31. A photodetector according to claim 30 further including a substrate and 

wherein said cathode, absorbing and anode regions are formed above the 

substrate and said photodetector is configured to receive said source signal 

from a substrate-side of the photodetector. 

10 32. A photodetector according to claim 31 wherein said anode region comprises 

a germanium P layer formed by an epitaxial lateral overgrowth process. 

33. A photodetector according to claim 31 wherein the photodetector is 

configured for a portion of the source signal to pass through the absorbing 

15 region a first time, reflect from a surface and thereafter pass through the 

absorbing region a second time. 

34. A photodetector according to claim 30 further including a substrate and 

wherein said cathode, absorbing and anode regions are formed above the 

20 substrate and said photodetector is configured to receive said source signal 

from directions facing a side of the photodetector opposite of said substrate. 

25 

30 

35. A photodetector according to claim 34 wherein said anode region comprises 

a silicon Player. 

36. A photodetector according to claim 30 wherein said photodector is an 

avalanche photodiode and further comprises a multiplication region formed 

of silicon. 

37. A photodetector according to claim 36 wherein said anode region comprises 

a germanium P layer formed by an epitaxial lateral overgrowth process. 
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38. A photodetector according to claim 36 wherein said avalanche photodiode is 

configured to detect said source signal at a data bandwidth of greater than 1 
gigabit per second, at source signal wavelengths of 1750 nanometers or 

shorter, and having a gain of greater than 2. 

39. A photodetector according to claim 36 wherein at least one germanium layer 

is grown epitaxiallly on a silicon layer. 

10 40. A photodetector according to claim 1 wherein said microstructure-enhanced 

photon absorbing semiconductor region and said microstructures are at 

least partially formed of a 111-V family material. 

41. A photodetector according to claim 40 wherein said 111-V family material is 

15 selected from a group consisting of: lnP, GaAs, lnGaAs, GaN, lnGaN, 

lnGaAsP, AIGaAs, AIGaN, GaP, lnSb and lnAs. 

20 

42. A photodetector according to claim 40 wherein said 111-V family material is 

formed using a selective area growth process. 

43. A photodetector according to claim 40 wherein said photodector is an 

avalanche pholodiode and further comprises a multiplication region formed 

of silicon. 

25 44. A photodetector according to claim 1 wherein said plurality of 

microstructures include voids buried within the absorbing semiconductor 

region. 

45. A photodetector according to claim 44 wherein the absorbing semiconductor 

30 region is made of a material selected from a group consisting of silicon and 

germanium. 

46. A photodetector according to claim 1 further comprising a plurality of voids 

buried in a layer of material effectively lowering a refractive index at said 
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range of wavelengths and lowering capacitance of said layer of material 

compared to the material when free of intentional voids. 

47. A photodetector according to claim 46 wherein said layer of material is an N 

5 layer formed on a substrate material. 

10 

48. A photodetector according to claim 46 wherein said photodetector is an 

avalanche photodiode and said layer of material forms a multiplication layer 

of the avalanche photo diode. 

49. A photodetector according to claim 46 wherein said plurality of voids are 

filed with a material selected from a group consisting: nitrogen, argon, 

polymer, amorphous semiconductor material, and glass. 

15 50. A photovoltaic device comprising a semiconductor material having a plurality 

of voids buried therein, the semiconductor material configured to convert 

solar radiation into direct current electricity. 

20 

A device according to claim 50 wherein said plurality of voids are 

microstructured voids configured to enhance absorption of said 

semiconductor material to thereby increase conversion efficiency of the 

device compared with the material when free of intentional microstructured 

voids. 

25 52. A device according to claim 50 wherein said plurality of voids are sized 

and/or spaced apart by less than 3 microns, and are configured to alter an 

effective refractive index of the semiconductor material near a surface of the 

semiconductor material to reduce reflection of incident sunlight from the 

device compared with an otherwise same device. 

30 

53. A device according to claim 50 wherein said plurality of microstructured 

voids are sized and/or spaced apart by less than 3 microns, and are 

configured to alter an effective refractive index of the semiconductor material 
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near a surface of the semiconductor material to increase internal reflection 

within the semiconductor material compared to an otherwise same device. 

54. A glass material comprising a glass having a plurality of buried voids 

5 dimensioned between 0.01 microns to 1000 microns. 

55. A glass material according to claim 54 wherein the material forms a part of a 

photovoltaic device. 

10 56. A glass material according to claim 54 wherein said buried voids are filled 

with a material selected from a group consisting of: gel, polymer and gas. 

15 

20 

57. A device according to claim 54 wherein said plurality of buried voids are 

configured to provide flexibility of the glass material. 

58. A device according to claim 54 wherein said plurality of buried voids are 

configured to provide increased resistance of the glass material to physical 

damage and/or damage propagation compared to an otherwise same 

device. 

59. A microwave transmission line structure comprising: 

a semiconductor substrate material including a plurality of high-density 

dielectric-filled voids configured to reduce a dielectric constant of the 

semiconductor substrate material; and 

25 a plurality of metallic microwave transmission lines, at least one of which is 

positioned above said semiconductor substrate material and is 

operatively associated therewith. 

60. A structure according to claim 59 wherein said dielectric-filled voids are filled 

30 with one or more dielectric materials selected from a group consisting of: 

nitrogen, argon, vacuum, air, helium, polymer, metal oxides, silicon dioxide, 

silicon nitride, calcium fluoride, and zinc oxide. 
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61. A structure according to claim 59 wherein said voids are further configured 

to reduce dispersion and reduce loss associated with said microwave 

transmission lines at least in part by reducing current loop flow and/or eddy 

currents compared to an otherwise same structure. 

62. A structure according to claim 59 wherein said plurality of metallic 

microwave transmission lines are arranged in a manner selected from a 

group consisting of: coplanar, microstrip, slotline, and stripline. 

10 63. An optical waveguide structure comprising: 

an optical mode region; and 

a supporting semiconductor material adjacent to said optical mode region, 

wherein said supporting material includes a plurality of 

microstructured voids formed therein that are configured to alter an 

15 effective index of refraction of said supporting material. 

20 

64. An optical waveguide structure according to claim 63 wherein said effective 

index of refraction depends on a density of the plurality of microstructured 

voids. 

65. An optical waveguide structure according to claim 63 wherein said optical 

mode region is formed into a ridge supported by said supporting 

semiconductor material. 

25 66. An optical waveguide structure according to claim 63 wherein said optical 

mode region is surrounded by said supporting semiconductor material. 

67. An optical waveguide structure according to claim 63 wherein said optical 

mode region includes a second plurality of microstructured voids formed 

30 therein that are configured to alter an effective index of refraction of said 

optical mode region. 

68. A heat exchanger system comprising: 
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a heat generating device; 

a heat sink configured to dissipate heat to a surrounding medium; and 

an intermediate material mounted between said heat generating device and 

said heat sink, the intermediate material including a plurality of buried 

voids configured to alter thermal conductivity of said intermediate 

material. 

69. A heat exchanger according to claim 68 wherein a first portion of said buried 

voids are filled with thermally conductive material and a second portion of 

10 said buried voids are filled with a thermally isolating material, the first and 

second portions being positioned to conduct heat from said heat generating 

device to said heat sink and to reduce thermal cross talk with other heat 

sensitive devices mounted on said intermediate material. 

15 
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[0005] 

[0006] 

[0007] 

[0008] 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention pertains generally to optical transmission, and more 

particularly to an optical coupler for changing the direction of light 

transmission. 

2. Description of Related Art 

High-density photonic integrated circuits (PICs) are important to 

integrate various optical functionalities in one single chip for many 

applications, ranging from communications, sensing, display, to system-on-a-

chip and lab-on-a-chip applications. These devices, by and large, utilize light 

guided by waveguides in the direction parallel to the wafer surface, known as 

the in-plane direction. Devices are cascaded longitudinally (in the direction of 

light propagation) or laterally (orthogonal to light propagation) to achieve 

higher levels of functionalities. Various material platforms have been reported, 

including lnP-based material, silicon and silicon-on-insulator (SOI), various 

organic materials, and so forth. Efficient coupling of a surface-normal 

propagating light beam, such as from an output of an optical fiber or free­

space optics, or a device, (e.g. lasers such as vertical cavity surface emitting 

lasers (VCSEL)), with PICs is especially desirable. 

20 [0009] However, conventional second order gratings have limited efficiency, 

often significantly below 25% in each in-plane direction. Some approaches 

propose adding reflection DBRs or by using slanted gratings. However, those 

approaches can make fabrication complicated, and perhaps too complicated 

for practical manufacture. 

25 [0010] Accordingly, a need exists for an optical coupling means which can 

couple and redirect light at high efficiencies. The present invention fulfills that 

need and overcomes shortcomings of prior coupling technologies. 

BRIEF SUMMARY OF THE INVENTION 

30 [0011] A vertical optical coupler with high coupling efficiency using a sub-

wavelength high contrast grating (HCG), and a number of novel device 
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designs into which the vertical optical coupler is integrated, are desc 

HCG is a single-layer sub-wavelength grating in which the grating high-index 

bars are completely surrounded by a low-index material. It has been 

demonstrated that high-Q resonances and high reflectivity can be beneficially 

achieved under proper design of grating dimensions. For regular grating 

couplers, when the period A is equal to wavelength, the surface normal 

incident light couples into the in-plane waveguide. By utilizing the resonance 

nature of HCG, the coupling efficiency from vertical incidence to in-plane 

waveguide can be increased to a total of at least 92% in both in-plane 

propagation directions (combined). The inventive coupler can be used in the 

reverse direction, with input received from an in-plane waveguide and directed 

to the vertical direction as well. Efficiencies of greater than 90% are achieved 

for both single-side incidence and double-side incidence. Various inventive 

devices incorporating the vertical optical coupler are presented. 

15 [0012] Further aspects of the invention will be brought out in the following 

20 

portions of the specification, wherein the detailed description is for the purpose 

offully disclosing preferred embodiments of the invention without placing 

limitations thereon. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS 

OF THE DRAWING(S) 

[0013] The invention will be more fully understood by reference to the following 

drawings which are for illustrative purposes only: 

[0014] FIG. 1 is a schematic of a "vertical to in-plane" coupler according to an 

25 embodiment of the present invention. 

[0015] FIG. 2 is a schematic of an "in-plane to vertical" coupler with 

symmetrical incidence according to an embodiment of the present invention. 

[0016] FIG. 3 is a schematic of a single-side "in-plane to vertical" coupler 

according to an embodiment of the present invention. 

30 [0017] FIG. 4A and FIG. 4B are graphs of operating modes utilized according 

to an embodiment of the present invention, showing first through third modes 

-3-



WO 2012/149441 PCT /US2012/035615 

in FIG. 4A, and an overall mode profile at the output plane z = tin Fl 

[0018] FIG. 5 is a graph of HCG surface normal reflectivity utilized according to 

an embodiment of the present invention. 

[0019] FIG. 6 is a graph of a mode dispersion relationship utilized according to 

5 an embodiment of the present invention. 

[0020] FIG. 7 A and FIG. 7B are graphs of vertical to in-plane coupling, utilized 

according to an embodiment of the present invention, showing field distribution 

in FIG. 7A, and coupling efficiency in FIG. 7B. 

[0021] FIG. 8A and FIG. 8B are graphs of coupling utilized according to an 

10 embodiment of the present invention, showing symmetrical in-plane incidence 

to vertical coupling field distribution in FIG. 8A, and coupling efficiency in FIG. 

8B. 

[0022] FIG. 9A and FIG. 9B are graphs of in-plane characteristics utilized 

according to an embodiment of the present invention, showing waveguide field 

15 distribution for the case of in-plane reflection in FIG. 9A, and in-plane 

reflectivity in FIG. 9B. 

[0023] FIG. 1 OA through FIG. 1 OC are graphs of efficiency spectrum in 

response to different HCG thickness utilized according to an embodiment of 

the present invention, showing in-plane reflection (-x direction) in FIG. 1 OA, 

20 vertical coupling (+z direction) in FIG. 1 OB, and in-plane transmission (+x 

direction) in FIG. 10C. 

[0024] FIG. 11 A and FIG. 11 Bare graphs of single side in-plane incidence to 

vertical coupling field distribution in FIG. 11A, and coupling efficiency in FIG. 

11 B utilized according to an embodiment of the present invention. 

25 [0025] FIG. 12 is a schematic of light being turned in a hollow-core waveguide 

(HW) utilizing vertical couplers according to an embodiment of the present 

invention. 

[0026] FIG. 13 is a schematic of light being turned in a hollow-core waveguide 

(HW) utilizing side-coupling according to an embodiment of the present 

30 invention. 

[0027] FIG. 14 is a schematic of connecting two HCG hollow core waveguide 
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couplers according to an embodiment of the present invention to turr 

[0028] FIG. 15 is a schematic of an HCG multiplexer according to an 

embodiment of the present invention. 

[0029] FIG. 16 is a schematic of an HCG demultiplexer according to an 

5 embodiment of the present invention. 

[0030] FIG. 17 is a schematic of vertical incidence to single side in-plane 

[0031] 

waveguide coupling according to an embodiment of the present invention. 

FIG. 18 is a schematic of parallel waveguide coupling according to an 

embodiment of the present invention. 

10 [0032] FIG. 19 is a schematic of an HCG vertical coupler and reflector for 

surface-emitting quantum cascade laser according to an embodiment of the 

present invention. 

[0033] FIG. 20 is a schematic of an HCG reflector as cavity mirror in GaN laser 

diode according to an embodiment of the present invention. 

15 [0034] FIG. 21 is a schematic of HCG light extraction for GaN light emitter 

20 

25 

30 

diode according to an embodiment of the present invention. 

[0035] FIG. 22 is a schematic of an HCG light collector for a solar cell 

[0036] 

[0037] 

according to an embodiment of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

1. High Contrast Grating Vertical Coupler Structure 

FIG. 1 through FIG. 3 illustrate different operations of the inventive 

vertical coupler which can couple light from a vertical light source into both 

directions of a horizontal waveguide (FIG. 1 ), or from both directions of the 

horizontal waveguide to the vertical direction (FIG. 2), or utilize a single side 

operation of the vertical coupler in which light is preferentially coupled to or 

from one direction of the waveguide (FIG. 3). The optical coupler thus 

angularly displaces light transmission passing either way through the coupler. 

These operations of the vertical optical coupling are described in greater detail 

in the following sections. In one embodiment, the vertical coupler comprises a 

sub-wavelength high contrast grating (HCG) configured with proper grating 
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dimensions and spacing for interoperation with a waveguide whose 

characteristics match the HCG. The period of the HCG preferably should be 

close to, or the same as, periodicity of the field profile for a specific waveguide 

mode in the propagation direction (i.e., propagation constant). 

5 [0038] In the embodiment illustrated in FIG. 1, a laser light source 12, 

10 

15 

20 

25 

30 

comprising a laser (which, for example, can be a VCSEL or edge emitting 

laser), is shown coupled to a HCG 14, having periodic spaced apart segments 

of grating material 16 of width (s) and thickness (t), with a spacing 18 of 

distance (a) between segments and period A. Although the embodiments 

address the use of a VCSEL, it should be appreciated that a laser or edge 

emitting laser can be generally substituted. The HCG is positioned with a gap 

15 beneath the VCSEL, and a gap 17 above the waveguide 20. 

[0039] The gap size is a design parameter which can influence power coupling 

efficiency and its spectral width from laser into waveguide. The gap size 

design can be optimized by finite-difference time-domain (FDTD) simulations 

or numerical analysis. A typical value is in the range from 10 nm to about 

1,500 nm, depending on the refractive indices of the material used for the gap 

and the HCG, as well as the wavelength of interest. In the range given above, 

there exists an optimum value range with which a high coupling efficiency and 

broad spectral width is achieved. As the gap increases and reduces from the 

optimum range, both coupling efficiency and spectral width are reduced. 

[0040] In this example embodiment, waveguide 20 is shown comprising an in-

plane silicon-on-insulator (SOI) waveguide having a waveguide layer 22 and 

buried oxide layer 24. The buried oxide layer should be sufficiently thick that 

the light is guided by the waveguide 22 and does not experience significant 

leakage into the silicon substrate. A plane wave with the E-field polarized in 

they-direction (hereinafter TE polarization) propagates in the z-direction 

(downward) from VCSEL 12 towards HCG 14. The three physical parameters 

that select the characteristics of the HCG are period (A), thickness ( t) and 

duty cycle ( 11 ). The period (A) of sub-wavelength high contrast grating 

should be smaller than the working wavelength while the thickness can be 
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larger. The duty cycle ( 11) is defined herein as the ratio of grating be 

period ( s/ A). In this example, an in-plane SOI waveguide is utilized and 

placed beneath the HCG, separated by a gap 17 denoted by (d). In this 

example, the silicon waveguide thickness is 0.1 µm, SiO2 layer thickness is 

1.35 µm. Based on such structure, the light incidence from +z direction is 

coupled into the waveguide in both +x and -x directions 28 symmetrically. It is 

also seen in the figure that the top surface of the HCG waveguide is 

designated as z=0, while the bottom is at z= t. 

[0041] In FIG. 2, operation of the vertical coupler is illustrated in example 

10 embodiment 30 with light symmetrically incident along the waveguide being 

output vertically. The sub-wavelength HCG 32 can have the same parameters 

as described for FIG. 1 with grating segments 32, and spacing 34, and gap 37 

over the waveguide 38, such as having a waveguide layer 40 and buried oxide 

layer 42 and a substrate layer 44. Light 46 is shown traversing the waveguide 

15 38 and coupled through the vertical optical coupler 32, with its interaction with 

the waveguide to direct the light in direction 48. 

20 

25 

30 

[0042] In FIG. 3, operation of the vertical coupler is illustrated in example 

embodiment 50 with light transmission through waveguide 64 being blocked 

from vertical coupler 52 for vertical output 74, by an in-plane reflector 58. The 

vertical coupler 52 can be configured with the same parameters as described 

for FIG. 1 with regard to spaced art segments of grating material 54, spacing 

56, and gap 57 over the waveguide 64. The waveguide 64 is illustrates by 

way of example and not limitation with a waveguide layer 66, buried oxide 

layer 68 and a substrate layer 70. In the figure, arrow 72a depicts light input 

to the waveguide, with arrow 72b depicting transmission light that cannot be 

coupled vertically in a single pass. Arrow 72c represents the reflected light of 

72b through in-plane reflector 58. The large vertical arrow 74 represents the 

total vertically out-coupling light. The reflector 58 also comprises segments of 

grating material 60, spaces 62, and is positioned with a gap 63 separating it 

from waveguide 64. HCG parameters for reflector 58 differ from that of the 

vertical optical coupler to provide efficient and broadband reflection. 
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[0043] The coupler design procedure is as follows. The first step is t 

determine the HCG period A. The goal is to couple a down-propagating 

plane wave, with the E-field polarized in y-direction into the fundamental TE 

mode of the Si waveguide (E-field in the same direction). It will be appreciated 

that an HCG can be considered as a (short) slab waveguide array supporting 

modes propagating in the z-direction 

[0044] FIG. 4A and FIG. 4B depict mode characteristics of a high contrast 

[0045] 

grating utilized in the vertical optical coupler. In FIG. 4A, in-plane lateral mode 

profiles for the first three modes of propagation are seen. Due to the large 

index contrast, there exists a wide wavelength range where the HCG supports 

exactly two propagating modes, while the third and higher modes are 

evanescent in z and are bound to input and output surfaces of HCG (surface 

modes). These first two modes propagate in the z-direction with different 

propagation constants, {3 1 and f3 2 . At the input and output planes, z = 0 and 

z = t, respectively, the two modes are reflected not only back to themselves, 

but also couple into each other's reflections, resulting in a mixing of the two 

modes. The propagation wave-numbers adjusted for the mode cross-coupling 

are denoted herein as 13'1 and 13'2 . Most importantly, due to the sub­

wavelength period, the two modes do not couple into any diffraction order 

other than the fundamental one, which is a surface normal propagating plane 

wave. 

In FIG. 4B, the net field profile at the existing planes is seen having a 

periodic spatial variation equal to the HCG period. The high coupling can be 

anticipated when this periodicity is matched to the propagation constant of the 

Si/SiO2 waveguide mode, denoted as f3x since it propagates in x-direction. 

The first step for the vertical coupler is therefore calculating the effective index 

lleff of Si/SiO2 waveguide, where lleff is f3xAo/2rc and '"o is the free space 

wavelength. This leads to the determination of the period of HCG, 

A = 2rc/f3 x = A o/lleff • 
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[0046] Next, HCG thickness is determined by finding the condition wl 

and f3
1

2 t are a multiple of 2rr , which is the condition in which the two modes 

are in resonance, whereby the field inside the grating under this condition is 

accordingly enhanced. 

5 [0047] FIG. 5 depicts HCG surface normal reflectivity, indicating that for a 

given Ao and A, there are multiple sets of t and Tl pairs that satisfy this 

condition. 

[0048] FIG. 6 depicts the dispersion relationship of one such resonance mode, 

in which the four sets of dotted lines represent HCG resonance modes, while 

10 the solid lines represent coupled waveguide modes. The flat solid line and 

lower dotted line depict the mode without coupling. The other lines illustrate 

the use of an air gap (d) of 0.25 µm, 0.30 µm and 0.35 µm, respectively. 

Toward the middle of the graph the dotted line curves are seen in order of air 

gap spacing, with 0.35 µm seen as the lowest dotted line, and 0.25 µm as 

15 

20 

the uppermost dotted line. On the other hand, the Si waveguide mode 

propagating in the x direction can be represented by a straight horizontal line 

in the dispersion curve. By changing the gap between HCG and Si 

waveguide, d, the HCG resonance mode couples with the waveguide mode, 

causing the crossed dispersion lines to repel against each other. The stronger 

the coupling is, the wider the bandgap of the forbidden zone. At the center of 

the forbidden zone, there is no longer allowed real values for kz, indicating 

the wave is forbidden to propagate in the vertical direction and all energy is 

transferred to in-plane propagation. 

[0049] 2. Coupler Performance 

25 [0050] 2.1 Vertical to In-Plane Coupler 

[0051] At the wavelength of 1.55 µm for this example embodiment, the 

waveguide effective index is 2.13. The HCG perturbs the effective index of the 

waveguide underneath to 2.14. Based on the design principle described 

above, the following parameters were chosen: period A = 0.724 µm, HCG 
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thickness t = 0.96 µm, duty cycle Tl = 0.61 and air gap thickness d 

µm. 

[0052] FIG. 7A and FIG. 7B depict results of a finite difference time domain 

(FDTD) simulation performed to test the design. In FIG. 7A, the intensity 

5 distribution shows the coupling effect, in which it can be clearly seen that the 

field inside the waveguide under the HCG is enhanced and the surface normal 

incident light is coupled into the waveguide. In FIG. 7B, coupling efficiency is 

seen for each propagation direction as a function of wavelength. The highest 

coupling efficiency for this example is 46% and the coupling wavelength is 

10 

15 

1.552 µm. Therefore, in the combination of both +x and -x directions, 92% of 

incident energy was coupled into the waveguide. The remaining 8% was 

leakage due to the limited HCG width. The 1 dB and 3dB coupling bandwidths 

were found to be 30 nm and 50 nm, respectfully, which is substantially wide 

and readily makes this device useful for WDM application. The bandwidth is 

determined by the band gap of the forbidden zone, which can be tuned by the 

spacing between the HCG and the waveguide, as was shown previously in 

regard to FIG. 6. Therefore, wider or narrower bandwidth can be achieved by 

tuning the air gap and the corresponding HCG dimension. 

[0053] 2.2 Coupler from Symmetrical In-Plane Incidence to Vertical 

20 Output 

25 

30 

[0054] Based on reciprocity, it can be expected that the symmetrical light 

incidence from two sides of the waveguide can be coupled into the vertical 

direction with high efficiency as well, as shown in the schematic of FIG. 2. 

[0055] FIG. 8A through FIG. 80 depict FDTD simulation results for coupling 

light from two sides of the waveguide into the vertical direction. The 

dimensions in this configuration are the same as the vertical to in-plane 

coupler. In this simulation, two mode matched light sources are positioned at 

the waveguide symmetrically to HCG. In FIG. 8A the field distribution is 

plotted in a log scale, while FIG. 8B shows the coupling efficiency with plots for 

-z leakage (bottom line) +x, -x leakage (trough-shaped curve), upward 

coupling (peaked curve), and the combination (summation). At the 
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wavelength of 1.551 µm, the highest coupling efficiency is found to 

The 1 dB and 3 dB bandwidths are 38 nm and 70 nm, respectively. 

[0056] 2.3 Coupler from Single Side In-Plane Incidence to Vertical Output 

[0057] For the single side in-plane incidence case, previously described in 

FIG. 3, to prevent optical transmission passing through the waveguide, an in­

plane reflector is integrated into the device. By changing the HCG thickness t 

with the other dimensions fixed as in the previous designs, a broad band high 

efficiency in-plane reflector can be designed. 

[0058] FIG. 9A and FIG. 9B depict simulated waveguide field distribution and 

in-plane reflectivity, respectively. The field distribution of in-plane reflectivity in 

FIG. 9A is shown in a log scale, for a device with HCG thickness t at 0.495 

µm, a period A of 0.724 µm, and duty cycle 11 at 0.61. FIG. 9B depicts the 

reflectivity spectrum, with the highest reflectivity in this test being 97% with a 

bandwidth of 30 nm. It will be noted that by varying the HCG thickness in the 

15 simulation, the HCG expresses different behaviors. 

[0059] FIG. 1 OA through FIG. 1 OC, respectively, depict that the light can be 

reflected backward in the -x direction shown in FIG. 10A, coupled upwardly in 

the +z direction shown in FIG. 1 OB, or transmitted through in the +x direction 

shown in FIG. 10C across a range of different HCG thicknesses, with these 

20 transformations observed with respect to grating period. 

25 

[0060] In the above example, the HCG coupler and in-plane reflector grating 

were selected with the same thickness, but having different periods and duty 

cycles. By increasing the duty cycle, the anti-crossing behavior seen in FIG. 5 

can be shifted to smaller HCG thicknesses. In FIG. 5, sharp reflectivity 

changes indicate the resonance conditions of specific modes. At the center, 

two modes which are supposed to intersect with each other repel at the 

crossing point, and is referred to as the anti-crossing behavior. The coupler 

HCG of the example embodiment has a thickness of 0.495 µm, period 0.715 

µ1n, and a duty cycle of 0.69. 

30 [0061] FIG. 11A and FIG. 11 B depict, respectively, coupling field distribution 

and the coupling efficiency spectrum for this configuration. The highest 
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[0062] 

[0063] 

coupling efficiency observed in this example embodiment was 91.7°/. 

wavelength of 1.554 µm, with the 1 dB bandwidth at 70 nm. 

