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(57) Abstract: 3D sensors, systems, and associated methods are provided. In one aspect, for example, a monolithic 3D sensor for de -
tecting infrared and visible light can include a semiconductor substrate having a device surface, at least one visible light photodiode
formed at the device surface and at least one 3D photodiode formed at the device surface in proximity to the at least one visible light
photodiode. The device can further include a quantum efticiency enhanced infrared light region functionally coupled to the at least
one 3D photodiode and positioned to interact with electromagnetic radiation. In one aspect, the quantum efficiency enhanced in-
frared light region is a textured region located at the device surface.
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METHODS

PRIORITY DATA

5 This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/451,510, filed on March 10, 2611, which is incorporated heren by
reference.

BACKGROUND
10 The interaction of light with semiconductor devices is at the core of many

important mnovations, Semicounductor photodetecting devices, such as photovoltaics,
photodiodes, imagers, are used in various technologies for example, solar cells, digital
cameras, optical raice, video cameras, video game consoles, cell phones, and the like.
Silicon is the most prevalent semiconductor for electronic devices, and 13 also very

15 widely used for optoclectronic devices such as optical detectors, image sensors and
solar cells. The bandgap of silicon at roon: temperature 18 1.12 eV, and in general
sermconductors do not absorb photons that have encrgies below their bandgap energy.
However, there are many applications that require optical detection at lower energy
levels than silicon’s bandgap. Of particular interest, for example, are the energy

20 levels 0.95 oV (1310 vy and 0.8 eV (1550 nm). These applications are typically
served by other senmiconductors with smaller bandgaps, such as germanium, indium

gallium arsemde, mercury cadmium tellunide and the like.

SUMMARY

N3
e

The present disclosure provides 3D sensors, systems, and associated methods.
In one aspect, for example, a monolithic 3D sensor capable of detecting infrared and
visible light is provided. Such a device can include a semiconductor substrate having
a device surface, at least one visible light photodiode formed at the device surface and
at least one 3D photodiode formed at the device surface in proxirnty to the at least
30 one visible light photodiode. The device can further include a quantum efficiency
enhanced infrared Hght region functionally coupled to the at least one 312 photodiode
and positioned to interact with electromagnetic radiation. In one aspect, the guantum
efficiency enhanced mfrared light region is a textured region located at the device

surface. In another aspect, the quantum efficiency enhanced infrared light region has
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surface structures formed using a pulsed laser with a pulse duration of from about 1
femtosecond to about 500 picoseconds. In yet avother aspect, the surface structures
have an average height of from about 5 nm to about 500 pm.

Various photodiode combinations are contemplated, and any such

L

combination of visible light photodiodes and 3D photodiodes is considered to be
within the present scope. In one aspect, for example, the at least one visible light
photodiode includes at least one red light-sensitive photodiode, at least one blue Hight-
sensitive photodiode, at least one green light-sensitive photodiode, and at least two 3D
photodiodes. In another aspect, the 3D photodiode is operable to detect infrared hight
10 having a wavelength of greater than about 800 nm. In yet another aspect, the device
can further include an infrared narvow bandpass filter optically coupled to the 3D
photodiode and positioned to filter clectromagnetic radiation impinging on the 3D
photodiode. Tn a further aspect, the device can include an infrared cut {ilter optically
coupled to the at least one vistble light diode and positioned to filter infrared
15 electromagnetic radiation impinging on the at least one visible light photodiode.

The design of the 3D photodiode can vary depending on the desired
functionality of the sensor. In one aspoect, for example, the 3D photodiode further
ichades circuiry for capturing signals generated by the 3D photodiode in response to
detection of a pulse of infrared light from an infrared light source. In another aspect,

20 the 3D photodiode {further includes circuitry for calculating time of flight information.
In yet another aspect, the device further includes circuitry for synchronizing light
capture of the 3D photodiode with an infrared light source. In a further aspect, the
device can include readout circuitry functionally coupled to the at least one visible
light photodiode and the at least one 3D photodiode operable to function i global

shutter mode.

N3
e

The present disclosure additionally provides systems for detecting infrared and
visible light. In one aspect, such a system can include a monolithic 3D sensor for
detecting infrared and visible light, where such a monolithic sensor further includes a
semiconductor substrate having a device surface, at least one vistble light photodiode

30 formed at the device surface, at least one 3D photodiode formed at the device surface
i proxtmity to the at least one visible light photodiode, and a quantum efficiency
enhanced infrared light region functionally coupled to the at least one 31 photodiode
and positioned to nteract with clectromaguetic radiation. The system can also

inchude an infrared light source operable to emit infrared light detectable by the 3D
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photodiode, and synchronization circuitry between the infrared light source and the
3D photodiode to synchronize detection of wfrared hight 3D photodiode with a pulse

of the infrared light source.

n

BRIEY DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the nature and advaniage of the present
disclosure, reference is made to the following detailed deseription of embodiments
herein in connection with the accompanying drawings, in which:

FIG. 1 illustrates basic principles of time of flight (TOF});

10 FIG. 2 1s cross section view of a monolithic sensor in accordance with one
aspect of the preseunt disclosure;

FIG. 3 is an illustration of a pixel arrangement scheme in accordance with one
aspect of the present disclosure;

FIG. 4 is an illustration of a pixel arrangement scheme in accordance with one

15 aspect of the present disclosure;

FEG. 5 18 an iltustration of a pixel arrangement scheme in accordance with one
aspect of the present disclosure;

FIG. 6 is an lustration of a pixel arrangement scheme in accordance with one
aspect of the present disclosure;

20 FIG. 7 18 a timing schematic of basic TOF CMOS pixel operation principles
accordance with one aspect of the present disclosure;

FIG. 8 is a cross-sectional view of a 3D TOF pixel and a visible (RGB) pixel
in accordance with one aspect of the present disclosure,

FIG. 9 1s a schematic of a 6-transistor global shutter visible (RGB) pixel in

N3
e

accordance with one aspect of the present disclosure;;

FIG, 10 1s a timing diagram for a visible 6T global shutter pixel in accordance
with one aspect of the present disclosure;

FIG. 11 1s a schematic diagram for a 3D TOF global shutter CMOS pixel in
accordance with one aspect of the present disclosure;
36 FIG. 12 is a timing diagram for 3D TOF pixel array in accordance with one
aspect of the present disclosure;

FIG. 13 is a timing diagram for a 3D TOF pixel array during background

signal extraction in accordance with one aspect of the present disclosure;
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FIG. 14 is cross section view of a system including monolithic sensor in
accordance with one aspect of the present disclosure; and

FIG. 15 is a graphical representation of a standard tmager compared to a
guanturn efficiency enbanced imager in accordance with one aspect of the present

disclosure,

L

DBETAILED DESCRIPTION

Betore the present disclosure s described herein, i 18 1o be understood that

this disclosure is not limited to the particular structures, process steps, or materials

10 disclosed herein, but is extended to cquivalents thereof as would be recognized by
those ordinarily skilled in the relevant arts, It should also be understood that
terminology employed herein is used for the purpose of describing particular
embodiments only and s not mtended to be limiting.

Definitions

15 The following terminology will be used in accordance with the definitions set
forth below.

It should be noted that, as used in this specification and the appended claims,
the singular formas “a,” and, “the” can include plaral referents unless the context
clearly dictates otherwise. Thus, for example, reference to “a dopant” can include one

20 or more of such dopants and reference to “the layer” can juclade reference to one or
more of such layers.