3. Applications 

3.1. Integration of Vertical Coupler with Hollow Core Waveguides 

5 [0064] Notwithstanding the numerous beneficial configurations described in 

10 

15 

20 

25 

30 

the preceding sections, the inventive vertical optical coupler also provides 

wide applicability in the context of hollow-core waveguides (HWs). It will be 

appreciated that a wide range of applications exist for these hollow-core 

waveguides (HWs), including applications in gas sensing and gas-based 

nonlinear optics. With the elimination of core material, the problems with 

nonlinearity, dispersion effects and scattering losses in traditional SiO2, Si or 

11I-V waveguides can be drastically reduced. Utilizing chip-scale HWs opens 

up a new range of on-chip applications, such as optical buffers, optical signal 

processors, and RF filtering. Although integrated HWs can achieve a low 

propagation loss for the straight session, there is usually a relatively large light 

leakage when the waveguide bends. At the bending region, the sidewall 

reflection reduces, and thus large radiation losses can arise, in particular with 

integrated HWs. The small footprint of integrated optics requires unavoidably 

tight packing of the waveguides and sharp turns. This would introduce high 

loss as the bending loss increases exponentially with the decrease of the 

radius of curvature. These losses have imposed significant limitations on the 

application of integrated HWs. Use of the inventive vertical coupler can solve 

this problem by bridging two adjacent HWs without the need of a sharp bend. 

[0065] FIG. 12 through FIG. 14 illustrate example embodiments utilizing 

vertical couplers with waveguides. The hollow core waveguides can be of any 

desired types, such as metal HWs, distributed Bragg reflection type HWs, anti­

resonant HWs, HCG HWs, or other form of HW. These examples illustrate 

coupling so that the light is turned a full 180 degrees, although the teachings 

are applicable to turning light through other angular displacements. Because 

the coupler can be designed to have coupling with any angle, the stripe 
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waveguide 98 and HCG HWs 92 and 94 can be configured to any re 

angle and work with the corresponding couplers. 

[0066] In the embodiment 90 of FIG. 12, two HWs are seen 92, 94 having 

exterior 102 surrounding an interior hollow light guide region 104. At the end 

of each of these HWs are vertical couplers 96a, 96b, in a butt-coupling 

arrangement, that are in turn interconnected with each other by a strip 

waveguide 98. An HCG 1 00a, 1 00b are seen in each vertical coupler upon 

which light has normal incidence from HWs 92, 94 to the vertical coupler. 

Through the vertical coupler, light can be transformed from the HWs to the 

stripe waveguide. The propagation direction of the light thus changes 90 

degrees at each vertical coupler. The first vertical coupler 96a directs light 

from a first waveguide 92 into a stripe waveguide 98, while a second vertical 

coupler 96b transforms the light back onto the adjacent HW 94. In this case, a 

virtually sharp turn is made without any sharp bends. With the high efficiency 

15 of the vertical coupler, the loss for the whole transformation can be small, on 

the order of 10% or less. 

20 

25 

[0067] FIG 13 illustrates an alternative HW light bending technique to the 

above, utilizing the vertical coupler configured in a side-coupling embodiment 

110. A first waveguide 112 and second waveguide 114 are shown having an 

exterior 102 with hollow waveguide interior 104. The grating 118a, 118b of the 

vertical couplers 116a, 116b are placed on top of the waveguides 112, 114 

with a stripe waveguide 120 connecting the vertical couplers. This and other 

embodiments of the invention may also be equally realized by replacing the 

stripe waveguide with other forms of waveguides, such as HCG waveguide, or 

hollow waveguides. With a proper design, light can be coupled upwards to the 

stripe waveguide, and then downwards to the adjacent HW. It should be 

appreciated that this configuration may be particularly well-suited to simplified 

fabrication processing. 

[0068] FIG. 14 illustrates an embodiment 130 in which the vertical coupler is 

30 utilized with HCG HWs 132, 134, to which it may be even more beneficially 

coupled. It will be appreciated that HCG HWs represent another class of 
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hollow-core waveguide, with the HCG configured as high reflection n 

and light is thus confined between opposing layers 136, 137 of HCGs. This 

form of waveguide has an extremely low propagation loss, and lateral 

confinement can be achieved by choosing different periods and duty cycles for 

the core and cladding region. A first vertical coupler 138a with its HCG 140a 

is shown integrated with first HCG HW 132, with light coupled through a stripe 

waveguide 142 to a second vertical coupler 138b, with its HCG 140b, coupled 

to a second HCG waveguide 134. It will be appreciated that the HCGs at the 

end of the waveguide can be designed as a vertical coupler to transform the 

light upwards to the stripe waveguide, or downwards from the stripe 

waveguide. The transition between the waveguide and the coupler can be 

designed to be smooth, and this ensures a minimum loss. It would appear 

that this arrangement can provide a most beneficial combination to replace 

traditional lossy light bending arrangements. 

15 [0069] 3.2. WDM Multiplexer and Demultiplexer 

20 

25 

30 

[0070] FIG. 15 and FIG. 16 illustrate utilizing the inventive HCG vertical 

coupler for multiplexing and demultiplexing in a WDM system. In the 

multiplexer embodiment 150 of FIG. 15, outputs from a plurality of VCSELs 

152a, 152b and 152c with different wavelengths (11., 1 , A2 , A3 ) are coupled 

through the inventive vertical optical coupling into a waveguide 162. It will be 

appreciated that the multiplexor and the demultiplexer of these figures are 

shown having three inputs/ outputs, for the sake of simplicity of illustration, 

however, the technique can be utilized with any desired number of inputs/ 

outputs, respectively. It should also be appreciated that each vertical coupler 

is configured for its particular working wavelength, and that by optimizing HCG 

parameters, the crosstalk arising between different wavelengths can be 

essentially eliminated. 

[0071] It will be seen from the figure that inputs 152a, 152b, 152c are directed 

through gap 154a, 154b, 154c to an HCG 156a, 156b, 156c, containing 

segments 158a, 158b, and 158c along with spaces 159a, 159b, 159c. Vertical 

coupling between HCG 156a, 156b, 156c is through gap 160a, 16Gb, 160c 
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with a waveguide 162 having a waveguide layer 164, a buried oxide 

and a substrate layer 168. It should be appreciated that waveguide 162, and 

other waveguides within the optical coupler, may comprise any desired forms 

of waveguides. It can be seen from the figure that the light received at A1 is 

dispersed in both directions 170a of the waveguide 162, while similarly light 

received at A2 is dispersed in both directions 170b, and light received at ,_, 3 

is also dispersed in both directions 170c. 

[0072] FIG. 16 illustrates a demultiplexer embodiment 190 configured for 

demultiplexing a plurality of wavelengths from a common waveguide. It will be 

10 noted that because of the reciprocity principle, the demultiplexer can have the 

15 

20 

25 

30 

same dimensions as the multiplexer described in FIG. 15. Based on the 

simulation results, the phase difference of the input light at each side of the 

coupler is optimally an integer multiple of 2n, which can be readily satisfied in 

response to tuning the distance between the couplers. By way of example 

and not limitation, a set of typical dimensions for multiplexing of a 1.55 µ.m 

and 1.3 µm wavelength input. For a 1.55 µm coupler, HCG thickness is 0.7 

µm, duty cycle 11 is 0.6, period A is 0.744 µm; while for a 1.3 µm coupler, 

thickness is 0.84 µm, duty cycle fl is 0.635, period A is 0.581 µm. 

[0073] In the demultiplexer embodiment 190, wavelengths 206a, 206b, and 

206c of light along waveguide 198 having a waveguide layer 200, an insulating 

layer 202 and a substrate layer 204, are vertically coupled to HCG 192a, 192b, 

192c having segments of grating material 194a, 194b, 194c and spaces 195a, 

195b, 195c, over gap 196a, 196b, 196c, whereby in response to vertical 

optical coupling operation the three wavelengths (A1 , A2 , A3 ) are output 

vertically. It will be noted that the HCG elements are configured to be 

frequency selective and thus perform demultiplexing of signals from the 

waveguide. 

[007 4] It should be appreciated that the waveguide can be coupled to any 

desired optical elements, such as optical fiber ports or other optical devices 

without limitation. In particular, in the case of a multiplexer, the various 
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wavelengths coupled into the waveguide can be passed to an optica 

wherein they are coupled for communication over an optical fiber. 

[0075] 3.3. Vertical to Single Side Coupler 

[0076] The phases of HCG modes are significantly influenced by high index 

5 material width. By chirping the grating, that is by changing the periodicity of 

the grating, the coupling from surface normal incidence can have a directional 

preference to the in-plane waveguide. 

[0077] FIG. 17 illustrates a vertical to single side coupling embodiment 210 

utilizing a chirped grating. Light can be directed from a laser light source 212, 

10 depicted as VCSEL, through gap 218 to an HCG 214, having segments of 

grating material 216 of different widths and/ or spacing 217, and coupled 

through gap 220 to a waveguide 222 having a waveguide layer 224, an 

insulating layer 226 and a substrate layer 228. It can be seen in the figure that 

the light 230 from the light source, VCSEL 212, is shown traversing the 

15 

20 

[0078] 

[0079] 

waveguide in a single direction 230 in response to the chirp of the HCG whose 

grating bar width (s) and gap width (a) are chirped in the x direction to give a 

phase preference in that direction, thus providing a selection of coupling 

direction. 

3.4. Parallel Waveguide Coupler 

FIG. 18 illustrates an embodiment 250 of utilizing an HCG coupler to 

couple the light wave between two parallel waveguides. The HCG coupler 

256 is located between two parallel waveguides 252, 264. Light from the input 

waveguide 252 along a first direction 254 is coupled through HCG 256 through 

gaps 260, 262 to waveguide 264 wherefrom light continues traveling along in a 

25 second direction 266 parallel to said first direction 254. 

30 

[0080] 3.5. Reflector and Coupler for Surface-Emitting Lasers with In-

Plane Waveguide and Active Region 

[0081] An HCG vertical coupler and reflector can also be utilized in fabricating 

in-plane lasers emitting in the surface-normal direction. This is particularly 

useful for devices where mirrors are hard to construct (e.g., such as due to 

lack of suitable material or processing techniques) and/ or surface emission is 
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desirable for two-dimensional integration and on-wafer testing. One 

is quantum cascade lasers (QCL) and a second example may be GaN or 

ZnO2 based devices. 

[0082] FIG. 19 illustrates an example surface-emitting QCL structure 

5 embodiment 270. HCG reflectors are shown 272a, 272c, having segments of 

grating material 274a, 274c, and spaces 276a, 276c, and located at two ends 

of waveguide 280 comprising a waveguide layer 282, insulating layer 284 and 

substrate layer 286, act as cavity mirrors with spacing 278a, 278c over 

waveguide 280. An HCG vertical coupler 272b having segments of grating 

10 material 274b and spaces 276b disposed over gap 278b from waveguide 280, 

is upon the active waveguide region to provide the vertical emitting 289 from 

the combination of light waves 288a, 288b. Similar to the structure in previous 

sections, the reflector and coupler can have identical thickness. In this case, a 

monolayer HCG can solve both vertical emitting and cavity reflection issues. 

15 [0083] FIG. 20 illustrates the utilization of the HCG reflector within a GaN 

20 

25 

laser, exemplified by a GaN laser embodiment 290. GaN material system 

based laser diodes are of particular interest in recent times because of their 

short wavelength outputs. However, the etching of GaN facets always poses 

a difficulty. The implementation of the HCG reflector in a GaN laser structure 

provide a beneficial alternative to fabrication of the facets. The GaN laser is 

exemplified as having an n-electrode 292 beneath substrate 294, such as of 

sapphire or GaN material. Over the substrate is an n-GaN layer 296, an n­

AIGaN layer 298, another n-GaN layer 300, an ln-GaN layer 302, a quantum 

structure layer 304, such as comprising a multiple quantum well (MQW) layer, 

of lnGaN/AIGaN within an active region, another ln-GaN layer 306, a p-AIGaN 

layer 308 and a p-GaN layer 310. It should be appreciated that the active 

region may comprise quantum wells, quantum wires, quantum dots, either 

separately or in combination, or even a bulk region. 

[0084] At the upper portion of the device there is stopper layers (Sls) 312 of 

30 AIGaN/p-GaN. Shoulders of SiO2 in layer 314 flank a vertical portion of layer 

312 of AIGaN/p-GaN, which is capped with a layer of p-GaN 316. An HCG 
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318 is integrated on the flanks of the vertical portions of layer 312 wi 

segments 320 within a p-electrode layer 322. It will be appreciated that HCGs 

318 are sitting at two edges of the laser diode acting as the reflector of the 

GaN laser cavity, while SiO2 layer 314 is the low index gap between HCG and 

the semiconductor in the cavity. The HCG reflectors 318 are incorporated 

within the laser heterostructure to confine the light mode in the active region 

between the two HCG reflectors, so that device edges do not require special 

treatments, such as etching and reflective coating. If surface-normal emission 

is desirable, a vertical output coupler can also be made on the laser, similar to 

10 that of FIG. 18. 

[0085] 3.6. LED Coupling 

[0086] FIG. 21 illustrates an example embodiment 330 of a GaN light emitting 

diode incorporating an HCG vertical coupler on the active region. The light 

extraction efficiency for GaN based light emitting diodes has been an ongoing 

15 obstacle to the advance of LED efficiency, which without special treatment is 

only around 4%. One method to improving this light extraction efficiency is to 

roughen the emitting surface. However, utilizing the present invention optical 

coupling light extraction efficiency is dramatically increased. 

[0087] The example LED embodiment 330 is shown fabricated with a metal 

20 base 332, upon which is an n-electrode layer 334, a layer of n-GaN 336, 

above which is an active region of lnGaN 338 followed by a layer of p-GaN 

340, a layer of SiO2 342, above which is an HCG layer 344 having grating 

segments 346 and spaces 347, and a p-electrode 348 disposed centrally. It is 

preferable that the central p-electrode be of a heavily doped material to inject 

25 

30 

the current. It goes through SiO2 layer 342 and connect to p-GaN layer 340. 

It should also be noted that the shape depicted in the top plane view of FIG. 

21 is not necessarily constricted, but is dependent on how the LED is 

designed. Typically, the shape of the p-electrode is as a circle or a ring. It 

will be appreciated that the above describes an improvement to conventional 

GaN diodes, whose operating principles need not be discussed in detail as 

they are well known in the art. 
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[0088] 3.7. Solar Cells 

[0089] FIG. 22 illustrates an example solar cell embodiment 350, incorporating 

an HCG vertical coupler 352 with respect to a solar cell instead of a 

waveguide. The HCG 352 comprises segments of grating material 354 and 

5 spaces 355, positioned with a gap 356 over a solar cell 358 acting as a light 

collector, and shown comprising a p-n junction layers 360, 362 on a substrate 

364. The incorporation of the HCG vertical coupler increases solar cell 

efficiency by reducing light reflection, because of the resonant nature of HCG 

in this configuration the light can be confined in the active region and therefore 

10 help to enhance efficiency 

15 

[0090] 3.9. Use of Different Materials 

[0091] The material requirement for an HCG coupler and reflector are readily 

achieved using a wide range of materials, as any material combinations can 

be utilized in which the refractive index of the grating materials have a high 

contrast with refractive index of the surrounding materials. The larger the 

contrast, the better the performance (bandwidth, coupling efficiency, and so 

forth) of the HCG coupler and reflector. Some possible materials include Si, 

Ge, GaAs, lnAs, AISb, lnP, AIGalnP, lnGaAs, AIGaAs, AIAs, CaSe, ZnSe, 

GaSb, AISb, GaN, and similar dielectric materials. 

20 [0092] From the discussion above it will be appreciated that the invention can 

25 

be embodied in various ways, including the following: 

[0093] 1. An apparatus for optical coupling, comprising: a sub-wavelength 

high contrast grating (HCG) having a plurality of separate spaced apart 

segments of material with a gap between adjacent segments; and an optical 

waveguide proximally coupled through a selected gap to said sub-wavelength 

high contrast grating (HCG); wherein light is coupled between normal 

incidence on said sub-wavelength high contrast grating (HCG) and 

transmission through said optical waveguide. 

[0094] 2. The embodiment of claim 1, wherein said spaced apart segments of 

30 material of said high contrast grating (HCG) comprise a high refractive index 

material surrounded by low index material. 
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[0095] 3. The embodiment of claim 1, wherein the index of refractior 

high index material and the index of refraction of said low index material have 

a differential that is greater than one unit. 

[0096] 4. The embodiment of claim 1, wherein said spaced apart segments of 

5 material comprising said high contrast grating have a width (s), thickness (t), a 

spacing (a) between segments, and a period A. 

[0097] 5. The embodiment of claim 1, wherein said optical waveguide 

comprises a slab waveguide, HCG, or hollow-core waveguides (HW). 

[0098] 6. The embodiment of claim 1, wherein said sub-wavelength high 

10 contrast grating (HCG) can be chirped to support asymmetrical waveguide 

transmission. 

[0099] 7. The embodiment of claim 1, further comprising an in-plane reflector 

for preventing transmission along selected directions of angular displacement 

of said light. 

15 [00100] 8. The embodiment of claim 1, wherein said optical coupler comprises 

20 

a multiplexer or demultiplexer for coupling, through an angular displacement, a 

number of wavelengths of light between a normal incident direction to said 

HCG and transmission through said waveguide. 

[00101] 9. The embodiment of claim 1, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, 

lnAs, lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, 

ZnSe, CdSSe, lnAIGaN, lnN, AIN, GaN, Zn02, and SiN. 

[00102] 10. The embodiment of claim 1, wherein said optical coupling is 

integrated within the surface of a light emitting diode to transfer light reaching 

25 the waveguide along the surface to a vertical output. 

[00103] 11. The embodiment of claim 1, wherein said optical coupling is 

integrated within the surface of a solar cell to transfer light impinging on the 

surface into the p-n junction taking the place of a waveguide along said 

surface. 

30 [00104] 12. An apparatus for optical coupling, comprising: a sub-wavelength 

high contrast grating (HCG) having a plurality of separate spaced apart 
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segments of material with a gap between adjacent segments; where 

spaced apart segments of material comprise a high refractive index material 

surrounded by low index material;wherein the index of refraction of said high 

index material and the index of refraction of said low index material have a 

differential that is greater than one unit; and an optical waveguide proximally 

coupled through a selected gap to said sub-wavelength high contrast grating 

(HCG); wherein light is coupled between normal incidence on said sub­

wavelength high contrast grating (HCG) and transmission through said optical 

waveguide 

10 [00105] 13. The embodiment of claim 12, wherein said waveguide comprises a 

slab waveguide, HCG, or hollow-core waveguides (HW). 

[00106] 14. The embodiment of claim 12, wherein said sub-wavelength high 

contrast grating (HCG) of said optical coupler can be chirped to support 

asymmetrical waveguide transmission. 

15 [00107] 15. The embodiment of claim 12, further comprising an in-plane 

20 

25 

30 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

[00108] 16. The embodiment of claim 12, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, 

lnAs, lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, 

ZnSe, CdSSe, lnAIGaN, lnN, AIN, GaN, Zn02, and SiN. 

[00109] 17. An apparatus for multiplexing or demultiplexing optical signals, 

comprising: a plurality of sub-wavelength high contrast gratings (HCGs), each 

having a plurality of separate spaced apart segments of material with a gap 

between adjacent segments; and an optical waveguide proximally coupled 

through a selected gap to said plurality of sub-wavelength high contrast 

gratings (HCGs); wherein light received by each of said sub-wavelength high 

contrast gratings (HCGs) is multiplexed onto said optical waveguide; and 

wherein light received by said optical waveguide is demultiplexed through said 

plurality of sub-wavelength high contrast gratings (HCGs) which contain sub­

wavelength high contrast gratings (HCGs) that are adapted to pass different 
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wavelengths of said light. 

[00110] 18. A surface-emitting quantum cascade laser apparatus, comprising: 

an active region having quantum wells; a reflector on either side of said active 

region; and at least two reflective sub-wavelength high contrast gratings 

(HCGs) near an output the surface-emitting laser to confine the light mode in 

an active region of the laser between two HCG reflectors. 

[00111] 19. A light emitting diode apparatus, comprising: an n-electrode region; 

a p-electrode region; an active region disposed between said n-electrode 

region and said p-electrode region; and an optical coupler disposed on an 

output of said light emitting diode and comprising a waveguide layer for 

collecting light in a horizontal plane and coupled with a sub-wavelength high­

contrast grating for redirecting collected light for output in a vertical direction. 

[00112] 20. A solar cell apparatus, comprising: a sub-wavelength high contrast 

grating (HCG) having a plurality of separate spaced apart segments of 

material; and a solar cell having layers of a p-n junction upon which light from 

said HCG is directed and converted to electrical energy. 

[00113] Although the description above contains many details, these should not 

be construed as limiting the scope of the invention but as merely providing 

illustrations of some of the presently preferred embodiments of this invention. 

Therefore, it will be appreciated that the scope of the present invention fully 

encompasses other embodiments which may become obvious to those skilled 

in the art, and that the scope of the present invention is accordingly to be 

limited by nothing other than the appended claims, in which reference to an 

element in the singular is not intended to mean "one and only one" unless 

explicitly so stated, but rather "one or more." All structural, chemical, and 

functional equivalents to the elements of the above-described preferred 

embodiment that are known to those of ordinary skill in the art are expressly 

incorporated herein by reference and are intended to be encompassed by the 

present claims. Moreover, it is not necessary for a device or method to 

address each and every problem sought to be solved by the present invention, 

for it to be encompassed by the present claims. Furthermore, no element, 
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component, or method step in the present disclosure is intended tot 

dedicated to the public regardless of whether the element, component, or 

method step is explicitly recited in the claims. No claim element herein is to be 

construed under the provisions of 35 U.S.C. 112, sixth paragraph, unless the 

element is expressly recited using the phrase "means for." 
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CLAIMS 

What is claimed is: 

1. An apparatus for optical coupling, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

spaced apart segments of material with a gap between adjacent segments; and 

an optical waveguide proximally coupled through a selected gap to said sub­

wavelength high contrast grating (HCG); 

wherein light is coupled between normal incidence on said sub-wavelength 

10 high contrast grating (HCG) and transmission through said optical waveguide. 

15 

20 

2. The apparatus recited in claim 1, wherein said spaced apart segments 

of material of said high contrast grating (HCG) comprise a high refractive index 

material surrounded by low index material. 

3. The apparatus recited in claim 1, wherein the index of refraction of said 

high index material and the index of refraction of said low index material have a 

differential that is greater than one unit. 

4. The apparatus recited in claim 1, wherein said spaced apart segments 

of material comprising said high contrast grating have a width (s), thickness (t), a 

spacing (a) between segments, and a period A. 

5. The apparatus recited in claim 1, wherein said optical waveguide 

25 comprises a slab waveguide, HCG, or hollow-core waveguides (HW). 

6. The apparatus recited in claim 1, wherein said sub-wavelength high 

contrast grating (HCG) can be chirped to support asymmetrical waveguide 

transmission. 
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7. The apparatus recited in claim 1, further comprising an in-plar 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

8. The apparatus recited in claim 1, wherein said optical coupler 

comprises a multiplexer or demultiplexer for coupling, through an angular 

displacement, a number of wavelengths of light between a normal incident direction 

to said HCG and transmission through said waveguide. 

10 9. The apparatus recited in claim 1, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, lnAs, 

lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, ZnSe, CdSSe, 

lnAIGaN, lnN, AIN, GaN, ZnO2, and SiN. 

15 10. The apparatus recited in claim 1, wherein said optical coupling is 

integrated within the surface of a light emitting diode to transfer light reaching the 

waveguide along the surface to a vertical output. 

11. The apparatus recited in claim 1, wherein said optical coupling is 

20 integrated within the surface of a solar cell to transfer light impinging on the surface 

into the p-n junction taking the place of a waveguide along said surface. 

12. An apparatus for optical coupling, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

25 spaced apart segments of material with a gap between adjacent segments; 

wherein said spaced apart segments of material comprise a high refractive 

index material surrounded by low index material; 

wherein the index of refraction of said high index material and the index of 

refraction of said low index material have a differential that is greater than one unit; 

30 and 

an optical waveguide proximally coupled through a selected gap to said sub-
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wavelength high contrast grating (HCG); 

wherein light is coupled between normal incidence on said sub-wavelength 

high contrast grating (HCG) and transmission through said optical waveguide 

5 13. The apparatus recited in claim 12, wherein said waveguide comprises a 

slab waveguide, HCG, or hollow-core waveguides (HW). 

14. The apparatus recited in claim 12, wherein said sub-wavelength high 

contrast grating (HCG) of said optical coupler can be chirped to support asymmetrical 

10 waveguide transmission. 

15 

20 

15. The apparatus recited in claim 12, further comprising an in-plane 

reflector for preventing transmission along selected directions of angular 

displacement of said light. 

16. The apparatus recited in claim 12, wherein said apparatus comprises 

materials selected from the group of materials consisting of Si, Ge, GaAs, lnAs, 

lnAIGaAs, AIAs, AISb, GaSb, GaAISb, lnP, AIGalnP, lnGaAIAs, CdSe, ZnSe, CdSSe, 

lnAIGaN, lnN, AIN, GaN, Zn02, and SiN. 

17. An apparatus for multiplexing or demultiplexing optical signals, 

comprising: 

a plurality of sub-wavelength high contrast gratings (HCGs), each having a 

plurality of separate spaced apart segments of material with a gap between adjacent 

25 segments; and 

an optical waveguide proximally coupled through a selected gap to said 

plurality of sub-wavelength high contrast gratings (HCGs); 

wherein light received by each of said sub-wavelength high contrast gratings 

(HCGs) is multiplexed onto said optical waveguide; and 

30 wherein light received by said optical waveguide is demultiplexed through said 

plurality of sub-wavelength high contrast gratings (HCGs) which contain sub-

-26-
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wavelength high contrast gratings (HCGs) that are adapted to pass differen 

wavelengths of said light. 

18. A surface-emitting quantum cascade laser apparatus, comprising: 

an active region having quantum wells; 

a reflector on either side of said active region; and 

at least two reflective sub-wavelength high contrast gratings (HCGs) near an 

output the surface-emitting laser to confine the light mode in an active region of the 

laser between two HCG reflectors. 

19. A light emitting diode apparatus, comprising: 

an n-electrode region; 

a p-electrode region; 

an active region disposed between said n-electrode region and said p-

15 electrode region; and 

20 

an optical coupler disposed on an output of said light emitting diode and 

comprising a waveguide layer for collecting light in a horizontal plane and coupled 

with a sub-wavelength high-contrast grating for redirecting collected light for output in 

a vertical direction. 

20. A solar cell apparatus, comprising: 

a sub-wavelength high contrast grating (HCG) having a plurality of separate 

spaced apart segments of material; and 

a solar cell having layers of a p-n junction upon which light from said HCG is 

25 directed and converted to electrical energy. 

-27-
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UNITED STATES PATENT AND TRADEMARK OFFICE 
Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO:\IER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

APPLICATION 
NUMBER 

FILING or 
37l(c)DATE 

GRPART 

UNIT FIL FEE REC'D ATTY.DOCKET.NO TOT CLAIMS IND CLAIMS 

14/945,003 11/18/2015 2642 1600 2901/88184-2 30 3 

23432 
COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

CONFIRMATION NO.1200 
UPDATED FILING RECEIPT 

1111111111111111111111 m~mmmmuim,n~ 11111111111111111111111 

Date Mailed: 07/12/2016 

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination 
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the 
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE, 
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection. 
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please 
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the 
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit 
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply 
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections 

lnventor(s) 
Shih-Yuan WANG, Palo Alto, CA; 
Shih-Ping Wang, Los Altos, CA; 

Applicant( s) 
Shih-Yuan WANG, Palo Alto, CA; 
Shih-Ping Wang, Los Altos, CA; 

Power of Attorney: None 

Domestic Priority data as claimed by applicant 
This appln claims benefit of 62/232,716 09/25/2015 
and claims benefit of 62/213,556 09/02/2015 
and claims benefit of 62/209,311 08/24/2015 
and claims benefit of 62/205,717 08/15/2015 
and claims benefit of 62/199,607 07/31/2015 
and claims benefit of 62/197, 120 07/27/2015 
and claims benefit of 62/188,876 07/06/2015 
and claims benefit of 62/182,602 06/21/2015 
and claims benefit of 62/175,855 06/15/2015 
and claims benefit of 62/174,498 06/11/2015 
and claims benefit of 62/171,915 06/05/2015 
and claims benefit of 62/157,876 05/06/2015 
and claims benefit of 62/154,675 04/29/2015 
and claims benefit of 62/153,443 04/27/2015 
and claims benefit of 62/139,511 03/27/2015 
and claims benefit of 62/111,582 02/03/2015 
and claims benefit of 62/100,025 01/05/2015 
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and claims benefit of 62/090,879 12/11/2014 
and claims benefit of 62/081,538 11/18/2014 

Foreign Applications for which priority is claimed (You may be eligible to benefit from the Patent Prosecution 
Highway program at the USPTO. Please see http://www.uspto.gov for more information.) - None. 
Foreign application information must be provided in an Application Data Sheet in order to constitute a claim to 
foreign priority. See 37 CFR 1.55 and 1.76. 

Permission to Access Application via Priority Document Exchange: No 

Permission to Access Search Results: No 

Applicant may provide or rescind an authorization for access using Form PTO/SB/39 or Form PTO/SB/69 as 
appropriate. 

If Required, Foreign Filing License Granted: 12/02/2015 

The country code and number of your priority application, to be used for filing abroad under the Paris Convention, 
is US 14/945,003 
Projected Publication Date: 10/20/2016 

Non-Publication Request: No 

Early Publication Request: No 
** SMALL ENTITY ** 
Title 

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

Preliminary Class 

455 

Statement under 37 CFR 1.55 or 1.78 for AIA (First Inventor to File) Transition Applications: No 

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES 

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no 
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent 
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international 
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same 
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing 
of patent applications on the same invention in member countries, but does not result in a grant of "an international 
patent" and does not eliminate the need of applicants to file additional documents and fees in countries where patent 
protection is desired. 

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an 
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ 
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific 
foreign countries to ensure that patent rights are not lost prematurely. 

Applicants also are advised that in the case of inventions made in the United States, the Director of the US PTO must 
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application 
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serves as a request for a foreign filing license. The application's filing receipt contains further information and 
guidance as to the status of applicant's license for foreign filing. 

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the 
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign 
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it 
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html. 

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish 
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative, 
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific 
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may 
call the U.S. Government hotline at 1-866-999-HAL T (1-866-999-4258). 

GRANTED 

LICENSE FOR FOREIGN FILING UNDER 

Title 35, United States Code, Section 184 

Title 37, Code of Federal Regulations, 5.11 & 5.15 

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where 
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as 
set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier 
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The 
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under 
37 CFR 5.13 or 5.14. 

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless 
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This 
license is not retroactive. 

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter 
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national 
security or the export of technical data. Licensees should apprise themselves of current regulations especially with 
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of 
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and 
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of 
Treasury (31 CFR Parts 500+) and the Department of Energy. 

NOT GRANTED 

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12, 
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed 
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35 
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b). 
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Select USA 

The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for 
business investment, innovation, and commercialization of new technologies. The U.S. offers tremendous resources 
and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation works to 
promote and facilitate business investment. SelectUSA provides information assistance to the international investor 
community; serves as an ombudsman for existing and potential investors; advocates on behalf of U.S. cities, states, 
and regions competing for global investment; and counsels U.S. economic development organizations on investment 
attraction best practices. To learn more about why the United States is the best country in the world to develop 
technology, manufacture products, deliver services, and grow your business, visit http://www.SelectUSA.gov or call 
+ 1-202-482-6800. 
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UNITED STATES PATENT AND TRADEMARK OFFICE 

APPLICATION NUMBER 

14/945,003 

23432 
COOPER & DUNHAM, LLP 
30 Rockefeller Plaza 
20th Floor 
NEW YORK, NY 10112 

FILING OR 3 71 (C) DATE 

11/18/2015 

Ul\TfED STATES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adiliess. COMMISSIO:\IER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

FIRST NAMED APPLICANT ATTY. DOCKET NO./TITLE 

Shih-Yuan WANG 2901/88184-2 
CONFIRMATION NO.1200 

INFORMAL NOTICE 

11111111111111111 lllll ll]~!l]ml!~l!~H!~UHll 11111111111111111111111 

Date Mailed: 07/12/2016 

INFORMATIONAL NOTICE TO APPLICANT 

Applicant is notified that the above-identified application contains the deficiencies noted below. No period for 
reply is set forth in this notice for correction of these deficiencies. However, if a deficiency relates to the inventor's 
oath or declaration, the applicant must file an oath or declaration in compliance with 37 CFR 1.63, or a substitute 
statement in compliance with 37 CFR 1.64, executed by or with respect to each actual inventor no later than the 
expiration of the time period set in the "Notice of Allowability" to avoid abandonment. See 37 CFR 1.53(f). 

The item(s) indicated below are also required and should be submitted with any reply to this notice to avoid 
further processing delays. 

• A properly executed inventor's oath or declaration has not been received for the following inventor(s): 
Shih-Yuan WANG 
Shih-Ping Wang 

/ sareebuddin/ 

Questions about the contents of this notice and the 
requirements it sets forth should be directed to the Office 

of Data Management, Application Assistance Unit, at 
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101. 
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PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number 

Substitute for Form PTO-875 14/945,003 

APPLICATION AS FILED - PART I OTHER THAN 

(Column 1) (Column 2) SMALL ENTITY OR SMALL ENTITY 

FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($) 

BASIC FEE N/A N/A N/A 70 N/A (37 CFR 1.16(a), (b), or (c)) 

SEARCH FEE N/A N/A N/A 300 N/A (37 CFR 1.16(k), (i), or (m)) 

EXAMINATION FEE N/A N/A N/A 360 N/A (37 CFR 1.16(0), (p), or (q)) 

TOTAL CLAIMS 30 minus 20= 10 (37 CFR 1.16(i)) 
X 40 = 400 OR 

INDEPENDENT CLAIMS 3 minus 3 = X 210 = 0.00 (37 CFR 1.16(h)) 

If the specification and drawings exceed 100 
APPLICATION SIZE sheets of paper, the application size fee due is 
FEE $31 O ($155 for small entity) for each additional 400 
(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 35 U.S.C. 

41 (a)(1 )(G) and 37 CFR 1.16(s). 

MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.16(j)) 0.00 

* If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL 1530 TOTAL 

APPLICATION AS AMENDED - PART II 

OTHER THAN 
(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY 

CLAIMS HIGHEST 
REMAINING NUMBER PRESENT 

RATE($) 
ADDITIONAL 

RATE($) 
ADDITIONAL 

<( AFTER PREVIOUSLY EXTRA FEE($) FEE($) 
I- AMENDMENT PAID FOR z 
w Total Minus 

.. = OR 
~ (37 CFR 1.16(i)) X = X = 

0 
Independent ... = z Minus 

X = OR X = w (37CFR 1.16(h)) 

~ Application Size Fee (37 CFR 1.16(s)) <( 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) OR 

TOTAL OR TOTAL 
ADD'L FEE ADD'L FEE 

(Column 1) (Column 2) (Column 3) 

CLAIMS HIGHEST 
REMAINING NUMBER PRESENT 

RATE($) 
ADDITIONAL 

RATE($) 
ADDITIONAL 

Ill AFTER PREVIOUSLY EXTRA FEE($) FEE($) 
I- AMENDMENT PAID FOR z 
w Total Minus .. = X = OR 
~ (37 CFR 1.16(i)) 

X = 

0 
Independent Minus ... = z X = OR X = w (37CFR 1.16(h)) 

~ Application Size Fee (37 CFR 1.16(s)) <( 

OR 
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) 

TOTAL OR TOTAL 
ADD'L FEE ADD'L FEE 

* If the entry in column 1 is less than the entry in column 2, write "0" in column 3. 
** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter "20". 

*** If the "Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter "3". 
The "Highest Number Previously Paid For" (Total or Independent) is the highest found in the appropriate box in column 1. 



Attorney Docket No.2901/88184-2 

- 1 -

MICROSTRUCTURE ENHANCED ABSORPTION PHOTOSENSITIVE DEVICES 

REFERENCE TO RELATED APPLICATIONS 

[0001] This patent application claims the benefit of and incorporates by 

5 reference each of the following provisional applications: 

U.S. Prov. Ser. No. 62/081,538 filed November 18, 2014; 

U.S. Prov. Ser. No. 62/090,879 filed December 11, 2014; 

U.S. Prov. Ser. No. 62/100,025 filed January 05, 2015; 

U.S. Prov. Ser. No. 62/111,582 filed February 03, 2015; 

10 U.S. Prov. Ser. No. 62/139,511 filed March 27, 2015; 

U.S. Prov. Ser. No. 62/153,443 filed April 27, 2015 

U.S. Prov. Ser. No. 62/154,675 filed April 29, 2015; 

U.S. Prov. Ser. No. 62/157,876 filed May 06, 2015; 

U.S. Prov. Ser. No. 62/171,915 filed June 05, -2015; 

15 U.S. Prov. Ser. No. 62/174,498 filed June 11, 2015 

U.S. Prov. Ser. No. 62/175,855 filed June 15, 2015; 

U.S. Prov. Ser. No. 62/182,602 filed June 21, 2015; 

U.S. Prov. Ser. No. 62/188,876 filed July 06, 2015; 

U.S. Prov. Ser. No. 62/197,120 filed July 27, 2015; 

20 U.S. Prov. Ser. No. 62/199,607 filed July 31, 2015; 

U.S. Prov. Ser. No. 62/205,717 filed August 15, 2015; 

U.S. Prov. Ser. No. 62/209,311 filed August 24, 2015; 

U.S. Prov. Ser. No. 62/213,556 filed September 02, 2015; and 

U.S. Prov. Ser. No. 62/232,716filed September 25, 2015. 

25 [0002] This patent application relates to the following provisional and non-

provisional applications that are each incorporated by reference: 

International Patent Appl. No. PCT/US14/39208 filed May 22, 2014; 

U.S. Prov. Ser. No. 61/826,446 filed May 22, 2013; 

U.S. Prov. Ser. No. 61/834,873 filed June 13, 2013; 

30 U.S. Prov. Ser. No. 61/843,021 filed July 4, 2013; 

U.S. Prov. Ser. No. 61/905,109 filed November 15, 2013; and 

U.S. Prov. Ser. No. 62/017,915 filed June 27, 2014. 
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All of the above-referenced provisional and non-provisional patent applications are 

collectively referenced herein as "the commonly assigned incorporated 

applications." 

FIELD 

[0003] Thhis patent specification present invention generally relates mainly to 

photosensitive devices. More particularly, some embodiments relate to 

photosensitive devices having microstructure enhanced absorption characteristics. 

BACKGROUND 

[0004] Fiber-optic communication is widely used in applications such as 

telecommunications and communication within large data centers. Because of 

attenuation losses associated with using shorter optical wavelengths most fiber­

optic communication uses optical wavelengths of 800 nm and longer. Commonly 

15 used transmission windows exist between 800 nm and 1675 nm. A main 

component of optical receivers used in fiber-optic communication system is the 

photo detector, usually in the form of a photodiode (PD) or avalanche photodiode 

(APO). 

[0005] High-quality low-noise APDs can be made from silicon. However, while 

20 silicon will absorb light in the visible and near infrared range, it becomes more 

transparent at longer optical wavelengths. Silicon PDs and APDs can be made for 

optical wavelengths of 800 nm and longer by increasing the thickness of the 

absorption "I" region of the device. However, in order to obtain adequate quantum 

efficiency, the thickness of the silicon "I" region becomes so large that the device's 

25 maximum bandwidth is too low for many current and future telecom and data 

center applications. 

[0006] To avoid the inherent problem that silicon PDs and APDs have with 

longer wavelengths and higher bandwidths, other materials are used. Germanium 

(Ge) detects infrared out to a wavelength of 1700 nm, but has relatively high 

30 multiplication noise. lnGaAs can detect out to longer than 1600 nm, and has less 

multiplication noise than Ge, but still has far greater mulitiplacation noise than 

silicon. lnGaAs is known to be used as the absorption region of a heterostructure 

diode, most typically involving lnP as a substrate and as a multiplication layer. This 
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material system is compatible with an absorption window of roughly 900 to 1700 

nm. However, both lnGaAs devices are relatively expensive and have relatively 

high multiplication noise when compared with silicon and are difficult to integrate 

with Si electronics as a single chip. 

5 [0007] Information published by a major company in the business of 

photodetectors (See 

http://files.shareholder.comidownloads/Fi\lSR/OxOx382377 /0b3893ea-fb06-417d­

ac71-84f2f9084b0d/Finisar Investor Presentation.Qdf,) indicates at page 10 that 

the current market for optical communication devices is over 7 billion U.S. dollars 

10 with a compounded annual growth rate of 12%. The photodiodes (PD) used for 850 

nm wavelength employ GaAs material and for 1550 nm wavelength the 

photodiodes are lnP material based, which is both expensive and difficult to 

integrate with Si based electronics. Therefore, there is a large market and a long­

felt need that has not met for the development of a better device. To date there are 

15 no Si material based photodiodes nor avalanche photodiodes (APO) for 850 nm 

and no Ge on Si material based photodiodes nor avalanche photodiodes for 1550 

nm that are top or bottom illuminated and with data rate of 5 Gb/s or greater, that 

are commercially available to the knowledge of the inventors herein. However, 

there has been no lack of trying to develop a better device for this large market. For 

20 example, there have been proposals for resonant photodiodes fabricated in Si 

material (see Resonant-Cavity-Enhanced High-Speed Si Photodiode Grown by 

Epitaxial Lateral Overgrowth, Schaub et al, IEEE PHOTONICS TECHNOLOGY 

LETTERS, VOL. 11, NO. 12, DECEMBER 1999), but they have not reached the 

known commercial market. Other forms of high speed photodiodes in a waveguide 

25 configuration have been proposed, such as in Ref. 40 GHz Si/Ge uni-traveling 

carrier waveguide photodiode, Piels et al, DOI 10.1109/JL T.2014.2310780, 

Journal of Lightwave Technology; Monolithic Ge/Si Avalanche Photodiodes, Kang 

et al, 978-1-4244-4403-8/09/$25.00 ©2009 IEEE; High-speed Ge photodetector 

monolithically integrated with large cross-section silicon-on-insulator waveguide, 

30 Feng et al, Applied Physics Letters 95, 261105 (2009); doi: 10.1063/1.3279129; 

where light is coupled edge-wise into an optical waveguide and where the 

absorption length can be 100 um or longer to compensate for the weak absorption 

coefficient of Ge at 1550 nm. In these previously proposed waveguide photodiode 
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structures, light propagates along the length of the waveguide and the electric field 

is applied across the PIN waveguide such that the direction of light propagation 

and the direction of the electric field are predominately perpendicular. Since light in 

Si travels approximately 1000 times faster than the saturated velocity of 

5 electrons/holes, a waveguide PD can be 200 microns long for example and the "I" 

in the PIN can be 2 microns for example and achieve a bandwidth of over 10 Gb/s. 

Such edge coupling of light is costly in packaging as compared to surface 

illumination as described in this patent specification, where dimensions of the 

waveguide cross section are typically a few microns as compared to tens of 

10 microns for known surface illuminated photodiodes or avalanche photodiodes. 

Known waveguide PD/APO are often only single mode optical systems whereas 

surface illuminated PD/APO described in this patent specification can be used in 

both single and multimode optical systems. In addition, known waveguide 

photodiodes are difficult to test at wafer level, whereas surface illuminated 

15 photodiodes described in this patent specification can be easily tested at wafer 

level. Known waveguide photodiodes/avalanche photodiodes are used mostly in 

specialty photonic circuits and are not widely commercially available. A top or 

bottom illuminated Si and Ge on Si PD/APO that can be integrated with Si is not 

known to be commercially available at data rates of 5 Gb/s or more at wavelengths 

20 of 850 nm and 1550 nm. In contrast, photodiodes on Si based material, as 

described in this patent specification, can be monolithically integrated with 

integrated electronic circuits on a single Si chip, thereby significantly reducing the 

cost of packaging. In addition, the microstructured PD/APO at 850 nm nominal 

wavelength described in this patent specification can be predominately for short 

25 haul, distances less than a meter and in certain cases less than 10 meters and in 

certain cases less than 100 meters and in certain cases less than 1000 meters 

optical data transmission for example. The microstructured PD/APO direction of 

incident optical beam and the electric field in the "I" region of a PIN or NIP 

structure, are predominately collinear and or almost collinear. This patent 

30 specification enables such a device and is expected to transform the current data 

centers to almost all optical data transmission between blades and or within a 

blade, that will vastly increase the data transmission bandwidth capabilities and 

significantly reduce electrical power usage. 
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[0008] The subject matter claimed herein is not limited to embodiments that 

solve any specific disadvantages or that operate only in environments such as 

those described above. Rather, this background is only provided to illustrate one 

exemplary technology area where some embodiments described herein may be 

5 practiced. 

SUMMARY 

[0009] According to some embodiments, an integrated detector/processor 

circuit for data communication comprises oth a photodetector with microstructure-

1 O enhanced photoabsorption and an electronic processor formed into a single 

semiconductor chip. The single chip comprises a photodetector formed on a 

semiconductor substrate that has a photon absorbing region configured to absorb 

photons from an optical source signal modulated for data communication and 

provide an ouput electrical signal corresponding thereto, wherein the photon 

15 absorbing region comprises a plurality of holes therein exending toward said 

substrate and configured to concurrently receive the same source signal at a plural 

number of the holes; an electronic processor also formed on said semiconductor 

substrate and operatively associated with said photon absorbing region to receive 

therefrom and procces said output electrical signal into a processed output, 

20 thereby forming a single semiconductor chip that receives the optical source signal 

and ouputs the processed output; wherein said photon absorbing region and said 

electronic processor have respective thicknesses that are of the same order of 

magnitude; and a cathode region and an anode region operatively associated with 

said photon absorbing region and reverse biasing circuitry configured to apply a 

25 voltage between said cathode and anode regions such that said cathode region is 

driven to a more positive voltage than said anode region. The thickness of the 

photon absorbing region preferably is in the range of 0.5 to 5 micrometers. The 

electronic processor can be an application specific integrated circuit (ASIC) 

comprising at least one of complementary metal oxide semiconductor (CMOS) 

30 devices, bipolar (Bi) devices, and BiCMOS devices. The photon absorbing region 

can be configured to absorb in excess of 40%, or 50%, or 60% of the incident 

source signal at wavelengths from 800 nm to 900 nm, orfrom1400 nm nm to 1700 

nm, and provide an output electrical signal corresponding thereto. The photon 
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absorbing region can be configured to absorb the incident source signal at an 

absorption percentage that varies by less than 20% over selected wavelength 

spans of at least 20 nm of source signal wavelengths from 800 nm to 900 nm, or 

from 1400 nm to 1700 nm. Each hole can have a cross-section parallel to a surface 

5 of the substrate, having a maxium dimension of between 400 nm and 2500 nm, 

and each hole can have a center that is spaced apart by less than 3500 nm from a 

center of a nearest adjacent hole of the plurality of holes. The photodetector 

preferably further comprises a P layer and an N layer highly doped at or exceeding 

1019 per cm 3 and flanking said photon absorbing region, and the photon absorbing 

1 O region preferably is lightly doped or not intentionally doped at most at 1016 per cm 3. 

The photodector can comprise an avalanche photodetector, and the photon 

absorbing region can comprise at least one of Si and Ge. The photodetector can 

comprise a tapered or stepped hole configured to accept an optical fiber carrying 

said source signal and maintaining an end of the fiber at a selected distance from 

15 said photon absorbing region. A lens can be included between said end of the fiber 

and the photon absorbing region. The photodector can further comprise a reflecting 

structure configured to cause multiple reflections of the source signal thereby 

traversing the photon absorbing region with said source signal multiple times. The 

photodector can be configured to receive the source signal from two opposite sides 

20 of the photon absorbing region, and said holes can be configured to cause coupled 

resonance in conversion of light to electrical signals at plural groups of the holes 

thereby enhancing source signal absorption. 

[001 0] One or more additional photodetectors can be formed on said 

semiconductor substrate, having respective photon absorbing regions receiveing 

25 respective additional source signals and providing respective output electrical 

signals corresponding thereto, and one or more additional electronic processors 

can also be formed on said semiconductor substrate and operatively associated 

with the respective photon absorbing regions of said additional photodetectors to 

receive therefrom and procces said respective output electrical signals therefrom. 

30 The plurality of holes can be configured to enhance absorption of photons 

compared to a hole-free but othewise same photodetector at a range of 

wavelengths that includes a wavelength of said source signal. The electronic 

processor can include one or more types selected from a group consisting of: 
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transimpedance amplifier, signal processing electronics, and routing electronics. A 

capacitance associated with the photodetector is decreased compared to an 

otherwise same photodetector having its anode and cathode regions operatively 

connected to a conventional bond pad. The photodector can further compre a 

5 multiplication region making it an avalanche photodiode configured to detect the 

source signal at a data bandwidth of greater than 10 gigabits per second, at source 

signal wavelengths of 800 to 900 nanometers, and having a gain of greater than 2. 

[0011] In some embodiments, an optical/electonic system comprises a 

photodetector and an active electronic circuit built on the same semiconductor 

10 substrate and operatively associated with each other to thereby form a single 

integrated circuit chip; a laser modulated at Gb/s rates of data to thereby generate 

the optical source signal carrying information at Gb/s rates; and an optical fiber 

associated with the laser to receive the optical source signal at an input end 

thereof and transport it to an output end thereof; wherein the photodetector is 

15 associated with the output end of the optical fiber to receive the optical source 

signal therefrom and is configured to convert it to an electrical output signal; and 

wherein the active electronic circuit is associated with the photodetector to receive 

the output electrical signal therefrom and is configured to process the electrical 

output signal and output said processed electrical signal. Each of the source signal 

20 and the electrical output signal can be modulated at rates of at least 5 Gb/s. The 

photodector and the active electronic circuit can have thicknesses that are of the 

same order of magnitude. The photodector can comprise a photon absorbing 

region that includes a plurality of holes extending toward the semiconductor 

substrate, wherein plural holes are configured to concurrently receive the same 

25 source signal. Highly doped P and N layers can flank the photon absorbing region, 

and the photon absorbing region can have a thickness in the range of 0.1-5.0 

mircometers and preferably is not intentionally doped or is lightly doped compared 

with the P and N regions. The photodetector can be biased to cause electrons or 

holes to be swept in a direction along a direction in which the source signal is 

30 received by the photodetector. Each of the photodetector and the active electronic 

circuit can be silicon-based. The photodector can be an avalanche photodector. 
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[0012] In some embodiments, a photodetector with microstructure-enhanced 

photoabsorption comprises a photon absorbing region preferably having a 

thickness between 0.5 and 5 micrometers and configured to absorb photons from a 

source signal modulated for data communication and provide an ouput electrical 

5 signal corresponding thereto; said photon absorbing region comprising a plurality 

of holes exending through at least a portion of the thickness of the photon 

absorbing region and configured to concurrently receive the same source signal at 

a plural number of the holes; and said photon absorbing region being configured to 

absorb in excess of 40% of the incident source signal at wavelengths in at least 

1 0 one of the ranges from 800 nm to 900 nm and from 1400 nm to 1700 nm and 

provide an output electrical signal corresponding thereto. The photon absorbing 

region can be configured to absorb in excess of 40% or 50% or 60% of the incident 

source signal at wavelengths from 800 nm to 900 nm or from 1400 nm nm to 1700 

nm and provide an output electrical signal corresponding thereto. The photon 

15 absorbing region can be configured to absorb the incident source signal at an 

absorption percentage that varies by less than 20% over wavelength spans of at 

least 20 nm of source signal wavelengths from 800 nm to 900 nm or from 1400 nm 

to 1700 nm. Each hole has a cross-section parallel to the upper surface of the 

substrate that preferably has a maxium dimension of between 400 nm and 2500 

20 nm, and each hole has a center that preferably is spaced apart by less than 3500 

nm from a center of a nearest adjacent hole of the plurality of holes. The 

photodetector can further comprise a P layer and an N layer preferably highly 

doped at or exceeding 1019 per cm 3 and flanking said photon absorbing region, and 

the photon absorbing region is preferably lightly doped or not intentionally doped at 

25 most at 1016 per cm 3. The photodector can comprise an avalanche photodetector. 

The photon absorbing region can comprises Si or Ge. The photodetector can 

comprise a tapered or stepped hole configured to accept an optical fiber carrying 

said source signal and maintaining an end of the fiber at a selected distance from 

said photon absorbing region, and a lens can be included between said end of the 

30 fiber and the photon absorbing region. The photodetector can comprise a reflecting 

structure configured to cause multiple reflections of the source signal thereby 

traversing the photon absorbing region with said source signal multiple times. The 
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photodector photodector can be configured to receive the source signal from two 

opposite sides of the photon absorbing region. 