As used herein, the terms “hight” aund “electromagnetic radiation” can be used
interchangeably and can refer to light or electromagnetic radiation in the ultraviolet,

vistble, near infrared, and infrared specira. The terms can further more broadly

N3
e

include electromagnetic radiation such as radio waves, microwaves, x-rays, and
gamma rays. Thus, the term “light” is not limited to electromagnetic radiation in the
visible spectrum. Many examples of light described herein refer specifically to
electromagnetic radiation in the visible and infrared {(and/or near infrared) spectra.
For purposes of this disclosure, visible range wavelengths are cousidered to be from
30 approximately 350nm to 800nm and non-visible wavelengths are longer than about
800nm or shorter than about 350 nm. The jufrared spectram wnclades a near infrared
portion of the spectrum including wavelengths of approximately 860 to 1100 nm, a
short wave infrared portion of the spectrum including wavelengths of approxamately

1100 nm to 3 micrometers, and a mid to long wave infrared (or thermal infrared)

SAMSUNG EX. 1008 - 5/38



WO 2012/122572 PCT/US2012/028822

portion of the spectrum including wavelengths greater than about 3 micrometers up to
about 30 micrometers, These are generally and collectively referred to herein as
“infrared” portions of the clectromagnetic spectrum unless otherwise noted.

As used herein, “quantum efficiency” (QE) 1s defined as the percentage of

L

photons incident on an optoelectronic device that are converted into electrons.

External QF (EQE) 1s defined as the current obtained outside of the device per

incoming photon. As such, HQE therefore depends on both the absorption of photons

and the collection of charges, The EQE is lower than the QF due to recombination
effects and optical losses {e.g. transmission and reflection losses).

10 As used herein, the terms “3D” and “three dimensional” can be used
interchangeably, and refer to obtaining distance information from electromagnetic
radiation.

As used herein, the terms “disordered surface” and “textured surface” can be
used interchangeably, and refer to a surface having a topology with nano- to miicron-

15 sized surface vartations. Such a surface topology can be formed by the trradiation of
a laser pulse or laser pulses, chemical etching, lithographic patterning, interference of
muliiple simultaneous laser pulses, or reactive 1on etching. While the characteristics
of such a surface can be variable depending ou the matenials and techniques
employed, in one aspect such a surface can be several hundred nanometers thick and

20 made up of nanocrystaliites (¢.g. from about 10 to about 50 nanometers) and

nanopores. In another aspect, such a surface can include micron-sized structures {(e.g.

about 1 pm to about 60 pmy. In yet another aspect, the surface can include vano-sized
and/or micron-sized structures from about 5 nim and about 500 pum. A variety of

technques can be uiilized to measure the size of such structures. For example, for

N3
e

cone-like structures the above ranges are intended to be measured from the peak of a
structure to the valley formed between that structure and an adjacent neighboring
structure. For structures such as nanopores, the above ranges are intended to be
approximate diameters. Additionally, the surface structures can be spaced at various
average distances from one another. In one aspect, neighboring structares cau be

30 spaced at a distance of from about 50nm to about 50 pm from. In another aspect,
neighboring structures can be spaced at a distance of from about SO0nm to about 2 pru
from. Such spacing is intended to be from a center point of one structure to the center

point of a ncighboring structure.
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As used herein, the term “fluence” refers to the amount of energy from a
single pulse of laser radiation that passes through a anit area. lu other words,
“fluence” can be described as the energy density of one laser pulse.

As used herein, the terms “surface woditving” and “surface modification”

L

refer 1o the altering of a surface of a semiconductor material using laser irradiation,

chemical etching, reactive ion etching, hithographic patterning, etc. In one specific

aspect, surface modification can include processes using primarily [aser radiation or

laser radiation 1o combination with a dopant, whereby the laser radiation facilitates

the incorporation of the dopant into a surface of the semiconductor material.

10 Accordingly, in one aspect surface modification includes doping of a semiconductor
material,

As used herein, the torm “target region” refers to an area of a semiconductor
material that 1s intended to be doped or surface modified. The target region of a
semiconductor material can vary as the surface modifying process progresses. For

15 example, after a first target region i1s doped or surface moditied, a second target region
may be selected on the same semiconductor material.

As used herein, the term “monoitthic” refers to an electronic device in which
electronic coraponents are formed ou the same substrate. For example, two
monolithic pixel elements are pixel elements that are formed on the same

20 semiconductor substrate.

As used herein, the term “substantially” refers to the complete or nearly
complete extent or degree of an action, charactenistic, property, state, structure, item,
or result. For example, an object that is “substantially” enclosed would mean that the

object is cither completely enclosed or nearly completely enclosed, The

N3
e

exact allowable degree of deviation from absolute conpleteness may in some cases
depend on the specific context, However, generally speaking the nearness of
completion will be 3o as to have the same overall result as if absolute and total
completion were obtained.

As used herein, the term “about” 18 used to provide Bexibility to a numerical
30 range endpoint by providing that a given value may be “a little above” or “a little
below” the endpoint.

Asused herein, a plurality of items, structural elements, compositional
elements, and/or materials may be presented in a common hist for convenicnce.

However, these lists should be construed as though each member of the list is
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individually identified as a separate and unique member. Thus, no individual member
of such hst should be construed as a de {facto equivalent of any other member of the
same list solely based on their presentation in a common group without indications to

the contrary.

L

Concentrations, amounts, and other numerical data may be expressed or
presented herein in a range format. 1 is to be understood that such a range format 18
used merely for convenience and brevity, and thus should be interpreted flexibly to
mchude not only the numerical values explicitly recited as the limits of the range, but
also to include all the individual numerical values or sub-ranges encompassed within
10 that range as if cach numerical value and sub-range is explicitly recited. As an

iltustration, a numerical range of “about 1 to about 57 should be interpreted to include

not only the explicitly recited values of about 1 to about 5, but also inchude individual

values and sub-ranges within the indicated range. Thus, incloded in this numerical

range are individual values such as 2, 3, and 4 and sub-ranges such as from 1-3, from
15 2-4, and from 3-5, ¢tc., as well as 1, 2, 3, 4, and S, individually.

This same principle applies to ranges reciting only one numerical value as a
minimum or 8 maximum, Furthermore, such an interpretation should apply regardless

of the breadth of the range or the characteristics being describe

20 The Disclosure
The following disclosure relates to photosensitive diodes, pixels, and tmagers
capable of detecting visible hight as well as infrared hight utilized to provide depth
information (i.e. 3D mformation}, including associated methods of making such

devices. Such device additionally exhibit enhanced absorption and quantum

N3
e

efficiencies. In one aspect, for example, such a 3D imaging device can include at
fcast one first semiconductor pixel, at least one second semiconductor pixel, at least
one third semiconductor pixel, and at least one 3D semiconductor pixel that is capable
of detecting the distance of an object. This 3D pixel can be monolithically arranged
with the other semiconducior pixels, The first, second, third, and 3D semiconductor
30 pixels can be configured to detect light having a first, second, third and fourth
wavelength, respectively. Further the first wavelength can be in the range of about
400nm to about 500nm; the second wavelength in the range of about 500nm to about
550nm; the third wavelength in the range of about 550nm to about 700nm and the

fourth wavelength in the range of about 700nm to about 1200nm. In some aspects, a
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monolithic sensor can include multiple 3D pixels operable to detect different
wavelengths, For example, different 3D pixels can be tuned to specific wavelengths
such as, for example, 850 nm, 960 nm, 1064 nm, etc. It can also be beneficial to

inchade wultiple 3D pixels operable to detect the same wavelength. As one non-

L

Himiting example, a monolithic sensor could include multiple 3D pixels operable to
detect at 1064 wm and multiple 3D pixels operable to detect at 960, 1t should be
understood that various arrangements and combinations of pixel types and pixel
numbers are contemplated, and any such corubination 1s considered to be within the
present scope,

10 In one embodiment, the 3D semiconductor pixel can include a semiconductor
subsirate, a semiconductor layer formed at or from the sermconductor substrate, and a
quantum efficiency enhanced infrared light region associated with the semiconductor
fayer. In one aspect, the quantam efficiency enhanced infrared light region can be a
textured region. In another aspect, the semiconductor substrate and the

15 semiconductor layer are comprised of silicon.

There are many applications that utilize depth information, non-limiting
examples of which can inchude hands-free gesture control, video games, medical
applications, machine vision, and the hike. Time-of-flight (TOF) 15 one exemplary
method of determining depth information that has been developed for use in radar and

20 LIDAR (Light Detection and Ranging) systerns. The basic principle of TOF involves

sending a signal and measuring a property of the returned signal from a target. The

measured property 1s used to determine the TOF. The distance 15 derived by

nmultiplication of half the TOF and the velocity of the signal in the application

medium,

25 FEG. 1 shows an dllustration of generalized TOF measurement with a target
having multiple surfaces that are separated spatially. Equation I shows one example
of how such distance measurements can be calculated.

TOF =¢
d= 20 1
2
30

Where d is the distance measurement and ¢ 1s the speed of light. By measuring the
time {e.g. TOF) that it takes light 102 to travel to and from a target 104, the distance

between a hight emttting diode (LED) and the surface of the target can be derived.
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For an imager, if cach pixel can perform the above TOF measurement, for a given
leus system, a beueficial 3D iage of the target can be achieved. Sinee, the speed of
tight in a vacuum is 3¢ nv/sec, light traveling at that speed will reach a target at 30cm

tn a nanosecond. Thus, distance measurements can be difficolt with TOF methods

L

when the target is relatively near the source, which is often the case for many 3D
imaging applications. One non-limiting example of a method for TOF measurement
to overcome this issue utilizes a modulated light pulse and measure the phase delay
between emitted light and received light. Based on the phase delay and pulse width,
the TOF can be derived. Such a light pulse can be emitted from, for example, an LED
10 light source.

Furthermore, many current pixels or imagers are manufactured on a silicon
material that has been epitaxially (EP1} grown. Most epitaxially grown silicon is
velatively thin (e.g. less than 30um) and 1s thus Himited on the amount of infrared
electromagnetic radiation that the material can absorb/detect, rendering pixel quantum

15 efficioncy around near infrared and mmfrared wavelengths poor, To achieve acceptable
signal to noise ratio for such devices, high power LED are needed to generate the
mfrared signal. Without such higher powered LEDs, the potentially measurcable
distance rauge 18 very short, and resulting higher electrical crosstalk can significantly
affect the spatial resolation of the depth map. Conversely, if the EPI thickness is

20 increased in such a pixel, the infrared quantum efficiency can be increased, although

not to acceptable levels for many applications. Increasing the EPI thickness,
however, can significantly slow electron migration and degradation on demodulation
performance. This can result in poor depth accuracy or in other words, an increase in

depth noise. Pixels according to aspects of the present disclosure overcome problems

N3
e

that have previously been associated with depth measurements. For example, in one
aspect, such a device can utilize a silicon EPI layer having a thickness of from about
Zum to about Sum that can achieve high QE in infrared wavelengths.

In one exemplary aspect, as is shown in FI1G. 2, a monolithic 3D sensor for
detecting wnfrared and visible hight 1s provided. Such a sensor can include a
30 semiconductor substrate 202 having a device surface 204, at least one visible light
photodiode 206 formed at or from the device surface 204, and at least one 3D
photodiode 208 formed at or from the device surface 204 in proximity to the at least
one visible light photodiode 206. Thus the photodiodes n the sensor can be arranged

monolithically with respect to gune another. The monolithic 3D sensor can also include

SAMSUNG EX. 1008 - 10/38



WO 2012/122572 PCT/US2012/028822

a quantum efficiency enhanced infrared light region 210 functionally coupled to the at
least one 3D photodiode 208 and positioned to interact with electromagnetic radation.
it should be noted that, in some aspects, various layers can separate the quantum

etficicucy enhanced infrared light region and the 3D photodiode, inchuding, but not

L

timited to, an oxide layer. Thus, the 3D photodiode has enhanced responsivity and/or
detectability in the infrared regions of the light spectrum. It is noted that the device
surface can be a portion of the semiconductor substrate, or the device surface can be
an additional layer, such as an cpitaxially grown layer, that 1s formed on the substrate.
In some aspects, the at least one visible light photodiode 200 and the at least
10 one 3D photodiode 208 can be isolated from one another using a variety of trench
isolation 212 or other technigues to lower or eliminate optical and/or electrical
crosstalk between the photodiodes. In some aspects, the trench isolation itself can be
textured and/or doped as discussed herein. Additionally, the trench isolation can be
filled with an oxide material. 1t is noted that each of the various photodiodes can have
15 multiple doped regions torming at least one junction. In some aspects, doped regions
can inchide an n-type dopant and/or a p-type dopant, thereby creating a p-n junction,
In other aspects, a photosensitive device can include an i-type region to form a p-i-n
junction. Various dopants and dopant profiles are discussed further herein,
In another aspect, a photodiode can include an clectrical transfer clement
20 coupled to the semiconductor substrate and operable to transter an electrical signal
from the junction. Non-limiting examples of clectrical transfer elements can include a
variety of devices such as transistors, transter gates, MOSFETs, PMOS transfer gates,
and the like.

In general, a photodiode can inchude passive pixel scusors (PPS), active pixel

25 sensors {APS), digital pixel sensor imagers (DPS), or the like, with one difference
being the image sensor read out architecture. For example, a sermiconducting
photodiode can be a three, four, five or six transistor active pixel sensor (37T, 47T, 57T,
or 6T APS). Devices having greater than 6 fransistors are also within the present
scope,

30 In another aspect of the present disclosure, a 3D optoelectronic device is

provided. Such a device can include a semiconductor substrate having a device
surface, at least one 3D photodiode formed at the device surface, and a quantum
efficiency enhanced mfrared light region functionally coupled to the at least one 3D

photodiode and positioned to interact with electromagnetic radiation.