[0013] In some embodiments, a photodetector with microstructure-enhanced 

photoabsorption comprises a cathode region; an anode region; reverse biasing 

5 circuitry configured to apply a voltage between said cathode and anode regions 

such that said cathode region is driven to a more positive voltage than said anode 

region; a substrate material having an upper surface; and a photon absorbing 

region made of silicon operatively associated with the cathode and anode regions 

and configured to absorb photons from a source signal, said silicon absorbing 

10 region including a plurality of holes each having a cross section parallel to the 

upper substrate surface having a maxium dimension of between 400 nm and 2500 

nm, and each hole having a center that is spaced apart by less than 3500 nm from 

a center of a nearest adjacent hole of the plurality of holes. The source signal can 

have a wavelength that is greater than 800 nm and less than 1000 nm. The 

15 plurality of holes can be arranged into a periodically-spaced array that can have a 

hexagonal or square lattice pattern. The plurality of holes enhances absorption of 

photons compared to a hole-free but othewise same photodetector at a range of 

wavelengths that includes a wavelength of said source signal. Each of the holes 

can have a predominatly circular cross-section parallel to the upper substrate 

20 surface. The cathode and anode regions can be operatively connected to 

integrated circuit electronics and the photodetector and integrated circuit 

electronics can be integrated into a single silicon chip where the integrated circuit 

electronics can include one or more types selected from a group consisting of 

transimpedance amplifier, signal processing electronics, and routing electronics. A 

25 capacitance associated with the photodetector can be decreased compared to an 

otherwise same photodetector having its anode and cathode regions operatively 

connected to a conventional bond pad. The photodetector can further comprise a 

multiplication region formed of silicon and wherein the photodetector is an 

avalanche photodiode configured to detect the source signal at a data bandwidth of 

30 greater than 5 gigabits per second, at source signal wavelengths of 850 

nanometers, and having a gain of greater than 2. The photodetector can be 

configured to detect said source signal at a data bandwidth of greater than 2.5 

gigabits per second or greater or equal to 5 gigabits per second at source signal 
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wavelengths of 850 nanometers with a quantum efficiency of at least 30%, or 50%. 

The plurality of holes can be formed by etching away portions of silicon. The 

photodetector can be configured for a portion of the source signal to pass through 

the photon absorbing region a first time, reflect from a surface, and thereafter pass 

5 through the photon absorbing region a second time. The photodetector can further 

include a substrate, wherein the cathode, absorbing and anode regions are formed 

above the substrate and the photodetector is configured to receive the source 

signal from directions facing a side of the photodetector opposite of the substrate. 

[0014] In some embodiments, a photodetector with microstructure-enhanced 

10 photoabsorption comprises a cathode region; an anode region; reverse biasing 

circuitry configured to apply a voltage between said cathode and anode regions 

such that said cathode region is driven to a more positive voltage than said anode 

region; a substrate material having an upper surface; and a photon absorbing 

region made of germanium-based material operatively associated with the cathode 

15 and anode regions and configured to absorb photons from a source signal, said 

germanium-based absorbing region including a plurality of holes each having a 

cross section parallel to the upper substrate surface having a maxium dimension of 

between 750 nm and 3000 nm, and each hole having a center that is spaced apart 

by less than 5000 nm from a center of a nearest adjacent hole of the plurality of 

20 holes. The germanium-based photon absorbing layer can be formed by at least 

one of an epitaxial growth and an epitaxial laterial overgrowth process above one 

or more layers of material made of silicon. The photodetector can further comprise 

a Ge buffer layer configured to initiate crystalline growth of Ge on an uppermost 

silicon layer. The photodetector's anode region can comprise a P-doped 

25 germanium layer formed by at I eat one of an epitaxial growth and an epitaxial 

lateral overgrowth process. The photodetector can be an avalanche photodiode 

and can further comprise a multiplication region formed of silicon. The source 

signal can have a wavelength that is greater than 1200 nm and less than 1900 nm, 

or greater than 1400 nm. The photodetector can be configured to detect said 

30 source signal at a data bandwidth of greater than 2 gigabits per second, or 5 

gigabits per second, at source signal wavelengths of 1550 nanometers with a 

quantum efficiency of at least 30%, or 50%. 
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[0015] As used herein, the grammatical conjunctions "and", "or'' and "and/or'' 

are all intended to indicate that one or more of the cases, object or subjects they 

connect may occur or be present. In this way, as used herein the term "or'' in all 

cases indicates an "inclusive or'' meaning rather than an "exclusive or'' meaning. 

5 [0016] As used herein the terms "hole" and "holes" refer to any opening into or 

through material or materials. In general the opening can have any shape and 

cross-section including round, elliptical, polygonal, and random shape. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0017] To further clarify the above and other advantages and features of the 

subject matter of this patent specification, specific examples of embodiments 

thereof are illustrated in the appended drawings. It should be appreciated that 

these drawings depict only illustrative embodiments and are therefore not to be 

considered limiting of the scope of this patent specification or the appended claims. 

15 The subject matter hereof will be described and explained with additional specificity 

and detail through the use of the accompanying drawings in which: 

FIG. 1 is a diagram illustrating an optical data transmission system in which the 

microstructured photodiode/avalanche photodiode may be used, according to 

some embodiments; 

20 [0018] FIG. 2 is a diagram showing wavelength selective elements included 

with the microstructured photodiode (MS-PD) and microstructured avalanched 

photodiode (MS-APO), according to some embodiments; 

[0019] FIG. 3 is a diagram showing a MS-PD/APO having multiple wavelength 

selective elements, according to some embodiments; 

25 [0020] FIGs. 4A-D are plots showing various bandpass filter characterisitcs, 

according to some embodiments; 

[0021] FIG. 5 is a diagram showing a coarse wavelength division multiplexing 

(CWDM) configuration, according to some embodiments; 

[0022] FIGs. 6A and 6B are diagrams showing some basic parts of a 

30 microstructured photodiode, according to some embodiments; 

[0023] Fl Gs. 7 A and 7B are diagrams showing some basic parts of a bottom 

illuminated photodiode, according to some embodiments; 
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[0024] FIGs. 8A and 8B are diagrams showing some basic parts of an MS-APO 

structure, according to some embodiments; 

[0025] FIGs. 9A and 9B are diagrams showing aspects of a selective area 

growth (SAG) APO structure before and after SAG of III-V or Ge material, 

5 according to some embodiments; 

[0026] FIG. 10 is a diagram showing a simplified microstructured silicon 

photodiode with PIN epitaxial layers, according to some embodiments; 

[0027] FIG. 11 is a diagram showing a simplified microstructured silicon 

photodiode with PIN epitaxial layers, according to some embodiments; 

10 [0028] Fl Gs. 12A-C show aspects of a simulation of a particular 

microstructured hole pattern, according to some embodiments; 

[0029] FIG. 13 is a diagram showing an epitaxial layer structure for a high 

contrast microstructured photodiode (PD) with a P-I-N doping, according to some 

embodiments; 

15 [0030] FIG. 14 is a diagram showing an epitaxial layer structure for a high 

contrast microstructured photodiode (PD) with a P-I-N doping, according to some 

embodiments; 

[0031] FIG. 15 is a diagram showing an epitaxial layer structure for a high 

contrast microstructured photodiode (PD) with a P-I-N doping, according to some 

20 embodiments; 

[0032] FIG. 16 is a diagram showing some aspects of fabrication of a high 

contrast microstructured photodiode (PD), according to some embodiments; 

[0033] Fl Gs. 17 A-D are diagrams showing examples of the hole arrangements, 

spacing, size, and passivation layers, according to some embodiments; 

25 [0034] FIG. 18 is a diagram showing some further aspects of fabrication of a 

high contrast microstructured photodiode (PD), according to some embodiments; 

[0035] FIG. 19 is a diagram showing some further aspects of fabrication of a 

high contrast microstructured photodiode (PD), according to some embodiments; 

[0036] FIG. 20 is a diagram showing some further aspects of fabrication of a 

30 high contrast microstructured photodiode (PD), according to some embodiments; 

[0037] FIG. 21 is a diagram showing some aspects a high contrast 

microstructured photodiode (PD), according to some other embodiments; 
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[0038] FIGs. 22A-B show aspects of a simulation of a particular 

microstructured PD, according to some embodiments; 

[0039] FIG. 23 is a diagram showing aspects of a high contrast microstructured 

PD, according to some embodiments; 

5 [0040] FIG. 24 is a diagram showing aspects of a heterogeneous epitaxial 

microstructured PD, according to some embodiments; 

[0041] FIG. 25 shows a high contrast structure for an optical emitter such as a 

light emittting diode (LED) or a vertical surface emitting laser (VCSEL), according 

to some embodiments; 

10 [0042] FIG. 26 shows for example the basic structure for a high contrast 1.3 

micron wavelength photo emitter (PE), according to some embodiments; 

[0043] FIG. 27 is a diagram showing some basic features of a high contrast 

microstructured photo emitter (PE) structure with etched holes, according to some 

embodiments; 

15 [0044] FIG. 28 is a diagram showing some aspects of a PE, according some 

other embodiments; 

[0045] FIG. 29 is a diagram showing some aspects of a PE, according some 

other embodiments; 

[0046] FIG. 30 is a diagram showing some aspects of a PE, according some 

20 other embodiments; 

[0047] FIG. 31 is a diagram showing some aspects of a Simple PIN photodiode 

structure, according to some embodiments; 

[0048] FIG. 32 is a diagram showing aspects of MS-PD fabrication, according 

to some embodiments; 

25 [0049] FIG. 33 is a diagram showing aspects of MS-PD fabrication, according 

to some embodiments; 

[0050] FIG. 34 is a diagram showing aspects of MS-PD fabrication, according 

to some embodiments; 

[0051] FIG. 35 is a diagram showing aspects of a MS-PD, according to some 

30 embodiments; 

[0052] FIG. 36 is a diagram showing aspects of a MS-PD, according to some 

embodiments; 
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[0053] FIG. 37 is a diagram showing a technique to reduce minority carrier 

lifetime, according to some other embodiments; 

[0054] FIGs. 38A-C describe various parameters for microstructured 

photodiodes that were simulated; 

5 [0055] FIG. 39 is a graph plotting simulation results of microstructured hole 

photodiodes; 

[0056] FIG. 40 is a diagram showing a microstructured avalanche photodiode 

(APO) with a P-I-P-I-N epitaxial structure, according to some embodiments; 

[0057] FIG. 41 is a diagram showing a microstructured avalanche photodiode 

10 (APO) with a P-I-P-I-N epitaxial structure, according to some other embodiments; 

[0058] FIG. 42: is a diagram showing a microstructured APO with a Ge 

absorption layer and Ge P capping layer, according to some embodiments; 

[0059] Fl Gs. 43A-D show polarization sensitivity of the microstructured 

photodiode and APO, according to some embodiments; 

15 [0060] FIG. 44 shows a MS-PD/APO that is integrated with a transimpedance 

amplifier and/or other ASIC (application specific integrated circuits) for data 

processing and routing, according to some embodiments; 

[0061] FIG. 45 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

20 single silicon chip, according to some embodiments; 

[0062] FIG. 46 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 

[0063] FIG. 47 is a diagram showing some aspects of a flip chip arrangement 

25 for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 

[0064] FIG. 48 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 

30 [0065] FIG. 49 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 
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[0066] FIG. 50 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 

[0067] FIG. 51 is a diagram showing some aspects of a flip chip arrangement 

5 for a MS-PD/APO integrated with a TIA and/or other signal processing IC on a 

single silicon chip, according to some other embodiments; 

[0068] FIG. 52 is a diagram showing an array of MS-PD/APDs integrated with 

IC electronics such as TIA and/or other signal processing and routing electronics 

on a single Si chip, according to some embodiments; 

10 [0069] FIG. 53 is a diagram showing an epitaxial structure for a high data rate 

MS-PD, according to some embodiments; 

[0070] FIG. 54 is a diagram showing an epitaxial structure for a high data rate 

MS-PD, according to some embodiments; 

[0071] FIG. 55 is a diagram showing an epitaxial structure for a high data rate 

15 MS-PD, according to some embodiments; 

[0072] FIG. 56 is a table showing the mesa size, hole diameters, hole period 

distances, and lattice patterns for MS-PDs, according to some embodiments; 

[0073] Fl Gs. 57 A and 57B are diagrams showing hexagonal and square lattice 

hole patterns, according to some embodiments; 

20 [0074] FIG. 58 is a diagram showing an epitaxial layer structure for a silicon 

MS-PD, according to some embodiments; 

[0075] FIG. 59 is a diagram showing aspects of a MS-PD, according to some 

embodiments; 

[0076] FIG. 60 is a diagram showing aspects of a MS-PD, according to some 

25 embodiments; 

[0077] FIG. 61 is a diagram showing aspects of a MS-PD, according to some 

embodiments; 

[0078] FIG. 62 shows a Ge on Si PIN epitaxial layer structure for a MS-PD, 

according to some embodiments; 

30 [0079] FIGs. 63-65 are diagrams showing aspects of Ge on Si MS-PDs, 

according to some embodiments; 

[0080] FIGs. 66-67 are diagrams showing aspects of Ge on Si PDs, according 

to some embodiments; 
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[0081] FIGs. 68-69 are diagrams showing aspects of MS-APDs, according to 

some embodiments; 

[0082] FIG. 70 is a diagram showing a MS-APO without the Si02 layer, 

according to some embodiments; 

5 [0083] FIGs. 71-72 are diagrams showing Ge on Si microstructured avalanche 

photodiodes (MS-APDs), according to some embodiments; 

[0084] FIG. 73 is a diagram showing a Ge on Si microstructured avalanche 

photodiode (MS-APO) with an etch stop layer, according to some embodiments; 

[0085] FIG. 74 is a diagram showing a Ge on Si microstructured avalanche 

1 O photodiode (MS-APO), according to some embodiments; 

[0086] FIG. 75 is a diagram showing another SI NIP epitaxial layer structure for 

a MS-PD, according to some embodiments; 

[0087] FIGs. 76A-C are diagrams showing Si N-I-P epitaxial layers on buried 

oxide for a MS-PD, according to some embodiments; 

15 [0088] FIG. 77 is a diagram showing a MS-PD with Si NIP epitaxial layer and a 

SiGeB stop etch layer on a P Si substrate, according to some embodiments; 

[0089] FIG. 78 is a diagram showing a Ge on Si NIP on SiGeB epitaxial layer 

structure for MS-PD, according to some embodiments; 

[0090] FIG. 79 is diagram showing a Ge on Si epitaxial structure for MS-PD, 

20 according to some embodiments; 

[0091] FIG. 80 is a diagram showing another Ge on Si epitaxial structure, 

according to some embodiments; 

[0092] FIG. 81 is a diagram showing a Ge on Si epitaxial structure, according 

to some embodiments; 

25 [0093] FIGs. 82A-82C relate to a simulation using finite difference time domain 

(FDTD) on a Ge on Si microstructured photodiode similar to the structure depicted 

in FIG. 79; 

[0094] FIGs. 83A-83C relate to a simulation using finite difference time domain 

(FDTD) on a Ge on Si microstructured photodiode similar to the structure in FIG. 

30 80; 

[0095] FIGs. 84A and 84B shows result of a simulation using finite difference 

time domain (FDTD) on a Ge on Si microstructured photodiode similar to the 

structure in Fig. 79; 
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[0096] FIG. 85 shows a schematic top view of a microstructured photodiode 

chip, according to some embodiments; 

[0097] FIG. 86 is a top view diagram showing a MS-PD/APO integrated with a 

transimpedance amplifier and/or other electronics on a single chip, according 

5 tosome embodients;; 

[0098] 

[0099] 

FIG. 87 shows a simple epitaxial structure without any microstructures. 

FIG. 88 shows another simple epitaxial structure without any 

microstructures; 

[00100] FIG. 89 shows an epitaxial structure the same as in FIG. 87 where 

10 microstructured hole arrays are etched to the Si P epitaxial layer, according to 

some embodiments; 

[00101] FIG. 90 shows an epitaxial structure the same as in FIG. 88 where 

microstructured hole arrays are etched to the BOX Si02 layer, according to some 

embodiments; 

15 [00102] Fl Gs. 91 A-91 Bare plots showing results of simulations for the example 

structures depicted in FIGs. 87-90; 

[00103] FIG. 92 is a diagram showing a microstructured region in the silicon 

where holes are etched into the silicon, according to some embodiments; 

[00104] FIG. 93 is a diagram showing a MS-PD structure with tapered holes, 

20 according to some embodiments; 

[00105] FIG. 94 is a diagram showing a MS-PD structure with gradually tapered 

holes, according to some embodiments; 

[00106] FIG. 95 is a diagram showing a material structure with different diameter 

microstructured holes, according to some embodiments; 

25 [00107] FIG. 96 shows a top view the material structure with different diameter 

microstructured holes, as depicted in FIG. 95; 

[00108] Fl Gs. 97 A and 97B are graphs showing the absorption for light incident 

on a microstructure with layer structure as shown in FIG. 82A; 

[00109] FIG. 98 is a graph showing simulated absorption for the structure shown 

30 in FIG. 82A and simulated in Fl Gs. 97 A and 97B; 

[0011 0] FIG. 99 shows another preferred epitaxial structure for a Si avalanche 

photodiode for operation in wavelength range from 800 to 1000 nm, according to 

some embodiments; 
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[00111] FIG. 100 is a diagram showing some features of a microstructured APO, 

according to some embodiments; 

[00112] FIG. 101 shows another preferred epitaxial structure for Ge on Si 

avalanche photodiode for operation in wavelength ranges from 800 to 1600 nm, 

5 according to some embodiments; 

[00113] FIG. 102 is a diagram showing some features of a microstructured Ge 

on Si SPD; 

[00114] Fl Gs. 103A-C show hole diameters, periods, and other parameters for 

microstructured silicon and germanium on Si photodiodes and avalanche 

1 O photodiodes, according to some embodiments; 

[00115] Fl Gs. 104A and 104B are graphs showing simulation results using 

FDTD (finite difference time domain) for absorption verse wavelength for the 

structure shown in FIG. 82A which is microstructured Ge P-Ge I - Si N on Si N 

substrate photodiode; 

15 [00116] Fl Gs. 105A and 105B relate to eigenmodes for a square lattice hole 

pattern, according to some embodiments; 

[00117] FIG. 106 is a schematic diagram showing microstructured holes with 

two square lattices arranged overlapping each other, according to some 

embodiments; 

20 [00118] FIG. 107 is a diagram showing an epitaxial structure of Ge on Si, 

according to some embodiments; 

[00119] FIG. 108 is a diagram showing the basic features of a microstructured 

photodiode of Ge on Si, according to some embodiments; 

[00120] Fl Gs. 109A and 109B are graphs showing results of FDTD simulations 

25 using Maxwell equations for a microstructured hole array, according to some 

embodiments; 

[00121] FIG. 110 shows plots of absorption verses wavelength for 

microstructured photodiodes/avalanche photodiodes with different hole diameters 

and lattice periods, according to some embodiments; 

30 [00122] FIGs. 111A and 111 B shows a simulation using FDTD methods of a 

structure as in FIG. 82A where two lattices and two different hole diameters are 

used, according to some embodiments; 



Attorney Docket No.2901/88184-2 

- 19 -

[00123] FIG. 112 is a diagram shows another lattice structure where two 

hexagonal lattices with the same period are combined and interlaced within each 

other, according to some embodiments; 

[00124] FIG. 113 shows a hexagonal lattice with 6 unit cells, each cell with its 

5 Eigen modes where any field propagation/distribution can be an expansion of its 

Eigen modes; 

[00125] FIG. 114 shows a Si NIP microstructured photodiode with hole arrays 

and textured surfaces, according to some embodiments; 

[00126] FIG. 115 is a graph showing absorption coefficient of Si and Ge verses 

10 wavelength; 

15 

[00127] FIG. 116 is a graph showing enhanced effective absorption coefficient of 

Ge due to microstructured hole arrays, according to some embodiments; and 

[00128] FIG. 117 is graph showing the enhanced absorption of a Si 

microstructured PD/APO, according to some embodiments. 

DETAILED DESCRIPTION 

[00129] A detailed description of examples of preferred embodiments is 

provided below. While several embodiments are described, it should be 

20 understood that the new subject matter described in this patent specification is not 

limited to any one embodiment or combination of embodiments described herein, 

but instead encompasses numerous alternatives, modifications, and equivalents. 

In addition, while numerous specific details are set forth in the following description 

in order to provide a thorough understanding, some embodiments can be practiced 

25 without some or all of these details. Moreover, for the purpose of clarity, certain 

technical material that is known in the related art has not been described in detail 

in order to avoid unnecessarily obscuring the new subject matter described herein. 

It should be clear that individual features of one or several of the specific 

embodiments described herein can be used in combination with features or other 

30 described embodiments. Further, like reference numbers and designations in the 

various drawings indicate like elements. 

[00130] According to some embodiments, microstructures are used to improve 

bulk absorption constant or absorption of the material at wavelengths in the 
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proximity of the semiconductor material's band gap. This allows for extending the 

operating optical wavelengths and/or operating spectrum of the photosensor. The 

enhanced bulk absorption constant (or coefficient) is called the effective absorption 

constant ( or coefficient). The term "effective" is used since absorption constant or 

5 coefficient is an inherent material property. However, with resonance effects, 

coupled resonance effects, slow wave effects, plasmonic effects, field 

enhancement effects, scattering effects, near field and sub wavelength effects, 

linear and non-linear effects, the effective absorption constant or coefficient can be 

greater than the bulk or material absorption constant or coefficient. Since 

10 absorption is exponentially dependent on the product of the absorption coefficient 

and absorption length, by keeping the bulk absorption coefficient, the effective 

absorption length can be greater than the physical length of the "I" absorbing 

region of a PD/APO to achieve the same absorption which is proportional to 

quantum efficiency. As used herein, the following terms are used interchangeably: 

15 enhanced absorption constant, enhanced absorption coefficient; enhanced 

effective absorption constant; enhanced effective absorption coefficient; and 

effective absorption constant; and effective absorption coefficient, enhanced 

absorption length, effective absorption length, enhanced effective absorption 

length. Enhanced absorption or effective absorption can be due to either or both 

20 enhanced absorption coefficient and or enhanced absorption length. 

[00131] According to some embodiments, enhanced absorption can also have 

drastic effects on path length. In one bulk absorption example, the path length for 

the photons to be absorbed to 1/e of its original amplitude is 100 micrometers (µm), 

whereas under enhanced absorption according to some embodiments described in 

25 this patent specification, the path length is 1 micrometer for the optical amplitude to 

decay to 1 /e of its original amplitude. Equivalently, if path length is kept constant to 

one micrometer then the enhanced absorption coefficient is 100 times greater than 

the bulk absorption coefficient and or the enhanced effective absorption length is 

100 times greater than the actual physical length. 

30 [00132] This is seen by the relationship A= Ao e-□L where A is the decaying 

amplitude of the incident photon flux Ao and a is the absorption coefficient and L 

the path length for absorption to take place. So, rather than have L be 100 times 

longer, an effective a can be defined such that it is 100 times greater than a non 



Attorney Docket No.2901/88184-2 

- 21 -

enhanced absorption coefficient such as the bulk absorption coefficient. The 

resonance/ coupled resonance/scattering/near field effects of microstructures, for 

example, gives the equivalence of the path length that is 100 times longer where 

the resonant/scattering/near field microstructure is just one micron long. A more 

5 simplistic description of this is that the photons in the resonant/coupled resonace 

structures make 50 round trips before reaching the 1 /e value of its original 

amplitude, so the equivalent linear length is 100 times the length of the coupled 

resonant structure. For simplicity, resonance/coupled resonance/ linear and 

nonlinear field enhancement/scattering/near field effects will collectively be referred 

10 to herein as "resonant" which can include, resonant, coupled resonance, slow 

wave, scattering, near field, plasmonic, nonlinear and linear optical field effects. 

[00133] As used herein the terms "microstructures" and "microstructured" refer 

to: pillars, voids, holes and mesas, of various shapes and sizes having at least one 

dimension in the micrometer scale, or submicrometer scale, and/or sub-wavelength 

15 scale and or wavelength scale. 

[00134] According to some embodiments, the techniques for enhancing effective 

absorption can be applied to various materials including: silicon, germanium, III-V 

material such as lnP, GaAs, GaN, lnGaAs, and any combination of the III-V 

material family. As used herein, the term "material family" of a III-V material is 

20 defined as any material that is lattice matched or approximately lattice matched 

(within a few percent) to GaAs, lnP, GaN, lnSb semiconductors. For example, the 

lnP material family can include lnGaAs, lnGaAsP, lnAIAs, lnAs. According to some 

embodiments, in the case of microstructures, regrowth such as selective area 

growth (SAG), epitaxial lateral over growth (ELOG), epitaxial growth (EG) with or 

25 without a thin buffer layer of Ge, lnGaAs, or other III-V material in silicon 

microstructures can be carried out without the detrimental effects of lattice 

mismatch since the dimension of the footprint of the lattice mismatched material on 

silicon is small (approximately a few micrometers to sub-micrometers). This allows 

Ge and other III-V materials to be integrated with silicon without the use of a 

30 conventional buffer layer (such as amorphous Ge in the case of Ge on Si growth). 

The heterogeneous integration of materials can be homo or hetero structures, 

combination of crystalline and microcrystalline and amorphous semiconductor, 

conductor such as carbon, graphene, insulator, dielectrics, solid, gaseous, liquid 
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such as glass or polymer that can be semiconducting. Ge and III-V materials can 

also be grown on Si with or without a buffer layer using SOG, ELOG, EG methods 

that can cover areas greater than micrometer scale to areas that cover wafer scale. 

[00135] According to some embodiments, a low index material is used such as 

5 buried oxide (BOX), silicon on insulator (SOI), silicon on sapphire (SOS), low­

density semiconductors such as amorphous semiconductor, nanowire 

semiconductors, voids and holes to lower the effective refractive index. Refractive 

index is an inherent property of a material. However, according to some 

embodiments, when structures such as voids, air gaps, and/or holes (which can be 

10 filled with low index material, and/or regrowth) have dimensions on the order of the 

optical wavelength, the optical electromagnetic field will see an average refractive 

index consisting of the material refractive index and the structures (which can be 

filled or partially filled by a low refractive index material). This average is referred 

to herein as the effective refractive index. According to some embodiments, a low 

15 index or low effective index material need not be used in the microstructures. 

[00136] According to some embodiments, the techniques for enhancing effective 

absorption can be applied to various materials including: silicon, germanium, III-V 

material such as lnP, GaAs, GaN, lnGaAs, and any combination of the III-V 

material family. 

20 [00137] Due to the microstructures, the capacitance can also be represented by 

an effective capacitance which is a parallel capacitance of (1) the dielectric 

constant of one semiconductor, and (2) the dielectric constant of another material, 

which can be a semiconductor, dielectric, gas, vacuum, partial vacuum, liquid such 

as glass or polymer (polyimide, mylar, or other organic compound). The effective 

25 capacitance of the device is the combination of the capacitance of the parallel 

capacitors, which can be two or more. An advantage of the use of microstructure, 

according to some embodiments, is that the effective capacitance can be 

significantly lower than the capacitance of a homogeneous material such as a 

semiconductor. The RC time (resistance capacitance) is one of the fundamental 

30 time that determine the bandwidth of a photodiode and avalanche photodiode. 