10

SAMSUNG EX. 1008 - 11/38



WO 2012/122572 PCT/US2012/028822

Regarding the layout of a monolithic sensor or monolithic sensor array, a
variety of configurations are counsidered. It should be voted that mumerous
combinations of visible light photodiodes (or pixels) and 3D photodiodes {or pixels}

are possible, and any such combination is considered to be within the present scope.

n

For example, FIG. 3 shows in one aspect a basic pixel array arrangement that is
stmilar to a2 “Bayer” pattern found in color sensors. A Bayer pattern typically has a
red pixel, a biue pixel, and two green pixels located tn opposite corners of the pattern,
As can be seen tn FIG. 3, a stmilar layout can include one blue pixel 302, one red
pixel 304, one green pixel 306, and one 3D pixel 308, FIG. 4 shows an arrangement
10 with one blue pixel 402, one red pixel 404, one green pixel 406, and two 3D pixel
408, 410 3D TOF 1, and 3D TOF 2). Having wultiple 3D pixels, such as the
combination of two 3D pixels, can allows for better depth perception. In some
aspects, the arrangervents in FIGs. 3 and 4 can be beneficial for large pixel designs.
In another aspect, as shown in FIG. 5, the pixel arrangement includes several
15 Baver-type pattern imagers and two sets of 3D TOF pixels. Essentially, one TOF
pixel replaces one quadrant of a RGGB pixel design. In this configuration, the
addition of several greeun pixels allows for the capture of more green wavcelengths that
may be needed for green color seusitivity, while at the same time capturing the
infrared light for depth perception. In yet another aspect, FIG. 6 shows another
20 possible arrangement of color pixels and 3D pixels according., The pixel
arrangements in FIGs. 5 and 6 can be beneficial for, among other things, small pixel
sizes. It should be noted that other arrangements are counsidered within the scope of
the present disclosure.

A monolithic 3D sensor can be operated according o a variety of different

N3
e

schemes and architectures, and as such, the present scope should not be limited by the
scheres and architectures described. For example, FIG. 7 shows schematically one
potential operating scheme of a monolithic photosensitive 3D imager or 3D sensor
according to one aspect. For a single 3D photodiode, the total integration time 18
divided nto two alternate portions. Integration 1 1s synchronized with the drive signal
30 from the infrared light source, such as an LED. Integration 2 is opposite the drive
signal of the LED. The signal of the received light can be split between integration 1
and integration 2. The integration cycle can be repeated several times before the

accumulated signals are read out. The ratio between St and 52 can be used to derive

11
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the phase shift of received light relative to the emitted light as shown by Equations 1,

I, and TV:

N
S1= ESL = §1,5p + SO I3
1
5
N
S2 = 232)‘ = SZ_LED + 50 I
1
¢ JTw 252;:5n Twy .
d = 3 * [—-—Z}-—-SELED TSI + 1 (TN swheren = 01,2, ... iy

Where d is the distance to the object, Tw is the period of the LED modulation (in
seconds, ¢.g. i Tw = I/t {1s the modulation frequency), S1 LED and S2_led are
10 signal levels caused by LED llumination, and ¢ is the speed of light. In the above
equation, the integer number represents the aliasing factor {e.g. ambiguity). SO s the
offset signal caused by ambient light and dark current of the pixel. The offset sigual
can be subtracted from the total signal to accurately derive the distance. The offset
depends on the ambient light and arobient temperature at cach location of the target
15 {e.g. dark current). To derive the phase shift information, the offset must be known.
Known TOF methods can have accuracy issues (¢.g. ambiguity 1ssues). For
example, the ambiguity distance value ts ¢Tw/4, which can be derived from the above
equations, Thus, the derived phase shift of an object at & distance d 1s same 4s an
object at a distance of d + o{cTw/4), where n=0,1,2... To resolve this issue, multiple
20 LED modulation frequencics can be used to reduce ambiguity. In another aspect, the
measurement can be limited to a distance of less than ¢Tw/4 to avoid ambiguity,
Photosensitive imagers can be front side ilhumination (FSI) or back side
thamination (BSI devices. In a typical FSI imager, incident light enters the
semiconductor device by first passing by transistors and metal circuitry. The light,
25 however, scatters off of the transistors and circuitry prior to entering the light sensing
portion of the imager, thus causing optical loss and noise. A lens can be disposed on

the topside of a FSI pixel to direct and focus the incident hight to the hight sensing
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active region of the device, thus partially avoeiding the circuitry. BSI imagers, one the
other hand, are configured to have the light sensing portion of the device opposite the
circuitry. Incident light enters the device via the light sensing portion and is mostly

absorbed prior to reaching the circuitry. BSI desigus allow for smalier pixel

L

architecture and a high il factor for the imager. As mentioned, the devices according

to aspects of the present disclosure can be adapted for either configuration. It should

also be understood that devices according to aspects of the present disclosure can be
mcorporated into complimentary metal-oxide-semiconductor (CMOS) tmager
architectures or charge-coupled device (CCUIY) tmager architectures.

10 One example of a monolithic 3D sensor is shown in FIG. 8, which illustrates a
cross-sectional view of both a visible photodiode on the right and a 3D photodiode on
the left. Both the visible and 3D photodiodes are designed in a BS1 architecture, The
BST architecture can also be useful due to having improved QF respouse o the visible
spectrum. The monolithic 313 sensor can include a carrier wafer 802, a dislectric

15 layer 804, circuitry layers 806, 8§08 and 810, via(s) 812, and a transfer gate 814, The
monolithic 3D sensor can further include a first doped region 816 {¢.g. for this
embodiment, pt), a second doped region 818 {c.g. for this embodiment, n-type), &
sericonductor layer 820, a 1solation feature 822, an anti-reflective layer 824, mfrared
filter and a lons 826 for focusing incident electromagnetic radiation. Furthermore, the

20 31 photodiode can have a quantum efficiency evhanced infrared light region 828, In

some aspects, the visible light photodiode can also include a quantum efficiency

enhanced 1nfrared Hght region (not showu).
The 3D photodiode can also include an on-pixel optical narrow pass filter 832.

The narrow pass filter design will match the modulated light source (c.g. LED or

N3
e

jaser) emission spectrum. The narrow pass filter will significantly reduce the
unwanted ambient light which will further increase the SNR of modulated NIR light.
Another benetfit of increased NIR QE is possibility of high frame rate operation for
high speed 3D image capture. The visible pixel will have on-pixel color filter array
{(CFA) and IR cut filter. The integrated IR cut filter can allow high guality visible

30 1mages with high fidelity color rendering. By integrating an infrared cut filter onto
the sensor chip can also reduce total system costs (due 1o, for example, the removal
infrared filter glass) and can reduce module profile. It is noted that the 31 photodiode

can have a light absorbing properties and clernents as has been disclosed i ULS.
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Patent Application No. 12/885,158, filed on September 17, 2010, which is
incorporated by refercuce in its cutirety.
The photodiode (pixel} configured for detecting visible wavelengths can

inchade the same elements as the 3D photodiode with the exception of having a color

L

filter array (CFA) and an infrared cut filter 830, Notably, both the narrow pass NIR

filter and IR cut filter can be made by a variety of multiple-layer interference type

schemes. The on chip pixel level optical filter will allow high quality images for both
the depth map and the color image.
As has been described, the various photodiodes can have any number of

10 transistors and transistor architectures. In one aspect, for example, the visible pixel
can have a six-transistor (6-T) architecture that will allow global shutter operation.
One example of such a 6-T architecture is shown in FIG. 9. This pixel architecture
can jnctade a photodiode (PI3) 902, a global reset (Global RST) 904, a global transter
gate {Global TX) 806, a storage node 908, a transfer gate (TX1} 910, reset (RST)

15 912, source follower {SF) 914, tloating diftusion (FD) 916, row sclect transistor (RS)
918, power supply (Vaapix) 920, and voltage out (Vout} 922, Due to the use of an
extra transfer gate and storage node, correlated-double-sampling (CDS) 15 allowed.
Therefore, the read noise should be similar to a typical CMOS 47T pixel.

One example giobal shutter timing for short integration is shown in FI1G. 10.