Lower capacitance allows a device to have a larger area while still maintaining 

suitably high data rate bandwidth, and/or increase the data rate bandwidth by 

reducing the thickness of the device to reduce the electron and or hole transit time 
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which is also a fundamental time that determine the bandwidth of the PD/APO. 

Another fundamental time is the optical transit time. 

[00138] According to some embodiments, the photosensor can be a photodiode 

(PD), avalanche photodiode (APO), photovoltaic (PV) or solar cell, or any 

5 optoelectronic device that converts photons to electrons. According to some 

embodiments, emitters such as lasers and light emitting diodes that convert 

electrons/holes to photons can also be implemented using microstructures. 

[00139] According to some embodiments, the enhanced absorption allows the 

APO/PD to: (1) extend the sensitivity of the APO/PD to photons with energies ( or 

10 wavelength) closer to the material band gap where the bulk absorption coefficient 

is weak, for example approximately 1000 1/cm or less with QE (quantum efficiecy) 

greater than 30% or greater than 50% and data bandwidth greater than 3 Gb/s; (2) 

operate at a high data rate bandwidth (e.g. >10 Gb/s), due to shorter absorption 

length therefore shorter transit time; (3) increase quantum efficiency with enhanced 

15 absorption; (4) be manufactured of silicon which has superior multiplication 

properties with low excess noise for avalanche photodiode; (5) be compatible with 

Si Photonics and CMOS processes. According to some embodiments, the PD/APO 

can be integrated with an ASIC (application specific integrated circuit) such as 

signal processing, signal amplification, memory, cpu, electrical transmitter, optical 

20 waveguides, integrated optics, and other ICs for specific applications. This is 

advantageous for mass production using CMOS foundries. In addition the surface 

(or bottom) illuminated PD/APO integrated with or without electronics can be tested 

at wafer level probing and in addition can handle both single and multimode. The 

single optical and electronic chip by pass the need of ceramic multichip carriers 

25 and significantly reduce the cost of assembly and packaging. Silcion bench can 

also be used in conjuction for optical alignment to optical components such as 

lens, fibers, if needed. 

[00140] According to some embodiments, silicon is used for avalanche gain. 

Silicon has lower excess noise for an avalanche photodiode. By integrating Ge with 

30 silicon, the absorption takes place in the Ge material and the electronic gain occurs 

in silicon. Depending on the optical wavelengths, for example shorter than 1100 

nm, silicon may be used for both absorption and electronic gain with the use of 

microstructures. 
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[00141] According to some embodiments, the absorption of photons in 

semiconductors is enhanced with the use of microstructures. The microstructures 

can have effects such as resonance, coupled resonances, field enhancement, 

near field and sub wavelength effects, scattering, plasmonics, linear and non linear 

5 optical field, photonic crystal, absorption mode or lossy mode in high contrast 

grating at the near field regime, which are both linear and non linear effects that 

can effectively increase the effective absorption length resulting in a greater 

absorption of the photons for a given physical length and or the absorption 

coefficient can be enhaced to an effective coefficient. 

10 [00142] According to some embodiments, microstructures used for absorption 

enhancement, due to length and/or coefficient enhancement, for silicon 

photodiodes and silicon avalanche photodiodes can result in silicon PD and APO 

with bandwidths in excess of 10 Gb/s ( or equivalently 6. 75 GHz approximately 

depending of the digital coding format) at photons with wavelengths of 850 nm 

15 approximately (which is the current datacom preferred wavelength) with quantum 

efficiencies of approximately 50% or more, in some cases QE of 70% ot more. 

[00143] Silicon optical detectors are very robust due to the maturity of the 

material and processing techniques, the surfaces can be easily passivated to 

eliminate dangling bonds that can cause surface states and carrier recombination 

20 centers, they have excellent carrier lifetimes due to low defects and high material 

purity, and for APO applications, the noise is low due to the small ionization ratio 

between holes and electrons (k factor, silicon have the lowest k factor than any III­

V material) and such detectors are CMOS compatible for integration with 

electronics for signal processing and with Si photonics. 

25 [00144] According to some embodiments, the photogenerated carriers are swept 

out with an external reverse bias in the absorbing "i" (some times referred to as "I") 

region of a P-I-N diode (PD) or P-I-P-I-N diode (APO) for high modulation 

bandwidth (greater than or equal to 10 Gb/s bandwidth) and high quantum 

efficiency and for APO for high current gain, with gain greater than 3 dB. 

30 [00145] The microstructured photodiodes and avalanched photodiodes with 

bandwidths of greater than 1 Gb/s are used in communication. An optical signal 

has information impressed on the light using techniques such as: binary (intensity), 

phase/frequency shifting ( coherent, heterodyne communication); polarization 
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coding; multiple wavelength such as wavelength division multiplexing; and 

polarization multiplexing. The optical signal travels through air and or fiber, and 

impinges on the microstructure photodiode and/or avalanche photodiode where the 

information impressed on the optical light can be extracted into electrical signals. In 

5 some cases, another optical source or sources need to be mixed as in heterodyne 

or homodyne. 

[00146] FIG. 1 is a diagram illustrating an optical data transmission system in 

which the microstructured photodiode/avalanche photodiode may be used, 

according to some embodiments. The optical data transmission system 100 

10 consists of an optical source(s) 110, a transmission medium such as air and/or 

optical fiber(s) 120 and the microstructured photodiode(s)/avalanche photodiode(s) 

MS-PD/APO) 130. According to some embodiments, optical source 110 can be a 

laser. Electrical data 112 is impressed on the optical signal with a power supply 

114 forward biasing the laser 110 for direct modulation. The output of the laser 

15 110 can be coupled to an optical fiber 120 via a coupler 122 such as a ball lens. 

The optical signal propagates through the fiber 120 ( or air) and can be coupled 

from the fiber 120 via a lens 124, for example, to the high speed microstructure 

photodiode/avalanched photodiode 130, where the optical signal is converted to 

electrical signal and the redulting data 132 (which matches data 112) is recovered. 

20 The microstructure photodiode/avalanche photodiode is reverse biased using 

power supply 134. 

[00147] According to some embodiments, wavelength selective elements can be 

integrated with the microstructured photodiode and microstructured avalanche 

photodiode. In particular, arrays of microstructured photodiodes/avalanche 

25 photodiodes can be fabricated on a single chip that can include application specific 

integrated circuits comprising CMOS, bi-CMOS, bipolar devices and circuits, for 

example. A wavelength selective element, such as a bandpass filter, can be used 

for coarse wavelength division multiplexing (CWDM) where, for example, 810, 820, 

830, 840, 850, 860, 870, 880 nm wavelengths each carrying 10-40 Gb/s of 

30 modulated data can have an aggregated data rate of 80-320 Gb/s within a single 

transmission medium. 

[00148] Examples of wavelength selective elements include: high contrast 

subwavelength gratings; arrays of subwavelength holes in a metal film or dielectric 
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film, and dielectric layers with alternating refractive indicies as in Bragg reflectors. 

The wavelength selective element can be a bandpass filter that includes multiple 

high contrast gratings to form a resonance cavity. The element can also be a 

combination of gratings and other wavelength selective elements such as 

5 subwavelength hole arrays on metallic or semi-metallic films and/or Bragg mirrors. 

[00149] In addition, the microstructure of the photodiode/avalanche photodiode 

can itself form a reflector such as a high contrast grating such that it can be both 

wavelength selective and absorption length enhancing. In particular, the photon 

absorption region of the photodiode/avalanche photodiode can be enhanced. 

1 O According to some embodiments, an additional high contrast grating can be 

fabricated above the microstructured photodiode/avalanche photodiode to form a 

resonance optical cavity for wavelength selectivity. If one of the high contrast 

gratings can be electrically biased such that a voltage develops between the two 

wavelength-selective elements, the selected wavelength can be tuned, such as a 

15 tunable optical filter. 

[00150] FIG. 2 is a diagram showing wavelength selective elements included 

with the microstructured photodiode (MS-PD) and microstructured avalanched 

photodiode (MS-APO), according to some embodiments. Using wavelength 

selective elements 220, only wavelengths within the selected wavelength range 

20 impinge on the MS-PD/APO 130. According to some embodiments, the window 

can be 1-20 nm in width ( e.g. a center wavelength of 820 nm +/- 5 nm where the 

bandpass is 10 nm centered at 820 nm). Shown in the case of FIG. 2 is a high 

contrast grating 220 made of silicon that can be integrated with the silicon MS­

PD/APD 130. According to some embodiments, the microstructure features 210 of 

25 the microstructured photodiode/avalanche photodiode 130 can also behave as a 

wavelength selector by itself, in addition to their function of enhancing the 

absorption properties of the photodiode and avalanche photodiode. If the 

microstructures 210 of the MS-PD/APO 130 are designed as a wavelength 

selector, than the addition of a high contrast grating 220 will create a resonance 

30 cavity that can function as a bandpass filter. 

[00151] FIG. 3 is a diagram showing a MS-PD/APO having multiple wavelength 

selective elements, according to some embodiments. In this case, multiple 

wavelength selective elements 320 and 322 are fabricated and integrated into MS-
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PD/APO 130. Wavelength selective elements 320 and 322 can be a dual high 

contrast grating that function as a bandpass filter. According to some 

embodiments, if a voltage is applied to one wavelength selective element with 

respect to the other, a tunable bandpass filter can be fabricated. 

5 [00152] Fl Gs. 4A-D are plots showing various bandpass filter characteristics, 

according to some embodiments. The plots in FIGs. 4A, 4B, 4C and 4D have 

center wavelengths at 820, 830, 840 and 850 nm, respectively where "R" is the 

reflectivity. At the center wavelength with a bandwidth of 10 nm for example, the 

reflectivity is practically nil and most of the light is transmitted, while outside the 

10 bandwidth, the reflectivity is almost 100% and transmission is practically nil. 

[00153] FIG. 5 is a diagram showing a coarse wavelength division multiplexing 

(CWDM) configuration, according to some embodiments. In this case, four 

wavelengths propagate within a transmission medium, such as a multimode optical 

fiber with center wavelengths of 820, 830,840 and 850 nm each with a modulated 

15 data rate of 25 Gb/s for an aggregated data rate of 100 Gb/s. The optical bands 

are separated by the bandpass filter on the MS-PD/APDs 530, 532, 534 and 536 

by reflecting off each wavelength selective MS-PD/APO. After each reflection, the 

light is reflected to the next wavelength selective MS-PD/APO via reflector 550 and 

so on, until all the optical bands are absorbed by the designated MS-PD/APO. 

20 Each center wavelength carries a data channel, for example 820 nm carries data 

channel 1 at a data rate of 25 Gb/s and the MS-PD 530 with bandpass filter at 820 

nm separates the 820 nm signal from the rest of the optical signals and generates 

restored Data Channel 1 for further signal processing by an integrated CMOS ASIC 

(not shown). 

25 [00154] According to some embodiments, the MS-PD/APO epitaxial layer 

thickness is compatible with the epitaxial layer thickness and structure of CMOS 

(Complementary metal-oxide-semiconductor) processes and therefore can be 

integrated with a CMOS ASIC. In contrast, a conventional silicon photodiode at 850 

nm with a data rate of 1.25 Gb/s has an epitaxial layer greater than 10 µm 

30 thickness and a 53% quantum efficiency. Thus the relatively thick layers of 

conventional silicon photodiodes are not easily compatible with CMOS processing. 

[00155] According to some embodiments, the light absorbing layer can be non 

crystalline. In particular, it can be hydrogenated amorphous Si (a-Si:H) deposited, 
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for example, by plasma enhanced chemical vapor deposition (PECVD) and/or hot 

wire chemical vapor deposition (HWCVD). The layer typically is the order of 0.3-3 

µm thickness. A voltage is applied across the light absorbing region (or i region of a 

pin photodiode structure) in reverse bias to sweep out the photogenerated carriers 

5 to enable high efficiency and high bandwidth for high speed data communication 

applications. The layer on top of the non crystalline layer can be a transparent or 

semitransparent conducting metal or conducting oxide such as indium tin oxide. 

The top layer can be a thin layer of doped non crystalline material to form a pin 

structure. 

10 [00156] Fl Gs. 6A and 6B are diagrams showing some basic parts of a 

microstructured photodiode, according to some embodiments. FIG. 6A shows 

material structure 600 prior to etching a microstructure and FIG. 6B shows the MS­

PD 660 after etching. Note that according to some embodiments the 

microstructures are holes 622, and in some other embodiments the microstructures 

15 are pillars. In some other embodiments the microstructures are a combination of 

holes and pillars. The "la" layer 608 can be non-crystalline (e.g. hydrogenated 

amorphous Si (a-Si:H)) grown on crystalline or non-crystalline N layer. The Player 

610 can be non-crystalline and highly doped P or a conductive oxide or metal. The 

N layer 606 can also be a metal or conductive oxide. A bias is applied between the 

20 P and N layers using ohmic contacts 628 and 630 to create a high field in the I 

layer 608 that sweeps out the photogenerated carriers. The substrate 602 can be 

non-crystalline and/or dielectric such as quartz, glass, ceramic and/or conductor 

such as metal, silicide, conductive polymer for example. According to some 

embodiments, the "la" also known as "i" layer 608 can have a thickness range of 

25 0.3 to 3 micrometers. 

[00157] Fl Gs. 7 A and 7B are diagrams showing some basic parts of a bottom 

illuminated photodiode, according to some embodiments. FIG. 7 A shows material 

structure 700 prior to etching microstructure and FIG. 7B shows bottom illuminated 

MS-PD 760 after etching microstructures (such as holes 722). For a bottom 

30 illuminated PD/APO, the "la" or "I" region 708 can be non-crystalline such as a-Si:H 

and the "N" layer 710 can also be non-crystalline whereas the "P" layer 706 can 

either be crystalline or non-crystalline on BOX/SOI 704 and crystalline or non­

crystalline substrate 702. However to minimize optical losses, it is desirable that 
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the substrate 702 and the P layer 706 are crystalline since it is less absorbing than 

amorphous silicon at wavelengths from 800 to 1100 nm range. For a "double or 

multiple bounce" PD/APO the absorption region "la" layer 708 can have a thickness 

range of 0.2 to 2 micrometers since the optical signal will reflect off the N metal 

5 contact 726 and back into the "la" absorbing layer 708. The "la" layer 708 thickness 

can be reduced and therefore reduce the transit time and increase the bandwidth 

of the photodiode or avalanche photodiode. 

[00158] FIGs. 8A and 8B are diagrams showing some basic parts of an MS-APO 

structure, according to some embodiments. FIG. 8A shows material structure 800 

10 prior to etching a microstructure and FIG. 8B shows MS-APO 860 after etching. 

The "la" region 808 for light absorption can be crystalline or non-crystalline such as 

a-Si:H. A crystalline avalanche gain region of PIN silicon (820, 818 and 806) is 

grown on silicon substrate or a BOX/SOI (buried oxide/silicon on insulator) 

substrate 802. The Pa top layer 810 can be crystalline or non-crystalline. A 

15 transparent metal oxide layer 826 can be provided to form an ohmic contact with P 

Si layer 810 and or to reduce the sheet resistance. Note that the optical signal can 

come straight on (perpendicular) to the upper surface or it can come from an angle, 

as shown by the photon arrows. The microstructures 822 can be holes, pillars or a 

combination of the two. Shown in FIG. 8B is a top illuminated APO 860, however 

20 according to some embodiments, using BOX/SOI the bulk of the substrate can be 

removed and the APO can be illuminated from the bottom at wavelength ranges of 

800-1100 nm. A reverse bias is applied between P ohmic and bond metal 828 

through the P layer 810 and N ohmic and bond metal 830 through N substrate 806. 

The reverse bias both sweeps out the photogenerated carriers and provides 

25 electronic gain. Typical bias voltages for PD are 1 to 10 volts reverse bias and for 

APO the range is 5 to 50 volts reverse bias approximately. As in all PIN, PIPIN 

devices described herein, the P and N can be interchanged for example PIN can 

be NIP and PIPIN can be NINIP for photodiodes and avalanche photodiodes. The 

anode or p layer is biased negatively with respect to the cathode N layer. 

30 [00159] FIGs. 9A and 9B are diagrams showing aspects of a selective area 

growth (SAG) APO structure before and after SAG of III-V or Ge material, 

according to some embodiments. FIG. 9A shows a Si APO structure with etched 

holes 922 (or the area around pillars). Selective area growth (SAG) epitaxial growth 
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of III-V material or Ge can be performed, as shown in FIG. 9B where Pa layer 910 

and la layer 908 can be non-crystalline such as a-Si:H or it can be crystalline 

silicon. In particular, the I area 934 of the microstructures can be lnGaAs or Ge, 

and the P area 932 can be lnGaAs. According to some embodiments, starting with 

5 a PD structure, with the avalanche gain layers (P layer 920 and I layer 918) 

removed, a SAG PD with lnGaAs or Ge can be fabricated. Other materials may 

also be used in SAG such as GaN, ZnSe, lnP, GaAs. According to some 

embodiments, other amorphous semiconductors may also be used such as 

amorphous Ge. According to some embodiments, amorphous silicon can be used 

10 due to its higher absorption coefficient than crystalline silicon of photons with 

energies above the indirect bandgap. 

[00160] FIG. 10 is a diagram showing a simplified microstructured silicon 

photodiode with PIN epitaxial layers, according to some embodiments. Holes 1022 

are etched to the buried oxide layer (BOX) 1004 which can be 0.2 to 10 

15 micrometers thick. This structure 1060 offers a high contrast in refractive index 

between the silicon and the silicon dioxide that can result in absorption 

enhancement. The I layer 1008 can be in the range of 0.5 to 5 micrometers in 

thickness and the P layer 101 0 and N layer 1006 can be in the range of 0.1 to 5 

micrometers in thickness. The enhance absorption can be greater than 50% in the 

20 wavelength region of 800 to 900 nm or more. The enhanced absorption can be 

optimized for certain wavelength ranges of the optical signal, which is generated by 

directly modulating a laser such as a vertical cavity surface emitting laser or 

indirectly modulation where an optical modulator modulate the laser light. The 

modulated laser light at Gb/s rate is the optical signal. The optical signal impinges 

25 onto the microstructured photodiode 1060 either at normal incidence or at an angle 

to normal incidence. Reverse bias is applied between the P ohmic contact, anode 

1028 and N ohmic contact cathode 1030 for high speed operation of the 

microstructured photodiode 1060. Not shown is a passivation layer on the silicon 

surfaces of 10 to 100 nm thickness for example grown by wet (steam) or dry 

30 oxidation of Si, atomic layer deposition of silicon dioxide, chemical vapor 

deposition, in order to reduce dangling bonds that results in surface recombination. 

[00161] FIG. 11 is a diagram showing a simplified microstructured silicon 

photodiode with PIN epitaxial layers, according to some embodiments. MS-PD 
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1160 is identical to MS-PD 1060 except that the microstructured holes 1122 are not 

etched fully through to the BOX layer 1004. According to some embodiments, 0.01 

to 2 micrometers of N layer 1006 can be left. 

[00162] FIGs. 12A-C show aspects of a simulation using finite difference time 

5 domain (FDTD) of Maxwell propagation equations method of a particular 

microstructured hole pattern, according to some embodiments. FIG. 12A shows a 

hexagonal hole pattern with center to center spacing of the holes of 495 nm in the 

x direction and 860 nm in the y direction. As shown in FIG. 12B, the holes are 

completely etched through to a depth of 2 micrometers with hole diameter of 385 

10 nm on top and 430 nm on bottom. FIG. 12C is a plot showing results of the 

simulation that used a finite difference time domain technique. Curves 1210, 1212 

and 1214 show absorption, reflectance and transmittance, respectively. It can be 

seen that with a thickness of 2 micrometers of silicon, more than 60 percent of the 

light with wavelength range from 805 to 830 nm can be absorbed in this particular 

15 example. By varying the hole diameter, spacing and depth of etch, the absorption 

can be optimized for particular wavelengths of the optical signal. According to 

some embodiments, hole diameters can be varied from 200 to 1800 nm, spacing 

can vary from 200 to 3500 nm, and depths can vary from 0.1 to 20 micrometers. 

[00163] FIG. 13 is a diagram showing an epitaxial layer structure for a high 

20 contrast microstructured photodiode (PD) with a P-I-N doping, according to some 

embodiments. Starting with a BOX (buried oxide) 1304 in Si 1302 where the oxide 

layer thickness range from 0.1 to 10 microns or more, a thin Ge buffer layer 1370 

can be grown on top of the N Si 1302. With or without the Ge buffer layer 1370, 

subsequent N, I, Players 1306, 1308 and 1310 can be Ge and/or III-V material 

25 family such as lnGaAs, lnP, lnGaAsP, GaAs, AIGaAs, GaN, lnGaN, AIGaN. If the 

N, I, P layers 1306, 1308 and 1310 are Si, then the Ge buffer layer 1370 may be 

omitted. For high speed operation of the PD, the N layer 1306 can range from 0.1 

to 5 microns, the I layer 1308 can range in thickness from 0.2 to 3 microns, and the 

P layer 1310 can range from 0.1 to 2 microns. The final layer, in this example, the 

30 Player 1310 can be a combination of layers, such as a Player with lnP with a 

capping of a thin lnGaAs. 

[00164] FIG. 14 is a diagram showing an epitaxial layer structure for a high 

contrast microstructured photodiode (PD) with a P-I-N doping, according to some 
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embodiments. The Pl N heterogeneous structure is similar to that of FIG. 13 except 

that Ge buffer layer 1470 can be at the interface of I layer 1408 and N layer 1406, 

or thereabout, where I layer 1408 and Player 1410 can be Ge and/or III-V material 

family. The advantage of this structure example is that for photon energies less 

5 than the bandgap of Si, less electron hole pairs are generated in the N layer 1406 

where the photogenerated carriers can diffuse to the high field region in the I layer 

1408, resulting in a slow component in the high speed response of the PD. The Ge 

buffer layer may also not be necessary for the heterogeneous growth. 

[00165] FIG. 15 is a diagram showing an epitaxial layer structure for a high 

10 contrast microstructured photodiode (PD) with a P-I-N doping, according to some 

embodiments. The PIN heterogeneous structure is similar to that of FIGs. 13 and 

14 except that only the I region 1508 is a lower bandgap material, such as Ge 

and/or III-V material family such as lnGaAs, lnSb, lnGaAsP, lnAs. Both the Player 

151 0 and N layer 1506 are made of a higher band gap material. According to some 

15 embodiments, the P layer 1510 and N layer 1506 have band gap energies higher 

than the photon energy and the I layer 1508 has a bandgap energy that is lower or 

equal to the photon energy. For example, the N layer 1506 can be Si, the I layer 

1508 can be lnGaAs and/or Ge, and the Player 1510 can be Si and/or lnP. The 

Ge buffer layer may or may not be necessary for the heterogenous growth. The 

20 advantage of having higher bandgap material in the P and N region is to minimize 

photocarriers generated in those regions. Photocarriers generated in the P and N 

regions can diffuse to the high field region, resulting in a relatively slow component 

in the response of the photodiode to short optical pulses. Reducing the 

photocarriers generated in the P and N regions thus reduce the "tail effect" - the fall 

25 time of the electrical pulse output of the PD in response to an optical input pulse or 

set of pulses as in a bit stream for transmitting data optically. High doping of the P 

and N region also reduces the minority carrier lifetime such that photocarriers 

generated in these regions can recombine before diffusing to the high field "I" 

region. 

30 [00166] FIG. 16 is a diagram showing some aspects of fabrication of a high 

contrast microstructured photodiode (PD), according to some embodiments. The 

example structure depicted in FIG. 13 is shown with holes 1622 etched through the 

PIN layers 1310, 1308 and 1306 all the way to the oxide layer 1304 buried in 
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silicon layer 1302. Dry and/or wet etch can be used, a passivation layer can be 

added to the exposed surfaces by atomic layer deposition. In this example, the Ge 

buffer layer 1370 is at the interface of N layer 1306 and Si layer 1302. According to 

some embodiments, similar fabrication methods are used for the structures shown 

5 in FIGS. 14 and 15. 

[00167] Fl Gs. 17 A-D are diagrams showing examples of the hole arrangements, 

spacing, size, and passivation layers, according to some embodiments. FIG. 17 A 

shows a hexagonal layout with a spacing of 280 nm and a passivation layer 

thickness of 50 nm. FIG. 17B shows a square layout. FIGs. 17C and 17D show 

10 tapered and vertical hole profiles, respectively. The examples shown are for 

Silicon, but with small modification of the dimensions, the techniques are also 

applicable to Ge and the III-V material family. The hole can have circular cross 

sections or according to some embodiments, other shapes such as oval, 

rectangular, for example can be implemented. 

15 [00168] FIG. 18 is a diagram showing some further aspects of fabrication of a 

high contrast microstructured photodiode (PD), according to some embodiments. 

The example structure depicted in Fl Gs. 13 and 16 is shown after the 

microstructured holes 1622 are etched, and the P ohmic contact layer 1828 is 

deposited and annealed. 

20 [00169] FIG. 19 is a diagram showing some further aspects of fabrication of a 

high contrast microstructured photodiode (PD), according to some embodiments. 

The example structure depicted in FIGs. 13, 16 and 18 is shown. After P ohmic 

metal 1828 is deposited and annealed, a mesa can be etched, removing material 

1972, to define the capacitance of the PD. The diameter of the mesa can range 

25 from 5 microns to over 100 microns depending on the RC time that is desired for 

the PD. Passivation of the exposed P, I and N regions is performed to minimize 

leakage current due to dangling bonds for example. According to some 

embodiments, ion implantation such as proton bombardment can also be used in 

place of mesa etching to define the capacitance of the PIN structure by generating 

30 an electrically semi-insulating or insulating region. 

[00170] FIG. 20 is a diagram showing some further aspects of fabrication of a 

high contrast microstructured photodiode (PD), according to some embodiments. 

The example structures depicted in Fl Gs. 13, 16, 18 and 19 are shown. After the 
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mesa etch, a ring or partial ring-shaped N ohmic contact 2030 is formed on the N 

layer 1306. Additional processing steps to complete the PD are not shown, such as 

forming an insulating layer from a material such as polyimide so that a bridging 

path is formed for connecting metallization from the P ohmic contact 1828 to a 

5 bond pad (also not shown) for applying an electrical bias to the P region 1310. 