20 In global shuttering, the Global RST can be maintained at a high state for anti-

blooming purposes. The Global RST is set to a low state (or off) to begin integration

of the pixel array. At the end of integration, Global TX is pulsed to transfer the
integrated charge from the photodiode 902 to the Storage Node 908 (FIG. 9} for each

pixel in the array. After charge transter, the Global RST signal can be set to a high

N3
e

state again during the frame readout for anti-blooming purposes. The readout of each
row can occur sitntlar to a 47 pixel operation. The floating diffusion (FD) node 916
can be reset for sampling before the signal charge is transferred from the Storage
Nede. The function of correlated double sampling can then result in low read noise.
More information regarding anti-blooming, global shuttering, correlated double
30 sampling, and the like, can be found in US Patent Serial No. 13/333,537, filed on
Becember 21,2011, which is incorporated herein by reference.

In another aspect, a schematic of a 3D pixel is shown in FIG. 11, This
exemplary 3D pixel can include 11 transistors for accomplishing the depth

measurement of the target. It should be noted that 11 transistors should not be seen as

14
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limiting, and other transistor architectures are contomplated. In this aspect, however,
the 3D pixel can comprise a photodiode (PD) 1102, a global reset (Global RST)
1104, a first global transfer gate (Global TX1) 1106, a first storage node 1108, a first
transfer gate (TX 1) 1119, a first reset (RET1) 1112, a first source follower (SF1)

L

1114, a first floating diffusion (FD1) 1116, a first row select transistor (R813 1118, a
second global transter gate (Global TX2) 1120, a second storage node 1122, a second
transfer gate (TX2) 1124, a second reset (R8T2} 1126, a second source follower (SF2)
1128, a second tloating diffuston (FD2) 1130, 5 sccond row select transistor (RS2}
1132, power supply (Vaapix) 1134, and voltage out (Vout) 1136, Other transistors
10 can be included in the 3D architecture and should be considered within the scope of
the preseut disclosure. The specific aspect with 11 transistors can reduce motion
artifacts due to the global shutter operation, thereby giving more accurate
HCASUTETNENES,
The timing of a 3D pixel can be performed in a variety of ways, and as such,
15 the tollowmg timing diagrams and description should not be seen as himiting, but
merely exemplary methods of achieving a desired result. An exemplary timing
diagram corresponding to the timing of the schematic of FIG. 11 is shown i FIG. 12,
FIG. 12 shows the output of an 850 nia LED on a 50% duty cycle. The Global RST
is pulsed at the beginning and end of cach LED cyele to reset the photodiode. Thus,
20 as the LED 18 turned on the photodiode 1s reset and integration beging, Global TX1 is
pulsed at the end of the LED on phase to transfer the accumulated charge into Storage
1 and the photodiode 1s reset. Global TXZ2 is pulsed at the end of the LED off cycie
to transfer accumulated charge from the photodiode into Storage 2. Following a

desired number of infegration cycles, the charge in Storage 1 and Storage 2 are

N3
e

transferred to FD1 and FD2, read out using a global shutter mode, and compared to
determine distance information.

In addition, the background infrared level can introduce errors into the
distance measurement. This background signal can be measured and subtracted from
the actual signal to provide a roore accurate determunation of distance. A timing
30 diagram of one technique for making such a background measurement is shown in
FIG. 13, The timing as shown wn FHG. 12 15 thus performed with the LED off, and the
resulting background signal can be subtracted from the signal derived with the LED
on to improve the distance measurement. The background measurement can be

performed at any time with relation to the actual distance measurement. For example,

15
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in onge aspect, the background measurement can be performed in between each global
readout cycle. In another aspect, the background measurement can be performed at
given time intervals, such as every second, every, 10 seconds, every 30 seconds, every

minute, ete. Such a background reading can be taken whenever i 1s desirable to

L

check the background infrared levels to improve sensor performance.

The present disclosure additionally provides systems for detecting infrared and
visible light. In one aspect, as is shown in FIG. 14 for example, such a system can
mchude a monolithic 3D sensor 1402 for detecting wnfrared and visible light,
comprising a semiconductor substrate 1404 having a device surface 1406, at least one
10 visible light photodiode 1408 formed at the device surface, at least one 3D photodiode

1410 formed at the device surface m proxumity to the at least one visible light
photodiode, and a quantum efficiency enhanced infrared light region 1412
functionally coupled to the at least oue 3D photodiode and positioved to inleract with
electromagnetic radiation. The system can further include an infrared light source
15 1414 operable to conit infrared hight 1416 detectable by the 3D photodiode, and
synchronization circuitry 1418 between the infrared light source and the 3D
photodiode to synchronize detection of infrared light 3D photodiode with a pulse of
the infrared light source,
The various devices according to aspects of the present disclosure exhibit
20 increase quantom efficiencies (QF) as corupared to traditional photodiode devices.
On example of the QE improvements of such devices can be seen in the QF spectrum
curve in FIG, 1S5, The curve 1o FIG. 15 shows a standard imager and an timager with
enhanced guantum efficiency, especially in the infrared wavelengths, The QF

enhanced imager and the standard imager both have comparable silicon thicknesses of

N3
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about Spm. The thickness and responstvity of the QF enhanced imager can have
significant impact on a 3D pixel operation, due to increased speed and detection. The
increased QF can contribute to higher image signal to notse ratio {SNR}, which will
greatly reduce depth ervor. Further, increased QF on a silicon having a thickness of
less than Spm can allow the pwxel to reduce the diffusion component of the signal so
30 that the charge collection and transfer can be increased, which s ideal for 3D pixel
operation. fu general, the photo-generated carriers created inside the pixel will depend
on two mechanisms for collection: drift and diffusion. For light baving shorter
wavelengths, most of the carriers will be generated in a shallow region of the device

and within the depletion region of the photodiode. Those carriers can be collected
16
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relatively quickly, via drift. For infrared light, however, the majority of photo carriers
will be generated toward the backside of the silicon. These carviers will thus be
generated outside diode’s depletion region and will depend on diffusion to be

collected. Diffusion is much slower than drift. For a 3D TOF pixel, fast sampling of

L

photo charge is beneficial. High QF can be achieved within very thin (i.e. less than
Spmy layers of epttaxially grown silicon using the techniques of the present
disclosure. Therefore, most if not all carriers generated can be collected via the drift
mechanism. This allows very fast charge collection and transfer. With this
technology, depth resolution can be greatly increased due to the use of higher

10 modnlation frequencies of faster modulated infrared LEDs,

Photosensitive imagers can be mamntained under constant conditions (fixe
voltage or current} to provide enhanced lincarity and uniformity. As has been
described, connections between the imager and the device layers can be achieved
using vias fabricated from a refractory metal, such as tungsten or tantalum. Placing

15 storage clements under the imager may also provide various photonic benefits. For
example, the entire pixel array may be dedicated to signal processing. This may
enable higher performance by permitiing access to low level pixel signals,
Furthermore, massively parallel operations can be performed by pixel processors. For
example, analog to digital conversion, noise reduction (i.c., true correlated double

20 sampling}, power conditioning, nearest neighbor pixel processing, compression,

fusion, and color multiplexing operations can be performed.
Regarding the photodiodes themselves, a vanety of semiconductor materials
are contemplated for use with such devices. Noun-limiting examples of such

seniconductor materials can include group 1V maternials, compounds and alloys

N3
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comprised of materials from groups I and VI, compounds and alloys comprised of
materials from groups I and V, and combinations thereof. More specifically,
exemplary group 1V materials can include silicon, carbon {e.g. diamond)}, germaninm,
and combinations thereof, Various exemplary combinations of group IV materials
can nchude siticon carbide (5iC) and silicon germanium (S1Ge). In oue specific