Also, connecting metal between the N ohmic contact 2030 and an N bond pad is 

not shown for simplicity. A reverse electrical bias is applied to the P and N ohmic 

contacts 1828 and 2030 to create a high field in the I layer 1308. According to 

some embodiments, voltages of negative 1 to negative 10 volts can be applied. 

10 [00171] FIG. 21 is a diagram showing some aspects of a lossy high contrast 

microstructured photodiode (PD), according to some embodiments. FIG. 21 shows 

a microstructured PD with the light transiting twice in the absorbing layer 1308. 

This is achieved by removing a portion 217 4 of the Si substrate 1302 to the oxide 

layer 1304 and coating the oxide with a metallic reflector 2176, such as Au, Ag, Al, 

15 or Cu. According to some embodiments, a Bragg reflector can be configured for 

either broadband or wavelength selectivity. According to some embodiments, a 

Bragg layer can also be included on the upper surface of P layer 1310 to further 

provide wavelength selectivity especially for use in coarse wavelength division 

multiplexing, or wavelength division multiplexing. 

20 [00172] FIGs. 22A and 22B show aspects of a simulation using FDTD method of 

a particular microstructured PD, according to some embodiments. FIG. 22B is a 

plot showing results of a simulation of the absorption of the photons versus 

wavelength of the photons for a double bounce structure as depicted in FIG. 21. 

The following example thicknesses were used in the simulation: oxide 1304 is 2 

25 microns; P silicon 131 0 is 300 nm, I Si 1308 is 2 microns, and N silicon 1302 is 300 

nm, the reflector 2176 is Au of 100 nm thickness. A hexagonal microstructured 

hole is assumed as shown in FIG. 22A. The holes are 600 nm center-to-center 

hexagonal period, 480 nm hole diameter and 30 nm of SiO2 passivation as shown 

in FIG 22A. These dimensions are just one example for the microstructured holes 

30 with the corresponding simulation of its absorption characteristics versus 

wavelength. The absorption was found to be significantly higher than in the case 

of Si without microstructured holes, as can be seen from curves 2210 (absorption) 
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and 2212 (reflection) of FIG. 22B. In the vicinity of 850 nm wavelength the 

absorption is better than 70% for example. 

[00173] FIG. 23 is a diagram showing aspects of a high contrast microstructured 

PD, according to some embodiments. The lower structure is similar to the 

5 structure of FIG. 20: Si substrate 2302, SiO2 layer 2304, and Si N layer 2306. A 

lower Si I layer 2308 can also be provided. In this case, Ge is used as an upper I 

layer 2309 and the P layer 2310. The P layer 2310 can also be made of lnP, which 

can be grown on the Ge I layer 2309. The advantage of an lnP Player 2310 is that 

it is less absorbing at wavelengths from 0.9 to 2 micrometers. The Player 2310 

10 can also be made of GaAs grown on Ge I layer 2309. Also shown are 

microstructure holes 2322, P ohmic contact 2328 and N ohmic contact 2330. Note 

that light can impinge on the upper surface of P layer 2310 and/or on the Si 

substrate surface 2302. 

[00174] FIG. 24 is a diagram showing aspects of a heterogeneous epitaxial 

15 microstructured PD, according to some embodiments. In this case, the I region 

can be a composite of Si (lower I layer 2408) and lnGaAs (upper I layer 2409) 

separated by Ge layer 2470. The P region 241 0 is lnP. According to some 

embodiments, the I region can also be entirely lnGaAs grown on a thin layer of 

buffer Ge layer 2470. Also shown are Si substrate 2402, oxide layer 2404, N layer 

20 2408, microstructure holes 2422, P ohmic contact 2428 and N ohmic contact 2430. 

This is an example of a high contrast Microstructured PD structure. It can also 

incorporate a metal reflector as in FIG. 21 where the Si is removed by etching 

below the PD to the oxide layer and Au, Ag, Al or Cu metal layers can be deposited 

to reflect the light back toward the I absorbing layer. Bragg reflectors can also be 

25 used as described above. Light comes from the P layer side in this example. Light 

can also come from the Si substrate side, in which case, a reflector is placed on 

the P layer surface for a double transit through the I layer. Advantages of such 

arrangements includes keeping the I layer thickness unchanged from that of a 

single pass, while the absorption is greatly improved by transiting the absorption 

30 region twice or more. By reducing the absorption region thickness to, for example, 

half that of a single pass PD, the speed of the PD increases since the transit time 

for the photogenerated carriers have to traverse only half the distance of a single 

pass PD. High contrast microstructure refers to the refractive index difference 
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between the microstructure and the space or atmosphere at one surface interface 

and the SiO2 and or the bulk semiconductor material at another surface interface. 

Light interact with the microstructures in a complex manner of coupled eigen cells 

or resonantor cells where each hexagonal or square cell in the lattice can be 

5 considered as an individual resonator that is coupled to its adjacent cell or 

resonator in addition to linear and nonlinear optical field enhancements that may 

occur. If there are no or very little optical losses, the coupled resonator structures 

can have a high Q (quality factor of a resonator) or, in other words, light can 

bounce back and forth in the microstructure over 104 to over 106 times before 

10 damping out for example. However with optical loss such as due to weak 

absorption, the Q may be low and light may bounce back and forth in the 

microstructure less than 100 times, or even less than 20-30 times. The 

microstructures in the PD/APO are low Q high contrast stuctures or lossy high 

contrast structures with the Q of each cell coupled to adjacent cells. 

15 [00175] FIG. 25 shows a high contrast structure for an optical emitter such as a 

light emittting diode (LED) or a vertical surface emitting laser (VCSEL), according 

to some embodiments. Optical emitter 2500 is a heterogeneous epitaxial layer 

structure. Si layer 2506 is formed on Si substrate 2502 and BOX/SiO2 layer 2504. 

A buffer Ge layer 2570 can be grown on Si layer 2506 followed layer 2510, which 

20 can be lnAs quantum dots 2572, cladded by GaAs and AIGaAs. In addition, a 

simple Si PIN microstructure where the "I" layer can be thin of approximately 1000 

nm or less and where the structure in forward bias, can be a photon emitter. 

[00176] FIG. 26 shows, for example, the basic structure for a high contrast 1.3 

micron wavelength photo emitter (PE), according to some embodiments. An active 

25 layer for 1.3 micron wavelength emitter is formed usingan lnAs quantum dot layer 

2570 (shown in FIG. 25) or 2670 in Fig. 26, sandwiched by GaAs Player 2604 and 

N layer 2606 which in turn is sandwiched by AIGaAS P layer 2608 and N layer 

2602, and a P GaAs capping layer 261 O as the final layer. Typical thickness can be 

found in the literature. See, e.g. AY Liu, S Srinivasan, J Norman, AC Gossard, JE 

30 Bowers, Quantum Dot Lasers For Silicon Photonics, Photonics Research 3 (5), B1-

B9 (2015), which is incorporated by reference herein. In addition there can be 

multiple layers of quantum dots and/or cladding layers. The microstructures can be 

designed such that the standing wave peak is positioned at one or more of the QD 
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layers to optimize the gain and optical field overlap. For MS-PD/APO, the length of 

the microstructure can also be such that at a particular wavelength, an integer 

number of wavelengths is in a round trip to optimize the absorption enhancement 

at that particular wavelength for example. In addition a single microstructure for 

5 example a single hole can also have enhancement of absorption or emission for 

either PE or MS-PD/APO over than of a similar structure without any 

microstructures. 

[00177] FIG. 27 is a diagram showing some basic features of a high contrast 

microstructured photo emitter (PE) structure with etched holes, according to some 

10 embodiments. The material structure is similar to that of PE 2500 shown in FIG. 

25. Microstructure holes 2722 are etched into active layer 2510. Using P and N 

ohmic contacts 2728 abd 2730, the device 2700 is biased in a forward bias, P 

positive in respect to N, to generate photons from the active layer 2510 comprising 

in this example of lnAs quantum dots 2572 at a wavelength of 1.3 microns. Other 

15 active layers, cladding layers can be used to generate light at other wavelengths, 

from visible to infrared. Depending on the wavelength of light, light can be emitted 

from the top surface and/or the bottom surface through the oxide layer 2504. The 

advantage of a microstructured high contrast photon emitter is that the photons 

interact with the active layer and/or the gain layer in the case of a laser longer 

20 since the high contrast structure can have very high Q, with Q ranging from 103 to 

over a million since the structures have very little optical loss and the quantum dots 

provide optical gain. The high contrast low loss microstructured photo emitter can 

operate as a LED, as a VCSEL and/or a laser and/or a super-radiant LED. The PE 

is forward biased with the anode, 2728 is the P ohmic, or P layer at a positive 

25 voltage with respect to the cathode, 2730 that is the N ohmic, or N layer. 

[00178] FIG. 28 is a diagram showing some aspects of a PE according some 

other embodiments. PE 2800 is similar to PE 2700 shown in FIG. 27 except that a 

portion 2874 of the substrate 2502 is removed underneath the light emitting region 

to the oxide layer 2504. A reflector, metal and/or Bragg such as distributed Bragg 

30 reflector (DBR) 2876 is formed on the oxide layer to reflect light generated in the 

active layer back toward the P layer 2510 surface. According to some 

embodiments, device 2800 operates in an LED mode and/or in a laser mode. 
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[00179] FIG. 29 is a diagram showing some aspects of a PE, according to some 

embodiments. PE 2900 is similar to PE 2800 of FIG. 28, except that in includes a 

reflector 2928, which can be metal and also can act as a P ohmic contact, if 

desired. According to some embodiments, a separate P ohmic can be provided. 

5 The reflector 2928 also can be a distributed Bragg reflector and/or partially metal 

and partially DBR. Light is emitted from the lower surface of oxide layer 2504 and 

through the substrate 2502 where a portion 2874 has been removed. The photo 

emitter 2900 can operate in LED and/or a laser mode such as VCSEL mode. 

According to some embodiments, the photo emitter 2900 can operate in an edge 

10 mode, where light is emitted in the plane of the active layer rather than 

perpendicular to it, with or without mirrors such as DBR or metal along the emitting 

edges. 

[00180] FIG. 30 is a diagram showing some aspects of a PE, according to some 

other embodiments. PE 3000 is similar to PE 2900 of FIG. 29, but is configured as 

15 a VCSEL (vertical cavity surface emitting laser). PE 3000 is heterogeneous 

epitaxially grown on Si with high contrast microstructured holes (or pillars). Note 

that only the very basic components are shown for simplicity. The high contrast 

structure can be sandwiched by reflectors 2928 and 3076. The P layer 2510 can 

be a DBR grown by semiconductor epitaxy and followed by P ohmic metallization 

20 layer 2928. According to some embodiments, the DBR can be formed from 

conductive oxides or non-conducting oxides, with either the P metal on the DBR 

and/or on the side as in Fig. 28 . The mirror 3076 on the bottom side of oxide layer 

2504 can be metal and/or DBR of dielectric layers of different refractive index. Light 

output as shown is from the bottom, but can also be from the top. 

25 [00181] FIG. 31 is a diagram showing some aspects of a Simple PIN photodiode 

structure, according to some embodiments. To minimize diffusion current due to 

photocarriers generated in the regions outside the high field region, the "I" layer 

3108, the P and N layers 311 0 and 3106 are highly doped and/or doped 

degenerately to reduce minority carrier lifetime. N and P doping can range from 

30 1x1018 to 8x1021 /cm 3 or more. I layer 3108 is not intentionally doped and can be 

less than 5x1016/cm 3. Also shown is an oxide layer 3104 and a Si substrate 3102. 

As in earlier examples, with or without the addition of a Ge buffer layer, Ge and/or 

III-V materials can be grown and the P and N layers can also be highly doped 
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and/or doped degenerately. The doping need not be uniform and can have a 

gradation, for example where the doping is reduced in the P or N layer near the "I" 

layer interface to minimize diffusion of dopants into the "I" layer during epitaxial 

growth. 

5 [00182] By reducing minority carrier lifetime in the P and N layers, 

photogenerated carriers in these layers can recombine before diffusing and/or 

drifting into the high field "I" where the electrons and/or holes can contribute to a 

photocurrent that can result in a degradation of the photodiode modulated 

frequency response. Therefore, it is beneficial to minimize photocurrent 

10 contributions due to carriers generated outside the high field region. 

[00183] Other methods of reducing minority carrier lifetime include introducing 

defects, such as via ion implantation partially and/or entirely in the P and/or N 

regions. The introduced ions can be inert ions, and/or active ions with partial, full or 

no thermal annealing. In addition, the microstructured holes (and/or pillars) can be 

15 with or without partial passivation, such that the surface states in the low field 

regions of N and P layers can act as carrier sinks whereas in the high field regions 

of the "I" layer, the carriers are swept out rapidly. Passivation can also be selective, 

on the "I" layer predominately. 

[00184] FIG. 32 is a diagram showing aspects of MS-PD fabrication, according 

20 to some embodiments. The starting material structure can be such as depicted in 

structure 3100 of FIG. 31. A simple NIP (N and P can be interchanged for a PIN) 

microstructured photodiode is shown where holes 3222 are etched to the top of P 

layer 3106. The purpose is to passivate the N and "I" layer walls, and not passivate 

the P layer walls to thereby reduce the lifetime of minority carriers in the P layers 

25 that are generated by the light with wavelengths from 780 to 980 nm for example. 

Surface states on the un-passivated P walls can act as a potential sink for minority 

carriers where they are recombined. 

[00185] FIG. 33 is a diagram showing aspects of MS-PD fabrication, according 

to some embodiments. Passivation of the side walls of the holes 3222 of the N 

30 and "I" layers is shown resulting in passivation layer 3324. The passivation can be 

carried out using thermal oxidation and/or atomic layer deposition of SiO2. Thermal 

oxides 3324 of 5-50 nm thick can be grown on the side walls for example. Other 

thicknesses can also be grown. After thermal oxidation, etching the holes can be 
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continued to etch through the P layer 3106 to the SiO2 layer 3104, for example. 

Not all processing steps are shown, for example, the N layer can be protected by 

thermal oxide, not shown, during the continuation of the hole etch. 

[00186] FIG. 34 is a diagram showing aspects of MS-PD fabrication, according 

5 to some embodiments. After passivation, the holes 3222 are further etched as 

shown by area 3422. Note that the N and P layers can be interchanged so that 

instead of the NIP structure as shown in this example it can also be a PIN 

structure. The holes 3222 can be etched to the SiO2 layer 3104 and/or they can be 

etched only partially through the P layer 3106 so that a thin P layer remains. The 

10 sides of the holes 3222 within the P layer 3106 are not passivated in this example 

to allow the surface states to pull any minority carriers generated by the light 

toward its potential sink and result in recombination. According to some 

embodiments, the P layer 3106 can also be passivated and/or partially passivated. 

Since layer 3106 can also be heavily doped, the minority carrier lifetime may be in 

15 the 1 Os of picosecond or less. 

[00187] FIG. 35 is a diagram showing aspects of a MS-PD, according to some 

embodiments. The microstructured NIP photodiode 3560 has microstructure holes 

3222 with passivated sidewalls of the N and "I" layers, but not passivated sidewalls 

of the P layer. Ohmic contacts 3528 and 3530 to the N and P layers respectively 

20 are added to provide a reverse bias for high-speed operation of the photodiode 

3560. Light impinging on the N side of the photodiode is either normal and/or off 

normal to the N layer plane. 

[00188] FIG. 36 is a diagram showing aspects of a MS-PD, according to some 

embodiments. The microstructured hole photodiode 3660 has Si NIP layers where 

25 passivation is partially on the sidewalls similar to PD 3560 shown in FIG. 35. With 

PD 3660, however, light comes in via an optical fiber 3680 from the Si substrate 

side where a via 3672 is etched to allow a self-aligning process where the fiber 

3680 with or without a lens 3682 is guided along the via 3672 to the correct 

position for optimal coupling of light into the microstructured photodiode 3660. A 

30 dielectric layer 3676 of 0.1-10 micrometer thickness approximately can be 

positioned on the N layer 3110 over the holes 3222. On top of the dielectric layer 

3676 can be a metal reflector 3678 such as Ag or Au (or any other suitable metal 

or alloy, such as Al, Ni, Cr, for example) and/or a dielectric stack such as a Bragg 
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Reflector (BR), to reflect the light back toward the absorbing "I" layer 3108. An anti­

reflective coating 3674 can also be provided. Also as in earlier examples, Ge 

and/or III-V materials can also be grown with or without the addition of a Ge buffer 

layer. 

5 [00189] FIG. 37 is a diagram showing a technique to reduce minority carrier 

lifetime, according to some embodiments. In this case, surface and bulk 

recombination is used rather than passivating or partial passivating hole surfaces. 

A high doping of greater than 1020/cm 3 can reduce the diffusion length to less than 

0.1 micrometer (Auger recombination) for example. In addition, ion implantation is 

10 used to introduce defects 3770 and 3772 in layers 3710 and 3706. The defects in 

the semiconductor can also cause reduced lifetimes via the Shockley-Read-Hall 

recombination process. Ions such as Xe, Bi, Ti, Cr, Ar, N, to name a few can be 

implanted into the N and/or P layers. Contrary to known structures where long 

minority carrier lifetimes are desirable for device operation, the described 

15 techniques introduce defects either by epitaxial growth and/or ion implantation of 

metal, non-metal and inert ions to increase the recombination rate due to Shockley­

Read-Hall effects. Deep and/or shallow traps can be created due to the defects 

that can result in short lifetimes of the minority carriers. The short lifetime of 

minority carriers is desirable in the P and N regions to minimize the contribution of 

20 diffusion currents that find their way to the high field region "I" layer that can 

contribute to the photocurrent. These "slow" diffusion currents that diffuse and/or 

drift into the "I" region can cause degradation of the time response of the 

photodiode by contributing a slow component to the photocurrent-time response 

characteristic of the photodiode. 

25 [00190] FIGs. 38A-38C describe various parameters for microstructured 

photodiodes that were simulated. FIG. 38A shows a hexagonal hole pattern 

having a distance "d" between the hole centers. FIG. 38B shows a square hole 

pattern having distance "d" between the hole centers. FIG. 38C is a table of 

parameters used for the simulation using FDTD method. It was found that 

30 absorption of greater than 90% can be accomplished with a 2 micrometer thick 

silicon layer on SiO2 layer of 2-2.5 micrometers thick, with holes ranging from 1300 

to 1500 nm in diameter and with a period of 2000 nm in a hexagonal lattice of 

holes for wavelengths of the optical signal ranging from 850 to 950 nm and to 980 
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nm for example. In addition, wavelengths can range from 750-1000nm. Hole 

diameters can be subwavelength to greater than a wavelength of the incident 

optical signal, ranging from 100 to 3000 nm in diameter. Thickness of the Si 

absorbing layer can range from 0.3 to 1 O micrometers. The SiO2 layer can range 

5 from 0.2 to 10 micrometers. According to some embodiments, a mixture of hole 

diameters can also be used to optimize the absorption of the incident photons. 

[00191] FIG. 39 is a graph plotting simulation results of microstructured hole 

photodiodes using FDTD for absorption verses wavelength. The photodiode 

absorption "I" layer was 2 micrometers thick, with hole diameters ranging from 

10 1000 to 1500 nm. Incident energy wavelengths ranged from 850 to 950 nm. Three 

curves 3910, 3912 and 3914 plot the absorption for hole diameters of 1000 nm, 

1300 nm and 1500 nm respectively. The simulations show that with hole diameter 

of 1500 nm, greater than 90% absorption is achieved over a wavelength range of 

850-870 nm and with a hole diameter of 1300nm, absorption of greater than 80% 

15 can be achieved over a wavelength range of 875 to 950 nm with a hexagonal 

lattice of holes with a period of 2000 nm. The 2 micrometer Si is on top of a 2-2.5 

micrometer SiO2 layer. As can be seen, having a hole diameter larger than the 

incident wavelength can be used to enhance the absorption over that of a 

comventional silicon layer without any features. 

20 [00192] FIG. 40 is a diagram showing a microstructured avalanche photodiode 

(APO) with a P-I-P-I-N epitaxial structure, according to some embodiments. In the 

case of FIG. 40 all the layers of APO 4060 are silicon for optical communication 

wavelength ranging from 780 to 1000 nm for example. The APO 4060 can also 

operate in the visible wavlength range. Data rates can range from 100 Mb/s to 50 

25 Gb/s or more. A reverse bias voltage is applied between the P and N ohmic 

contacts 4028 and 4030 with voltage range of -4 to -50 volts. Avalanche 

microstructured photodiode 4060 can have the following doping and thicknesses: P 

layer 4010, doping> 1x1019 /cm 3, thickness 0.1-1.0 µm; I layer 4008, doping< 

1x1016/cm 3, thickness 0.5-3 µm; Player 4020, doping 1-3x1017/cm 3, thickness 0.1-

30 0.5 µm; I layer 4018, doping < 1x1016/cm 3, thickness 0.3-1 µm; and N layer 4006, 

doping> 1x1019/cm3, thickness 0.5-3 µm for example. According to some 

embodiments, the top two layers 4010 and 4008 can also be Ge instead of Si. The 
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holes 4022 can be etched partially through the APO layers or completely to the 

Si02 layer 4004 as shown in FIG. 40. 

[00193] As in the case of microstructured photodiodes, for APDs the optical 

signal can impinge from the front side (epitaxial layer side) or the backside 

5 (substrate side). Additionally, with a via in the substrate, a reflector can be 

deposited on the Si02 resulting in a double or multiple bounce of the optical signal 

within the APO structure. According to some embodiments, the P and N can be 

interchanged resulting in a N-I-N-I-P microstructured APO. 

[00194] FIG. 41 is a diagram showing a microstructured avalanche photodiode 

10 (APO) with a P-I-P-I-N epitaxial structure, according to some other embodiments. 

The APO 4160 is identical to APO 4060 depicted in FIG. 40, except that the holes 

4122 (or pillars) are partially etched. In the example shown in FIG. 41, the holes 

4122 are partially etched into the P layer 4020 and/or stop at the P layer 4020. 

According to some other embodiments, the holes 4122 can be partially etched into 

15 the I absorption layer 4008. 

[00195] FIG. 42 is a diagram showing a microstructured APO with a Ge 

absorption layer and Ge P capping layer, according to some embodiments. The 

APO 4260 is similar or identical to APO 4060 depicted in FIG. 40 except that the 

two upper layers, 4210 and 4208 are Ge instead of Si. The APO 4260 can have 

20 the same doping and thicknesses ranges as described above for APO 4060 except 

that the P Ge layer 4210 can have a doping level greater than 1 1020/cm 3. After 

the epitaxial growth of the APO structure P(Ge)-l(Ge)-P(Si)-l(Si)-N(Si) on a buried 

oxide (BOX) silicon substrate, the microstructures are then etched. The 

microstructures can be holes, pillars or a combination of the two. The etching can 

25 be made to the Si02 layer or it can also be etched partially to a depth before 

reaching the Si02 layer 4004, for example the holes can be etched to or into the P 

Si layer 4020. The Ge absorption layer 4208 with microstructures is expected to 

allow the optical signal to operate with wavelengths from 780 to 2000 nm at data 

rates from 100 Mb/s to 50 Gb/s or more. The optical signal can impinge from the 

30 top surface (epitaxial surface) or the bottom surface (substrate surface). With a via 

and a reflector deposited on the Si02, the optical signal impinging from the top 

surface can be reflected back to the absorption I (Ge) layer 4208 for a second time 

and/or multiple times. Since there are optical refractive index differences between 
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the Si, Air and Ge, standing waves can be established and the thickness of the 

structure can be optimized to have the absorbing layer at the peak intensity of a 

standing wave(s) also known as stationary waves or eigen modes. In addition, at 

wavelengths where Si is transparent, a microlens can be etched into the Si 

5 substrate to assist in coupling of the optical signal into the APO from the bottom 

surface. Si02 and a reflector can also be placed on the P (Ge) 4210 surface to 

reflect the optical signal that impinges from the bottom back to the absorbing I (Ge) 

layer 4208. Reverse bias voltages are applied between the P and N ohmic 

contacts 4028 and 4030 ranging from -4 to -50 volts. 

10 [00196] Fl Gs. 43A through 43D show polarization sensitivity of the 

microstructured photodiode and APO, according to some embodiments. FIG. 43A 

shows the geometry used for the simulation. The holes are symmetric in size and 

period; the electric field polarization of the optical signal either along B or A shows 

less than 5% difference in the absorption characteristic of the MS-PD/APO. 

15 Absorption is equal to the incident light minus the transmission and reflection of the 

light, and the quantum efficiency is directly proportional to the absorption. In cases 

where the dimensions of the hole dimensions "a" and "b" are not the same, the MS­

PD/APD shows polarization sensitivity. In FIG. 43B, curve 4310 plots absorption vs 

wavelength where the "a" and "b" dimensions are both equal to 1000 nm. The 

20 absorption characteristic show less than 5% difference. FIG. 43C shows results for 

the case where a=1300 nm and b=870 nm. The curves 4320 and 4322 show that 

the difference in absorption value with polarization along A or B can be seen by as 

much as 2 times. FIG. 43D shows results for the case where a=1500 nm and 

b=650 nm. The curves 4330 and 4332 show that absorption differences due to 

25 polarization orientation can also be as much as 2 times. With further dimensional 

changes in both "a", "b", A and B, absorption differences due to polarization 

orientation can be 10 to 100 times different, or more. Both polarization "insensitive" 

(with absorption changes due to polarization orientation less than 5%) and 

polarization sensitive (with absorption changes to to polarization orientation of 10 

30 or more times) photodiodes and APO are useful. In cases where signals are not 

polarization multiplexed, for example where using the same wavelength, two 

channels can be transmitted, one with one polarization and another that is 

orthogonal to the first channel. For example, each channel can transmit at 25 Gb/s 
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at a particular polarization at the same wavelength. At the receiver end, 

polarization sensitive photodetectors are used to demultiplex the signal. The 

aggregated data rate is 50 Gb/s at a wavelength of 850 nm. In direct modulation of 

a laser, the spectrum of the laser is always wider than, for example, a laser that is 

5 operating in CW mode. The spectrum can be broadened by as much as a few 

nanometers (e.g. 3 nm). Therefore at 850 nm, if the laser is directly modulated, the 

center frequency can be at 850 nm with a broadening of as much as 1.5 w nm 

approximately, plus or minus. In vertical cavity surface emitting lasers, lateral 

modes can contribute significantly to a wider spectrum due to multiple lateral 

10 modes. In multi mode systems, this is desirable as it reduces mode selective 

losses. 

[00197] FIG. 44 shows a MS-PD/APO that is integrated with a transimpedance 

amplifier and/or another ASIC (application specific integrated circuits) for data 

processing and/or routing, according to some embodiments. The process can be 

15 CMOS and/or BiCMOS. MS-PD/APO 4420 is shown electrically connected to 

electronics 4430 (e.g. transimpedance amplifier (TIA) and/or another ASICs) via 

electrical leads 4422. The components are all integrated onto a single silicon 

substrate 4410. One advantage for integrating the microstructured PD/APO with IC 

electronics is a reduction of packaging costs, where instead of two or more 

20 individual devices, a single chip is used which may also be placed directly on a 

circuit board without the use of a multichip ceramic carrier. Another advantage of 

integrating the MS-PD/APO with electronics on a single chip is potentially lower 

capacitance, due to the omission of relatively large bond pads connected to the 

ohmic contacts. Operating wavelengths range from 800-990 nm for all silicon 

25 microstructured PD/APO. Operating wavelength can be extended to 1800 nm with 

the addition of Ge microstructured absorbing layer. Operating at data rates of 10, 

28, 56 Gb/s can be achieved singly or in an array. The data rate can also be 1, 5, 

20, 25, 30, 40 Gb/s depending on the protocol and link applications. Typically high 

data rates over multi mode fiber and/or fibers are used at distances from under 1 

30 meter to a length of over 100 meters. Multiple fibers and array of microstructured 

PD/APO (MS-PD/APO) can be utilized to give an aggregated data rate of 100 to 

over 400 Gb/s. For example a 10 fiber channel with each fiber operating at 10 

Gb/s with a 10 MS-PD/APO array integrated with IC electronics such as 
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transimpedance amplifiers (TIA) and/or other signal processing/routing IC 

electronics on a single silicon chip can have an aggregated data rate of 100 Gb/s. 

If each channel is at 56 Gb/s, the 10 channel can have an aggregated data rate of 

over 500 Gb/s. 

5 [00198] FIG. 45 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

single silicon chip, according to some embodiments. According to some 

embodiments, the TIA and/or other signal processing integrated circuits 4530 are 

fabricated using CMOS and/or BiCMOS processes. Solder bumps 4512 and 4514 

10 and/or similar bump technologies are used to attach the chip 4510 to a PCB 

(printed circuit board) 4550. According to some embodiments, some or all of 

solder bumps 4512 are used to make electrical connections between chip 4510 

and PCB 4550, while solder bumps 4514 are used for physical mounting and/or 

stabilization only since electrical connection directly between MS-PD/APO 4520 

15 and PCB 4550 may be unnecessary. According to some embodiments, chip 4510 

is attached to another chip or multichip carrier instead of PCB 4550. Packaging the 

chip 4510 directly onto PCB 4550 reduces the cost of packaging by as much as 

80% over known prior art packaging where the PD and IC electronics are first 

mounted on a multichip ceramic carrier prior to placing the carrier on a PCB. In 

20 addition, an integrated optical lens 4522 can be fabricated on the silicon chip 451 O 

to focus the light to the MS-PD/APO 4520 from the optical fiber 4524. Note that in 

this arrangement, light signal enters from the substrate side of of MS-PD/APO 

4520. The integrated lens 4522 on Si can be used in the case where the operating 

wavelength is greater than 1100 nm (e.g. 1100 nm to 1800 nm) where Ge 

25 microstructures can be used for absorption of the incoming optical signal. 

[00199] FIG. 46 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

single silicon chip, according to some other embodiments. The chip and mounting 

techniques are similar or identical to those depicted in and described with respect 

30 to FIG. 45. In this case, chip 4510 includes a via 4626 where most or all the silicon 

in the optical path to the MS-PD/APO 4520 is removed. An integrated dielectric 

lens 4622 is provided to collect the light and direct it on the MS-PD/APO 4520. 

According to some embodiments, a light pipe is used instead of lens 4622. The 
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sidewall of the via 4626 can be coated with dielectric and/or metal to assist in the 

collection of light. Anti-reflection coating can be provided on the lens 4622 to 

reduce any reflection of the optical signal back into the optical fiber 4524. In 

addition, the fiber 4524 or chip 4510 can be tilted to reduce any reflection back into 

5 the fiber 4524. The optical fiber 4524 is used to bring the optical signal from a laser 

source to the integrated PD/APO and IC electronic chip 4510 with data rates 

ranging from less than a Gb/s to greater than 60 Gb/s. According to some 

embodiments, data rates of approximately 1, 5, 10, 20, 28, 50, 56 Gb/s can be 

used. According to some embodiments, optical signal wavelengths can range from 

10 800-990 nm for all silicon microstructured PD/APO (MS-PD/APO), and with 

microstructured Ge for the absorbing layer, the wavelength can be extended to 

1800 nm. 

[00200] FIG. 47 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

15 single silicon chip, according to some other embodiments. The chip and mounting 

techniques are similar or identical to those depicted in and described with respect 

to Fl Gs. 45 and 46. As in Fl Gs. 45 and 46, a single chip 451 O contains both the 

optical and electronic elements. With a via 4626 in the substrate of chip 4510 to 

eliminate most or all of the Si in the optical path to the MS-PD/APO 4520 together 

20 with an integrated Fresnel lens 4722, the optical signal is efficiently collected from 

the optical fiber 4524. The collected optical signal is impinged on the MS-PD/APO 

4520. According to some embodiments, instead of Fresnel lens 4722, a high 

contrast grating (HCG) is used. According to some embodiments, the HCG can 

have filtering effects so that only specific optical wavelengths can be transmitted to 

25 the MS-PD/APO while the rest is reflected. This bandpass property is useful for 

coarse wavelength division multiplexing (CWDM) where multiple wavelengths are 

used in a single fiber. 

[00201] FIG. 48 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

30 single silicon chip, according to some other embodiments. The chip and mounting 

techniques are similar or identical to those depicted in and described with respect 

to Fl Gs. 45-47. The walls of via 4626 may be coated with dielectric and/or metal to 

provide a light pipe for the light to impinge on the MS-PD/APO 4520. The optical 
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fiber 4524 can then be inserted into the via 4626 such that it provides a guide to 

align the fiber 4524 to the MS-PD/APO 4520 thereby simplifying the optical packing 

and alignment of the optical fiber to the MS-PD/APO with a cost reduction of 

approximately 30% or greater. According to some embodiments, the fiber 4524 

5 may be also be tapered and/or the via 4626 may have multiple diameters such that 

it provides a stop for the fiber 4524. For example, a step in the via 4626 is 

provided such that the edge of the fiber 4524 can rest on the step, where it can be 

attached to the silicon. This step arrangement also provides a precise distance 

between the fiber and the MS-PD/APO for optimal light collection. According to 

10 some embodiments, index matching fluid, gel and/or polymer and/or dielectric bulk 

or thin film may be used in the via 4626, particularly in the space between the fiber 

4524 and the MS-PD/APO 4520 to optimize the transfer of optical signal from the 

fiber to the MS-PD/APO. 

[00202] As mentioned above, with light entering from the substrate side (bottom 

15 illumination) the MS-PD/APO may employ a double and/or multiple bounce of the 

optical signal within the MS-PD/APO. This allows the absorption layer to be made 

thinner while still achieving high quantum efficiency. The thinner absorption layer 

will also allow a faster transit time thereby allowing the MS-PD/APO to operate at a 

higher data rate. 

20 [00203] FIG. 49 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

single silicon chip, according to some other embodiments. The chip and mounting 

techniques are similar or identical to those depicted in and described with respect 

to FIGs. 45-48. In this example a ball lens 4922 is positioned within via 4626 to 

25 couple light from the optical fiber 4524 to the MS-PD/APO 4520 efficiently. The ball 

lens 4922 can sit in the via 4626 for alignment of the lens to the MS-PD/APO 4520. 

[00204] FIG. 50 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

single silicon chip, according to some other embodiments. The chip and mounting 

30 techniques are similar or identical to those depicted in and described with respect 

to FIGs. 45-49. In this example, the ball lens 5022 sits in the via 4626 where most 

or all of the silicon is etched away so that light travels mostly in air and/or index 

matching material such as fluid, gel, polymer, solid. Additionally, the via 4626 acts 
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as a guide and/or a stop for alignment of the optical fiber 4626 to the ball lens 5022 

and in turn to the MS-PD/APO 4520. 

[00205] FIG. 51 is a diagram showing some aspects of a flip chip arrangement 

for a MS-PD/APO integrated with a TIA and/or another signal processing IC on a 

5 single silicon chip, according to some other embodiments. The chip and mounting 

techniques are similar to those depicted in and described with respect to Fl Gs. 45-

50 except that MS-PD/APO 5120 and TIA and/or other signal processing integrated 

circuits 5130 are mounted on or near the upper surface of silicon chip 5110. The 

metallic conductor conduits 5132 and 5134 can be made of Al, Cu, Mo, W, Ni, or 

10 TiN, to name a few. The conduit 5132 connects the MS-PD/APO 5120 to the IC 

electronics 5130. Conduit 5134 connects the IC electronics 5130 to traces on the 

PCB 4550 (or chip carriers) using, e.g., bump technologies, such as solder bumps 

for example, which allow good alignment of the chip to the PCB and/or chip carrier. 

According to some embodiments, other methods of using wire bonding may also 

15 be employed to connect the IC electronics to traces on the PCB and/or chip carrier. 

The fiber 4524 is brought to close proximity of the MS-PD/APO 5120 and the 

arrangement may include a ball lens on the tip of the fiber 4524, and/or a ball lens 

between the fiber and the MS-PD/APO. Other light focussing elements such as 

gratings, Fresnel lens, to name a few, may also be used, such as described with 

20 respect to FIGs. 45-50. According to some embodiments, light illuminating from the 

epitaxial surface (top illuminated) may also have a double and/or multiple bounce 

of the optical signal within the MS-PD/APO 5120 if there is a refractive index 

discontinuity such as a buried silicon dioxide layer (BOX, buried oxide) as shown in 

MS-PD/APO structures discribed above and/or a change in effective index of the 

25 microstructure to the refractive index of bulk material. Double and/or multiple 

bounce of the optical signal within the MS-PD/APO allows for a thinner absorption 

layer without significantly sacrificing quantum efficiency and short transit time, 

thereby allowing higher data rate operation of the MS-PD/APO. Double or multiple 

bounce of light refers to light that is not absorbed in the pass of the MS-PD/APO 

30 and is exiting the MS-PD/APO structure; these photons are reflected back toward 

the MS-PD/APO structure. Within the micorstructure of holes and or pillars, light 

can also be in a resonance and or coupled resonance state which can result in an 
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enhanced effective absorption coefficient and/- or enhanced effective absorption 

length. 

[00206] FIG. 52 is a diagram showing an array of MS-PD/APDs integrated with 

IC electronics such as TIA and/or other signal processing and routing electronics 

5 on a single Si chip. Arrays can include 2 to over 10 MS-PD/AP Os integrated with IC 

electronics such as TIA and/or ASIC for signal processing, routing, storage, for 

example. In the example shown, four MS-PD/APDs 5220, 5222, 5224 and 5226 

are shown mounted on a single Si chip 5210. The MS-PD/AP Os 5220, 5222, 5224 

and 5226 are connected to IC electronics 5230, 5232, 5234 and 5236 respectively. 

10 According to some embodiments, however, multiple MS-PD/APDs are connected 

to a single IC electronics unit on the Si chip or multiple IC electronics units are 

connected to a single MS-PD/APO. The MS-PD/APDs in the array may be 

identical, for example the microstructure such as hole diameter and period are 

optimized for the same wavelength, for example 850-870 nm. According to other 

15 embodiments, each MS-PD/APO in the array may be optimized for a different band 

of wavelengths. For example, if there are four MS-PD/APDs in the array, the MS­

PD/APDs can be optimized at 850-870 nm, 875-895 nm, 900-920 nm and 920-950 

nm respectively (or any combination thereof) by optimizing the hole diameter and 

periods of each MS-PD/APO. See, e.g., Molin et al, 850-950 nm wideband OM4 

20 multi mode fiber for next generation WDM systems, OFC (2015), which is 

incorporated by reference herein. Data rates of 1, 5, 10, 16, 20, 25, 28, 32, 40, 56 

and greater and all ranges in between are possible depending on the standard and 

protocol and applications for the optical data link. The optical fibers 5240, 5242, 

5244 and 5246 may be separate fibers, or can be provided as a parallel fiber 

25 ribbon. The optical fibers 5240, 5242, 5244 and 5246 can each carry a single band 

of wavelength and/or multiple bands of wavelengths for WDM and CWDM to give 

an aggregated data rate of 100 Gb/s to 1 Tb/s or more. For example, an array of 

ten MS-PD/APDs with ten fiber channels each at 10 Gb/s give an aggregated data 

rate of 100 Gb/s. A four MS-PD/APO array with 4 fiber channels each at 25-28 

30 Gb/s gives an aggregated data rate of 100 Gb/s, a two MS-PD/APO array with 2 

fiber channels each at 56 Gb/s gives an aggregated data rate of 100+ Gb/s. If each 

fiber channel can carry multiple wavelength bands, for example 850-870 nm and 
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875-895 nm, and each wavelength band can transmit at 25-28 Gb/s, then a 4 fiber 

array can effectively have an aggregated data rate of over 200 Gb/s. 

[00207] FIG. 53 is a diagram showing an epitaxial structure for a high data rate 

MS-PD, according to some embodiments. The structure shown is capable of 

5 greater than 1 0 Gb/s. Holes 5322 are etched to the SiO2 BOX layer 5304 or they 

can be etched to the P layer 5306 and/or partially etched into the P layer 5306, for 

example. Doping and thicknesses are as follows: Si substrate 5302 is 150 µm 

thick; BOX layer 5304 is 2-4 µm thick; P+ layer 5306 is 0.2 -1 µm thick with doping 

of > 1x1020/cm 3; I layer 5308 is 1 .5-2 µm thick and not intentionally doped (less 

10 than 5x1016/cm 3); and N+ layer 5310 is 0.2-0.5 µm thick with doping of> 

1x1019/cm 3. The high doping of the N and Players 5310 and 5308 reduce the 

minority carrier lifetime to minimize diffusion current that can result in a slow 

response of the PD. According to some embodments, doping as high as> 1x1020 

and 1x1021 /cm 3 is used so that minority carrier lifetimes are in the picoseconds and 

15 the in-series resistances are reduced. 

[00208] FIG. 54 is a diagram showing an epitaxial structure for a high data rate 

MS-PD, according to some embodiments. The structure and doping is similar or 

identical to those depicted in and described with respect to FIG. 53, except that the 

holes 5422 are etched to the top of the P layer 5306 and/or just into the P layer 

20 5306. 

[00209] FIG. 55 is a diagram showing an epitaxial structure for a high data rate 

MS-PD, according to some embodiments. The structure and doping is similar or 

identical to those depicted in and described with respect to FIGs. 53 and 54, 

except that the holes 5522 are etched at least half way into the P layer 5306. 

25 [0021 0] FIG. 56 is a table showing the mesa size, hole diameters, hole period 

distances, and lattice patterns for MS-PDs, according to some embodiments. In 

these examples the lattice can be either hexagonal or square. The holes can be 

circular, oval, polygonal. The holes are 1300 nm in diameter with a period of 2000 

nm, 1500 nm in diameter with a period of 2000 nm, 700 nm in diameter with a 

30 period of 1000 nm and 630 nm in diameter with a period of 900 nm. The 

wavelength of operation is from 800-990 nm and the material is Si. A thin 

passivation layer of SiO2 may be included with thicknesses ranging from 3-100 nm. 

The mesa size, which in part defines the capacitance of the MS-PD (excluding the 
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bond pads and contact metals), are 5 µm, 1 O µm, 20 µm, 25 µm, 30 µm, 40 µm, 50 

µm and 80 µm, depending on the data rate of the MS-PD. Low capacitance and 

short transit times result in higher data rate MS-PD. 

[00211] FIGs. 57A and 57B are diagrams showing hexagonal and square lattice 

5 hole patterns, according to some embodiments. FIG. 57 A shows a hexagonal 

lattice pattern and FIG. 57B shows a square pattern where "d" is the period in each 

case. According to some embodiments, these layouts are used for the example 

parameters for the MS-PDs shown in FIG. 56. 

[00212] FIG. 58 is a diagram showing an epitaxial layer structure for a silicon 

10 MS-PD, according to some embodiments. The structure thickness and doping is 

as follows: Si substrate 5802 is 150 µm; BOX (buried oxide) layer 5804 is 2-4 um 

thick; Si P layer 5806 is 0.2-0.5 µm thick and doped to > 2x1020/cm 3; Si I layer 

5808 is approximately 1.5-2 µm thick and is not intentionally doped (having 

background doping of less than 5x1016/cm 3; Si N layer 5810 is approximately 0.2 

15 µm thick and doped to > 2x1020/cm 3. The high doping of the P and N layers can 

also be> 1x1019/cm 3 for example. According to some embodiments, an etch stop 

layer made of a material such as SiGeB, SiGeC or SiGeBC, with thickness of 5 nm 

to 50 nm can be included at the interface of P Si 5806 and I Si 5808 to assist in 

processing during the etching of microstructured holes and/or the mesa. If SiGeB is 

20 used which is heavily P doped, a structure is N-I-P may be desireable. The high 

doping of the P and N regions, in addition to reducing the sheet resistance, also 

reduces the minority carrier lifetime such that photons absorbed in the P and N 

region will have minimal contribution to the photocurrent. The reduced minority 

carrier lifetime in the P and N regions reduces the diffusion of photogenerated 

25 carriers to the high field "I" region where the minority carriers are swept to the 

anode and cathode and contribute to the photocurrent. 

[00213] FIG. 59 is a diagram showing aspects of a MS-PD, according to some 

embodiments. The material structure, including thickness and doping is similar or 

identical to that depicted in and described with respect to FIG. 58. In the case of 

30 FIG. 59 the P and N doping in layers 5910 and 5906 are interchanged resulting in 

a P-I-N arrangement. Note that in either FIG. 58 or 59 the arrangement can be P-I­

N or N-I-P. Holes 5922 are etched to the SiO2 layer 5804, and P and N ohmic 

contacts 5928 and 5930 are made to the P and N layers 591 O and 5906, 
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respectively. A mesa is etched to define the photosensitive area and to define the 

capacitance of the Pl N structure. Mesa diameters range from 10 µm to 80 µm 

depending on the data rate the that the MS-PD is designed for (as described with 

respect to FIG. 56). For 20-40 Gb/s, diameters of the mesa are typically 20-40 µm 

5 diameter. The P layer 5910 with 0.2 µm thickness and doping of> 2x1020/cm 3 can 

have a sheet resistivity of less than 50 ohms approximately, The N layer 5906 with 

0.2 µm thickness and doping > 2x1020/cm 3 can give a sheet resistance of less than 

35 ohms approximately. The high doping of the P and N layers can also be > 

1x1019/cm 3 for example. The thinner P and N layer allow a higher percentage of the 

10 optical power to be in the "I" layer and smaller percentage in the P and N layers, 

thereby maximizing the quantum efficiency of the MS-PD. Passivation, polyimide 

bridge, bond pads and other processing steps are not shown for simplicity. A 

reverse bias voltage is applied between the P and N contact to form a high field 

region in the "I" layer. Voltages typically range from about 2-6 V. In the case 

15 shown, illumination is from the top at normal angle or at an angle off normal. 

Wavelength range from 800-990 nm, but other wavelengths such as 780 nm may 

also be used. The nominal wavelength is 850 nm, but may also include 

wavelengths such as 810-830, 830-850, 850-880, 930-960, 960-990. 

[00214] FIG. 60 is a diagram showing aspects of a MS-PD, according to some 

20 embodiments. The MS-PD, including thickness and doping of the material 

structure, is similar or identical to that depicted in and described with respect to 

FIGs. 58 and 60. In this case, holes 6022 are etched to and/or into the N layer 

5906, but not all the way to the SiO2 layer 5804 as in FIG. 59. Accordingly, there 

is no enhanced absorption in the N layer, which may result in a higher percentage 

25 of the optical power in the "I" layer. This tends to improve the quantum efficiency of 

the MS-PD. The SiO2 layer 5804 may or may not be necessary. 

[00215] FIG. 61 is a diagram showing aspects of a MS-PD, according to some 

embodiments. The MS-PD, including thickness and doping of the material 

structure, is similar or identical to that depicted in and described with respect to 

30 FIGs. 58-61. In this case, the Si MS-PD is illuminated from the substrate side (also 

referred to herein as backside illuminated or bottom illuminated). A via 6170 is 

etched to remove the silicon substrate, and is etched to the SiO2 layer 5804 or 

almost to the SiO2 layer or into the SiO2 layer or through the SiO2 layer. The Si 
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substrate 5802 is removed to minimize optical loss at wavelength ranges from 800-

990 nm. A reflector 6132 on the P layer 5910 surface is fabricated that may include 

a filler process such as polyimide, solid carbon dioxide or spin on glass (SOG) 

such that the reflector 6132 doesn't short the PIN diode. Note that the reflector 

5 6132 doesn't need to be exactly planar, but may be concave in the regions with 

holes, which may enhance the trapping of the light waves. The reflector 6132 may 

be dielectric, Bragg reflectors, conductive transparent metal oxide, metal or alloy 

such as Ag, Au, or any combination thereof. Indium tin oxide (ITO) may also be 

used, together with non-conductive dielectrics to form a Bragg reflector. Metal 

10 and/or conductive oxide can further reduce the sheet resistance of the P layer 

5910, thereby reducing the parasitic resistance and improving the modulated 

frequency response (data rate) of the MS-PD. According to some embodiments, 

the "I" layer 5808 can be thinner in the case of back illumination with a reflector 

since light can transit at least twice and perhaps more times through the "I" layer 

15 without degrading the quantum efficiency while at the same time improving the 

modulated frequency (data rate) response of the MS-PD. This is because with a 

thinner "I" layer the transit time of the photogenerated carriers is shorter. The 

frequency response of a photodiode is determined by its capacitance and 

resistance (RC time) and the transit time. Optical transit time may become 

20 important at high enhanced effective absorption length of greater than a factor of 

100 or more for certain high data rates for example. 

[00216] FIG. 62 shows a Ge on Si PIN epitaxial layer structure for a MS-PD, 

according to some embodiments. The material structure, including thickness and 

doping, is similar or identical to that depicted in and described with respect to Fl Gs. 

25 58-62. In this case, the N Si layer 6206 with doping > 2x1019/cm 3 can have 

thicknesses of 0.2-2 µm. Also included is a Ge "I" layer 6208 that is not 

intentionally doped with doping less than 2x1016/cm 3 and with a thickness of 0.5-2 

µm. An upper Ge P layer 6210 with doping > 2x1020/cm 3 is formed with a 

thickness of 0.1-0.2 µm. According to some embodiments, a thin Ge buffer layer 

30 (not shown) may be used at the interface of N Si layer 6206 and "I" Ge layer 6208 

to initiate good crystal growth of Ge on Si. The high doping of the P and N also 

reduces the minority carrier lifetime, thereby minimizing the diffusion of 
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photogenerated carriers that can be swept into the high field "I" region that can 

contribute to the overall photocurrent. 

[00217] FIG. 63 shows a Ge on Si MS-PD, according to some embodiments. 

The MS-PD, including thickness and doping of the material structure, is similar or 

5 identical to that depicted in and described with respect to FIGs. 58-62. Holes 6322 

are etched to the SiO2 layer 5804 or the holes can be etched to the N Si layer 

6208 in which case SiO2 layer 5804 may or may not be necessary, and the MS-PD 

is illuminated from the top or front (the epitaxial surface). The absorption of photons 

in the wavelength range from 1100 to 1800 nm is mostly in the Ge regions rather 

1 0 than the Si regions. By keeping the P Ge layer 621 0 thin, a large percentage of the 

photons are absorbed in the Ge "I" layer 6208 thereby increasing the quantum 

efficiency. The high refractive index difference between Ge and Si may require that 

the holes only be etched to the top of Si N layer 6206. However in this example, 

the holes 6322 are etched to the SiO2 layer 5804. The N Si layer 6206 can be up 

15 to 2 µm thick in this case and doping can be in the range of >1x1019/cm 3 to give a 

sheet resistance of less than 50 ohms. For 850 nm operation, or for wavelengths in 

the range of 800-990 nm, a thin N Si layer can increase the percentage of photons 

absorbed in the I Ge region. A 0.2 µm thick N Si layer with doping >2x1020/cm 3 will 

give a sheet resistance of less than 50 ohms and also reduce the minority carrier 

20 lifetime. A thick N Si layer of 2 µm can also be used for the wavelength ranges of 

800-990 nm or 800-1800 nm, since for wavelengths in the range of 800-990nm, Ge 

absorbs over 90% of the photons over a length of 2 µm. Therefore, less than 5% 

of the photons reach the N Si layer. At wavelengths of 850 nm less than 1 % reach 

the N Si layer, and at 990 nm less than 3% reach it. 

25 [00218] In certain cases, for wavelength ranges 800-990 nm, microstructured 

holes may not be used predominately for enhancing the absorption, but rather to 

reduce capacitance with holes partially or fully etched into Ge layer(s). In addition, 

holes may not be necessary and bulk Ge may be used. According to some 

embodiments, microstructures can be used to also reduce reflections. 

30 [00219] FIG. 64 shows a Ge on Si MS-PD, according to some embodiments. 

The MS-PD, including thickness and doping of the material structure, is similar or 

identical to that depicted in and described with respect to FIGs. 58-63. In this case, 

holes 6422 are etched to the Si layer 6206. The index of refraction for Ge is 
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approximately 4 and the index of refraction for Si is approximately 3.45. This 

difference in refractive index may provide for sufficient enhanced absorption in the 

Ge region. In this case, the SiO2 layer 5804 may not be necessary and the MS-PD 

may be grown on a Si wafer without the BOX layer 5804. For wavelength ranges 

5 1100-1800 nm, Si has acceptably low optical losses and most of the absorption is 

in the Ge regions. For top illuminated MS-PDs, the P Ge layer can be made thin 

so that the bulk of the photons are absorbed in the I Ge region, which increases 

the quantum efficiency. ITO (indium tin oxide) may be use in conjunction with the P 

Ge layer 6210 to further reduce the sheet resistance of the P layer. 

10 [00220] FIG. 65 shows a Ge on Si MS-PD, according to some embodiments. 

The MS-PD, including thicknesses and doping of the material structure, is similar or 

identical to that depicted in and described with respect to FIGs. 58-64. In this case, 

the MS-PD is back or bottom illuminated. This structure is very good for 

wavelength ranges from 800-1800 nm using a thin N Si layer of 0.2 µm. Less than 

15 3% of the photons with wavelength at 800 nm are absorbed in the N Si layer 6206. 

Furthermore, in a single pass through 1 µm of Ge, over 85% of 990 nm photons 

are absorbed. In a double pass over 95% of 990 nm photons are absorbed. In the 

back illuminated MS-PD where Ge I is grown on N Si, together with a reflector 

6532 on the P Ge layer, double and/or multiple passes of the photons allow a 

20 thinner I absorbing layer 6208, which reduces the transit time of the 

photogenerated electrons and holes. A photodiode with higher bandwidth of 40 

Gb/s or more is achievable. Holes 6322 can be etched to the SiO2 layer 504 or can 

be etched to the Si layer 6206 (as shown in FIG. 64). With microstructured hole 

arrays, enhanced absorbing can occur at wavelengths of 1100-1800 nm. For 

25 example at 1550 nm, with double pass through a 1 µm thick bulk Ge, less than 9% 

is absorbed, whereas with microstructured holes in the Ge layer, absorption of 

greater than 30% can be achieved and in some cases, greater than 50% 

absorption can be achieved. In certain cases, absorption in a MS-PD with Ge I 

layer, greater than 70% can be achieved at 1550 nm for double pass in a 1 µm 

30 thick Ge or for a single pass in a 2 µm thick Ge MS-PD. 

[00221] The MS-PD can have the following layers: Ge (or SiGe) Player 6210 

can be doped to > 2x1020/cm 3 with thickness of approximately 0.1 µm, Ge I 

(absorbing layer) 6208 can be not intentionally duped ( < 5x1016/cm 3) with a 
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thickness of 0.5-2.0 µm, and finally Si N layer 6206 can be doped to >2x1019/cm 3 

with a thicknesses of 0.2-0.5 µm. In addition, during via etch to remove the Si 

substrate, the SiO2 layer can be left intact, partially etched or etched entirely to 

remove the SiO2. 

5 [00222] FIG. 66 is a diagram showing a Ge on Si PD, according to some 

embodiments. The PD, including thicknesses and doping of the material structure, 

is similar to that depicted in and described with respect to Fl Gs. 58-65. FIG. 66 is 

shown arranged as a flip chip although a front illuminated arrangement is also 

possible with slight degradation due to the P Ge layer. The PD is similar to the 

10 MS-PD shown in FIG. 64 without the microstructured hole arrays. The Ge on Si 

photodiode with epitaxial structure as shown for operation in the 800-1300 nm 

takes advantage of double bounce especially for the 1300 nm wavelength region 

and still maintains high data rate operation. The PD can be integrated with SiGe 

BiCMOS. According to some embodiments, the SiO2 layer is omitted. With solder 

15 bump technology the PD can be flip chip mounted directly on a PCB, as described 

above for other embodiments, e.g., as shown in FIGs. 44-52. According to some 

embodiments, the PD can have the following layers: Ge (or SiGe) Player 6210 

doped to > 2x1020/cm 3 with a thickness of approximately 0.1 µm, Ge I (absorbing 

layer) 6208 not intentionally doped(< 5x1016/cm 3) with a thickness of 0.5-2.0 µm, 

20 and finally Si N layer 6206 doped to > 2x1019/cm 3 with a thicknesses of 0.2-0.5 µm. 

In addition, during the etching of via 6670 to remove the Si substrate, the SiO2 

layer 5804 can be left intact (as shown in FIG. 65), etched partially or etched 

entirely to remove the SiO2 (as shown in FIG. 66). An antireflection layer (not 

shown) can be applied to the Si N layer to minimize reflection in the case the SiO2 

25 layer is completely etched off. 

[00223] FIG 67 is a diagram showing a Ge on Si PD, according to some 

embodiments. The PD, including thicknesses and doping of the material structure, 

is similar to that depicted in and described with respect to Fl Gs. 58-66. In this case 

voids 6722 are formed to reduce the device PIN junction capacitance. The voids 

30 6722 can be partially etched into the Ge layers to remove a sufficient amount of 

material to reduce the capacitance by a certain amount. The capacitance 

reduction allows for a larger area PD while maintaining the same data rate 

bandwidth as a similar Ge on Si PD but without the voids. The larger area PD 
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allows for greater tolerance in misalignment of the optical fiber and/or light source 

to the photodiode, thereby reducing packaging costs. Data rate bandwidth is 

determined by the RC time and the transit time. Integration of this structure as with 

all the structures discussed are possible with electronics such as TIA, which 

5 together with solder bump technology, can be directly attached to PCB. According 

to some embodiments, the wavelength of operation for this structure range from 

800-1300 nm and with data rate in excess of 40 Gb/s. 

[00224] Note that a BOX structures does need not be used. The PD can have 

the following layers: Ge P layer 6210 doped to > 2x1020/cm 3 with a thickness of 

10 approximately 0.1 µm; Ge I (absorbing layer) 6208 that is not intentionally doped (< 

5x1016/cm 3) with a thickness of 0.5-1.0 µm; and finally Si N layer 6206 doped to 

>2x1019/cm 3 with a thicknesses of 0.2-0.5 µm; and a buried oxide layer 5804 of 2-4 

µm. 

[00225] FIG. 68 is a diagram showing aspects of a microstructured avalanche 

15 photodiode (MS-APO), according to some embodiments. The MS-APO can have 

the following layers: Si P layer 6810 P doped to >2x1019/cm 3 with a thickness of 

approximately 0.1-0.2 µm; Si I (absorbing layer) 6808 that is not intentionally doped 

(<5x1015/cm 3) with a thickness of 0.5-2.0 µm; Si N layer 6806 n doped to 

>2x1019/cm 3 with a thicknesses of 0.2-0.5 µm; and a buried oxide layer 6804 with 

20 thickness of 2-4 µm on an Si substrate 6802. The MS-APO device has two 

additional layers, a charge layer and a multiplication layer. The charge layer 6820 

is right below the absorbing I layer 6808. The Si P charge layer 6820 is doped to 

about 1.8x1017/cm 3 and has a thickness of approximately 0.1 µm. Directly below 

the charge layer is the multiplication layer 6818 of the MS-APO. Si I layer 6818 is 

25 not intentionally doped(< 1x1016/cm 3) and has a thickness of approximately 0.5 

µm. A via 6870 is etched in the silicon substrate to the Si02 layer (an antireflection 

coating can be applied to minimize reflection) and light with wavelength ranging 

from 800-990 nm is applied through the via. A reflector 6832 on the top surface of 

the MS-APO provides a double/multiple pass of the photons through the absorbing 

30 "I" layer 6808. An advantage is a thinner absorbing layer, which results in a shorter 

transit time. The MS-APO data rate bandwidth is therefore enhanced. 

Microstructured hole arrays 6822 are etched to the Si02 layer 6804 and/or almost 

to the Si02 layer. P and N contacts 6828 and 6830 are shown on the same surface 
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for solder bumps to be applied so that the MS-APO can be flip chip mounted 

directly on a ceramic multi chip carrier and/or on a printed circuit board. Only the 

most basic processing steps are shown for simplicity. Additional steps or elements 

such as passivation, bond pads, polyimide/spin on glass planarization, 

5 antireflection coatings, are not shown. In addition, during etching of via 6870, after 

removal of the Si substrate, the Si02 layer can be partially etched or etched away 

entirely for either MS-APO or MS-PD structures. Without the reflector 6832, optical 

signal can also impinge from the top surface. 

[00226] FIG. 69 is a diagram showing aspects of a microstructured avalanche 

10 photodiode (MS-APO), according to some embodiments. The MS-APO, including 

thicknesses and doping of the material structure, is similar to that depicted in and 

described with respect to FIG. 68. The microstructured hole array 6922 is etched to 

the charge layer 6820, multiplication layer 6818 and/or the N layer 6806 of the APO 

structure. The holes 6922 are not etched all the way to the Si02 layer. Light is 

15 illuminated through the via 6970 where the silicon substrate is removed to the 

Si02. The Si02 layer can also be etched so that light is impinging directly on the N 

Si layer 6806. This can be applicable for all bottom illuminated MS-PD and MS­

APO devices where an antireflection coating can be applied directly to Si. For 

wavelengths ranging from 800-990 nm, a thin N Si layer 6806 of 0.2 µm 

20 approximately is preferred to reduce absorbing in the regions away from the 

absorbing "I" layer 6808. Light can also impinge from the top/front surface where 

the reflector 6832 is removed. In such cases, a via might be omitted and the Si "I" 

layer may be increased to 1.5 - 2 µm for quantum efficiency> 30%. In some cases 

the quantum efficiency is > 50%, in some cases > 70%, and in some cases > 80%. 

25 The multiplication factor or gain of the avalanche can be> 2. In some cases the 

gain is > 5. In some other cases it is> 10. In some further cases it is > 15, and in 

yet some other cases the gain is > 20. The data rate bandwidth can be > 10 Gb/s. 

In some cases the bandwidth is> 15 Gb/s. In some cases it is> 20 Gb/s/. In 

some cases the bandwidth is> 25 Gb/s and in some cases> 30 Gb/s. In addition, 

30 the Si02 layer can be removed entirely, partially and/or it can have voids which are 

or are not filled with Si, for MS-PD and MS-APO, and an etch stop layer such as 

SiGeB, SiGeC or SiGeBC can be used during the removal of the Si substrate for 

formation of a via used for back/bottom illumination. 
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[00227] FIG. 70 is a diagram showing a MS-APO without the Si02 layer, 

according to some embodiments. The MS-APO, including thicknesses and doping 

of the material structure, is similar to that depicted in and described with respect to 

FIGs. 68-69. An etch stop layer 7034 of SiGe or SiGeC or SiGeB (where the SiGe 

5 has about 1 % Ge and heavily doped with boron to > 1x1020/cm 3) and a thickness 

ranging from 0.1 to 2 µm. SiGeBC can be grown on the Si substrate 6802 and/or 

on Si epitaxial layer(s) such as N Si layer 6806. According to some embodiments, 

the MS-APO has the following thickness and doping levels: Si N layer 6806 has a 

thickness ranging from 0.2 to 1 µm and doping ranging from > 2x1019/cm 3 to> 

1 O 2x1020/cm 3

; Si I multiplication layer 6818 is not intentionally doped(< 1x1016/cm 3

) 

and has a thickness of approximately 0.5 µm; Si P charge layer 6820 doped to 

about 1.8x1017/cm 3 and a thickness of approximately 0.1 µm; Si I absorption layer 

6808 is not intentionally doped (< 5x1015/cm 3) with a thickness of 0.5-1.0 µm; and 

Si P capping layer 6810 doped to > 2x1020/cm 3 with a thickness of approximately 

15 0.1 µm. According to some embodiments, multiple etch stop layers can be used. 

For example, another etch stop layer can be formed at the interface of the Si I 

multiplication layer 6818 and the Si N layer 6806. Thickness of the etch stop layer 

can range from 1 nm to 100 nm, and can be doped P or N, or not intentionally 

doped to match the adjacent layer electrical characteristics. Wavelengths of the 

20 optical signal can range from 800 to 990 nm and if illuminated from the backside, a 

reflector can be formed of a dielectric such as Si02/Ag. According to some 

embodiments, the reflector 6832 is a Bragg reflector consisting of two dielectrics 

with different indices such as Si02 and Hf02, or ITO together with Ag, Au, and/or 

Pt. Reflector 6832 is used to reflect any un-absorbed signal photons for double 

25 and/or multiple pass through the absorbing Si I region 6808. In addition, the device 

can be front illuminated where the reflector 6832 is omitted and the absorbing Si I 

layer 6808 thickened to 1.5-2 µm for optimizing the quantum efficiency. According 

to some embodiments, a via can also be included in the front/top illuminated MS­

APD. Similarly, a MS-PD can also be use this structure with the Si P charge and Si 

30 I multiplication layers omitted. A front and back illuminated MS-PD can be 

beneficial since the removal of the Si substrate improves the refractive index 

contrast and has improved absorption efficiency in the microstructure, which in turn 

improves the quantum efficiency. 
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[00228] The high dopings of the P and N layers are to both reduce the sheet 

resistivity and to reduce the lifetime of the minority carriers in the P and N layers to 

reduce diffusion of minority carriers into the high field Si I absorption layer that can 

cause degradation in the data rate response (also referred to as the frequency 

5 response) of the MS-PD/APO. The microstructured hole array can be etched to the 

SiGeC and/or SiGeB stop layer and/or past the stop layer either during the hole 

etch and/or during the via etch. The etch stop layer can also be entirely or partially 

removed after the hole etch or during the via etch. In this way, the SiGeC, SiGeBC 

or SiGeB layer is not in the optical path for a back illuminated MS-PD/APO. Note 

10 that in SiGeB where Ge is about 1 % (e.g. Sio.eeGeo.01) the bandgap is 

approximately that of Si. In addition, as in FIG. 69, the microstructured hole arrays 

can be etched to a depth that corresponds to the absorbing Si I layer and/or to a 

depth that is greater than the Si I absorbing layer and partially into the avalanche 

region. 

15 [00229] FIG. 71 is a diagram showing a Ge on Si microstructured avalanche 

photodiode (MS-APO), according to some embodiments. The MS-APO, including 

thicknesses and doping of the material structure, is similar to that depicted in and 

described with respect to FIGs. 68-70. A Ge I absorption layer 7108 is not 

intentionally doped(< 5x1015/cm 3) and has a thickness of 0.5-2.0 µm. An upper Ge 

20 P capping layer 7110 is doped to > 2x1020/cm 3 with a thickness of approximately 

0.1 µm. Microstructured hole array 7122 is etched to the Si P charge layer 6820 or 

just before the Si P layer. Alternatively, the holes 7122 can be etched into the Si P 

charge layer 6820 and/or into the Si multiplication layer 6818. A via 6970 is etched, 

removing the Si substrate from the optical path. The Si02 layer can be left intact, 

25 partially etched or etched through entirely or a N Si substate without Si02 can be 

used. Antireflection layer (not shown) can be applied to the Si N layer 6806, if 

exposed, to minimize reflection. Wavelength ranges can be 800-1800 nm, 1300-

1600 nm, 810-880 nm, and 930-990 nm, for example. Hole dimensions and period 

can be optimized for certain wavelength ranges. A reflector 6832 can be formed on 

30 the P Ge or SiGe layer 7110. The reflector 6832 can be made of dielectric and 

metal, ITO (indium tin oxide or similar transparent conducting oxides) and metal, all 

dielectric such as a Bragg reflector, or any combination thereof. The reflector 6832 

reflects photons that are not absorbed on the first pass back toward the absorber 



Attorney Docket No.2901/88184-2 

- 62 -

Ge I layer 7108 for a double or multiple pass. A thinner Ge I absorbing layer 7108 

can be used as compared to photodiodes with a single pass. The thinner Ge I layer 

results in shorter transit times and therefore higher data rates. The growth of Ge on 

Si may use a Ge buffer layer, which is grown to initiate high quality crystalline 

5 growth of Ge. See, e.g. Kang et al, Epitaxially-grown Ge/Si avalanche photodiodes 

for 1.3E m light detection, Vol. 16, No. 13 / OPTICS EXPRESS 9365 (2008) 

(hereinafter "Kang et al") which is incorporated herein by reference. For wavelength 

ranges 1200-1750 nm, the via 7270 is not necessary as Si is mostly transparent at 

those wavelengths. In addition, without the reflector 6832, optical signal can 

10 impinge from the top surface and the Ge "I" layer 7108 can be increased in 

thickness to approximately 2 microns. 

[00230] FIG. 72 is a diagram showing a Ge on Si microstructured avalanche 

photodiode (MS-APO), according to some embodiments. The MS-APO, including 

thicknesses and doping of the material structure, is similar to that depicted in and 

15 described with respect to FIGs. 68-71. In this case, the microstructure hole array 

7222 is etched to the SiO2 layer 6804. According to some embodiments the holes 

7222 are etched to within a few tenths of a micrometer of SiO2 layer 6804 and the 

via 7270 is etched to the SiO2 layer. The SiO2 layer can remain whole, be partially­

etched, or can be etched through entirely during the via etch. The light impinging 

20 from the backside has wavelengths ranging from 800-1800 nm. Other wavelengths 

may also be used such as 630-780 nm, for example. Some photo generated 

carriers can occur in the Si layers, but the bulk of the photo generated carriers will 

be in the Ge I layer 7108, especially in the wavelength range of 800-1800 nm and 

in particular in the wavelength ranges of 1100-1800 nm. The epitaxial structure is 

25 similar to that shown in FIG. 71 as is the reflector 6832 on the Ge Player for 

reflecting the light back toward the Ge I absorbing layer. The removal of the SiO2 

layer allows for a high reflective index contrast between the microstuctured 

semiconductor holes, which can improve the light gathering properties of the 

microstructured hole array and the air. Also, reflections are removed that could 

30 occur at the SiO2-air interface and SiO2-semiconductor interface. For a front 

illuminated MS-APO, the reflector 6832 is removed and the Ge I absorbing layer 

7108 is thickened to the range of 1-2 µm. The via and SiO2 removal can be 
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implemented for front side illuminated MS-APO. By removing the avalanche layers, 

P charge and I multiplication the MS-APO becomes a MS-PD. 

[00231] FIG. 73 is a diagram showing a Ge on Si microstructured avalanche 

photodiode (MS-APO) with an etch stop layer, according to some embodiments. 

5 The MS-APO, including thickness and doping of the material structure, is similar to 

that depicted in and described with respect to FIGs. 68-72. An etch stop layer 

7334 such as SiGe, SiGeC, SiGeB or SiGeBC is grown on the Si wafer. Note that 

the Si substrate (wafer) 6802 may already have layers, such as an N Si epitaxial 

layer, subsequent APO layers, other buffer layers, spacer layers, or other etch stop 

10 layers on it (not shown) which promote good crystalline growth and processing 

reproducibility. The basic APO layers are: a Si N layer 6806 of thickness ranging 

from 0.2 to 0.5 µm with doping ranging from > 2x1019/cm 3 to> 2x1020/cm 3; Si I 

multiplication layer 6818 not intentionally doped and with a thickness of 

approximately 0.5 µm; Si P charge layer 6820, doped to about 1.8x1017/cm 3 and 

15 having a thickness of approximately 0.1 µm; Ge I absorption layer 7108, which is 

not intentionally doped has a thickness of 0.5-1.0 µm; and Ge or SiGe P capping 

layer 7110 doped to > 2x1020/cm 3 and having a thickness of approximately 0.1 µm. 

Microstructured hole arrays are etched with hole diameters and periods that are 

optimized for specific wavelength ranges. Specific wavelength ranges include the 

20 following: 800-860, 860-880, 880-920, 920-990, 990-1100, 1100-1350, 1350-1450, 

1450-1550, 1550-1650, and 1650-1800 nm. Hole and mesa passivations are not 

mentioned for simplicity, but examples can be found in Kang et al. Other 

passivation methods exist in the literature. Light impinges from the backside, 

through a via 7370 where the etch stop layer can be removed. Light can also 

25 impinge from the front side, but with the absorption Ge I layer 7108 thickness 

increased to the range of 1-2 µm approximately. For front side illuminated MS­

APD/PD, the via can also be implemented to increase reflective index contrast 

between the semiconductor microstructure and air for example. Other layers such 

as planarization layers, bridging layers, bond pads, and fillers are also not shown 

30 for simplicity. 

[00232] FIG. 74 is a diagram showing a Ge on Si microstructured avalanche 

photodiode (MS-APO), according to some embodiments. The MS-APO, including 

thicknesses and doping of the material structure, is similar to that depicted in and 
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described with respect to FIGs. 68-73, except that with the Ge Player replaced 

with Si Ge or SiGeC P layer 7 410 to reduce absorption of photocarriers in the P 

contact layer. SiGe and/or SiGeC have a larger bandgap than Ge and therefore the 

absorption coefficient is smaller than in Ge for the same thickness. See e.g. 

5 Kolodzey et al, 'Optical and electronic properties of SiGeC alloys grown on Si 

substrates', Journal of Crystal Growth 157, 386-391 (1995) (hereinafter "Kolodzey, 

et al.") which is incorporated herein by reference. For example, from Kolodzey et 

al., with SiGeo.ssCo.12, the band gap is 1.3 eV (direct) as compared to Si of 1.11 eV 

and 0.66 eV for Ge. SiGe alloy will give a bandgap between that of Si and Ge, 

10 therefore any addition of Si to Ge will increase the bandgap and reduce absorption 

in the P layer. According to some embodiments, this P layer replacement 

technique is applied to all the MS-PD/APO structures shown and described herein. 

In particular, a Ge Player is replaced with SiGe P and/or SiGeC Players. 

According to some further embodiments, in all MS-PD/APO structures shown and 

15 described herein, the Si P and N layers can also be fully or partially replaced with 

SiBeC P and SiGeC N which reduces absorption of the optical signal in the P and 

N regions of the MS-PD/APO. In some cases, the multiplication region of the APO, 

which is Si can also be replaced with SiGeC I to reduce absorption of the optical 

photons in this invention. At certain wavelengths 1200-1750 nm, Si is mostly 

20 transparent and either or both of a via 7370 and an etch stop layer 7334 are not 

necessary. In this case a N Si substrate is used with the back surface polished and 

antireflection coated. 

[00233] FIG. 75 is a diagram showing another SI NIP epitaxial layer structure for 

a MS-PD, according to some embodiments. The holes 7522 are etched to a depth 

25 of approximately 2.3 µm and can terminate a few tenths of a micron before and/or 

after the Si P layer 7506. Doping and thicknesses are approximately as follows: Si 

P substrate 7502; a Si Player 7506 of 0.2 µm (or a range of 0.1-1 µm) with a P 

doping> 2x1020/cm 3 that can also be> 1x1019/cm 3; Si I layer 7508 that is not 

intentionally doped with background doping < 5x1016/cm 3 and in some cases < 

30 5x1015/cm 3 with a thickness of about 2 or in the range of 1-2.5 µm; N Si layer 7510 

with doping of> 2x1019/cm 3 with a thickness of about 0.3 µm or in the range of 0.2-

0.5 µm. N contact 7528 is on the Si N layer 7150. The P contact(s) can be on the 

upper surface of the Si P substrate as in contact 7530 and/or on the 
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bottom/backside of the substrate as in contact 7532. A mesa etch is used to define 

the PIN junction area and therefore the capacitance. Mesa is etched to the Player 

7506 and/or to the P substrate 7502 and the P contact 7530 can be deposited on 

the Si Player 7506 and/or on the Si P substrate 7502 back side 7532. According to 

5 some embodiments, other electrical isolation can be used also such as proton 

bombardment to define the PIN area or other doping techniques such as PN 

junction doping, or trench doping. Light in this structure impinges from the front 

side with wavelength ranges from 800-990 nm approximately. Hole diameters of 

1300 nm with a period of 2000 nm, and hole diameters of 1500 nm and period of 

10 2000 nm can be used with either a hexagonal and/or square lattice pattern. 

According to some embodiments, the range of hole diameters is from 600 nm to 

1500 nm approximately and the range of periods is from 900 to 2500 nm 

approximately. 

[00234] FIGs. 76A-76C are diagrams showing Si N-I-P epitaxial layers on buried 

15 oxide for a MS-PD, according to some embodiments. In FIG. 76A, the holes 7622 

are etched to the Si P layer 7606, partially into the Si P layer and/or to the SiO2 

layer 7604. Doping and thicknesses are approximately as follows: Si BOX (buried 

oxide) 7604 in substrate 7602; Si P layer7606 of 1 µm (ora range of 0.1-1 µm) 

with a P doping > 2x1020/cm 3; Si I layer 7608 that is not intentionally doped with 

20 background doping < 5x1016/cm 3 and in some cases< 5x1015/cm 3 and with 

thickness of 2 µm or a range from 0.5-2.5 µm; and N Si layer 7610 with doping of> 

2x1019/cm 3 and with thickness of 0.3 µm or a range from 0.2-0.5 µm for example. N 

and P contacts 7628 and 7630 can be on the front side, where P contact is made 

after a mesa etch to the P layer 7606. An etch stop layer, such as SiGeB or SiGeC, 

25 can be used at the interface between the P layer 7606 and I layer 7608. The I layer 

7608 can be thin, 0.5-1 µm, for example, if the light impinges from the backside 

and a reflector is placed on the top surface Si N layer 7610 such that light can have 

multiple passes through the I layer 7608. The P and N can be interchanged and 

the microstructured photodiode (MS-PD) can be PIN, for example. If SiGeB is used 

30 as an etch stop layer, the SiGeB is heavily P type and the NIP structure is 

preferred. The etch stop layer can be 0.05 to 1 µm thick for example and may 

replace in whole or in part the Si P layer. Light can impinge either from the front 
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side and/or from the backside with proper device or epitaxial layer modifications. 

Wavelength ranges are 800-990 nm approximately. 

[00235] In FIG. 76B, the P Si 7606 layer in FIG. 76A is replaced by a 

Sio.eeGeo.01 B layer 7616 with P doping > 2x1O20/cm 3 and a thickness of 0.5 µm or a 

5 range of thicknesses from 0.2-1 µm. All other layers are as in FIG. 76A. The 

microstructured holes 7622 are etched and can stop at the SiGeB layer and/or 

pass through the SiGeB layer and stop at the Si02 layer and/or go into the Si02 

layer. A via 7670 can be etched that stops at the Si02 layer, or stops into or goes 

through the Si02 layer. N and P ohmic contacts 7628 and 7630 are formed on the 

10 Si N layer and SiGeB Player respectively. Light can impinge either from the top 

surface (the epi surface) and/or the bottom surface (the substrate surface), and 

reflectors can be placed on either the top or bottom with a dielectric spacer layer, 

for a multiple pass through the I absorbing layer. Wavelength ranges from 800 to 

1000 nm. Not shown for simplicity are other elements such as passivation layers, 

15 polyimide bridge layers, mesas, bond metals. 

[00236] In FIG. 76C, a P Si layer 7626 of approxiamtely 0.1 µm thick and with 

doping greater than 1x1O20/cm 3 is added as the first layer on the Si02 7604 onto 

which Sio.eeGeo.01 B layer 7616 is grown with P doping greater than 1x1020/cm 3 and 

with a thickness of approximately 0.3 µm. As in Fig. 76A and 76B, light can 

20 impinge from the top and/or bottom surfaces where a via is etched. N and P ohmic 

contacts are placed on the N and P layers, respectively. Microstructured hole array 

7622 is etched through to the Si02 layer 7604 and/or etched partially into the P 

layer 7626. If light is impinging from the bottom, a via 7670 is etched into the silicon 

substrate 7602 and into the Si02 layer 7604, which can be partially or entirely 

25 etched. A reverse bias voltage is applied between the P and N contact of 1-10 

volts. 

[00237] In some applications, light can impinge from the top and bottom of a 

MS-PD/APO simultaneously. The light can have same or different wavelengths, 

data rates, polarization, and amplitude for coherent optical communications. An 

30 advantage of having light coming from both top and bottom is that the use of a 

beam splitter is not necessary and can save 3 dB in optical power loss. 

[00238] FIG. 77 is a diagram showing a MS-PD with Si NIP epitaxial layer and a 

SiGeB stop etch layer on a P Si substrate, according to some embodiments. The 