30 aspect, the semiconductor material can be or include silicon. Exemplary silicon
materials can inchude amorphous silicon (a-81), microcrystalline silicon,
multicrystalline silicon, and monocrystaliine silicon, as well as other crystal types. In

another aspect, the semiconductor material can include at least one of silicon, carbon,

17
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germanium, aluminum nitride, gallium nitride, indium gallium arsenide, aluminum
gallium arsenide, and combinations thereof.
Exemplary combinations of group H-V1 materials can inchude cadmium

selemde (CdSe), cadmium sulfide (CdS), cadmiom telhuride (CdTe), zine oxide

L

{(Zn(}), zinc selenide (ZnSe}, zine sulfide (Zn8), zine telluride (ZnTe), cadmium zinc
telluride (CdénTe, CZT), mercury cadmium telluride (HgCdTe), mercury zine
telluride (HgZinTe}, mercury zine selenide (HgZnSe), and combinations thereof.
Exemplary combinations of group H-V materials can mclude alunminum
antimonide {AISh), aluminum arsenide (AlAs), aluminum nitride (AN}, aluminum
10 phosphide (AP}, boron nitride (BN}, boron phosphide (BP), boron arsenide (BAs},
gallium antimonide {GaSh), gallium arsenide (GaAs), gallium nitride (GalN}, gallium
phosphide (GaP), indium antimonide (InSb), indium arsenide (InAs), indium nitride
(N}, indium phosphide (InP), alurainum galliom arsenide (AlGaAs, AlkGal-xAs),
indiun gallium arsenide (InGaAs, loxGal-xAs), indium gallivm phosphide (InGaPy},
15 aluminum indium arsenide (AllnAs), aluminum indium antimonide {(AllnSh), gallium
arsenide mitride {(GaAsN), gallium arsenide phosphide (GaAsP), aluminum gallium
nitride (AlGaN), aluminom gallium phosphide (AlGaP), indium gallium nitnde
{InGaN), indium arsenide antimonide (InAsSbh}, indium gallium antimonide (InGaSh),
aluminum gallium indium phosphide (AlGalnP), aluminum galifum arsenide
206 phosphide (AlGaAsP), wndium gallium arscuide phosphide (In(GaAsP), aluminum
indium arsenide phosphide (AlinAsP), aluminum galiium arsenide nitride
{AlGaAsN), mdium galhum arsenide nitride (InGaAsN), indium alominum arsenide
nitride (InAlAsN}, gallium arsenide antimonide nitride ((GaAsSbN}, gallium indium

nitride arsenide antimmonide (GaluNAsSb), gallium mndinm arsenide antimonide

N3
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phosphide (GalnAsSbP), and combinations thereof.

Furthermore, the semiconductor device layer can be of any thickness that
allows electromagnetic radiation detection and conversion functionality, and thus any
such thickness of semiconductor device layer is considered to be within the present
scope. In some aspects a textured region can be applied to the sewiconductor device
30 layer to increase the efficiency of the device such that the senuconductor device layer
can be thinner than has previcusly been possible. Diecreasing the thickuess of the
semiconductor reduces the amount of the often costly semiconductor material
required to make such a device. In one aspect, for example, the semiconductor device

fayer has a thickness of from about 500 nm to about 50 um. In another aspect, the

18
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semiconductor device layer has a thickness of less than or equal to about 500 pm. In
vet another aspect, the sermiconductor device layer has a thickuess of from about 2 pm
to about 10 pm. In a further aspect, the semiconductor device layer can have a

thickness of from about 5 po to about 750 pm. In yet a further aspect, the

L

semiconductor device layer can have a thickness of from about 5 pm to about 100
pin. In other aspects, the semiconductor device layer can have a thickuess of from
about 2 um to about 3 un.
One effective mucthod of producing a textured region (1.¢. quantum efficicncy
enhanced infrared light region) is though laser processing. Such laser processing
10 allows discrete locations of the semiconductor substrate to be textured. A variety of
techuiques of laser processing to form a textured region are conteraplated, and any
technique capable of forming such a region should be considered to be within the
present scope. Laser treatraent or processing can allow, aroong other things,
enhanced absorption properties and thus increased electromagnetic radiation focusing
15 and detection. The laser treated region can be associated with the surface nearest the
impinging electromagnetic radiation, or the laser treated surface can be associated
with a surface opposite in relation to impinging clectromagnetic radiation, thereby
allowing the radiation to pass through the senmuconductor matenial before 1t hits the
laser treated region.
20 In one aspect, for example, a target region of the semiconductor material can
be trradiated with laser radiation to form a textured region. Examples of such
processing have been described in further detail 1o U.S. Pateunts 7,057,256, 7,354,792
and 7,442,629, which are incorporated herein by reference in their entireties. Briefly,

a surface of a semiconductor material is trradiated with laser radiation to form a

N3
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textured or surface modified region. Such laser processing can occur with or without
a dopant material. In those aspects whereby a dopant is used, the laser can be directed
through a dopant carrier and onto the semiconductor surface. In this way, dopant
from the dopant carrier is introduced into the target region of the semiconductor
material. Such a region incorporated into a semicondactor matenal can have various
30 benefits in accordance with aspects of the present disclosure. For example, the target
region typically has a textured surface that increases the surface arvea of the laser
treated region and increases the probability of radiation absorption via the
mechanisms described herein. o one aspect, such a target region s a substantially

textured surface including micron-sized and/or nano-sized surface features that have

19
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been generated by the laser texturing. In another aspect, irradiating the surface of
semiconductor matenial includes exposing the laser radiation to a dopant such that
irradiation incorporates the dopant into the semiconductor. Various dopant materials

are known in the art, and are discussed in more detail herein.

L

Thus the surface of the semiconductor material i1s chemically and/or
structurally altered by the laser treatment, which may, in some aspects, result in the
formation of surface features appearing as microstructures or patterned areas on the
surface and, 1f a dopant 18 used, the incorporation of such dopants into the
semiconductor material. In some aspects, the surface features or microstructures can
10 be on the order of 5 nm to 300 pm in size and can assist in the absorption of
electromagnetic radiation. [u other words, the textured surface can increase the
probability of incident radiation being absorbed by the semiconductor material. In
another aspect, the surface features can be from about 10 v to about 20 pm in size.
The type of laser radiation used to surface modify a semiconductor material

15 can vary depending on the material and the mtended modification, Any laser
radiation known in the art can be used with the devices and methods of the present
disclosure. There are 4 number of laser characieristics, however, that can affect the
surface modification process and/or the resulting product jucluding, but not fumited to
the wavelength of the laser radiation, pulse width, pulse fluence, pulse frequency,

20 polarization, laser propagation direction relative to the sericonductor material, ete.

In one aspect, a laser can be configured to provide pulsatile lasing of a semiconductor

wmaterial. A short-pulsed laser is oue capable of producing femtosecond or picosecond

pulse durations. Laser pulses can have a central wavelength in a range of about from

about 10 nm to about 8 um, and more specifically from sbout 200 nm to about 1200

25 am. The pulse width of the laser radiation can be in a range of from about tens of
femtoseconds to about hundreds of nanoseconds.  In one aspect, laser pulse widths
can be in the range of from about 50 femtoseconds to about 50 picoseconds. In
another aspect, laser pulse widths are in the range of from about 50 fomtoscconds to
500 femtoseconds.

36 The number of laser pulses irradiating a target region can be in a range of from

about 1 to about 2000. In one aspect, the number of laser pulses nrradiating a
semiconductor target region can be from about 2 to about 1000, Further, the
repetition rate or frequency of the pulses can be selecied to be in a range of from

about 10 Hz to about 10 uHz, or in a range of from about 1 kHz to about 1 MHz, orin

20
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a range from about 10 Hz to about | kHz. Moreover, the fluence of each laser pulse
can be in a range of from about 1 kJ/m” to about 20 kJ/mt’, or in a range of from about
3 kJ/m” to about 8 kl/m’”.

It should be noted that other techuiques for texturing the gquantur efficiency

L

enhanced infrared lght region are considered to be within the present scope. Non-
Hmiting cxamples include chomical etching, physical abrasion, material deposition,
and the like.
A variety of dopant materials are contemplated, and any such material that can
be used in the laser treatment process to surface modify a semiconductor material
10 according to aspects of the present disclosure is considered to be within the present
scope. It should be noted that the particular dopant utilized can vary depending on the
semiconductor material being laser treated, as well as the intended use of the resulting
sericonductor material. For example, the selection of potential dopants may differ
depending on whether or not tuning of the photosensitive device is desired.
15 Additionally, such dopant can be utilized i the textured region or in the other various
doped regions of the device.
A dopant can be either electron donating or hole donating, In one aspect, non-
fimiting examples of dopant matenials can include S, F, B, P, N, As, Se, Te, Ge, Ax,
Ga, In, 8b, and combinations thereof, it should be noted that the scope of dopant
20 materials should include, not only the dopant materials themselves, but also materials
in forms that deliver such dopants (i.c. dopant carriers). For cxample, S dopant
materials includes ot only §, but also any material capable betng used to dope S into
the target region, such as, for exanmple, HjS, SFe, 8Os, and the like, including
combinations thereof, In one specific aspect, the dopant can be S, Sulfur can be

. . 4 o g7
present at an ion dosage level of between about 5 x 10" and about 1 x 10" {ons/cny’,

N3
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Non-limiting examples of fluorine-containing compounds caun include CiF;, PFs, Fy

SFs, BF3, GeFay, WE, SiFy, HF, CF,, CHEF;, CH:F,, CHiF, ChF,, O HFs, CsFs, C4Fs,
NF3, and the like, including combinations thercof. Non-limiting examples of boron-
containing compounds can include B(CHs)s, BF;, BCl;, BN, GoBgHis, borosilica,

30 BoHg, and the like, including combinations thereof. Non-limiting examples of
phosphorous-containing compounds can include PFs, PH;, and the like, nclading
combinations thereof. Non-limiting examples of chiorine-containing compounds can
include Cly, SitH,Cly, HCL SiCls, and the hike, including combinations thereof,

Dopants can also include arsenic-containing compounds such as AsHj; and the like, as
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well as antimony-containing compounds, Additionally, dopant materials can include
mixtures or combinations across dopant groups, 1.¢. a sulfur-coutaining compound
mixed with a chlorine-containing compound. In one aspect, the dopant material can

have a density that is greater than air. In one specific aspect, the dopant material can

L

include Se, Hy8, SFq, or mixtures thereof. In yet another specific aspect, the dopant
can be SF and can have a predetermined concentration range of about 5.0 x 107
mol/em’ to about 5.0 x 107 mol/em®. SFs gas is a good carrier for the incorporation
of sulfur into the semiconductor material via a laser process without significant
adverse effects on the semiconductor material. Additionally, it is noted that dopants
10 can also be liquid solutions of n-type or p-type dopant materials dissolved ina
solution such as water, alcohol, or an acid or basic sohution. Diopants can also be solid
materials applied as a powder or as a suspension dried onto the wafer.
Additionally, the semiconductor device layer can be annealed for a variety of
reasons, including dopant activation, semiconductor material repair, and the fike. In
15 those aspects inchuding a laser textured region, the semiconductor material can be
annealed prior to laser treatment, following laser treatment, during laser treatment, or
both prior to and following laser treatment. Annealing can enhance the
serconductive properties of the device, including ncreasing the photoresponse
propertics of the semiconductor materials. Additionally, annealing can reduce damage
20 done by the lasing process.
Of course, it is to be understood that the above-described arrangements are
only tlustrative of the application of the principles of the present disclosure,
Numerous modifications and alternative arrangements may be devised by those

skilled in the art without departing from the spirit and scope of the present disclosure

N3
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and the appended claims are intended to cover such modifications and arrangements.
Thus, while the present disclosure has been deseribed shove with particularity and
detail in connection with what is presently deemed to be the most practical
embodiments of the disclosure, it will be apparent to those of ordinary skill in the art
that numerous modifications, including, but not limited to, variations i size,

30 materials, shape, form, function and manner of operation, assembly and use may be

made without departing from the principles and concepts set forth herein,
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CLAIMS

What is claimed is;

L

1. A monolithic 313 sensor capable of detecting infrared and visible light, comprising:
a semiconductor substrate having a device surface;
at least one visible light photodiode formed at the device surface;
at least one 3D photodiode formed at the device surface in proxinuty to the at
feast one visible light photodiode; and
10 a quantum cfficiency enhanced infrared light region functionally coupled to
the at least oue 3D photodiode and positioned to miteract with electromagnetic

radiation.

2. The sensor of claim 1, wherein the gquantum efficiency enhanced infrared light

15 regionis a textured region located at the device surface.

3. The sensor of claim 1, wherein the quantum efficiency enhanced infrared light
region i8 a textured region located on a side of the semiconductor substraie opposite

the device surface.

20
4. The sensor of claim 1, wherein the quantum efficiency enhanced infrared light
region has surface structures formed using a pulsed laser with a pulse duration of from
about 1 femtosecond to about 500 picoseconds.

25 5. The sensor of clain 4, wherein the surface structures have an average height of

from about S nm to about 500 um

6. The sensor of claim 1, wherein the at least one visible light photodiode includes at
least one red light-sensitive photodiode, at least one blue light-sensitive photodiode, at

30 least one green light-sensitive photodiode, and at least one 3D photodiode.

7. The sensor of claim 1, wherein the 3D photodiode is operable to detect infrared

light having a wavelength of greater than about 800 nm.
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8. The sensor of claim 1, further comprising an infrared narrow bandpass filter
optically coupled to the 3D photodiode and positioned to filter electromaguetic

radiation impinging on the 3D photodiode.

n

9. The sensor of claim 1, further comprising an infrared cut filter optically coupled to
the at least one visible light diode and positioned to filter infrared clectromagnetic

radiation impinging on the at least one visible light photodiode.

18. The sensor of claim 1, wherein the 3D photodiode firrther includes circuitry for
10 capturing signals generated by the 3D photodiode in response to detection of a pulse

of nfrared light from an witrared Light source.

11, The sensor of claim 1, wherein the 3D photodiode further includes circuitry for
calculating time of flight information.

15
12. The seusor of claim 1, further comprising circuitry for synchronizing light

capture of the 3D photodiode with an mtrared light source.
13. The sensor of claim 1, further comprising readout circnitry functionally coupled
20 to the at least one visible light photodiode and the at least one 3D photodiode operable

to function in global shutter mode.

14. The sensor of claim 1, wherein the sensor is configured as a backside illuminated

SCNSOr.
25
1S, A system for detecting infrared and visible light, comprising:
a monolithic 3D sensor for detecting infrared and visible hight, comprising:
a semiconductor substrate having a device surface;
at least one visible light photodiode formed at the device surface;
30 at least one 3D photodiode formed at the device surface in proximity to

the at least one visible light photodiode; and
a quantum efficiency enhanced infrared light region functionally
coupled to the at least one 3D photodiode and positioned to

interact with electromagnetic radiation;
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an infrared light source operable to emit infrared light detectable by the 3D
photodiode; and
synchronization circuitry between the infrared light source and the 3D

photodiode to synchronize detection of infrared light 31 photodiode with a pulse of

n

the infrared light source.

16. The system of claim 15, wherein the guantum efficiency enhanced infrared light

region 18 a textured region located at the device surface,

10 17. The system of claim 15, wherein the quantum efficiency enhanced infrared light
region has surface structures formed using a pulsed laser with a pulse daration of from

about 1 femtosecond to about 500 picoseconds.

18. The system of claim 17, wherein the surface structures have an average height of

15 from about 3 nm to about 500 um.

19, The system of claim 15, wherein the at least one visible light photodiode mcludes
at least one red hight-seunsitive photodiode, at least one blue light-sensitive photodiode,

at least onc green light-sensitive photodiode, and at least two 3D photodiodes.

20
20. The system of claim 15, wherein the 3D photodicde is operable to detect the
infraved light from the ufraved light source.
21. The systern of claum 20, further comprising an intrared narrow bandpass filter
25 optically coupled to the 3D photodiode and positioned to filter electromagnetic

radiation impinging on the 3D photodiode, wherein the infrared narrow bandpass

filter has a pass band substantially matching the infrared light frequency.

22. The systern of claim 15, further comprising an nfrared cut {ilter optically coupled
30 tothe at least one visible light diode and positioned to filter infrared clectromagnetic

radiation impinging on the at least one visible light photodiode.

25
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23, The system of claim 15, wherein the 3D photodiode further includes circuitry for
capturing signals generated by the 3D photodiode in response to detection of a pulse

of the infrarcd light from the infrared light source.
24, The system of claim 15, further comprising circuttry for synchronizing light

capturce of the 3D photodiode with the infrared light generated by the infrared light

SOUrce,

26

SAMSUNG EX. 1008 - 27/38



WO 2012/122572 PCT/US2012/028822

1/11

TOF, = 2d4

TOF, = 2d;
c

FIG. 1

N 206 -\\i‘z \ /— 210 .
i am/«"* :

SAMSUNG EX. 1008 - 28/38



WO 2012/122572 PCT/US2012/028822

2711
408
304 ‘\ /‘ 308 404 j\ \ /— 410
3D
TOF 14
Red pixel IDTOF Red pixel -
3D
TOF 2
Green pixel Blue pixel Green pixel Blue pixel
306 _/ \\¥ —// \
- 406 ;
302 402
FIG. 3 FIG. 4
Red pixel | Green pixel 30

TOF_ 1

3D

Green pixel | B ixel
P ue pixe TOF 2

Red pixel | Green pixel | Red pixel | Green pixel

Green pixel| Blue pixel |Green pixel | Blue pixel

FIG. 5

SAMSUNG EX. 1008 - 29/38



WO 2012/122572

PCT/US2012/028822

3/11
Red pixel | Green pixel| Red pixel | Green pixel
Green pixell Blue pixel |Green pixel | Biue pixel
30 3D
TOF 1 TOF_1
3D 3D
TOF 2 TOE 2
Red pixel | Green pixel| Red pixel | Green pixel
Green pixel] Blue pixel | Green pixel | Blue pixel
30 30
TOF 1 TOF 1
30D 30
TOF 2 TOF 2
FIG. ©

SAMSUNG EX. 1008 - 30/38




PCT/US2012/028822

WO 2012/122572

850nm LED: emitted §i

pixell: received light

pixel2: received light

integrationl

integration2

4/17

LED modulation ;é::eriod: Tw

OFF

TOR2=Tw+TOF1

FIG. 7

SAMSUNG EX. 1008 - 31/38



WO 2012/122572

PCT/US2012/028822
5/11
/‘ 802
804 -
806 f o
'
808 o
mu\\f Wi W i Wi Vi
VN Wi Wi 7 Vi Wi
i — e 1)~
/ =i=i=i~ﬁ~ﬁ~1"i=i=i=i=i~I~I~I"i=i=i=i=i~I~I~I"i=i=i=i=i~I~I~I"i=i:f! 'EE: 1\,&/
816 —1 [ / L />< T 16
820 T /
3. N g8 822 218
8§22 o
_\ _\ /‘ 824
832 _\\ /— &30
826

FIG. 8

SAMSUNG EX. 1008 - 32/38



WO 2012/122572 PCT/US2012/028822

//' 920

Vaapix

6/11

9(34"\\ 9()6‘"‘“\ 910“\\ 9}2“\\
Gsobjt RST Global TX  Tx1 b RST / 914

1 L

@ @ Il sF
Storage FD

Node J / 918
a16
_/ i
/’ Q22

YVout

FIG. 9

SAMSUNG EX. 1008 - 33/38



PCT/US2012/028822

WO 2012/122572

711

Frame_valid

Line_wvalid

Global _RST

Global_TX

R5T

™

SHR

SHS

vertical blanking

i

]

S

rowl hiorizantai blanking row2

—

used for anti-blooming purpose

s

s

n

| DS S .
gintegratioﬁ : ADC conversion

FIG. 10

SAMSUNG EX. 1008 - 34/38



WO 2012/122572

8/11

PCT/US2012/028822

: 110 1112
N
T

1] Glabal _Tx1 XA

E--— RST

FHER

Vout_in phase

FIG. 11

1134
1y 1126
112 —\\i\iz‘? ‘\\ “\\\ f
‘\ Vaapix
\ K

Storage 2

{114

///’""1128
F2

SF

fmz
2 1136

1122 _H:m /'

Vout_out_phase

SAMSUNG EX. 1008 - 35/38



PCT/US2012/028822
911

WO 2012/122572

i ON e OFf | | i
850nmLED o B | e

Global_RSYT

|

1
oL

’:l

Global_TX1

SR I
1

Global_Tx2

S N RO
|

TKTAL/ T2} o

AR ISR AN N D

RST(RST1/RSTZ, 5 i i nE BRI RN

RS(RS1/RSZ) o L L Pl P (I
SHR Bl Bl Bl EERNNN AN
SHS BRI EREEN

integration ' i readout

FiG. 12

SAMSUNG EX. 1008 - 36/38



PCT/US2012/028822

WO 2012/122572

10/11

830nm LED

Gilobal RST

Global_TX1

Global TH2

TH(TAL/TAZ)

RST{RST1/RST2}

RS{RS1/RSZ}

SHR

SHS

Shutter

OFF

integration

readout

FIG. 13

SAMSUNG EX. 1008 - 37/38



WO 2012/122572 PCT/US2012/028822

11/11
1402
‘ 1416
{\
f{\ 1414

guantum efficiency comparison

60
woffiee standard imager

o 20 =@ (OF Enhanced imager

QE {%

40

30

20

10

0.4 (.6 0.8 1 1.2

wavelength {um)

SAMSUNG EX. 1008 - 38/38



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings



