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PIXEL ISOLATION ELEMENTS, DEVICES, AND
ASSOCIATED METHODS

PRIORITY DATA

This application claims the benefit of U.S. Provisional Patent Application Serial

No. 61/614,275, filed on March 22, 2012, which is incorporated herein by reference.

BACKGROUND

Image sensors are typically formed on various forms of semiconductor materials
such as, for example, silicon. Imagers can be incorporated into a variety of devices,
including digital cameras, camcorders, computers, cell phones, etc. Due to the ever
decreasing size (foot print) of these devices, image sensors have correspondingly seen a
decrease in size. Backside illuminated (BSI) image sensors have increased in importance
due to the small size of these imagers as compared to front side illuminated (FSI) image
sensors. However, pixel size reduction can lead to a significant sacrifice in image
quality. As pixel sizes continue to decrease, image signal to noise tends to decrease
while electrical and optical cross-talk between adjacent sensor pixels tends to increase.
Traditional attempts to reduce the impact of these effects have included adding
microlenses above each image sensor in front side pixel sensors to focus the light on the
active detector regions, thereby increasing efficiency and reducing cross-talk. Backside
illuminated pixel sensors can present different design considerations. For example,
significant cross-talk can be generated due to reflection off the often planar back surface

of the device.

SUMMARY

The present disclosure provides for light trapping pixels, devices incorporating
such pixels, photovoltaic solar cells, and other optoelectronic devices, including various
associated methods. In one aspect, for example, a light trapping device can include at
least one light sensitive pixel having a light incident surface, a backside surface opposite
the light incident surface, and a peripheral sidewall disposed into at least a portion of the

pixel and extending at least substantially around the pixel periphery. The pixel can also
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include a backside light trapping material substantially covering the backside surface and
a peripheral light trapping material substantially covering the peripheral sidewall. The
light contacting the backside light trapping material or the peripheral light trapping
material is thus reflected back toward the pixel. In another aspect, the present disclosure
additionally provides an array of light trapping pixels.

A variety of light trapping materials can be utilized and are contemplated, and any
such material capable of being used to trap light in a pixel is considered to be within the
present scope. In one aspect, at least one of the backside light trapping material and the
peripheral light trapping material can include a high refractive index material sandwiched
between two low refractive index materials. In another aspect, the backside light
trapping material and the peripheral light trapping material includes a high refractive
index material sandwiched between two low refractive index materials. It is
contemplated that the two low refractive index materials have a refractive index of less
than about 2.1. Non-limiting examples of low refractive index material can include
nitrides, oxynitrides, gasses, at least a partial vacuum, and the like, including appropriate
combinations thereof. Other non-limiting examples of low refractive index materials can
include silicon oxide, silicon nitride, silicon dioxide, and the like. Furthermore, in
another aspect a light trapping material can include a higher refractive index material
sandwiched between two materials having a refractive index that is at least 0.2 lower as
compared to the higher refractive index material. In this case, the materials are not
limited by the definition of low vs. high refractive index outlined above, but are rather
defined by the relative difference in refractive index.

Furthermore, it is contemplated that high refractive index materials have a
refractive index of greater than or equal to about 2.1. Non-limiting examples of high
refractive index material can include polycrystalline silicon, amorphous silicon, single
crystal silicon, multicrystalline silicon, nanocrystalline silicon, germanium, and the like,
including appropriate combinations thereof.

In one aspect, the peripheral sidewall can extend completely around the pixel
periphery. In another aspect, the peripheral sidewall can extend from the light incident

surface towards the backside surface.
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In some aspects it is also contemplated that the light incident surface can include a
frontside light trapping material at least partially covering the surface thereof. In one
aspect, the frontside light trapping material can be an antireflective layer coating. In
another aspect, the frontside light trapping material can be a reflective layer having an
aperture to allow entry of light into the pixel, wherein the reflective layer is operable to
reflect light impinging thereupon from inside the pixel back into the pixel. In some
aspects it can be beneficial to include a lens functionally coupled to the aperture and
operable to focus incident light through the aperture and into the pixel.

In another aspect the present disclosure additionally provides a substantially light
trapping pixel device including a light sensitive pixel having a light incident surface, a
backside surface opposite the light incident surface, and a peripheral sidewall extending
from the light incident surface to the backside surface and extending around the pixel
periphery. The pixel additionally includes a backside light trapping material substantially
covering the backside surface, and a peripheral light trapping material substantially
covering the peripheral sidewall. Furthermore, an internally reflective frontside light
trapping material can cover at least a portion of the light incident surface that is operable
to allow entrance of light into the pixel and is operable to reflect light impinging
thereupon from inside the pixel back into the pixel, and the light contacting the backside
light trapping material or the peripheral light trapping material is reflected back toward
the pixel.

In yet another aspect, the present disclosure provides a method of making a light
trapping device, including forming at least one pixel by forming a backside light trapping
material on a semiconductor layer, the backside light trapping material including a high
refractive index material sandwiched between two low refractive index materials, and
forming a pixel device layer on the semiconductor layer opposite the light trapping
material. The method can additionally include etching a trench circumscribing the pixel
device layer and filling the trench with a light trapping material. In some aspects, the
trench can be etched to a depth that contacts at least the first low refractive index
material. In some aspects, an incident light trapping material can be applied to the pixel

device layer. It is also noted that the light trapping material can be located anywhere in
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the backside region of the device, and that the current scope is not limited to the location
of materials or the manufacturing method described above.
In another aspect, filling the trench with the light trapping material can further
include depositing a low refractive index material into the trench to fill a portion of the
trench from the trench walls inward, ceasing deposition of the low refractive index
material to leave an internal space within the trench, and depositing a high refractive
index material into the trench to fill the internal space.
In another aspect, the method can include forming a textured region on at least a
portion of the semiconductor layer between the semiconductor layer and the first low
refractive index prior to depositing the first low refractive index material onto the
semiconductor layer. Non-limiting examples of techniques for forming the textured
region include plasma etching, reactive ion etching, porous silicon etching, lasing,
chemical etching, nanoimprinting, material deposition, selective epitaxial growth, the
like, including appropriate combinations thereof. In one specific aspect, forming the

textured region includes laser texturing.

BRIEF DESCRIPTION OF THE DRAWINGS

For a further understanding of the nature and advantage of the present disclosure,
reference is being made to the following detailed description of embodiments and in
connection with the accompanying drawings, in which:

FIG. 1 is a cross-sectional view of multiple image sensor pixels in accordance
with an embodiment of the present disclosure;

FIG. 2 is a cross-sectional view of multiple image sensor pixels in accordance
with another embodiment of the present disclosure;

FIG. 3 is a cross-sectional view of multiple image sensor pixels in accordance
with another embodiment of the present disclosure;

FIG. 4 is a cross-sectional view of a light trapping pixel in accordance with
another embodiment of the present disclosure;

FIG. 5 is a cross-sectional view of a light trapping pixel in accordance with

another embodiment of the present disclosure;
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FIG. 6 is a cross-sectional view of a light trapping pixel in accordance with
another embodiment of the present disclosure; and
FIG. 7 is a depiction of a method of making a light trapping pixel in accordance

with yet another aspect of the present disclosure.

DETAILED DESCRIPTION

Before the present disclosure is described herein, it is to be understood that this
disclosure is not limited to the particular structures, process steps, or materials disclosed
herein, but is extended to equivalents 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 is not
intended to be limiting.

Definitions

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 forms “a,” and, “the” include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a dopant” includes one or more of such
dopants and reference to “the layer” includes reference to one or more of such layers.

As used herein, the terms “light” and “electromagnetic radiation” can be used
interchangeably and can refer to electromagnetic radiation in the ultraviolet, visible, near
infrared and infrared spectra. The terms can further more broadly 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 considered to be from approximately 350 nm to 800 nm
and non-visible wavelengths are considered to be longer than about 800 nm or shorter
than about 350 nm. Furthermore, the infrared spectrum is considered to include a near
infrared portion of the spectrum including wavelengths of approximately 800 to 1100 nm,

a short wave infrared portion of the spectrum including wavelengths of approximately
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1100 nm to 3 micrometers, and a mid-to-long wavelength infrared (or thermal infrared)
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 electromagnetic spectrum unless otherwise noted.

As used herein, “quantum efficiency” (QE) is typically referring to “external
quantum efficiency” (EQE) which is defined as the ratio of electrons collected per
photons incident on an optoelectronic device. “Internal quantum efficiency” is defined as
the ratio of electrons collected per photons absorbed by an optoelectronic device..

As used herein, the terms “3D” and “three dimensional” can be used
interchangeably, and refer to obtaining distance information using 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 micron-sized
surface variations. Such a surface topology can be formed by the irradiation of a laser
pulse or laser pulses, chemical etching, wet or dry etching including masked or maskless
etching, lithographic patterning, interference of multiple simultaneous laser pulses,
reactive ion etching, plasma etching or any other technique that can be used to form such
a topology. While the characteristics of such a surface can be variable depending on the
materials and techniques employed, in one aspect such a surface can be several hundred
nanometers thick and made up of nanocrystallites (e.g. from about 10 to about 50
nanometers), nanopores, and the like. In another aspect, such a surface can include
micron-sized structures (¢.g. about 1 um to about 60 um). In yet another aspect, the
surface can include nano-sized and/or micron-sized structures from about 5 nm and about
500 um. A variety of criteria can be utilized to measure the size of such structures. For
example, for 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 structures can be spaced
at a distance of from about 50nm to about 50 um. In another aspect, neighboring

structures can be spaced at a distance of from about 50nm to about 2 um. Such spacing is
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intended to be from a center point of one structure to the center point of a neighboring
structure.

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

As used herein, the term “target region” refers to an area of a semiconductor
material that is intended to be doped or surface modified. The target region of a
semiconductor material can vary as the surface modifying process progresses. For
example, after a first target region is doped or surface modified, a second target region
may be selected on the same semiconductor material.

As used herein, the term “absorptance” refers to the fraction of incident
electromagnetic radiation absorbed by a material or device.

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

As used herein, the term “substantially” refers to the complete or nearly
complete extent or degree of an action, characteristic, property, state, structure, item, or
result. For example, an object that is “substantially” enclosed would mean that the object
is either completely enclosed or nearly completely enclosed. The exact allowable degree
of deviation from absolute completeness may in some cases depend on the specific
context. However, generally speaking the nearness of completion will be so as to have
the same overall result as if absolute and total completion were obtained. The use
of “substantially” is equally applicable when used in a negative connotation to refer to
the complete or near complete lack of an action, characteristic, property, state, structure,
item, or result. For example, a composition that is “substantially free of” particles would
either completely lack particles, or so nearly completely lack particles that the effect
would be the same as if it completely lacked particles. In other words, a composition that
is “substantially free of” an ingredient or element may still actually contain such item as

long as there is no measurable effect thereof.
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As used herein, the term “about” is used to provide flexibility to a numerical
range endpoint by providing that a given value may be “a little above” or “a little below”
the endpoint.

As used herein, a plurality of items, structural elements, compositional elements,
and/or materials may be presented in a common list for convenience. However, these
lists should be construed as though each member of the list is individually identified as a
separate and unique member. Thus, no individual member of such list 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.

Concentrations, amounts, and other numerical data may be expressed or presented
herein in a range format. It is to be understood that such a range format is used merely
for convenience and brevity and thus should be interpreted flexibly to include 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 that range as if each
numerical value and sub-range is explicitly recited. As an illustration, a numerical range
of “about 1 to about 5 should be interpreted to include not only the explicitly recited
values of about 1 to about 5, but also include individual values and sub-ranges within the
indicated range. Thus, included in this numerical range are individual values such as 2,

3, and 4 and sub-ranges such as from 1-3, from 2-4, and from 3-53, etc., as well as 1, 2, 3,
4, and 5, individually.

This same principle applies to ranges reciting only one numerical value as a

minimum or a maximum. Furthermore, such an interpretation should apply regardless of

the breadth of the range or the characteristics being described.

The Disclosure

The present disclosure provides semiconductor devices and associated methods
that can exhibit various enhanced properties, such as, for example, enhanced light
detection propertics. More specifically, in one aspect the disclosure relates to image
sensor pixels and elements for trapping light within such pixels. In other aspects, various
light trapping elements can additionally isolate neighboring pixels in an image sensor.

Isolation elements can be configured to optically and/or electrically isolate neighboring
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pixels from one another in addition to trapping light with in the pixel. It is additionally
contemplated that the present disclosure is applicable to other optoelectronic devices such
as solar cells, and that all such should be included in the present scope.

In various aspects, image sensors can be front side or backside illuminated, 3D
sensors, or any other device or system that incorporate a unique isolation element
configured to reduce cross-talk between pixel elements. For example, in one aspect an
image sensor can be capable of detecting visible and infrared light, whereas an isolation
element associated with such an imager can be designed and configured to reduce and in
some cases eliminate clectrical and/or optical cross-talk between neighboring pixels from
straying visible and infrared light. In some cases, isolation elements can be doped with a
dopant that enables the repelling of electrical carriers from the isolation elements or in
other words from the side walls of the device. In other cases, isolation elements can
include light trapping or reflective materials to optically isolate neighboring pixels. It is
additionally contemplated that isolation elements can include both a dopant and a light
trapping or reflective material to both electrically and optically isolate the pixels.
Moreover, isolation elements can also include surface features formed thereon or
associated therewith. Additionally, in some cases a pixel can include a textured region to
enhance the detection of infrared light among other things.

In one aspect, a variety of optoelectronic devices are provided such as, without
limitation, photosensitive diodes, pixels, and imagers capable of detecting visible and
infrared light while exhibiting reduced optical and clectrical cross-talk between
neighboring pixels or diodes. It is also contemplated that the present scope include
methods associated with such devices, including methods of making and using. The
present devices can additionally exhibit enhanced absorption and quantum efficiencies.
Such devices can also include a plurality of photodiodes or pixels. In some cases, the
present devices can achieve a quantum efficiency of 10% for wavelengths at 1064nm and
having a thickness of less than 10 microns. In another embodiment, the present device
can achieve a quantum efficiency of about 20% for wavelengths at 940nm and a
thickness of less than 10 microns.

In one aspect, a device can include at least a semiconductor substrate having a

first side for receiving incident light and a second side opposite the first side. Either or
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both the first or second sides can include at least one doped region. Furthermore, the
image sensor can include at least one isolation element or feature for at least partially
separating and isolating neighboring pixels. FIG. 1 illustrates a simplified drawing of an
imager having a first pixel 102 and a second pixel 104, that are formed monolithically on
a common semiconductor substrate 106 and are isolated from one another by an isolation
element 114. Doped regions 108 and 110 can be disposed on either the first side 120 or
second side 122 of the semiconductor substrate, or in some cases on opposite sides of the
device. In the present figure, the device is configured such that the first side is capable of
receiving incident light. A textured region 112 having surface features is shown on the
second side 122 of the semiconductor substrate 106. This architecture having the texture
region 112 on the back side 122 can enable enhanced detection and absorption of
electromagnetic radiation having wavelengths in the range of about 600 nm to about 1200
nm. It should be noted that this architecture can be used in either a FSI or BSI image
sensor architecture. Furthermore, the textured region can be located on the first side 120,
the second side 122, or both the first and second sides.

In a typical FSI imager, incident light enters the semiconductor device by first
passing by transistors and metal circuitry. The light, 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 light to the light sensing active region of the device, thus
partially avoiding 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 at least partially absorbed by the device prior to
reaching the circuitry. BSI designs allow for smaller pixel architecture and a high fill
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 incorporated into
complimentary metal-oxide-semiconductor (CMOS) imager architectures or charge-
coupled device (CCD) imager architectures, as well as other optoelectronic devices.

Regarding isolation elements, also referred to herein as trench isolation features or

sidewalls, various processes can be employed to form the isolation elements. It is

-10 -

IPR2025-00811
Apple-Sony EX1002 Page 10



10

15

20

25

30

Thorpe North & Western, LLP
Attornev Docket No. 3035-052.NP

contemplated that the isolation features can extend from either the first surface or the
second surface into the semiconductor material and depending on the depth of the trench
can be considered either deep trench isolation or shallow trench isolation. The

dimensions of the trench can vary, depending on the application. For example, trenches
can have parallel walls, or they can have sloping walls, bottle neck architecture, or any
other useful configuration. The depth of the trench isolation feature can be in the range of
from about 100 nm to about 50 um depending on the design of the device. The width can
be in the range of from about 100 nm to about 10 um. For simplicity, the figures in this
disclosure show deep trench isolation but it should be understood that shallow trench
isolation architectures can be utilized, and that deep trench isolation need not completely
extend from one side to the other. The processes contemplated for forming trenches or
other isolation features can include, reactive ion etch, isotropic plasma etch, wet chemical
etch, laser irradiation, or any other known etch technique.

A variety of reflective materials can be utilized in constructing the isolation
features in order to provide optical isolation, light trapping, and/or electrical isolation,
and any such material capable of incorporation into a photosensitive device is considered
to be within the present scope. Non-limiting examples of such materials include a Bragg
reflector, a metal reflector, a metal reflector over a dielectric material, a transparent
conductive oxide such as zinc oxide, indium oxide, or tin oxide, and the like, including
combinations thereof. Non-limiting examples of metal reflector materials can include
silver, aluminum, gold, platinum, reflective metal nitrides, reflective metal oxides, and
the like, including combinations thereof. In one specific aspect, the dielectric layer can
include an oxide layer and the reflecting region can include a metal layer. The surface of
the metal layer on an oxide acts as a mirror-like reflector for the incident electromagnetic
radiation. In addition, in some aspects trench isolation features can be doped to further
affect the properties of the material with respect to electrical isolation.

In one specific aspect, a reflective region can include a transparent conductive
oxide, an oxide, and a metal layer. The transparent oxide can be textured and a metal
reflector deposited thereupon. The textured surface of the metal on a roughened
transparent conductive oxide can act as a diffusive scattering site for the incident

electromagnetic radiation.

-11 -
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In some cases, materials having disparate properties can be utilized in the trench
isolation features in order to derive a useful combined interaction. As is shown in FIG. 2,
for example, an imager having at least two pixels or photodiodes (202 and 204) and at
least one isolation element 214. The pixels are shown formed monolithically on a
common semiconductor substrate 206. Doped regions 208 and 210 can be disposed on
cither the first side 220 or second side 222 of the semiconductor substrate. A textured
region 212 having surface features is created on the second side 222 of the semiconductor
substrate 206.

In some aspects, the isolation element 214 can be designed to function as a Bragg
reflector. In such cases, the isolation element 214 includes at least two layers 216
comprised of material having a lower refractive index (n) as compared to the material of
the third layer 218 disposed or sandwiched therebetween. In other words, the isolation
element includes a high refractive index material sandwiched between two low refractive
index materials, and such a configuration forms a Bragg reflector. Additionally, in some
aspects the low reflective index materials can be chosen to have a lower refractive index
as compared to the semiconductor substrate 206.

Furthermore, in another aspect an isolation element or light trapping material can
include a higher refractive index material sandwiched between two materials having a
refractive index that is at least 0.2 lower as compared to the higher refractive index
material. In this case, the materials are not limited by the definition of low vs. high
refractive index outlined below, but are rather defined by the relative difference in
refractive index. For example, in one aspect a light trapping material can include silicon
dioxide/silicon nitride/silicon dioxide, each material of which would be considered to be
a low refractive index material. There is, however, a greater than 0.2 difference in the
refractive indexes between silicon dioxide and silicon nitride, and thus such an isolation
element would be included within the present scope. It is also noted that the light
trapping material can have greater than three layers. As one non-limiting example, a
material can have silicon dioxide/silicon nitride/polysilicon/silicon nitride/silicon dioxide.

As has been described, in some aspects a Bragg reflector can be utilized as an
isolation element to trap electromagnetic radiation within the pixel. A Bragg reflector is

a structure formed from multiple layers of alternating materials with varying refractive
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indexes, or by a periodic variation of some characteristic (¢.g. height) of a dielectric
waveguide, resulting in periodic variation in the effective refractive index in the guide.
Each layer boundary causes a partial reflection of an optical wave. For waves whose
wavelength is close to four times the optical thickness of the layers, the many reflections
combine with constructive interference, and the layers act as a high-quality reflector.
Thus the coherent super-positioning of reflected and transmitted light from multiple
interfaces in the structure interfere so as to provide the desired reflective, transmissive,
and absorptive behavior. In one aspect, a Bragg reflector can be made as in FIG. 2,
whereby a high refractive index material sandwiched between two low refractive index
materials. In one specific aspect, for example, the Bragg reflector can be constructed of a
layer of polysilicon sandwiched between two layers of silicon dioxide. Because of the
high refractive index difference between silicon and silicon dioxide, and the thickness of
these layers, this structure can be fairly low loss even in regions where bulk silicon
absorbs appreciably. Additionally, because of the large refractive index difference, the
optical thickness of the entire layer set can be thinner, resulting in a broader-band
behavior and fewer fabrications steps.

In terms of optical isolation from pixel to pixel, the large index of refraction
mismatch can result in total reflection at the trench side walls. To prevent excessive dark
current in the pixels, a passivation layer may be disposed on the side walls of the trench
to prevent the generation of carriers and leakage current. Silicon nitride deposited over a
thin grown oxide layer is also commonly used, in this case the oxide may be a low
temperature grown plasma oxide.

It can be shown through calculations that a low recombination velocity of silicon
oxide and silicon nitride is the result of moderately high positive oxide charge (5x10'" to
1x10"* cm™) and relatively low midgap interface state density (1x10'° to 4x10'° cm™ eV-
". The addition of silicon oxide or nitride can reduce surface recombination and surface
generation. Reducing the surface recombination can increase quantum efficiency of
photon collection and surface generation can cause excessive dark current in the imagers
thereby reducing the quality of the image.

Since the positive oxide charge of silicon nitride or silicon oxynitride is relatively

low on silicon on insulator imagers a p-type layer can be adjacent the silicon oxide,
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silicon oxynitride and/or silicon nitride layers as an alternative embodiment. In this case
the p-type layer will accumulate the surface or the backside of the p-type silicon layer
and p-type sidewalls.

Other possible passivation techniques include a hot steam anneal of hydrogenated
silicon nitride or the use of amorphous silicon.

Aluminum oxide can also be deposited in the trench to form an isolating barrier.
Aluminum oxide can have low stress, a negative fixed charge and higher index of
refraction than silicon oxide or low stress silicon oxynitride nitride. Low surface
recombination velocities, as low as 10 cm/s can be obtained through various deposition
processes of Al,O3 layers on the silicon substrate. Low surface recombination can be
achieved by field induced surface passivation due to a high density of negative charges
stored at the interface. PECVD aluminum oxide is described here for the backside
passivation of the backside and backside trenches in backside illuminated image sensors.

The index of refraction of the aluminum oxide can be increased slightly as
required by the addition of other metallic elements to make ternary insulators like
Aluminum Oxynitride (AION), Hafnium Aluminum Oxide (HfAlO), Zirconium
Aluminum Oxide (ZrAlO), Lanthanum Aluminum Oxide (LaAlQ), Titanium Aluminum
Oxide (TiAlO) or quaternary dielectrics like Hafnium Aluminum Oxynitride (HfAION),
Tantalum Aluminum Oxynitride (TaAlON), Lanthanum Aluminum Oxynitride
(LaAION).

Low temperature PECVD deposition processes are contemplated for the backside
passivation of the backside and backside trenches in backside illuminated image sensors.
As previously mentioned the large index of refraction mismatch between silicon and the
insulators in the trenches results in reflection of the incident light and provides optical
isolation. The trenches also provide electrical isolation. Additionally, it can also be
beneficial to dope the sidewalls to create a surface field that will improve electrical
isolation between the pixels. In one aspect, it can also be beneficial to dope the low
refractive index material of the Bragg-type reflectors to increase such electrical isolation.

Returning to FIG. 2, layers the silicon oxide and polysilicon can optically and
electrically isolate the adjacent pixels, as well as function to trap light within the pixel.

While any thicknesses capable of forming such a reflector are considered to be within the

-14-
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present scope, layer 216 can have a thickness in the range of from about 50 nm to about
500 nm. Layer 118 can have a thickness in the range of from about 5 nm to about 100
nm. Thus, the difference in refractive indexes and thickness can determine the intensity
of the internal reflection of electromagnetic radiation. Notably, other materials such as
metals, as well as other material not listed herein can be used to increase internal
reflection of the light.

It is noted that, for the purposes of the present disclosure, in one aspect a low
refractive index material can have a refractive index of less than about 2.1. In the case of
the sandwiched materials, the two low refractive index materials can be the same or
different materials having a refractive index of less than about 2.1. Non-limiting
examples of low refractive index materials can include oxides, nitrides, oxynitrides,
gasses, at least a partial vacuums, and the like, including appropriate combinations
thereof. Non-limiting specific examples of such materials can include silicon oxide,
silicon nitride, silicon oxynitride, and the like, including combinations thereof.
Additionally, a high K dielectric material can also make a suitable low reflective index
material due to their low refractive index properties and good dielectric properties, and as
such, are considered to be within the present scope. One example is Hafnium oxide,
which has a refractive index of about 1.9. Other examples of high K diclectrics include
hafnium silicate, zirconium silicate, zirconium dioxide, and the like.

Additionally, in another aspect a high refractive index material can include a
material having a refractive index of greater than or equal to about 2.1. Thus, in the case
of the sandwiched materials, the high refractive index material disposed between the low
refractive index materials has a refractive index of about 2.1 or greater. Non-limiting
examples of high refractive index materials can include polycrystalline silicon,
amorphous silicon, single crystal silicon, multicrystalline silicon, nanocrystalline silicon,
germanium, and the like, including appropriate combinations thereof.

In still another aspect of the present disclosure, a photosensitive imager having at
least two pixels (302 and 304) and at least one trench isolation region 314 is shown in
FIG. 3. The pixels can include a semiconductor substrate 306, having a first and second
surface, 320 and 322 respectively; at least two doped regions 308 and 310, and a textured

region 312 formed at least on the opposite side of the light incident surface (i.e. the
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second side 322). The textured region 312 can have surface features configured to reflect
and disperse light. Further, the sidewalls can include a texture region 312 to increase the
internal reflections of light. Regarding the isolation element 314 in FIG. 3, the isolation
element can include several layers of materials that can passivate the sidewalls and each
have a different index of refraction, as was described in FIG. 2. Further, a textured
region 312 can be formed on the side walls of the isolation element(s) 314.

The present disclosure additionally provides pixels and imager devices, including
imager arrays, which trap light therewithin. In one aspect as is shown in FIG. 4, for
example, a light trapping pixel device can include a light sensitive pixel or device 402
having a light incident surface 420, a backside surface 422 opposite the light incident
surface 420, and a peripheral sidewall 424 disposed into at least a portion of the pixel 402
and extending at least substantially around the pixel periphery. It is noted that the pixel
sidewall is also known as a trench. The pixel can also include a backside light trapping
material 426 substantially covering, partially covering, or completely covering the
backside surface 422. A peripheral light trapping material 428 can be substantially
covering, partially covering, or completely covering the peripheral sidewall 424. As
such, light contacting the backside light trapping material 426 or the peripheral light
trapping material 428 is reflected back toward the pixel 402. Also shown in FIG. 4 are at
least two doped regions 408 and 410 and an optional textured region 412. It is noted that,
in addition to a single pixel as shown, pixel arrays are also contemplated and are to be
included in the present scope.

The light trapping materials of FIG. 4 can be as described above, either single or
multiple layer structures. In one aspect, for example, at least one of the backside light
trapping material 426 and the peripheral light trapping material 428 includes a high
refractive index material sandwiched between two low refractive index materials. In
another aspect, the backside light trapping material 426 and the peripheral light trapping
material 428 includes a high refractive index material sandwiched between two low
refractive index materials. It is noted that these light trapping materials are shown in
FIG. 4 as a single layer for clarity, and that multiple layers are contemplated.
Furthermore, the peripheral sidewall can extend for a portion, a substantial portion, or

completely around the pixel periphery. Additionally, as has been described herein, the
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peripheral sidewall can extend partially into the pixel, substantially through the pixel, or
completely through the pixel to the backside surface. Thus, both deep and shallow
trenches are contemplated.

In another aspect, as is shown in FIG. 5, a pixel 502 can include a frontside light
trapping material 530 that at least partially covers, substantially covers, or completely
covers the light incident surface 520. The frontside light trapping material 530 can be
multiple layer of materials have a variety of properties and uses, including passivation,
antireflection, light trapping, and the like, including combinations thereof. Note that
numerical indicators in FIG. 5 from previous figures are intended to reflect the previous
descriptions for those ¢lements, and as such, reference is made to FIG. 4.

In another aspect, as is shown in FIG. 6, a pixel 602 can include a frontside light
trapping material 632 associated with the light incident surface 620 that is an internal
reflective layer having an aperture 634 to allow entry of light 690 into the pixel 602. The
frontside light trapping material 632 is thus operable to reflect light impinging thereupon
from inside the pixel 602 back into the pixel. Additionally, in some aspects a lens 636
can be functionally coupled to the aperture 634 to focus incident light 690 through the
aperture 634 and into the pixel 602. The effective surface area of the aperture compared
to the frontside surface arca of the pixel can vary depending on the design of the device
and the presence, absence, or particular properties of a lens. In one aspect, however, the
aperture can be large enough to accept and trap incoming light to a degree that increases
the efficiency of the pixel. In one specific aspect, the aperture has an effective surface
arca of less than about 90% of the incident light surface total surface area. It is noted that
various elements such as the doped regions and the optional textured layer are not shown
in FIG. 6 for clarity. Furthermore, numerical indicators in FIG. 6 from previous figures
are intended to reflect the previous descriptions for those elements, and as such, reference
is made to FIG. 4.

The frontside light trapping material can be made of a variety of materials
including metals as have been described herein with respect to other light trapping
materials. As such, any material that can be applied to the light incident surface and that
is internally reflective toward the inside of the pixel is considered to be within the present

scope. Thus, the aforementioned pixel is reflective on 6 internal sides, and as such, light
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entering the pixel that is not absorbed will interact with and be reflected internally be
either the backside, peripheral sidewall, or frontside light trapping materials. Light is
thus effectively maintained inside the pixel until it is absorbed.

In another aspect of the present disclosure, a method of making a light trapping
pixel device is provided. Such a method can include, as is shown in FIG. 7, 702 forming
a pixel by: 704 forming a backside light trapping material on a semiconductor layer, the
backside light trapping material including a high refractive index material sandwiched
between two low refractive index materials, and 706 forming a pixel device layer on the
semiconductor layer opposite the light trapping material. The method can additionally
include 708 etching a trench circumscribing the pixel device layer and 710 filling the
trench with a light trapping material. Further details regarding the wafer bonding and
wafer-bonded structures described can be found in copending US Application Serial No.
13/069,133, filed on March 22, 2011, which is incorporated herein by reference.

The formation of the backside light trapping material can be accomplished by a
variety of techniques, all of which are considered to be within the present scope. In one
aspect, for example, depositing a first low refractive index material onto the
semiconductor layer, bonding the first low refractive index material to a high refractive
index material having a second low refractive index material coupled thereto such that
the high refractive index material is sandwiched in between the first and second low
refractive index materials. In some cases the second low refractive index material can be
coupled to a carrier wafer. In another aspect, the first low refractive index can be
deposited onto the semiconductor layer followed by deposition of the high refractive
index material and then the second low refractive index material. In another aspect, the
layered structure can be formed on a carrier wafer, and the outermost low refractive index
material can then be bonded to the semiconductor layer. The carrier wafer can then be
optionally removed. In yet another aspect, the first refractive index material can be
deposited onto the semiconductor layer, the second refractive index material can be
deposited onto a carrier wafer, and the high refractive index material can be deposited
onto either the first or second refractive index material, followed by bonding of the

structure together.
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As has been described, the trench can be a shallow trench or a deep trench. In one
aspect, however, etching the trench circumscribing the pixel device layer can further
include etching the trench to a depth that contacts at least the first low refractive index
material. Furthermore, the method can also include applying an incident light trapping
material to the pixel device layer.

In some aspects the various trenches can be filled with a material, or they can be
gas filled or have a partial vacuum applied thereto. For those aspects whereby the
trenches will be filled in with a non-gas material, a variety of deposition techniques are
contemplated and all are considered to be within the present scope. In one aspect,
however, the trench can be filled with a high refractive index material and a low
refractive index material in a sandwich structure as has been described. In one exemplary
technique, the filling of the trench with such light trapping material can include
depositing a low refractive index material into the trench to fill a portion of the trench
from the trench walls inward, ceasing deposition of the low refractive index material to
leave an internal space within the trench, and depositing a high refractive index material
into the trench to fill the internal space. As such, the sandwiched layer of low-high-low
refractive index materials is thus created in the trench.

In another aspect, the method can also include forming a textured region on at
least a portion of the semiconductor layer between the semiconductor layer and the first
low refractive index prior to depositing the first low refractive index material onto the
semiconductor layer. Non-limiting examples of texture formation techniques can include
plasma etching, reactive ion etching, porous silicon etching, lasing, chemical etching,
nanoimprinting, material deposition, selective epitaxial growth, and combinations
thereof. In one specific aspect, the textured region includes laser texturing.

A device design having a textured region located on, for example, the back
surface of a photodetector, provides significant performance benefits. The textured
region can have surface features that can lead to higher recombination of photocarriers
for short wavelengths (e.g. in the blue green part of the spectrum) due to the very shallow
penetration of those wavelengths into the detecting volume of the device. By physically
locating the textured on the back surface of the device, a pristine surface is provided for

the collection of short wavelengths on the top surface (i.e. the light incident surface), and
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the longer wavelengths that penetrate deep into or through the detecting region of the
semiconductor material are collected by or with the help of the textured region opposite
the light incident surface.

The textured region can be of various thicknesses, depending on the desired use of
the material. In one aspect, for example, the textured region has a thickness of from
about 500 nm to about 100 um. In another aspect, the textured region has a thickness of
from about 500 nm to about 15 um. In yet another aspect, the textured region has a
thickness of from about 500 nm to about 2 um. In a further aspect, the textured region
has a thickness of from about 500 nm to about 1 um. In another aspect, the textured
region has a thickness of from about 200 nm to about 2 pm.

The textured region can function to diffuse electromagnetic radiation, to redirect
electromagnetic radiation, and/or to absorb electromagnetic radiation, thus increasing the
quantum efficiency of the device. The textured region can include surface features to
further increase the effective absorption length of the device. Non-limiting examples of
shapes and configurations of surface features include cones, pillars, pyramids,
micolenses, quantum dots, inverted features, gratings, protrusions, sphere-like structures,
and the like, including combinations thereof. Additionally, surface features can be
micron-sized, nano-sized, or a combination thercof. For example, cones, pyramids,
protrusions, and the like can have an average height within this range. In one aspect, the
average height would be from the base of the feature to the distal tip of the feature. In
another aspect, the average height would be from the surface plane upon which the
feature was created to the distal tips of the feature. In one specific aspect, a feature (e.g. a
cone) can have a height of from about 50 nm to about 2 um. As another example,
quantum dots, microlenses, and the like can have an average diameter within the micron-
sized and/or nano-sized range.

In addition to or instead of surface features, the textured region can include a
textured film layer. In one aspect, for example, the textured region can include a
substantially conformal textured film layer. Such a textured film layer can have an
average thickness of from about 1 nm to about 20 um. In those aspects where the
textured region includes surface features, the conformal textured film layer can have a

varying thickness relative to the location on the surface features upon which is deposited.
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In the case of cones, for example, the conformal textured film layer can become thinner
toward the tips of the cones. Such a conformal film layer can include various materials,
including, without limitation, SiO,, Si3N4, amorphous silicon, polysilicon, a metal or
metals, and the like, including combinations thereof. The conformal textured film layer
can also be one or more layers of the same or different materials, and can be formed
during the creation of surface features or in a separate process.

Textured regions according to aspects of the present disclosure can allow a
photosensitive device to experience multiple passes of incident electromagnetic radiation
within the device, particularly at longer wavelengths (i.e. infrared). Such internal
reflection increases the effective absorption length to be greater than the thickness of the
semiconductor layer. This increase in absorption length increases the quantum efficiency
of the device, leading to an improved signal to noise ratio.

The texturing process can texture the entire substrate to be processed or only a
portion of the substrate. In one aspect, for example, a substrate such as the
semiconductor layer can be textured and patterned by an appropriate technique over an
entire surface to form the texture region. In another aspect, a substrate such as the
semiconductor layer can be textured and patterned across only a portion of a surface by
using a selective etching technique, such as a mask, photolithography, and an etch or a
laser process to define a specific structure or pattern.

In addition to surface features, the textured region can have a surface morphology
that is designed to focus or otherwise direct electromagnetic radiation. For example, in
one aspect the textured region has a surface morphology operable to direct
electromagnetic radiation into the semiconductor layer. Non-limiting examples of
various surface morphologies include sloping, pyramidal, inverted pyramidal, spherical,
square, rectangular, parabolic, asymmetric, symmetric, and the like, including
combinations thereof.

The textured region, including surface features as well as surface morphologies,
can be formed by various techniques, including plasma etching, reactive ion etching,
porous silicon etching, lasing, chemical etching (e.g. anisotropic etching, isotropic

etching), nanoimprinting, material deposition, selective epitaxial growth, and the like.
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One effective method of producing a textured region is through laser processing.
Such laser processing allows discrete target areas of a substrate to be textured, as well as
entire surfaces. A variety of techniques of laser processing to form a textured region are
contemplated, and any technique capable of forming such a region should be considered
to be within the present scope. Laser treatment or processing can allow, among other
things, enhanced absorption properties and thus increased electromagnetic radiation
focusing and detection.

In one aspect, for example, a target region of the substrate to be textured can be
irradiated with laser radiation to form a textured region. Examples of such processing
have been described in further detail in U.S. Patents 7,057,256, 7,354,792 and 7,442,629,
which are incorporated herein by reference in their entireties. Briefly, a surface of a
substrate material is irradiated with laser radiation to form a 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 passed through a dopant carrier and onto
the substrate surface. In this way, dopant from the dopant carrier is introduced into the
target region of the substrate material. Such a region incorporated into a substrate
material can have various benefits in accordance with aspects of the present disclosure.
For example, the textured region typically has a textured surface that increases the
surface area and increases the probability of radiation absorption. In one aspect, such a
textured region is a substantially textured surface including micron-sized and/or nano-
sized surface features that have been generated by the laser texturing. In another aspect,
irradiating the surface of a substrate material includes exposing the laser radiation to a
dopant such that irradiation incorporates the dopant into the substrate. Various dopant
materials are known in the art, and are discussed in more detail herein.

Thus the surface of the substrate at the target region is thus chemically and/or
structurally altered by the laser treatment, which may, in some aspects, result in the
formation of surface features appearing as structures or patterned areas on the surface
and, if a dopant is used, the incorporation of such dopants into the substrate material. In
some aspects, the features or structures can be on the order of 50 nm to 20 um in size and
can assist in the absorption of electromagnetic radiation. In other words, the textured

surface can increase the probability of incident radiation being absorbed.
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A variety of semiconductor materials are contemplated for use with the pixel
devices and methods according to aspects of the present disclosure. Such materials can
be utilized as the semiconductor layer and/or the semiconductor substrate, as well as for
the secondary semiconductor layer and the epitaxially grown semiconductor layer. Non-
limiting examples of such semiconductor materials can include group IV materials,
compounds and alloys comprised of materials from groups Il and VI, compounds and
alloys comprised of materials from groups Il and V, and combinations therecof. More
specifically, exemplary group IV materials can include silicon, carbon (e.g. diamond),
germanium, and combinations thereof. Various exemplary combinations of group IV
materials can include silicon carbide (SiC) and silicon germanium (SiGe). In one specific
aspect, the semiconductor material can be or include silicon. Exemplary silicon materials
can include amorphous silicon (a-Si), microcrystalline silicon, multicrystalline silicon,
and monocrystalline silicon, as well as other crystal types. In another aspect, the
semiconductor material can include at least one of silicon, carbon, germanium, aluminum
nitride, gallium nitride, indium gallium arsenide, aluminum gallium arsenide, and
combinations thereof.

Exemplary combinations of group II-VI materials can include cadmium selenide
(CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide (Zn0O), zinc
selenide (ZnSe), zinc sulfide (ZnS), zinc telluride (ZnTe), cadmium zinc telluride
(CdZnTe, CZT), mercury cadmium telluride (HgCdTe), mercury zinc telluride
(HgZnTe), mercury zinc selenide (HgZnSe), and combinations thereof.

Exemplary combinations of group III-V materials can include aluminum
antimonide (AISb), aluminum arsenide (AlAs), aluminum nitride (AIN), aluminum
phosphide (AIP), boron nitride (BN), boron phosphide (BP), boron arsenide (BAs),
gallium antimonide (GaSb), gallium arsenide (GaAs), gallium nitride (GaN), gallium
phosphide (GaP), indium antimonide (InSb), indium arsenide (InAs), indium nitride
(InN), indium phosphide (InP), aluminum gallium arsenide (AlGaAs, AlGa; <As),
indium gallium arsenide (InGaAs, InyGa;<As), indium gallium phosphide (InGaP),
aluminum indium arsenide (AllnAs), aluminum indium antimonide (AllnSb), gallium
arsenide nitride (GaAsN), gallium arsenide phosphide (GaAsP), aluminum gallium

nitride (AlGaN), aluminum gallium phosphide (AlGaP), indium gallium nitride (InGaN),
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indium arsenide antimonide (InAsSb), indium gallium antimonide (InGaSb), aluminum
gallium indium phosphide (AlGalnP), aluminum gallium arsenide phosphide (AlGaAsP),
indium gallium arsenide phosphide (InGaAsP), aluminum indium arsenide phosphide
(AllnAsP), aluminum gallium arsenide nitride (AlGaAsN), indium gallium arsenide
nitride (InGaAsN), indium aluminum arsenide nitride (InAlAsN), gallium arsenide
antimonide nitride (GaAsSbN), gallium indium nitride arsenide antimonide
(GaInNAsSb), gallium indium arsenide antimonide phosphide (GalnAsSbP), and
combinations thereof.

The semiconductor material can be of any thickness that allows the desired
property or functionality of the semiconductor device, and thus any such thickness of
semiconductor material is considered to be within the present scope. The textured region
can increase the efficiency of the device such that, in some aspects, the semiconductor
material can be thinner than has previously been possible. Decreasing the thickness
reduces the amount of semiconductor material used to make such a device. In one aspect,
for example, a semiconductor material such as the semiconductor layer has a thickness of
from about 500 nm to about 50 um. In another aspect, the semiconductor material has a
thickness of less than or equal to about 500 um. In yet another aspect, the semiconductor
material has a thickness of from about 1 um to about 10 um. In a further aspect, the
semiconductor material can have a thickness of from about 5 um to about 750 um. In yet
a further aspect, the semiconductor material can have a thickness of from about 5 pm to
about 100 wm.

Additionally, various configurations of semiconductor materials are
contemplated, and any such material configuration that can be incorporated into a
semiconductor device is considered to be within the present scope. In one aspect, for
example, the semiconductor material can include monocrystalline materials. In another
aspect, the semiconductor material can include multicrystalline materials. In yet another
aspect, the semiconductor material can include microcrystalline materials. It is also
contemplated that the semiconductor material can include amorphous materials.

As has been described, the semiconductor substrate can be of any size, shape, and
material capable of supporting the semiconductor layer and associated components

during manufacture and/or use. The semiconductor substrate can be made from various
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materials, including the semiconductor materials described above, as well as non-
semiconductor materials. Non-limiting examples of such materials can include metals,
polymeric materials, ceramics, glass, and the like. In some aspects, the semiconductor
substrate and the semiconductor layer have the same or substantially the same thermal
expansion properties.

Furthermore, the semiconductor material according to aspects of the present
disclosure can comprise multiple layers. In some aspects, layers can vary in majority
carrier polarity (i.e. donor or acceptor impurities). The donor or acceptor impurities are
typically determined by the type of dopant/impurities introduced into the device either
through a growth process, deposition process, epitaxial process, implant process, lasing
process or other known process to those skilled in the art. In some aspects such
semiconductor materials can include an n-type layer, an intrinsic (i-type) layer, and a p-
type layer, thus forming a p-i-n semiconductor material stack that creates a junction
and/or depletion region. A semiconductor material devoid of an i-type layer is also
contemplated in accordance with the present disclosure. In other aspects the
semiconductor material may include multiple junctions. Additionally, in some aspects,
variations of n(--), n(-), n(+), n(++), p(--), p(-), p(+), or p(++) type semiconductor layers
can be used. The minus and positive signs are indicators of the relative magnitude of the
doping of the semiconductor material.

A variety of dopant materials are contemplated for both the formation of doped
regions in the semiconductor layer and for doping of the textured region, and any dopant
that can be used in such processes to modify a material is considered to be within the
present scope. It should be noted that the particular dopant utilized can vary depending
on the material being doped, as well as the intended use of the resulting material.

A dopant can be either a charge donating or a charge accepting dopant species.
More specifically, an electron donating or a hole donating species can cause a region to
become more positive or negative in polarity as compared to the substrate upon which the
rests. In one aspect, for example, the doped region can be p-doped. In another aspect the
doped region can be n-doped.

In one aspect, non-limiting examples of dopant materials can include S, F, B, P,

N, As, Se, Te, Ge, Ar, Ga, In, Sb, and combinations thereof. It should be noted that the
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scope of dopant materials should include, not only the dopant materials themselves, but
also materials in forms that deliver such dopants (i.e. dopant carriers). For example, S
dopant materials includes not only S, but also any material capable being used to dope S
into the target region, such as, for example, H,S, SFg, SO, and the like, including
combinations thereof. In one specific aspect, the dopant can be S. Sulfur can be present
at an ion dosage level of from about 5 x 10" to about 3 x 10% ions/cm”. Non-limiting
examples of fluorine-containing compounds can include CIFs, PFs, F, SFs, BF3, GeFa,
WFeg, SiF4, HF, CF4, CHF3, CHyF,, CHsF, C,Fs, C;HFs, CsFs, C4Fs, NF3, and the like,
including combinations thereof. Non-limiting examples of boron-containing compounds
can include B(CHs);, BF3, BCl;, BN, C;B;¢H;, borosilica, B,Hg, and the like, including
combinations thereof. Non-limiting examples of phosphorous-containing compounds can
include PFs, PHs, POCls, P,Os, and the like, including combinations thereof. Non-
limiting examples of chlorine-containing compounds can include Cl,, SiH,Cl,, HCI,
SiCly, and the like, including combinations thereof. Dopants can also include arsenic-
containing compounds such as AsHs and the like, as well as antimony-containing
compounds. Additionally, dopant materials can include mixtures or combinations across
dopant groups, i.c. a sulfur-containing 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 include Se, H>S, SFs, or mixtures thereof.
In yet another specific aspect, the dopant can be SFs and can have a predetermined
concentration range of about 5.0 x 10 mol/cm’ to about 5.0 x 10 mol/cm’. As one non-
limiting example, SF¢ gas is a good carrier for the incorporation of sulfur into a substrate
via a laser process without significant adverse effects on the material. Additionally, it is
noted that dopants can also be liquid solutions of n-type or p-type dopant materials
dissolved in a solution such as water, alcohol, or an acid or basic solution. Dopants can
also be solid materials applied as a powder or as a suspension dried onto the wafer.

In another aspect, the band structure optimization can be realized by forming a
heterojunction along a modified semiconductor interface. For example, a layer of
amorphous silicon can be deposited on the textured region interface, thus forming a

heterojunction that bends the minority carrier band towards the desired energy direction.
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CLAIMS
What is claimed is:

1. A light trapping device, comprising:
at least one light sensitive pixel having a light incident surface, a backside surface
opposite the light incident surface, and a peripheral sidewall disposed into at least a
portion of the pixel and extending at least substantially around the pixel periphery;
a backside light trapping material substantially covering the backside surface; and
a peripheral light trapping material substantially covering the peripheral sidewall;
wherein light contacting the backside light trapping material or the peripheral
light trapping material is reflected back toward the pixel.

2. The device of claim 1, wherein at least one of the backside light trapping material and
the peripheral light trapping material includes a high refractive index material

sandwiched between two low refractive index materials.

3. The device of claim 1, wherein the backside light trapping material and the peripheral
light trapping material includes a high refractive index material sandwiched between two

low refractive index materials.

4. The device of claim 3, wherein the two low refractive index materials have a

refractive index of less than about 2.1.

5. The device of claim 4, wherein at least one of the two low refractive index material
includes a member selected from the group consisting of an oxide, a nitride, oxynitrides,

a gas, at least a partial vacuum, and combinations thereof.
6. The device of claim 4, wherein the at least one of the two low refractive index

materials includes a member selected from the group consisting of silicon oxide, silicon

nitride, silicon dioxide, and combinations thereof.
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7. The device of claim 3, wherein the high refractive index material includes a material

having a refractive index of greater than or equal to about 2.1.

8. The device of claim 7, wherein the high refractive index material includes a member
selected from the group consisting of polycrystalline silicon, amorphous silicon, single
crystal silicon, multicrystalline silicon, nanocrystalline silicon, germanium, and

combinations thereof.

9. The device of claim 2, wherein at least one of the two low refractive index materials is

doped with a dopant to create a surface field.
10. The device of claim 9, wherein the dopant is boron or antimony.

11. The device of claim 1, wherein at least one of the backside light trapping material
and the peripheral light trapping material includes a first material sandwiched between
two second materials, wherein the first material has a higher refractive index as compared
to the two second materials, and wherein the difference in refractive index between the

first material and the two second materials is at least 0.2.

12. The device of claim 1, wherein the peripheral sidewall extends completely around

the pixel periphery.

13. The device of claim 1, wherein the peripheral sidewall extends from the light

incident surface to the backside surface.

14. The device of claim 1, further comprising a frontside light trapping material at least

partially covering the light incident surface.

15. The device of claim 14, wherein the frontside light trapping material is an

antireflective layer coating.
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16. The device of claim 14, wherein the frontside light trapping material is a reflective
layer having an aperture to allow entry of light into the pixel, wherein the reflective layer

is operable to reflect light impinging thereupon from inside the pixel back into the pixel.

17. The device of claim 16, further comprising a lens functionally coupled to the

aperture and operable to focus incident light through the aperture and into the pixel.

18. The device of claim 16, wherein the aperture has an effective surface area of

% of the incident light surface total surface area.

19. The device of claim 1, wherein at least one of the backside light trapping material

and the peripheral light trapping material is a metal layer.

20. The device of claim 1, wherein at least one of the backside light trapping material
and the peripheral light trapping material has a sloped surface at the pixel device

interface.

21. The device of claim 1, further comprising a textured layer positioned to interact with

light proximal to the backside surface.

22. The device of claim 21, wherein the textured layer is located between the backside

surface and the backside light trapping material.
23. An array of light trapping pixel devices of claim 1.

24. A substantially light trapping device, comprising:

at least one light sensitive pixel having a light incident surface, a backside surface
opposite the light incident surface, and a peripheral sidewall extending from the light
incident surface to the backside surface and extending around the pixel periphery;

a backside light trapping material substantially covering the backside surface;
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a peripheral light trapping material substantially covering the peripheral sidewall;
and
an internally reflective frontside light trapping material covering at least a portion
of the light incident surface operable allow entrance of light into the pixel and operable to
reflect light impinging thereupon from inside the pixel back into the pixel, and wherein
light contacting the backside light trapping material or the peripheral light trapping

material is reflected back toward the pixel.

25. The device of claim 24, wherein the internally reflective frontside light trapping

material includes an aperture to allow entry of light into the pixel.

26. The device of claim 25, further comprising a lens functionally coupled to the
aperture and operable to focus incident light through the aperture and into the pixel.

27. A method of making a light trapping device, comprising:
forming a pixel by:
forming a backside light trapping material on a semiconductor
layer, the backside light trapping material including a high refractive index
material sandwiched between two low refractive index materials; and
forming a pixel device layer on the semiconductor layer opposite
the light trapping material;
etching a trench circumscribing the pixel device layer; and

filling the trench with a peripheral light trapping material.
28. The method of claim 27, wherein etching the trench circumscribing the pixel device
layer can further include etching the trench to a depth that contacts at least the backside

light trapping material.

29. The method of claim 27, further comprising applying an incident light trapping

material to the pixel device layer.
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30. The method of claim 27, wherein filling the trench with the peripheral light trapping
material further includes:
depositing a low refractive index material into the trench to fill a portion of the
trench from the trench walls inward;
ceasing deposition of the low refractive index material to leave an internal space
within the trench; and

depositing a high refractive index material into the trench to fill the internal space.

31. The method of claim 27, further comprising forming a textured region on at least a
portion of the semiconductor layer between the semiconductor layer and the backside

light trapping material.

32. The method of claim 31, wherein forming the textured region includes a technique
selected from the group consisting of plasma etching, reactive ion etching, porous silicon
etching, lasing, chemical etching, nanoimprinting, material deposition, selective epitaxial

growth, and combinations thereof.

33. The method of claim 32, wherein forming the textured region includes laser

texturing.
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ABSTRACT OF THE DISCLOSURE

Light trapping pixels, devices incorporating such pixels, and various associated
methods are provided. In one aspect, for example, a light trapping pixel device can
include a light sensitive pixel having a light incident surface, a backside surface opposite
the light incident surface, and a peripheral sidewall disposed into at least a portion of the
pixel and extending at least substantially around the pixel periphery. The pixel can also
include a backside light trapping material substantially covering the backside surface and
a peripheral light trapping material substantially covering the peripheral sidewall. The
light contacting the backside light trapping material or the peripheral light trapping

material is thus reflected back toward the pixel.
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CONFIRMATION NO. 5133
20551 FILING RECEIPT

THORPE NORTH & WESTERN, LLP.

P.0. Box 1219 T AR A
0000061343306

SANDY, UT 84091-1219 000000
Date Mailed: 05/28/2013

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

Inventor(s)

Martin U. Pralle, Wayland, MA;
Applicant(s)

SIONYX, INC., Beverly, MA
Assignment For Published Patent Application

SIONYX, INC., Beverly, MA

Power of Attorney: None

Domestic Priority data as claimed by applicant
This applin claims benefit of 61/614,275 03/22/2012

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.

If Required, Foreign Filing License Granted: 05/17/2013

The country code and number of your priority application, to be used for filing abroad under the Paris Convention,
is US 13/841,120

Projected Publication Date: To Be Determined - pending completion of Missing Parts
Non-Publication Request: No

Early Publication Request: No
** SMALL ENTITY **
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Title

PIXEL ISOLATION ELEMENTS, DEVICES, AND ASSOCIATED METHODS
Preliminary Class

385
Statement under 37 CFR 1.55 or 1.78 for AlA (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 USPTO must
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application
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-HALT (1-866-999-4158).
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LICENSE FOR FOREIGN FILING UNDER
Title 35, United States Code, Section 184

Title 37, Code of Federal Regulations, 5.11 & 5.15
GRANTED

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).

SelectUSA

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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Filer:

Todd Brent Alder/Nicole Solomon

Attorney Docket Number: 3035-052.NP
Filed as Small Entity
Utility under 35 USC 111(a) Filing Fees
Description Fee Code Quantity Amount Suz—;'g(tsa)l in
Basic Filing:
Utility filing Fee (Electronic filing) 4011 1 70 70
Utility Search Fee 2111 1 300 300
Utility Examination Fee 2311 1 360 360
Pages:
Claims:
Claims in excess of 20 2202 13 40 520
Miscellaneous-Filing:
Late Filing Fee for Oath or Declaration 2051 1 70 70
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UsD($)
Petition:
Patent-Appeals-and-Interference:
Post-Allowance-and-Post-Issuance:
Extension-of-Time:
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International Application Number:
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Customer Number:
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Filer Authorized By:
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Credit Card
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38016
1 Fee Worksheet (SB06) fee-info.pdf no 2
e3e46e61177ba07b95c263a427f1569d453|
Warnings:
Information:
Total Files Size (in bytes):i 38016

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a
Post Card, as described in MPEP 503.

New Applications Under 35 U.S.C. 111

If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this
Acknowledgement Receipt will establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371

If a timely submission to enter the national stage of an international application is compliant with the conditions of 35
U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptance of the application as a
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course.

New International Application Filed with the USPTO as a Receiving Office
If a new international application is being filed and the international application includes the necessary components for

an international filing date (see PCT Article 11 and MPEP 1810), a Notification of the International Application Number
and of the International Filing Date (Form PCT/RO/105) will be issued in due course, subject to prescriptions concerning
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of
the application.
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Carey, et al. "Femtosecond Laser-Assisted Microstructuring of Silicon for Novel Detector, Sensing and
Display Technologies", LEOS; 2002, 97-98, Glasgos, Scotland, 2002.
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HUANG, et al.; “Microstructured silicon photodetector”; Applied Physics Letters 89, 033506; 2006
American Institute of Physics; 2000

HUPKES, J. et al.; Light Scattering and Trapping in Different Thin Film Photovoltaic Devices; 24™
European Photovoltaic Solar Energy Conference, Hamburg, Germany (Sept. 21-25, 2009); pgs. 2766-
2769

KIM et al.; “Strong Sub-Band-Gap Infrared Absorption in Silicon Supersaturated with Sulfur”; 2006
Appl. Phys. Lett. 88, 241902-1 — 241902-3

MADZHAOV, et al.; “Light trapping in thin-firm silicon solar cells for superstrate and substrate
configuration” Abstract #1614, 21 8" ECS Meeting ©2010 the Electrochemical Society

MOLONEY, A.M. et al.; Novel Black Silicon PIN Photodiodes; 8 pages; January 25, 2006; SPIE

NAYAK, B.K. et al.; Ultrafast Laser Textured Silicon Solar Cells; Mater. Res. Soc. Symp. Proc.; Vol.
1123; 6 pages; 2009; Materials Research Society

NAYAK, etal.; “Efficient light trapping in silicon solar cells by ultrafast-laser-induced self-assembled
micro/nano structures”; Progress in Photovoltaics: Research and Applications; 2011

Pain, Bedabrata; “A Back-Illuminated Megapixel CMOS Image Sensor”;
http://hdl handle net/2014/39312; May 1, 2005

Pedraza et al., "Surface Nanostructuring of Silicon", Appl. Phys. A, 2003, 77, 277-284.

RUSSELL, et al.; “Nanosecond Eximer Laser Processing for Novel Microelectronic Fabrication”;
Nanosecond Excimer Laser Processing; 6 pages; 1989

Sarnet et al.; “Femtosecond laser for black silicon and photovoltaic cells”; February 21, 2008, Proc. Of
SPIE; Vol. 6881; pags 1-15

Shen et al., "Formation of Regular Arrays of Silicon Micorspikes by Femotsecond Laser Irradiation
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1. A method of manufacturing solar cells, said method
comprising the steps of scribing a pattern of grooves or
holes in a surface of semiconductor substrate with a laser
scriber and subsequently forming a rectifying junction on
said surface, said junction extending into said holes or
grooves.

-

3. The method of claims 1 or 2 wherein after said scribing
step and before forming the rectifying junction, an etching
step is performed, said etching step comprising etching said
grooves or holes with a chemical etchant, the etching step
being used to control the shape of the grooves or holes in
the final cell.

4. The method of claim 3 wherein the chemical etchant is
selected to etch the base region of the grooves or holes more
slowly than the top region to convert the grooves into
V-shaped troughs and to convert the holes to shapes
approximating inverted pyramids, and said junction extending
into said troughs or inverted pyramids.
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The present invention relates to improvements in the
fabrication of solar cells whereby the structure of the cell
facilitates collection of photon generated minority carriers
from deep within the wafer substrate.

Long wavelength light striking a photocell will
penetrate much further into the cell than shorter wavelength
light, on average, before being absorbed and therefore
minority carriers generated by photons of long wavelength
energy must travel much further before being collected by the
rectifying junction of the cell. As a result, the chances of
a minority carrier resulting from a long wavelength photon,
being collected before recombination occurs are greatly
reduced over those of a minority carrier resulting from a
shorter wavelength photon. This effect is even more
pronounced in solar cells used in space, due to the radiation
damage which is caused to a solar cell in this environment,
and which results in a reduction in minority carrier life
times.

In an attempt to overcome the effects of reduced
minority carrier life time in the space environment, prior
art solar cells have been produced wherein a plurality of
grooves were chemically etched into the surface of the
substrate prior to the formulation of the rectifying junction
of the cell, such that the junction provided within the
grooves penetrates deep into the bulk of the substrate to aid
in the collection of minority carriers formed in the bulk
regions.

However, while the formation of grooves in the substrate
provides an improvement in short circuit current densities,
conmplications associated with the chemical etching step make
this solution too expensive to be of practical use,
particularly in the case of mass produced cells for
terrestrial use.

A laser scriber has previously been used to separate
cells formed on a common wafer, by scribing a groove between
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a pair of adjacent cells and then breaking the wafer along
the scribe line in a similar manner to that used when cutting
glass or ceramic tiles. Lasers have also been used to
isolate doped regions of a substrate by cutting or drilling
an opening between the two adjacent regions to be isolated,
however, it has not previously been considered feasible to
use lasers in the processing of the active regions of
semiconductor devices, due to the damage to the crystal
structure caused by the laser.

A first aspect of the present invention relies upon the
unexpected result that grooves scribed in the surface of a
substrate by way of a laser scriber do not cause a
significant deleterious effect upon the solar cell
subsequently formed on the substrate, due to crystal damage
caused by the laser, but to the contrary the crystal damage
provides getterring sites to which impurities in the
substrate migrate during subsequent high temperature
processing, thereby enhancing the performance of the solar
cell by increasing the life time of minority carriers in the
bulk of the substrate.

It has also been found that grooving of the surface of
the cell enhances the anti-reflective properties of the cell,
as light falling within the grooved area, if it is not
initially absorbed by the cell, will be reflected onto
another surface of the groove, thereby increasing the
possibility of absorption. 1In order to escape from the
grooved area, a photon will need to be reflected several
times within the groove, and therefore the probability of
escape is low.

The provision of grooves in the substrate also increases
greatly the area of the cell junction and additionally
provides the possibility of having differing sheet
resistivities in the top layer of the cell, with a high
resistivity in the region between the grooves to enhance the
photovoltaic effect and a lower resistivity within the
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grooves to decrease the series resistance of the cell and to
allow the wider spacing of the contact fingers used to
conduct current from the top layer.

According to a first aspect, the present invention
congists in a method of manufacturing solar cells, said
method comprising the steps of scribing a pattern of holes or
grooves in a surface of a semiconductor substrate with a
laser scriber and subsequently forming a rectifying junction
on said surface, said junction extending into said holes or
grooves.

Preferably embodiments of the invention achieve a
plurality of parallel grooves or a regular pattern of holes
by scribing the surface of the substrate using a laser
scriber adapted to simultaneously scribe a repeating pattern
of grooves or holes.

In a preferred embodiment of the invention, a chemical
etching step is employed between the step ~f laser scribing
and the step of forming the rectifying junction, such that
precise control of the shape of holes and grooves is achieved.

Some embodiments of the invention will also make use of
holes bored through the substrate during the laser etching
step to allow contact to be made with the surface layer of
the cell from the rear of the substrate.

Embodiments of the invention may also employ grooving of
the rear surface of the substrate to form thin strong cell
structures which have high efficiency and are radiation
resistant.

In further embodiments of the present invention a solar
cell is produced having a substrate, one surface of which has
a plurality of grooves or hollows formed therein, and a
rectifying junction formed on said surface and extending into
said grooves, a top layer of said junction having a sheet
resistivity which is greater in the region between the
grooves than in the region within the grooves.

In yet further embodiments of the present invention

IPR2025-00811
Apple-Sony EX1002 Page 66



-

W

10

15

20

25

30

r

5 =

1S Produced hoving
oonsists-in. a solar cell a substrate, opposite
surfaces of which each have a plurality of grooves or hollows
formed therein, a rectifying junction being formed on one of
said surfaces and extending into the grooves or hollows of
that surface.

Embodiments of the invention will now be described, by
way of example, with reference to the accompanying drawings
wherein:

Pigure 1 schematically illustrates a sectional view of a
solar cell manufactured in accordance with a first embodiment
of the present invention;

Figure 2 schematically illustrates the solar cell of
Figure 1 when viewed from the top;

Figure 3 schematically illustrates a sectional view of a
solar cell manufactured in accordance with a second
embodiment of the present invention;

Pig. 4 schematically illustrates a sectional view of a
fully etched substrate according to an embodiment of the
invention;

Fig. 5 schematically illustrates (a) a plan view of a
laser scribing pattern; (b) a plan view of a fully etched
substrate and (c) a perspective view of a fully etched
subgstrate for a fourth embodiment of the invention;

Pig. 6 schematically illustrates (a) a plan view of a
laser scribing pattern; (b) a plan view of a fully etched
substrate and (c) a perspective view of a fully etched
substrate for a fifth embodiment of the present invention;

FPigs. 7, 8 and 9 schematically illustrate (a) a plan
view of a laser scribing pattern and (b) a perspective view
of a fully etched substrate for sixth, seventh and eighth
embodiments respectively, of the present invention; and

Fig. 10 schematically illustrates an improved method of
connecting electrodes to the embodiment of Fig. 8.

Referring to Figure 1, a substrate 10 is provided with a
back contact 11 and a rectifying junction 12 on opposite
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surfaces, the junction being formed between the substrate 10,
which may be of either p-type or n-type semiconductor
material, but in this embodiment is p-type material, and a
top layer 13 extending over the top surface of the substrate
and which is formed of a semiconductor material of opposite
impurity type to the substrate 10. Grooves 14 scribed in the
top surface of the substrate by a laser scriber, prior to
formation of ti:.e junction 12, greatly increase the junction
area and at the same time facilitate the collection of
minority carriers 15 generated deep within the bulk of the
substrate, by placing sections of the junction in closer
proximity to the region in which these carriers are generated.

Grooves 14 in the cell surface also improve the
anti-reflection properties of the cell by acting as light
traps. Light l16a striking the surfaces of the cell between
the grooves, and which is not absorbed by the cell, will be
reflected by the surface and wasted, however, light 16b
striking a surface of one of the grooves 14, and which is not
absorbed, will generally be reflected onto another surface of
the groove, depending upon the angle of incidence of the
light and the shape of the grooves. For light 16b falling
normal to the top surface of the cell, the number of
reflections within the groove 14 will be large, thereby
reducing the percentage of light which is reflected out of
the grooves.

A further improvement in the anti-reflective properties
of the cell may be achieved by filling the grooves with a
transparent material such as silicon oxide, and the slope of
the groove walls can be optimized after scribing by an
unmasked etch of the entire substrate surface.

As well as the improvement in current density due to the
physical positioning of the junction within the groove and
the increased area of the junctio-, a further improvement can
be attributed to the production of getterring sites during
the laser scribing of the surface of the substrate, thereby
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allowing an increased degree of getterring during subsequent
high temperature processing.

Getterring is.the process by which impurities are
attracted to certain areas of the substrate during high
temperature processing, and typical getterring sites are
regions of stress causd by diffusion processes and areas of
crystal structure damage as caused by laser scribing. The
laser scribing process, being a particularly robust process,
creates a significant amount of damage to the crystal
structure and accordingly a large number of getterring sites
will be produced by this process.

The reduction in the number of impurities in the bulk of
the substrate, as a result of getterring, has the effect of
increasing the minority carrier life time and accordingly
increasing the probability of a minority carrier being
collected at the rectifying junction 12 before recombination
occurs.

The series resistance of the grooved solar cell can also
be decreased by selecting a lower sheet resistivity for the
portion of the top layer 13 formed in the grooves 14 than for
that used in the portion of the top layer between the
grooves. In a non-grooved solar cell, manufactured for
terrestrial use, the metal contact grid applied to the top
layer is often applied by screen printing in order to keep
cost to a minimum, however, screen printing imposes
restrictions upon the minimum dimensions achievable, these
being a minimum contact width of typically 150pm and a
mimimum spacing of at least 3mm. With these contact
dimensions, it is necessary to provide a top layer sheet
resistivity in the order of 25 f1/g to 50 1/ to
minimize lateral resistance, however, such low values of
sheet resistivity degrade the photovoltaic properties of the
cell. This problem is less pronounced in cells produced for
use in space, as in these cells a more sophisticated method
of contact formation is used which allows the use of thinner
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contacts having a closer spacing, such that higher sheet
resistivities can be used without degrading the series
resistance of the cell. However, the method of contact
formation used in space cells adds considerably to their
manufacturing costs. '

In the case of grooved cells made according to the
present invention, sheet resistivities in the order of 25.4a./=
to 50.0. /o0 can be provided for that portion of the top
layer 13 within the grooves 14, while sheet resistivities in
the order of 100-200 2 /© can be achieved in the top layer
portions between the grooves. Typically the groove would be
in the order of 50uym wide and the space between the grooves
would be 100pm, the metal contact fingers 17 (see Fig. 2)
running in the direction normal to the grooves and having the
dimensions previously stated for screen printed contacts.

A lower sheet resistivity can be achieved in the grooved
regions in numerous ways, some examples of which are:

(a) Diffuse the entire surface, oxidise and/or deposit
nitride, form laser grooves through the oxide and/or nitride
and first diffusion, chemically clean the grooves, complete a
second heavy diffusion. This second diffusion will be
localized to the grooved areas due to the blocking action of
oxide and/or nitride.

(b) Oxidise wafer . as a thinner oxide than in (a)
above results, form laser grooves through the oxide,
chemically clean the grooves, and diffuse heavily. Oxide
will partly block the diffusion in non-grooved areas
resulting in a lighter diffusion in these areas.

{c) Dilute commercially available 'spin on' dopant
source and apply to grooved surface. The source will coat
non-grooved areas to a thickness determined by source
viscosity and spin speed, but can completely £ill grooves.
This will result in a larger volume of source per unit
surface area in grooved as opposed to non-grooved areas.
Consequently more dopants will enter the surface in grooved
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areas in subsequent high temperature treatments than
non-grooved areas.

(d) Diffuse entire grooved wafer surface heavily. Use
dilute chemical etch to etch back diffused areas. The etch
will have less opportunity for replenishment in grooved areas
and will quickly become depleted and ineffective in these
regions. Hence, diffused material will be selectively
removed from non-grooved areas. A similar technique which
makes use of plasma etching is also possible.

(e) Use a laser to locally heat the silicon in grooved
regions subsequent to the application of a diffusion source,

The low sheet resistivity of the top layer in the
grooved regions will have a detrimental effect on the
response of the cell to short wavelength (blue) light due to
the increased top layer thickness and therefore the sheet
resistivity chosen will be a compromise between a value which
gives low series resistance and a value which does not
seriously degrade the response to blue light. It will be
recognised, however, that while low sheet resistivity will
degrade the response to blue light, the beneficial effects of
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low series resistance and improved current density due to
increased junction area and the provision of a portion of the
junction deep within the bulk of the substrate, will more
than make up for this degradation. FPurther, the low sheet
resistivity in the grooves will not seriously affect the
response of the cell to long wavelength (red) light.

The use of a low sheet resistivity top layer in the
grooved regions of space cells will also allow the contact
fingers in these cells to be spaced more widely, thereby,
allowing the use of less costly formation process and
accordingly reducing the manufacturing costs of the cell.

Referring now to Pigure 3 the metal contact fingers 17
in Pigure 2 may be replaced by Conductor-Insulator-Silicon
(CIS) contacts wherein the top layer 13 is a lightly doped
region, the rectifying effect of the junction 12 being
reinforced by the MIS contact comprising a thin layer of
insulation 18 over the top layer and a metal, or a highly
doped polycrystalline, contact finger 19 formed over the
insulation layer 18. The fingers 19 will be arranged in a
similar configuration to the metal fingers 17 shown in Figure
2, howvever, the insulation layer may either be formed over
the entire surface of the cell, by using a transparent
insulation layer such as a silicon oxide, or alternatively
the insulation layer may be only formed in the region of the
conductor finger 19.

Referring to Pig. 4 of the drawings, reflection
properties of the laser groove cell can be optimised bty
arranging the grooving so that the sloping groove walls
intersect with one another, thereby substantially eliminating
the flat intergroove regions illustrated in Figs, 1, 2 and
3. With the structure of Pig. 4, the only ungrooved regions
required are flat paths 21 (refer to Fig. 5) provided for the
top contact metallisation.

As illustrated in Pig. 4, very precise control can be
obtained of such structures in single crystal material by
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using chemical etches with anisotropic properties, combined
with laser grooving. Por example, dilute caustic soda
solutions etch silicon very slowly in the [11l1 ) crystal
direction but etch very rapidly in other directions.
Therefore, if the surface 22 of a wafer has [100] orientation
and is grooved by a laser to form grooves 23 and then
subsequently etched in dilute caustic soda solutioms, the
silicon is very guickly etched away until the [11ll] crystal
planes are exposed to form the grooved surface 24 of Fig. 4.
Once the [1ll1) crystal planes, coinciding with the faces of
the surface 24, are exposed, the rate of etching slows
markedly, allowing precise control of the final etched
surface shape, thereby allowing the resulting surface
geometry of the device to be precisely defined by the depth
and spacing of the original grooves 23.

Regardless of the method used to control the slope of
the groove walls, interesting and useful structures can be
obtained by the use of intermittent grooving of the cell
surface and several such structures will now be described
with reference to Pigs. 5, 6, 7, 8 and 9.

Referring to Fig. 5, a "slat" structure is illustrated
wherein the laser grooving 23 is intermittently broken by
gaps 25 in order to provide strengthening ribs or struts 26
in the final etched substrate of Fig. 5(c). In addition, a
larger gap 27 in the laser grooving pattern results in the
flat path 21 in the final etched substrate which provides a
location for top contact metallisation in the completed cell.

Turning to Fig. 6, the laser grooves 23 of Fig. 5 are
replaced by holes 33 which are bored by the laser scriber in
the square pattern illustrated in Fig. 6a, such that after
etching, an inverted pyramid structure as illustrated in Fiqg.
6b and Fig. 6c is pfoduced with the top surface 34 of the
inverted pyramid structure again corresponding to the [11l1]
crystal planes of the substrate.

Combined grooving of the front and rear surfaces of the
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wafer and subsequent etching gives rise to a further class of
cells which have been termed "crinkle cut® cells. Referring
to Pig. 7, if a grooving pattern 43, similar to the pattern
23 of Pig. 5a is provided in a top surface of the wafer and a
second grooving pattern 53, again similar to the pattern 23
of Pig. S5a, is provided in the bottom surface of the wafer
and the wafer is subsequently etched, a structure of the form
{llustrated in Pig. 7b will be produced, wherein parallel
grooves run alonqg both sides of the wafer, the grooves in one
side correspon:i..- with the peaks in the other side of the
wafer to provide a - jJated structure having strengthening
struts or ribs 46 am (ribs 56 not shown) and the surfaces
44 and 54 each corresponding to [1l11l) crystal planes of the
substrate.

Pigs. 8 and 9 illustrate additional “crinkle cut"®
structures, the structure of Fig. 8 comprising inverted
pyramids similar to those of FPig. 6 on each side of the
wafer, with the pyramids on one side of the wafer being
offset from those on the other side, while the structure of
Pig. 9 has inverted pryamids cn the top surface and a crossed
groove structure on the bottom surface to provide an etched
wafer structure having a substantially constant thickness as
is the case with the structure of Fig. 7. The structures of
Fig. 7 and Pig. 9 allow very thin strong cells having good
reflection properties to be fabricated and these structures
will assist in the production of very high efficiency cells
with good radiation resistance. The structure of Fig. 8 on
the other hand will produce cells having good reflection
properties with moderate thickness but great strength.

The laser grooving technique can also be used to produce
structures which have holes extending right through the cell
from one side to the other. The structures illustrated in
Figs. 6, 8 and 9 are particularly suited to this technique.
The advantage of a structure which employs holes passing
completely through the cell is that it is then possible to
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have both contacts to the cell made on the rear surface of
the cell, thereby avoiding the losses associated with top
contact shading. For example, a section of a structure
similar to that of Fig. 6 is illustrated in Pig. 10, wherein
the grooving is much greater than that previously illustrated
such that the apex 35 of inverted pyramids extends to the
back surface of the wafer. With this structure, once the top
layer 13 has been formed, metallised top contacts 36 can be
provided from the back of the cell at each apex point. This
technique allows an improvement in overall cell efficiency by
removing the problem of top contract shading which would
otherwigse occur, while at the same time allowing connections
to the tcop contacts to be of greater current carrying
capacity, as the trade off between current carrying capacity
and degree of shading is no longer necessary.

The laser used to produce any of the previous laser
groove structures can be programmed very simply to punch
holes through the cell in any prescribed location so that a
variety of such punch through structures are possible with
this approach and clearly the punch through technique can be
used with any of the structures previously described.

A preferred method of manufacturing laser groove cells
requires starting with a silcon wafer of desired surface
orientation (for example (100])and then grooving one or both
sides of the cell in the desired pattern using a laser. The
wafer is then etched in an appropriate chemical solution to
define the shape of the walls of the groove. Thereafter,
cell processing proceeds as it would with prior art devices.
The top junction is formed by the diffusion of an appropriate
dopant and, if desired, a back surface field region is formed
at the rear of the cell. Top and rear contact metallization
can then be formed by any chosen sequence, e.g. vacuum
deposition, screen printing or electroplating, as can the
antireflection coating.

It will be recognised by persons skilled in the art that
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numerous variations and modifications may be made to the
invention as described above without departing from the
spirit or scope of the invention as broadly described.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:~-

1. A method of manufacturing solar cells, said method
comprising the steps of scribing a pattern of grooves or
holes in a surface of semiconductor substrate with a laser
scriber and subsequently forming a rectifying junétioa on
said surface, said junction extending into said holes or
grooves.

2. The method of claim 1 wherein said laser scriber is
adapted to simultaneously scribe a plurality of grooves or
holes in said substrate.

3. The method of claims 1 or 2 wherein after said scribing
step and before forming the rectifying junction, an etching
step is performed, said etching step comprising etching said
grooves or holes with a chemical etchant, the etching step
being used to control the shape of the grooves or holes in
the final cell.

4. The method of claim 3 wherein the chemical etchant is
selected to etch the base region of the grooves or holes more
slowly than the top region to convert the grooves into
V-shaped troughs and to convert the holes to shapes
approximating inverted pyramids, and said junction extending
into said troughs or inverted pyramids.

5. The method of claims 1, 2, 3 or 4 wherein the laser
scriber is used to bore holes through the substrate during
the laser scribing step and the junction extends through said
holes to cover a portion of the rear surface thereof such
that contact can be made with the top layer of the cell from
the rear of the substrate.

6. The method of any one of the preceding claims, wherein
grooving of the rear surface of the substrate is employed to
reduce the thickness of the cell structure, grooves in the
rear surface being located between grooves in the top surface
of the substrate.

7. A solar cell manufactured using the method as claimed in
any one of the preceding claims wherein said rectifying
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junction has a top layer with a sheet resistivity which is
greater in the region between the grooves than in the region
within the grooves.

8. A solar cell as claimed in claim 7, wherein the sheet
resistivity of the top layer within the grooves is in the
order of 25-50 /0 while sheet resistivity of the top layer
between the grooves is in the order of 100-200 /7,

9. A solar cell as claimed in any one of claims 7 or 8
vherein holes are provided through the substrate, the top
layer of the rectifying junction extending into the through
holes and metalized top contacts being provided on the back
of the substrate at each of said holes to make an electrical
connection with the top layer of the junction.

10. A solar cell, made in accordance with the method of
claim 1.

11. A method of manufacturing a solar cell as claimed in
claim 1, substantially as hereinbefore described.

12. A solar cell substantially as hereinbefore described
with reference to the accompanying drawings.

DATED this 7th day of July 1987

UNISEARCH LIMITED
Patent Attorneys for the
Applicant:

F.B. RICE & CO.
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(54) Laser treatment of semicon-
ductor material

(57) A layer or layers of amorphous
material deposited on a non-crystal-
line amorphous substrate are sub-
jected to treatment by exposure to a
laser beam. The treatment may ei-
ther recrystallise or anneal the
amorphous material depending on
the laser power and improves its
suitability for such devices as solar
cells by improving the life times
and diffusion lengths within the ma-
terial as compared to the untreated
material.

The use of P type SiC or poly-
crystalline silicon on superposed i
and n type amorphous silicon layers
to improve the transmissivity of the
outer layers of solar cells, and the
use of varying composition SiC lay-
ers for visible light emission devices
are also disclosed.
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SPECIFICATION

Improvements in or relating to solar cells
and other devices.

The present invention relates to method of
treatment of amorphous material layers to
make them more suitable for the production
of solar cells and other similar devices and to
the solar cells and or other devices produced
using the treated materials.

The possible use of thin film amorphous
materials for solar cells, (or other devices such
as p—n junctions, Schottky diodes, zener di-
odes) integrated into large area systems such
as displays is extremely attractive due to the
relatively low cost in terms of materials and
energy. A disadvantage however, is that de-
vice performance has previously been severely
limited by the short life times and diffusion
lengths typical of amorphous materials. For
example, the present state of the art A.M.1.
efficiencies for polycrystalline silicon solar
cells is about 10% which is a factor of 2
higher than the best cell produced with amo-
rophous material.

It is an object of the present invention to
produce a treated layer of amorphous material
which is substantially superior to that known
at present and thus to be able to combine the
advantages in terms of the low cost and large
area capability of amorphous thin film with
the superior device performance of the poly-
crystalline material.

According to the present invention there is
provided a method of treating one or more
layers of amorphous material deposited on a
non-crystalline substrate, to improve the
suitability of the material for use in solar cells
or similar devices as hereinbefore defined, by
subjecting the layer of amorphous material to
exposure by a laser.

The present invention also provides an
amorphous silicon solar cell comprising an
upper layer of p type Si,.C, _, an intermediate
layer of i,~Si and a lower layer of n Si on a
suitable substrate.

The invention also provides an amorphous
silicon solar cell comprising an upper layer of
p type polycrystalline silicon an intermediate
layer of i ~Si and a lower layer of n Sion a
suitable substrate.

In a preferred embodiment the amorphous
material is silicon.

Embodiments of the present invention will
now be described, by way of example with
reference to the accompanying drawings, in
which:

Figure 1 shows a conventional schottky
barrier cell,

Figure 2 shows a conventional P~i—n bar-
rier cell,

Figure 3 shows a first solar cell heterostruc-
ture according to the present invention and,

Figure 4 shows a second solar cell structure

according to the present invention.

An amorphous silicon layer or multi-layer
amorphous structure of 6,000A was grown
on an amorphous non-crystalline substrate

70 e.g. glass, metallised glass or stainless steel
by known methods, for example the glow
discharge decomposition of SiH, or by sput-
tering. The amorphous layer or layers are then
subjected to exposure by a suitable laser. The

75 effect of the exposure to the laser is either to
crystallise a controlled thickness of the arnor-
phous structure when a high power is used to
anneal the amorphous layer when a lower
power is used.

80 The recrystallised layer possesses optical
and electronic properties which make it more
suitable as part of a solar cell, p—n junction or
other devices.

In the case of the annealed, non-recystal-

85 lised layer the properties will tend to reduce
the density of the defect states in the gap.

Referring now to the drawings current prac-
tise when using amorphous-silicon (a— Si) for
solar cells is to use p-i—n ar Schottky barrier

0 —i — n structures, as shown in Figs. 1 and
2. These approaches limit the attainable solar
conversion efficiency, for any quality /—8i,
because of the p layer or metal Schottky
barrier prevents a large proportion of the

95 incident light from reaching the depleted 7
region. If these surface layers could be re-
placed by a relatively optically transparent
material, which still forms an electrically ac-
tive junction, then the device efficiency would

100 be improved.

This invention replaces the pa —Si or metal
Schottky barrier with an amorphous layer of
‘p’ type Si,C,_, in which O X 1 as shown in
Fig. 3. Amorphous S1,C, _, forms a continu-

105 ous series of solid solutions with a bandgap
that increases as x decreases, thus a larger
fraction of the incident light reaches the junc-
tion depletion than with conventional struc-
tures. This application therfore provides a het-

110 erojunction a~SiC/Si structure.

Further uses of this concept includes

Si,C, _,/Si,Ci_,/SiC, _,/glass/metal

115 or plastic substrate structures for visible light
emission which would have applications for
flat panel displays.

Referring now to Fig. 4 a second preferred
solar cell according to the present invention is

120 shown. Current amorphous silicon solar celis
are limited in efficiency because of absorption
or reflection of light by the top pa—Si or metal
Schottky barrier layer. The solar cell shown in
Fig. 4 reduces the wastage of input photons

125 by forming a p—n junction between p-type
polycrystalline silicon and the conventional
i-na—Si layers as shown in Figs. 1 and 2. The
cell is therefore more efficient than previously
known solar cells.

130 In the above shown solar cells suitable front
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and rear contact metallisations are applied to
realise a working structure.

CLAIMS

1. A method of treating one or more lay-
ers of amarphous material deposited on a
non-crystalline substrate, to improve the
suitability of the material for use in solar cells
or similar devices as hereinbefore defined by
subjecting the layer of amorphous material to
exposure by a laser.

2. A method of treating one or more lay-
ers of amorphous material as claimed in claim
1 in which the amorphous material is silicon,
or hydrogenated amorphous silicon or silicon
carbide or gallium arsenide or gallium phos-
phide.

3. A method of treating one or more lay-
ers of amorphous material as claimed in claim
2 in which the amorphous silicon or hydro-
genated amorphous silicon is deposited on the
amorphous substrate using the glow discharge
decompoaosition of SiH,.

4. A method of treating one or more lay-
ers of amorphous material as claimed in any
one of the preceding claims in which the
exposure is at a low enough level so that the
material is not recrystailised but is annealed
so as to reduce the number of defect states in
the gap with a consequent improvement in
lifetime and diffusion lengths.

5. A method of treating one or more lay-
ers of amorphous material as claimed in any
one of the preceding claims in which the
exposure is at a level high enough to recrys-
tallise at least one layer of the amorphous
material.

6. A method of treating one or more lay-
ers of amorphous material substantially as
described.

7. An amorphous silicon solar cell com-
prising an upper layer of p type SiC,_,, and
intermediate layer of ia—Si and a lower layer
of naSi mounted on a suitable substrate.

8. An amorphous silicon solar cell com-
prising an upper layer of p type polycrystalline
silicon an intermediate layer of ia—Si and a
lower layer of naSi mounted on a suitable
substrate.

9. An amorphous silicon solar cell sub-
stantially as described with reference to Fig. 3
or 4 of the accompanying drawings.

Printed for Her Majesty’s Stationery Office

by Burgess & Son (Abingdon) Ltd.—1980.

Published at The Patent Office, 25 Southampton Buildings,
London, WC2A 1AY, from which copies may be obtained.
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(57)Abstract:

PURPOSE: To provide a monolithic integrated structure including
two photoelectric components connected optically through an
optical guide by forming, in si.tu, at least one insulation barrier
permitting optical transmission between two photoelectric
components.
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PROBLEM TO BE SOLVED: To provide a quantum dot type infrared radiation detector
using quantum dot in an infrared radiation sensitive part, which hardly lowers sensitivity
in a low current region and is excellent in sensitivity characteristics. SOLUTION: The
detector has: a contact layer 12 formed on a semiconductor substrate 10; a quantum dot
layer 24 which is formed on the contact layer 12 and is formed by alternately and
repeatedly laminating an interlayer and a quantum dot; and a contact layer 26 formed on
the quantum dot layer 24. The interlayer in contact with the contact layer among a
plurality of interlayers, has an impurity introduction region 16 wherein N-type impurities
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(C)2008,JPO&INPIT

Last updated: 13.03.2013  Worldwide Database 5.8.6.7; 92p
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Espacenet - Bibliographic data Page 2 of 2

PROBLEM TO BE SOLVED: To provide a solid-state image pickup element reducing a
noise generation by reflection light and improving a light utilization efficiency when
constituting the solid-state image pickup element configured to cause a photoelectric
conversion part to reflect an incident light passing through a substrate. ; SOLUTION: The
solid-state image pickup element includes the optical conversion part formed inside the
substrate with respect to each pixel, and a light condensing part provided on a side of the
substrate that the incident light enters and condensing the incident light to the optical
conversion part, wherein the solid-state image pickup element includes a reflector
provided on a side opposite to the light condensing part and having a recessed shape
toward the substrate, and the reflector has a configuration to orient a same-size imaging
position of the reflector to a condensing position of the light condensing part. ;
COPYRIGHT: (C)2011,JPO&INPIT

Last updated: 09.10.2013  Worldwide Database  5.8.11.5; 92p
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MANUFACTURE OF SEMICONDUCTOR DEVICE

Publication number: JP2152226 (A)
Publication date:  1990-06-12

Inventor(s): SUGITA YOSHIHIRO +

Applicant(s): FUJITSU LTD +

Classification:

- international: HO01L21/22; HO1L21/26; HO1L21/265; H01L.21/316; H01L.21/02; (IPC1-

7). HO1L21/22; HO1L21/26; HO1L21/265; HO1L.21/316
- European:
Application number: JP19880306346 19881202
Priority number(s): JP19880306346 19881202

Abstract of JP 2152226 (A)

PURPOSE:To heat the extreme surface of an
element formation region and to activate this region
by a method wherein the element formation region
of a semiconductor is irradiated with a non-coherent
radiated beam having a continuous spectrum of a
soft X-ray region from an extreme vacuum
ultraviolet- ray region. CONSTITUTION:A mask 5 is
formed on a p-type region 2 formed on a
semiconductor substrate 1; n-type impurity ions,
e.g. phosphorus ions (P<+>), are implanted very
shallowly, e.g. down to a depth of about 50nm, from
the upper part; a high-ion region 3 is formed. The
high-ion region 3 is irradiated with a synchrotron
radiation having a continuous spectrum of a soft X-
ray region from an extreme vacuum ultraviolet-ray
region. The high-ion region 3 is heated and
activated; an n-type region 4 is formed; the mask 5
is removed.
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MANUFACTURE OF SEMICONDUCTOR DEVICE

Publication number: JP63116421 (A)
Publication date: 1988-05-20

Inventor(s): OSAWA MASARU +

Applicant(s): MITSUBISHI ELECTRIC CORP +

Classification:

- international: H01L21/265; H01L21/324; HO1L21/02; (IPC1-7): HO1L21/265; HO1L21/324
- European:

Application number: JP19860263160 19861105
Priority number(s): JP19860263160 19861105

Abstract of JP 63116421 (A)
PURPOSE:To prevent As from oozing from a GaAs

substrate thereby to obtain a semiconductor device £
having good characteristics by depositing an ] . [P
amorphous As layer on an ion implanted surface as [£1) ' E )

is after implanting, continuously depositing an

insulating layer on the surface of the amorphous As

layer, and then annealing it. CONSTITUTION:An

active layer forming photoresist pattern 2 is formed

by photocomposing technique on a GaAs substrate

1. Si<+29> ions 3 are implanted to form an ion (854
implanted region 4. It is dipped in acetone to

remove the pattern 2, and an a-As layer 6 and an

insulating layer 7 are continuously deposited by a

CVD method on the ion 3 implanted surface. It is

heat treated at 800 deg.C for 40 min in a reducing €t
atmosphere to obtain a highly activated active layer

5. Itis dipped in a fluoric acid to remove the

insulating layer, and dipped in a hydrochloric acid to

remove the layer 6 to thereby expose the surface of 5
the substrate 1. Thus, it can prevent As from ocozing |
from the substrate 1 to obtain a semiconductor 4] ',
device having good characteristics.

| ¢

ﬁ"?:?"ﬁ’;«z
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PHOTO DETECTOR AND MANUFACTURE THEREOF

Publication number: JP9298308 (A)
Publication date: 1997-11-18

Inventor(s): FUKUNAGA NAOKI; KUBO MASARU +

Applicant(s): SHARP KK +
Classification:

- international: HO01L21/265; H01L31/10; H01L21/02; HO1L31/10; (IPC1-

7): HO1L21/265; HO1L31/10
- European:
Application number: JP19960109765 19960430
Priority number(s): JP19960109765 19960430

Abstract of JP 9298308 (A)

PROBLEM TO BE SOLVED: To reduce the
proportion of those carriers recombined to
disappear on a semiconductor structure among
carriers caused by a light incidence by distributing
impurity in a diffused layer forming a photo
detecting part of a semiconductor layer so that its
concn. increases toward the surface of the
semiconductor layer. SOLUTION: The surface 6 of
an epitaxially grown layer 2 exposed in openings 5
of a first insulation film 4a is oxidized to form a first
thermal oxide layer 4b, and a p-type impurity is
implanted into the grown layer 2 under the condition
of an implanting incident range less than the
thickness of the second oxide layer 4b. This
condition is to locate peaks of an impurity profile just
after the ion implanting, not in the interior of the
epitaxially grown layer 2 but in that of the second
oxide film 4b.; For activating the impurity, it is heat
treated in a nonoxidative atmosphere to activate
and diffuse the impurity to form impurity diffused
regions 3.

Also published as:
#1JP3516552 (B2)
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Abstract of KR20010061058 (A)

PURPOSE: A method for manufacturing an image sensor is provided to improve
quantum efficiency and sensitivity, by additionally depositing a dielectric layer of a low
absorption rate between a photodiode and an initial interlayer dielectric to improve
illuminance of incident light. CONSTITUTION: A photodiode region and a peripheral
device are formed on a substrate(41). The first insulating layer in which an index of
refraction, Nx is a square root of NON and a thickness, Tx is (2n-1)lambda/4Nx
(n=0,1,2,3,...), is formed on the photodiode region. The first insulating layer is eliminated
to be left only on the photodiode region. The second insulating layer is formed on the
resultant structure.
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gt CMOS o|Olx|4lM= CCD olOIx|diAol Histod T7[Z A EMolM LME Holn Aeut, XMAHT &
& HHHolAE= cMOS ola|x[&M7t CCD o|a|x| MMt @451Ct

olg{st Mylaet™ 84 & 9JF Xl E 8(External Quantum Efficiency) & 22T (Sensitivity) E442 o|O]x|4
Mol EE(Quality) & ZHsts B2, §5] &9 AMlZte Z&EE £ /= o|0Ix|1Z B &l(1mage frame) X 0|0|X|
EZl(Image quality) SE ZHStE i &8 4ol

T 12 E40| CMOS o|0lRIMA | THRISIAE LIEIH SoI5I2 T2 4, 17He] ZELIO|Q =(PD) o 4712 NMOSE S
KIAE{(Tx,Rx,Sx,Dx) 2 FHE|H, 47| 4712 NMOSERIX|AE|(Tx,Rx,Sx,Dx) & ZELI0|2E(PD) oM T&E
YMEE EEEILE (Floating node; X) 2 2435t7] 3 EMATHERMI|AETx), Hete ULE =0 HMRIE M
g5t MBlE HiEsto] EREEHLEE Dl (Reset) AI7[7| 98t SIHEMXIAH(RX), 2A2ATE Q| HHEZZ7|(Sou
rce Follower Buffer Amplifier) Q&g 5l E2to|HEBX|AE|(Dx), 22 Switching) Y& 2 o{=d|A(Addr
essing) € ¥ & AEH sl HUEEMX|AE|(SX) B FHECH

£ 2 &= SeivlEol e CMOS o|nIX|dA el BHstA MZE dHg Mo R LIEHH THOIC)

2 of TAIE HiS ZH0], BEH7I& 2] CMOS OlO|X|MA 2| EHelsta =, PE EHEAT|E(11)off 2RO pHE (1
2) g s O3, CHelstAZtol BBlE QIF WEMNN(13) 2 FMEich ojof 47| PE BHERZIEH 11) LIRO P-
NEESE (17a,17b) 8 E45to{ TECIO|QEZ(PD) & 01F 1, AV| BIZA|Z|E(11) off 47| LEC}O|RE(PD) EFE
MME HetE Mot M s ZEREYHES(18a) 2 HAsirch

0l04 47| ZECIO|2E(PD) REE| ZREIMES(184) Q& 47| AXEE sy It EMAHEMX|AE(Tx) Q)
AolEXZ 2 S5, &7 ERETUES (182) 2 2lAAF|7] |IFt S| ERR|IAE(Rx) 2 HO|EXZ S HHEirt
. Olo] 47| EREYEAS(18a) ofl M7|HMe R HAE HOIEFIS & ECI0|EHEMXIAE] (Dx) 2 OER &S S8t
AS E RHAlo] AOIETI SR ekt MEEERMK|IAH (Sx) 8 B ol M, 47| EHEMXIAE(RX) S £
EHO|HEBX|AE|(Dx) = SBHUEE(18b) 2 7HKXIMH, 47| SSHEH(18b) 2 47| HEAZIT(11) It PE "(12) 9
ZAoll EEECE oo 47| WeHeigk(13) o Y=of MBEEMK|AE (Sx) o] HOIETI S HHSIH, &7 =8t
O|= ERMX|AE|(Dx) oF MBEEMK|IAE (Sx) = LDD(Lightly Doped Drain) X 2| B8 S(19) ol HAMELC}
. 07| AIO|ETZ 2 HOIEAEE(14), ZE|MBIR(15) T HAHAMBIMOIE(16) 2 O|F0{X|H, AlOIEXZS &

Holl= FHAT0|A(20) 7t WHEICH

BT 4714712 EXIAE(TX,Rx,Dx,Sx) &5o FRDE 2t MMSTEIRN(21,22) 3 M2& AR (23,2
4,25)8 EHetT, 47| A1 28 AR E (21,22,23,24,25) 8 MEIMo 2 AlZfsto] 47 ERMXIAEE(TX,Rx,D
x,Sx) & I Aot A5 7| sl ElEHE/Y R 0lE/ElEHELI0IEEH012(26,27,28) &l MBH 22 0|F0{F A1,282
SHIMES SAMSHCH E3F AV 22 SHiM AF20) &7 B2 ASEX|(Scratch) ERE AXE H5 817 98l Arspat
(29) & Esta(30) 2 O|R0{ZTI AXEZ U S AN, A7 £XEZ 9 Aol He{o|Ojx| 23S s 4719
ChRigtA uidQlol XA XEM gl MM r M XtEM MEMOR FAME ZBEE((31) 2] HIY( Color Filter
Array; CFA) 3Hg TIFEICH olof #7| HE{EE|(31) of i 470 BEE(32) 8 Y TS, 471 BEHE(32
) g0l HeigE|(31) ol T stz 0lolaZRIA(33) & SHEH

olgh 22 BHOI BF BRE F BUXIYR! EECOISE AR0E FENE A8t K125 HAH(21,22,23,24
,25), ~KE $8529,30), EHEE(31) Y olo|a 2 =(33) 20| fIRISHAH ECt.
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MEE HIo ZHol, BEivIeoME R ERIEE U HATo EME M AIFIT] 6l CHEtAniCh olo|2 RRE(33
) B EAstof YAES ElSAIT|T 2L, olo|Z2RIX(33) 2 K4 E QUARS nlo|a2RIx(33) o BAIRS FH
of UAZE 7l EEtx|ER 22 40| 2 (Photon flux) O] RIS St StL{El T CHRISIA L ZARS Fuwe2 ¢l
Zl&e & Photon) 8] 2 & Eelx|H et

0

rr ©

Z 4

5 pelsthol S4(6 =0 .="0) 22" UMEIE B ZEE i ot 5tH, BHosthol FHOR AUNAE 0 ="0 2
UAElE FRtel ZE i £ i % cos*6 Of HIZSIEE cos®e BHE ZASHA 0k Wt BelstA R YAl FXte)
UAZI = E E0430{0k2E BHCL

Olzgt olnfx| Mol EME FAAIZIZ| Y&l HTHTIE(11)2 SYUSH 7HAZ LA 4.72~ 3.482] 2HE(N g
)2 7HRIH, iS4 Q| ZECIO|QE(PD) & HASH £ ZECIO|RE(PD) M| £E2 S EE HAS(PMD)(2
1,22) 2 EAX 02 JHAIRMAEACH(450~635nm) Ol A 1.48~ 1.462 2HE(N )2 ZeCh 18|3 nto[mR2RE(
33)&= F0| 7.5ym, =0|7t 2.6pm=2 HMEICH

Olet A2 2ol CeEtAR YUMEIE AR Q| £ AZI2 0(degree) OIX|EL, DIO|Z R = (33) 0 #HSIE &2
A o] 2AtZE 2 BIoiM Olo|2RMA2(33) 2] HEAIQH Olo|a R /IX(33) of ZEof 2|stod HetA Ert. F,

£ & Z71E0)A UAFZO| O(degree) 9! 2AZO| OIO|ZERA(33) o] SARE QAL el AMZHS 0(degree) O
ZlD olo|2 R R (33) 2] JHEAIE| RECRE YAFH Mol YAZE 33.5(degree) 7t EICH. O A EHRIEHA0| ZEL}
O|2C=(PD) SECE QUAMZO| MTFE|0] QUANEIH, £1F EECIOIQE(PD) 2 UALElE QAR S| QIAMZIE 7} ZECH
Ol (PD)o2 o] AR EEE ARt ECh

m2kAd, olojxjMAMoiM ZECIO|E(PD) 2 £5 UALEIE YAIZEE 37 (degree) 7t ElCH 22|22 £HRJ3tA0
ZECO|2E(PD) 7} HotE e £ = ZACHH| FHol Mol TS cos?(37)="0.488" O] EICh. CHA|ZSE, ZE
Chol2=(PD) EoliMe] ZETJ1 100%0|™ otojz 221X (33) o] 7t & A2l RUALE 2UAE 0] ZECHO|RE(PD)
B UAE ol REE 48,8% 2, ZEL}OIQE(PD) 2 FHENME o 51.2%2] FEo| £AxlE 2A™ol lcth.

YHo| o|F X st 7EH TN

2 Y4B 4ulo] XS sEsy| ol AES WeRM, 2ECH0|QE0} F|& SZHHAT Atolo] 80| H2 &
&S F7I2 SASDEM AR 28 YA IRtag U FHEE JiMste Mes ololx|dAMel x=
g M3l 2 S5o| /ot

gregol g 9l &

Mg 2@M5h7| st 2 drgol Mool & o|0|XIMM MZE Y2 7B RECHO[REYY] Wl S A
= A1, AT ZEClole =Y Ao 2ME NV N,V 0|T Stk meozs.a O X

1HIE S HAastE Ml 2 B, AV ZECo|2EEYo] AR HEE &7 AMEHASE MHeE M 3 BHA, &

7| A2 Ao] M2XSE SHAMse Xl 4 TAHIE ZESH04 O|F0|NE EXeE st

o3, & LHo| H3te 7leEokoix SH2 X|ME JHE Rt B wiHol Ve AYE B0I5tH HAIE + g BE
B 4As dYst7| fistod, & Hof JHE b IS MA0E My THE xSt UYsIV|E Bt

HEEW T 3a Ul E 3= 2 2ol Aol HE 0l0IXIMAMS] BHoIstA RZ WHE Lietd 3RO M
g2 ojnix|dAle] CHolstas Baol Erelstast SYs FXE ZErt
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& 3a0 TAIE HIQE Zhol, AEIE27IE(41) 0l 2 FHE 9IE A3 SHE MAISID BEOIRE FlE OHE, 9431
2 AlAI5tod SHEM(Lateral diffusion) 0f 2|8 PE 2(42) 2 HAIBICH 0471A 47 PE 2(42) 2 MHEERX|A
E{(Sx) &t EBt0|EERX|AE(Dx) 7t k= Yodolct.

olo] E2istAzto| ERjat Eemdul(43) 2 SUE £ HOIEAMSIEH44) 8 EEEt T &7 HOo|EAS BN 44) &0
EFolgtA L) ERXIAEIE S HOIEFZ S Y57 fls] ZIMEIR(45) o DA AB|AO| =8 (46) & Qi&Eo=z
Hystm ota3 ¥ A7 3-E Sl ol AOIEXI S i) of7IM 4] theol AlolEd3 SR A% EM
A2HEMKIAE(Tx), EIMEBXIAE(RX), ECIO|EERIX|AE|(Dx), MHEEMX|AE|(Sx) 2l HIO|EXISE 0|
ok,

Olof 47| ATE ARoll ZECIOIQE(PD)E HAsty] QI8 AT BSUE MAlStD N- TEYAED P T EHHMS
Bty /8N Ol2F UM PP o|RF g ERMAHERMXIAE(Tx) 2 HOIEXS Eéaﬂlcﬂﬁ A|\HHEEG =T AA
Bk o] W A7) PE 71EH(41), N- EEYEA(474) L PO EAH(47b) 2 PNPTEL| ZELCIO|RE(47) B st}

0/0{ EBIO|EHEBR|AE|( Dx) o 4HE EMX|IAE(SX) l N& LDD(Lightly Doped Drain) O|2F & 2§t ojA3
mEe gMsln EE0I22 Fslod LDDYY (49a) 2 BMgicl,

0/0] ERXIAEEL| AQA/=HQl Woig TS| Qs AASIera{7[AFZ A H(Low Pressure Chemical Vapor D
eposition; LPCVD) & 01835104 Mer4tslel(LP- Oxide) 8 &35k FEAIZMslod HOlEXI= 0| Hwo) M= M3t
SAHO|M(50) B EAE £, 15E NS EE 0122 & ntAanHE AsloI NE E=E ol2FYUs AAlst
0 E-EMEUSE(49b) 2 BB

H

& 3bofl TAIE HEQH Z0], 47| ZatE 48 53] ZECIOIRE(PD) o] #Eo] HEKNE(51) 8 S

IlllO

o) i HHRESB(51)2 7MI% Me39el 450~ 635nm ol Cislod 2.25~ 2.652] 2HEE #E |TS, 425~ 21
13A ol RHE %= |88 =& AR &7t ol EX o2 W, ME|Z0] Ch #RE AF3FEH(Silicon- rich
Oxide), /\ILkolEEml‘:(Oxymtnde) = ARIELIOIEROIE( Silicon nitride) B X8 st XS5 B §ILIE 0]
g5t} 4710l HEHKFTE(51) 2 47 ZECIOIQE(PD) 2 YALEIE QAHE S ZEE BIMAIZICEH

Olo 47| HERTSE(51) &R0l HFYES Txstn =& U HYE MlEs Of g, 47 HElE Z4EE nta
AR 3o 47| ZECOIR=YNE AQst RES HHRME(51) 8 &4 £ TAMZEL

T3¢0l TAIE HreE ZHo|, 47| Zug Aol X{StEH T4 BAY (LPCVD) 22 AM1TEOS( T etraEthylOrthoSi
licate) ¥ (52a) & B e F, 47| MMTEOSH(52a) ol & 2fslst={ 7|4t S = ( Atmospheric Pressure CVD; AP
CVD) & 0|&3t04 BPSGE#(szb)% Bagict. olo Wr{E|E AAISo] 47| BPSGRH(52b) 2 EIZ 2 AIZICH 047]M
27| H1TEOSH(524a) L BPSGH(52b) & PMD( Premetal Dielectric Layer) (53) 2} Etrt.

0l04 7] PMD(53) &0l DtAAZHE HM SSA59AZIEH(BOE) & 018310 S AIZIE st1 SotaoraZt
ZHE 0|S B HISYAAIZS FIsstol 47| HESS(400) o ERio| 2HES WA 0o] 47| EHES ZFS
™™ol E|EHE/Y R 0/E/EIEHS LIOIERIOIZ( TI/AITIN) (54,55,56) 8 =ACZ S3F6CHS o}

g stod M134HIM(57) 8 BT

o=

E 3dol] T AIE HieE Zol, &7 A12 45l o) BEtE O E 7|4 &3 Plasma Enhanced CVD; PECVD) 2
0|8 5H04 R2TEOSEH81H(58) 2 B2t CHS, SOG(Spin On Glass) AH318H(50) 8 & ¥ x50 HAsT Y2
L EolX20LE 0|83 THAZICR ¥ E._fik"ﬂi} olof 47| HWEFSLE SOGAHEHEH(59) Aol ZotROlstsldo|ME

EH(PECVD) &2 0|8 3dtod S7HHdnl(60) 8 SEECt

T 3e0ll TAIE HIQH Z 0], A3 BHE HAM &7 £7+EHed0l(60) 2 2SS AZIEWHBOE) 22 St
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ECIE0LE O|BEH HISY M AIZE TIEsod M224HlME Qs 2EiES HAsC) olof 7| 2eiag Z8fe
£ &R0 EleHs/Y R 0lE/EIEHSLIO|ERIOIE(54a,550,560) & =ACI2 F46 12, 0l2a 35N AZt3xe 5
of M2Z2&HiM(61) 2 Eastch olof 47| M224HiM(61) AR EelxokstEr | MBS EH(PECYD) & 0/83810d
AXEZOH63) LEAM 44318 62a) Y EiEtel(62b) 8 B3EIC]

I 3foll TAIE Hiel ZHo], IHE2F(Pad open) 2 U5 47| Elglah(62p) X M3lEH(62a) 2 MEIR R MH5to] &

7l M224HiM(61) o A EHE T EAIZICH 0lo] 47] EQ EX|4D} EHIstA Aol ZE{E Rl Dyed photore

sistor; 0|3} Z{ZAZ ) S TX5IT HYIHo = AU{HE|(64) 8 FEHCH 0|0 &7] AP{HEE|(64) &5 0 0iol=
EHXo 7S HME Qlsto] olo|ZRHXHENS(65) 2 TAEH £ AV| Olo|Z R MXBEIS(65) Aol otojaE2
BHZ(66) 2 HAistch

0|9} ZHo| & YHAE PMD S4 M ZELCIO|RE(PD) A5 2.25~ 2.652] 2HE82 7HX|H 425~ 2113A & &
HE #E SFE5S Yislod ZTECIOIQEER QAIEIE QAME ZEE S/ £ M'I:t. = UME xR E 7
ol 2den FHol oEstc).

&

7] RS THE(Nx) 2,

o
H
g
ra
0z
N
30
R4l
ol
o

EH(Tx) =,

Ao
T,—(2n-1) an, [#—0,1,2,3,...]

olct ol M #7INy = FH3HAM Hikl= PMDl SHE(="1.48~ 1.46)0|1," N g= 7IH(41) 2 2HE(="4
.72~ 3.48) olcl.

Ol9t 20| E80| 2 HEHRHEE FIIEZ S35 %MP“-I THAE M EACHoM ZECHO|2E0] 4% EHl:H F
Wso] 4T ZEYE o 50% FAAIZ = UCH ofE S A ="6350m,” Nx="2.261," Tx="700A" Z?10% &
E HEHRHUEE 4 tid] FHo| 4T ZZF0| 71.9% 2 UAF S 2T E BXS| SHAZH = Ut

2 HHol 7|z Atd2 7] utEEE dAloo] w2t Moz YlgEIleu, 7[E dAldiEs O dEE f{F Rl
o 2 AEHS 22t Wo| ot Folstofof Brot. FEFH 2 WHO| Vg 2oke| SH o TEVIEHH 2 WHo| Vs MY
of = LHoA] Chfst AAlof7t 7HsEE olsHE 4= ig Ziolch

£ 2 YH2 §429 cM0s 3 CCD o|ojxjMiA el Xﬂ 1Z2 M8s5tn RECO|QE &7 HERHEsE Y
‘QAP%O{I et ZECO|IREL] S4F ChH| FHE L ’é*EH ZEFE SVIMTIREM o[njx|MMel gxlz e U
FAIE & e 2071 Qo

mﬂ
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Ol0IX|MIM &Mz 2ol oM,
7|Eo ZECHO|I2E ¥ U FHAXE BHsts M 1 B4

}él.?l EEE}'OIEE%’Qj. g—biﬂ—oﬂ ‘_é"xél% N}:»fﬁ,{?j(f- OL—IL %7}“7‘_ Zm-1) 43’:",L 0,1,2,3....4 O] X‘!H e 4%% 'égko-l(—;-l,_:_ X‘“ 2

EHA;

A7 ZECIO|QE2ded 9

0z
Bl

offt HEE 47| M1HUSE MAHsHE M3 B Y
A7) Zate Mol H2HMES HAastE M 4 B

E x&stod o|Ro{RE BE2R st OlDlXI.*i'H MZE gl

q37E 2

A 1 goll QloiA,

M7l H 4 BAH E

&7 22 420 &M W AXE2YE FYste M 5 BAHE ZEStod 0]F0{x|H,

o
ox

47| 4oE &0l AHUEQ} nio|aZMEE YYHstE & 6 HAHE of XS] o|Fo{EE 5EH2E 5t 0/0iX]
MM Mz g

03t

:FL

0%

3.
A 1 2ol oA,
#7712 EHolA,

A7) M1EHPES 425~ 2113A 2| AL g SE22 st olnIxIMAM M= Wi

0

T+ 4.
A 1 gof 2lodM,
A7| & 2 SAolM,

H7I M1 HHEES2 2.25~ 2650 2HECQ AE EFCR st= OIDIXIHM Az ¢H.

0

T 5.
A 1 ol 2o,
A7 & 2 EHAO)A,

7| M1HHEcR FHAISE O|8FE SEOR o= OlOIRIMAM M= Y.
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7Y 6.
® 1 gof oA,
871 % 2 EA0A,

H7INo £ 47| M2HAFo| ZHEOIL, ¥VINgE 71 7|He 2HEC W& SET2R 3= Ol0IX|MAM ME gy

h

478 7.

0

A 1 Zof 2oiA,
A7 & 2 BHAoIAM,

71 M1HedisE2 AElZo| i E HRE &Y, SAILIO|ERIOIE £ AM2IELIo|ERIO|E & ol SlLLE Ol8' S
EZoR st Ol0X[MA MZE .

D —T1 Ix_ [ Dx

—
Sy
{
rn
40
o
B>

[T ———————— S L A e R i i et
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PURPOSE: A method for manufacturing a buried contact solar cell is provided to simplify
solar cell manufacturing processes by forming a selective emitter layer through one
doping process. CONSTITUTION: A mask layer(110) is formed on a semiconductor
substrate(100). A part of the mask layer is eliminated. A groove(G) for forming an
electrode is formed on a semiconductor substrate to correspond to the eliminated part of
the mask layer. An emitter layer(120) is formed by doping dopants in the mask layer and
the groove. An anti-reflection layer(130) is formed on the upper side of the emitter layer.
A front electrode(142) is formed in the groove of the semiconductor substrate.
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SHSd 10-2010-0118864

(19) dU=FEIHEKR) (11) 3AME  10-2010-0118864
(12) A5 FTRA) (43) ZAYLA 20109118082
(71) 4%
(51) Int. CI. ?r‘-):]_ﬂx}. 54

HOIL 31/042 (2006.01) NEEHA nlET TUE 45081

(21) 4¥is 10-2009-0037787
(22) 2997 20003048299 (72) f}‘:fg
AIALA LG ) al
PR 0o AV A BN BAT 076 FROIHE 21
3% 105%
N3
A7)IE SFFA] oheFT QHAk6F 435-0 A YH R
210%
*34
MEERA $37 I¢F dololsE 60235
(74) R
EFye$d

AR FNY

(54) $EAFY HFAAY A=Y

ey o ob
{57 & =F

E gy JEA3E gAY AzdEe #8 Aojth. E diiHE WA PdaX3d 48F 719(102)9
AR AA 9o 49 vhaz £(110)8 9REE AASY HEHYD vkam 2(110M)S Y. 29 gF
924388 4gF 7]W(102) 49 AWATE FOE A 98 44338 FPd. ol 927yl 4
AT 718(102) 9] H(112)9 tisiA gt 2 o] o|Fejxx, 4] HEYE vla3 F(110") % Fse FEo o
e HZo] A Ferk. 37 44FFd ng dPATE TG 4P e =BITFE FYE.
olf A7) EFFA A 47 BXE )Y FIe 2FvxEE E3H, A7 HE3D ria3 21003 He
ERREe Axry 3T & 3 He m@FHow Mz JduE(selective emitter) Z(120)¢] A HE
Rojtt. azjxm A7) HAeYd ria3a £(110)€ AAsT, A7 48 J9F dv|g 3(120) 5o SApd
Ae(130)S FAEY. 28 g Ay g24Y" A 713(102)9 Ahd AP F(@AE A9HT(142)
< Adm F9 AA 9F¥de FUAF(14)S AT, ol9} Z& E U gad, el A3 Ao
g8 AWAITE & NS £ Y=, A9F vy 3£ ¥ dY TR FHT £ o A4 FHAL Th
3 £ Q& ojdo] g}

H ¥ E-R3

IPR2025-00811
Apple-Sony EX1002 Page 161



SIS0l 10-2010-0118864

A7 1
HEA gl A% AA) @ rlaz

371 B89 vkea F9 dFES AASNE ntea F AEE A,

tlo
of
oX,
o,
il
A,
(>
W
ofj
o
oX,
5L
X

A7) AAR vhaz T dFE ggse A7) wEd slgd AF3844 E(Groove)E AR F I
Al

371 ka3 & R FA BEeES =989 dujE 32 F4sE dviE 3 g49A;

371 AnE Fol 84HY, A7) vtad F9 UwA FEF RAES FAY AAdE vta3 F AACGA;
271 249 AuE F FRd SAMA S 5 WA Y A9,

A7) Bz 7l gAY Fole AWAFE 4T FH AA WHAE FHASTE IS AT 8
@4 28z

371 3AE AT R FEAT] A7) BEA e WUHez AZHES dAYse MDA E ¥
o

A 189 golA,

2A 712 9209 (Testuring)3e 2R F4EAZ A7) pkaa 5 99A ol F4se
AoE e GEAIY BPAN Az,

371
A

e,

tio
St

A7 3

A 18 e A 289 oM, A7) vi2a & AGAE,

3}8}= 2 (Chemical Vapor Deposition: C(VD), ZF(evaporation), =%E{F(sputtering), =¥ Z®W(Spin
Coating), ¥FA(Inkjet), 238 =YX, 4 Aksl(thermal oxidation) WHE F o= s s dA=:
AL EACE e FEAFY HIAXY Az,

2784

A 18 glojA, 471 rlea F e daAdlA,

7] w3 FL&, 2 ZH(Photo-lithography) W4, 217t #He]2~E(Etching Paste)E o]&3 Y3 A(Inkjet)
T 238 Zdy W HolAE o] 8% FJe]d(Laser ablation) W F o= e I3 HHEHE AS
EAdoz gt FE513Y HYAAY Az,

AT% 5

A 1890 lojA, A7) rlea F HEYeEdE,

371 9298 BEA 7@ FRd 7] vea T vBNE FueM, 2 BYoE dH9YE nfa3a
€ 47 BEA e AR AR F4d1,

A7) HEdE vka3a & YA A(Inkjet) WE =
ERoR & FEAFY HEHAY Az,
3786

A 439 9ol A,

A7) slea &, tFA wigloj(Diffusion Barrier)2 AME7F5d Oxide AlE E& Nitride AQY #34 &
2, Hol2E(Paste), F718 5 olx s E22 AHE AL EHoR & SEATE HIAA Y AF

.

o
[

¥ U8 WY F ok SuE o8sd F4IE

L
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277

A 139 JdelA, A7 & FAGAE,

WA o] alZ+(Reactive lon Btching: RIE), Z#}=n} 4zH(Plasma Etching), 442 (Wet Btching) 24
Z oz el gs Ar] uizA] Jjgdnt AYF oz AARFHe] AAHE A& B0 jE FEHNTE

A= o] Az,

374 8

A 789 gloA,

Zatzn} 27 (Plasma Etching) Hhdo] AAHE 73

A7) WA o] Az (Reactive lon Btching: RIE) &
Edoz e 2438 gedxy Axyd.

%, F AY Ex (1 A99 ug 7t2E olfde 7;
37%9

A 8% oA,

A7) €447 wio] AAIEE Aede AAcid) AEY FAHEd T I (Alkaline) AGY H4EL

4
2 olgstt A2 BAo2 st YEIFY HYAAY Az,

x
K-R
=1

A 13 AoA, 27] quE T AN,

27 QpEo] AAY rla F& OFA Mol o8 Hol 47 Aol AAD slaa 37 Po BE
A A% AsEe s9du, 4] $EA R 949 § AL HAAo2 nyEe B49E 42 59
o2 a4t $EAFE HPAAY AZLY,

A7 1
A 18 T A 1089 oA,

A7) e & FHdAE, TH HUX(tube furnace)E o) 8% tFA(Diffusion) B T WE
HYA(belt furnace)E ©]-43% dFADiffusion), & #Ho](Spray), SOD(Spin On Dopant), Z&k=n}
=% (Plasma Doping) WY & o shjol] 93] dAHE AL SHOZ e FEAFTFE HEIAY

rl

AZY.
SRR L
e d o
fo001] B ouge gogaxd #e Aoz, 53 BTa 7% P EGroove)S WL & o] AZL Y o
2459 gAY Azgiel 38 Rojoh

[0002]

°le2 EM a Tcﬂlz\ig YEFAAE o= z} o] _?_3}1 a7
At HPHAAE HYLL ol Hile HANseH 38T 3]
o JAE ol&sty EH'%}“‘(photons)g A71UR 2 A= b
WHoz o AA(ols HEaA E $E dBEY.

[0003] 47 AYRAE BEAY P AY 5HE o|8% A0BA, pY WSS nY WEAS 2T BET,
p® BEAS nd BEAZ FE FE(n AP0 Lo) ol 2W, % o] lshe] WEA HFAA po]
vae) AsHAA)G Fead AHAZ)7H BART. A7 2 iAol o8 2AY AAY AT o)

- 3 _
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[0004]

[0005]

[0006]

[0007]

[0008]

[0009]

[0010]

[0011]

[0012]

[0013]

[0014]

[0015]

[0016]

[0017]

BHES 10-2010-0118864

A g8t 242 ng HEAE pE HMEASOE o535 ¥FY AFH HopAn. ojHE F A9 A

28 £HoE dFY A%V 323 RN AHor o8 & 9A I},

olF g HYAAE AT e wet 23 ZTAHF UAX](Screen Printing Solar Cell: ©]&F 'SPSC' &

k2o FEASE B2 (Buried Contact Solar Cell: o]3F 'BCSC'8 fdshg T8 5+ 9ot

#7] 'SPSC'E gt o R A28} folgkAnt iz WE Fgo] W Holt}, ol F& AFd g ¥

AL, T AF 3844 71989 AY 2 duFoR A =RH Q& duE dddA g dlElolgy 2

AZEE ol EF V|9 2L o] FE 'SP AME dFI2AFEEY B2 ZA2ZA(blue

response) §43o} B&a}ir},

B, A7) 'BCSC'E A7) 'SPSC' el HlE AR 47 A FAo] BFE ©3o] oy, 58S g7

o= FAAD £ & Adez dd HAZde 'BCSC'Y diE B AT} °]—r°‘]7]31 911’4-.

T 16 ekl 'BCSC' Y AZFREI ZAH Utk Ade A4 'BCSC'Y AR AR Bz sjHe

2A, 2AA 4g3(Si) 7|8S 4= Bof A3,

T 18 d9sd, 94 A2 9S 2988 372 A2 § " 283 AgE 799 59 dgolyg &

A BES AASE A9 2 o)A (Saw damage etching) FAo] FHT(S10).

q7) AAZEE v AYE 7)o t# 934 o] 4 (Reactive lon Etching:RIE) ®

4 ZH(Wet Btching) WHE o289 H2AH(Texturing) 34 FHITH(S12). A7) g4

o A7 AEE J)9d AHe YAEHE W walg gaAe FRE 3490

A7) 92x8 48 H2Z 7199 g8 899 ECE(EHE)S 2359 A5 dugEs 8

Aol FPETHSI4). A7)A, TeF 7] dulgHe] kR TR Eo FAHE AL, W £48
[e]

]
A

%4
o

1=33F
T 2%¥EY =HEE] 4 7| Yo Aoz AR $HE0] FAHT, o2 AH At #H
o] ZaHo| fFHA ] FFaEo] A £ Yot 2%7] W] AgEe JrEHFE F4se Aol

371 Ak dnEFo] d4E vF °ﬂ“ ’5‘7] AFE ouEFE FPA A= 3?—"} g AAZE A1FAE
AAZRo] TAATHSIE). 27 FAEL, p8 7l¥d 08 =HEE FMTIE B9 ‘2}’“51“
PSG(Phosphor-Silicate Glass) &= n% 71gd pd E=HEES FAgIE AS *2}/‘45]“ BSG(Boro-Silicate

Glass)E Tatth. 47] PSG Ex BSGE AX9 AFE AoA7e 9&E &7 o AXEEE $ol] 8
A e} & o)g3te HWEA AAF Fojof dr}

A7) Bl AAEY, 47 duiEF A H%F walE gr] 9§ wAER T A E FHo| &
PHTH(S18). A7) wkAbdA|eE AeE 7ighe] ¥l B I (Passivation) H¥E o).

47] WAl o] HAE tgde dE 718y AYW WEAR E(Groove)E BARATE Tl
FET(S20). F7] EL&, §E2d3(Buried Contact)o] AL Fo2, #o]A(Laser) B HUE(Dicing
Saw) & o] g3t FgHr).

A7) Eol A A7) FEAFAY FEATE o7 A3 & ®xdo] 4 7|97 e Bl E¢E
& =989 a¥E JuEHES d4sE AP ITHL FAFT(S22). o9 o], V] AIEF T AE
BFHEL 58 M2 dE & VA E duEES g4 RS HEF duE(selective emitter) 2 H 8}
i

1Ex AuEZ A LASE BAES AASE A2RAE
AAFTAC] FPAHS2). B7] FAEL FedRel, PG B BSGE T

olo}A, Ay A& siwe AW 48 2o 3% Fo|2EE AgEo AFE
gAate 40| FHPHHS26). 47 35 %(A 5ol 182 + Yo}, oldd=
23Y ZIY 7|y So] &g}, 47 A = T2 A48 AAE 35 988
stx, F9d Y49 AFL 4E 7w FUAAY F wAE A9 Aage dAse 9
Eis

A7] A - Fdo] AP AFo] FYZ 7B Ar|Foe dFHEE X TS FPFTHS8). oy, A
71 A8 7199 FRde A7) F& Ho|2E7L 7] Az “‘74"1] o8 249 FARE Ao T A
A% (Back Surface Field: BSF)S @48t 7] 'BSF'& AAE dA4ste] Foj71g A7) A& 7jge &

2 mlol

— 4 —_
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foorg] ¥, 7] 949 d9 392 2 AAR 39 49 V)5S 732 = QA A=F(seed layer) S22 %
€ GAske 40 F712 AAE & ATHS30).
P
]

3
[0019] a8y, E39 'BCSC'Y AzHH e Ty 2 A A

0020  RA, AolA(Laser) T ABFDicing S o183l FE BT A9 IT A9 2IHA &
g F2AY F g 59 dolA(laser)® 083 T2 FUHE e ¥ 2xE I8 7% ¥R
%ol A2 Al PART ol Ue FHdel 44T 2AE AZYAIE 2%0] Fo) ¥R ART
SE8 F7171 A9 Fol= HaAife tine)d FAAAE BAH] 4T

2] mge2, 4] NEF duieRe Y] FsAE AL R A2ELTAL FEA Sgstejo} Bt ol A
97 oele3e 4 A 340) B3, oo Bet B4 ¥l F7kke 2AY U

0022 E®, B4doz, £RTHL BB AU /1%l UFANI A GAATAL FUsHl Hed), ol
9% ned eAHFAL a2 slue) EAe ARV YUo F8VT. a7, P KC'E,
@ Bk ol AL % A2ERFAL $URT Po) LT J1wY FAL 0L ARATE AR U

an

[0023] whehA] g7 A% Aoz, Aoy o= gd(life time)o] A
HE A vlEY] F4FAE aFE] A% FEATE HEAR AxPee AT
s A

[0024] 718 wpst 2L 5HL 2] AF £ 299 A nEw, 2 2Re i=A |9 3R 34 e
k23 € FASE ntea 5 FABAL A7) 49 vz ~—4 ‘Q € AAs e vt2z 5 HEEEA;

371 AAE vh2z ~’=«1 FEG digdte A7 BxA s A58948 3Z(Groove)~ Fyske & 4G

71]; 371 vt&3 F R B E¢ES =48y dvy 5 ¥4se JHH & d‘*qﬁﬂ "‘71 AuE Fol

JH™, 7] vi=a Fo] YHx < BA AAgE vlad 3 A
}‘t}‘!‘(’“ sAbEA SRS F4she SABEAY @49 7] wEA 7)dd ¥ é%
T AA WHde FHAFE e A5 AL a8 3] ¥4
] B=A Jlgd Arlder dZH=E FALse @A E“?}‘?}E}.

{0025] 7 e 71%e g2 (Texturing) 3 G2AF FHATAL 7] vfa3a § DA oldd F3hgrt.

N

[0026] 271 st2z & g49de, 383F(Chemical Vapor Deposition: CVD), %F(evaporation), =HEH
(sputtering), =¥ Z®(Spin Coating), AZA(Inkjet), 238 ZTAP, & 28 (thermal oxidation) L
F oL s o8 AA "

[0027) 27] vt23 & HEYdaAdn, 4
Paste)& o|&d AZA(Inkjet) E
ol= Fud o3 FHEFE}. £&
A, 44 Zgo= FAEHYE rix3
Qe okr3 22 3 A(Inkjet

%22k (Photo-lithography) W4, 47 Ho]2E(Etching

By, o)A g o] wEld(Laser ablation) W F
g2xgd B ] 71ge] R 47] miza Fo] v|EAE A
’2}71 BeA e AR AR 4 £ Yk 974, A7) FEH
T 239 ZHUH Y F o= FUE ol&std AL

[0028] A7) nkaz F&, dFA w2lol(Diffusion Barrier)2 AR 7Hs# Oxide AY %=+ Nitride AQ9 $AA &
3, #Ho]2E(Paste), F718 5 o= sh}e A2 EAAY.

[0029] A7) & dAdAE, &4 o]l 4z (Reactive Ion Etching: RIE), zn} 2 z+(Plasma Etching), €44
ZH(Wet Etching) Bo“ﬁ °1‘— spto] s} A7) WA slgtonk X ‘-5‘—1”-?"3 AAF Ao dAHT}.

7] ¥k8Ad o] 4Z(Reactive lon Etching: RIE) Tt Z&}=n} 47}(Plasma Etching) WHo] AAHE A

, FAE BE Cl AEY 9§ 7t2E 048

v
oL
o2

[0030]

o ox
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[0031]

[0032]

[0033]

[0034]

[0035]

[0036]

[0037)

[0038]

[0039]

[0040]

[0041]

[0042]

BIHS5! 10-2010-0118864

A7) 44 Aol A HE ALde HAcid) ALY 854 =& drtEel(Alkaline) AIEY 3884
g o] &g},

471 dulE & FAGANA, 7] dFEo] AAE vt F FH wig]o2 o]8Ho ’},
A" vl23 % Fote wxA 9e AFER =3EHn, A7) BeA] s 349
REEE T3HY,

A7 duie & 494, 5B HU2(tube furnace)E o] &¥ tFADiffusion) WY EE WE
(belt furnace)d ©]&3¥ UFA(Diffusion), 2E#o](Spray), SOD(Spin On Dopant), Ee+Zrl = (Plasma
Doping) WY 5 o vt s JAdrt.

oo ge T ZE B Y9 YRAFY 4IAAY A=Pel 2, 442 799 ARG, slaz
%(Mask Layer)& 3433 AR e the 47 AeD u}é 2 %0) QuAY 44FHE olgad
o=

E(Groove)e BAFeEA, o)A (Laser)E ol &3t £& FAHE o TAFE leloly 2ho]= BU(life
time) & 45 BA e 2H7} Yot

% A7) AEYEE vhea 28 oFd wElol(Diffusion Barrier)2 o] &3t & We =HFAL 53 "45‘331
dlu) el (selective emitter) & @Ashen), BIHA AZFEE 23288 £ o, 2 34 8&L
AA7I R, AF AAEVE e 29E JUE & 9

:uq

ghawel A SR A ol i
R ) e I A

ofst, 3 HEdAY AzPEe F5E =dd =AE gAY 44 dE Fudy
A8 AA dede BEFEAY Az HR2 WEF JRo2A, A 42(Si)
71as

= 20 B d9uo nldAdg 42X dd ge 3E2A3E gUARNY AZRFARI BAEH I, & 3=

= 29 @a@%"é HFAAY AxPde] AL BUER EAH I

T 28 dystd, 9A dE 7j9S 2% 37|E A21 99 Y 2 &3S AAsSEe e %
)% (Saw damage etching) &3¢] FHATH(S100).

A7) A A E 7)) e A o] HZH(Reactive lon Btching:RIE) B ®X &2 2ZH(Wet
Etching) W& o83t BAAH (Texturing) THE FRAT(S102). A7) @aAFY FAo] Fih=4d 7]
AYE 718 FHd YAEHE Y9 TAE AR TRE 499,

A7) a2y FRAY AYE J)ge AW Ao vkA3 Z(Mask Layer)S B4X 71 F40)

FYAT(S104). A7) rtaa &, ] AFE 7[83e] 47 A9 (Etching Selectivity)7} WM % of

oA Buste =3 ZAA UEA alglo](Diffusion Barrier)2 AME7FE A A ook st} 237 9
| Si0, SiN, TiO, AlO,

B, ¥7] vz 2, , . . 59 Oxide AQ T& Nitride A19¢

$AA 2% oluz}, OFA Helol(Diffusion Barrier)2 AME715% Ho)AE(Paste)s}, #7158 Fol Al

S5 Aol Frh. A7) 47 AEule 4 YA F 5%01 AZEHE g ¥ g Tt A, A7) v

23 2& 385 (Chemical Vapor Deposition: CVD), &% (evaporation), &HEH(sputtering), &3

:Tl_‘%(spm coating), A (Inkjet), 238 ZHUH, % Akl (thermal oxidation) §¢ Hhel 93

g4, -

A7) vkaz Fo] FAHA, A7) A& 71299 AW F E(Groove)o]l FHE F & P ntazm F9
ARELS AAsE ¥ (Patterning) F30] FAHH(S106). A7) Al 532, F44(Photo-1ithography)
Wl A7 wo]~E(Etching Paste)E ©]€3 A3 A(Inkjet) Tt 233 ZHUH Ty, HoJHE o]&& 7
E]d (Laser ablation) ¥ T s dztgt}.

o7]1M, 47 e rkad & dAse FAHN o, F&d uiet Zol Fr] & /) AHY
g4odd) ria3 S A% Ao HEHYTAE FIY £= JAY, I3 (Inkjet) T2 238
Wg o] gdte] Bx9 HEYFTA glo] ¥ W] HEYR rf23 F& o’“/‘]% F= Ao

BE
=3g

- 6 -
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[0043)

[0044]

[0045]

[0046)

[0047)

[0048]

SISl 10-2010-0118864

A7) JeJE rta3 $L o)gete] A2Z 7o & FAsr] AT HEE 4430 +PHTH(S108).
A7) AYAR J4FAHL A7) Jﬂﬁ"’l“] npa3 Fo o8 A7) A& Jld AW F Fol YAHE BEUE
JZASEE F8HEr), oo WA o] 4 ZHReactive Ion Etching: RIE), ZehZn} 4ZH(Plasma
Etching) ¥ %24 ZHAcid Wet Etching, Alkaline Wet Etching) 5¢ wWio] o]&Ho] Meld JzFAo] &
AT, o] FoA, A7] &G ol A3 Fepznt Af PG o] &dte AF, 4T 7tx(Gas)= F AE
EE Cl A€ 59 ¥ 7t2§ o)gdn. a8y, 7] 47 7kak old @#4HE AL ofd:, A7) rlxa
9 A=E 718 9 47 dgu|rt 5L keold o|&uedt. E U] £447 HE o]&sthe A
£ AAcid) AdY 324 T dvlelel(Alkaline) ALY 2L S ol4dT. vl A AGY FEER

NHO, CH;COOH
o HCL HE 3,73 L FEE LD EREE

9. agn, 4 aAea A2e gagae KOH NaOH IPA . ) g500 gag

9899 Twee 182G, 2o, Bl 4 ALY FHEL w}am ALY Fergae old @49
£ AL om, 7] whad 33 LS A% DY 47 Adust F& H9Edeld olgbs et

"17] ey 233 o8 A 7j8e] Fo] gRHH, A7) AYE |9 de vy EeES(E

& =93t A¥E oujE(selective emitter) & FA H:— TY3Ao] £YRVTU(S110). &, 47 =9 ‘—6175
o] FYFW, 47| riad Fo] AAY 99, F F "‘r—?—]% }7] RREY} AR JEE 7)o giEe] 1
TEE =3HD, W A7) rtaa Fo] EARE 998 7] RHEV} A mt23 F4 48 g ér’/]
Z 7oz ZiHojof 517] w7, FAETrt =¥ ”‘lfﬂ’—ﬁ o2 A¥ZE =3HA He Rt &,
7] HEE " vta3 & OFA WEo)(Diffusion Barrier) MY S-S 834 HE RAolth. o)y, A7)
BEE 23L& 90 ohm/squar o]e W AL NAEE =dH3, A7 A¥E =3 40 ohm/squar ©]8ke]
9 Agg MRS =3HA ste Ao| £ E A7) 493 dnjg F&, FH HUx(tube furnace)E ©
4% A Diffusion), BE HU&(belt furnace)F ©]83 tFd, 22 #o](Spray), SOD(Spin On
Dopant), E&=n} =3 (Plasma Doping) 59 WHol o] dAd. °]@ Zol, & W =AFHLE HYF
dulE S& 498 F Q7] B FEAFY GEAAE Az A AAFTES B2 = g2, o9 g
4 8¢ A7 £ do.

”’7] AeF dujg Fo] AR AHW, 7] rfaa 7, 47l A9F dojg & 44 LA} £
S AASE FAQo] FHPHTK(SIL2). 47 w3 3 FAEL 22 AY(0xide)d 34 EdolmE,
‘21\5} A gd S ol gt AAE & k. A7l BAELE, p¥ V)9 18 ZHEE MNIE BE A4
£ PSG(Phosphor-Silicate Glass) EE n8 7|#9) pd THEE FAAIE 49 AAYH
BSG(Boro-Silicate Glass) 58 &}, 47 PG EE BSGE AA9 ARE AHANE o
AANEES Fo|7] YA B=A AAFH Fojok g}

7] Pad & R $AE] AAD Bheole 47 AU ouHS 4R HIF HAE U] 9 BARA
] ] AL O, SiO
Te ARAT)E BA0] SAUTHSIL). A7 WAALE 510, SZN’f 23 Ny

T Fol 1.1 ~ 2.5 Alold] 2H &L VAT FAA %?——li gAst1, ol seFA(CD),
298 Y (sputtering), & AF(thermal oxidation), 2Z#e] 59 w4 oo AT, olajd WA=
& A& 7|#9 ¥ B35 (Passivation) §EE 5‘}1:},

olojA, 47] AeZ 7l¢te] A} ¥48 T UF € Fug RE REd F& ﬁﬂ‘ﬂéEE *}%3}01 aA5E

HAste o] FYATH(SIG). A7) B4 dol2EE UYANI), &(Ag), ABE(Cr), EFUEAL S0l °
28 4 Ay}, ojufdlE 233 THY, 2d4d(Stencil), I (Inkjet), NI2ZE A(Aerosol Jet), &HE
Y (Sputturing), 2 ¥ (evaporation) 5 o] AEE & ok, A7) A Fd G AF(ols "AA
AFrolgt #)L HIF S5 AXY A8 FASE 4T sz, Fd 4P AF(o)8 "FAHF
)L Y2 7l $HAAY F BAE Foln ALY AFAHE LA gES d.

agn A7) A9ds 3 3?‘&@%‘01 AT 71 ANHow JAHES 100 ol4e neolH A F

o><

ol

&< 37] "l

Aol #YATH(S118). 2H, AVAF 9] F&dA7} sAbiA g oz A5 2 7] WA o] A
d@gs 94 @ gekA, A /ﬁ < A2 712 AFsA Hol A7 ¥ (Ohmic Contact) FEHZ FA
He RAoth, zx 7] FHAFL A7) FHAFY FF dol2EV} 239 FARE 37 delE slgd)

- 7 —
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[0049)

[0050]

[0051]

[0052]

[0053]

[0054]

10055]

[0056]

[0057)

10058]

[0059]

[0060]

2MHES 10-2010-0118864

gasol 39 HAZ(Back Surface Field: BSF)E AT, 7] ¥4 AASE #AZ F43td Fo971=2
A7t B 7l FHoR oFste AL WAFE 4¥E ¥t

8, 47] A% A3 (0hmic Contact)S BT dPATL 2 AAZ Ad AF9 758 F4& 5=
AT, AEF(seed layer) 22X AHSE = A}, o] A% A7) ARATY AYL BFam FH0E o7
date] A7) gAE ARAT Aol =F & Aot EFTHo FEHez £98 F Yri(S120). old A
7l Bg 22 BEF R 348 £ Y. ] BF &, 7w, F4(Sn), Z2E(Cr), 2(Ag),
YUAN]) 59 =7 23 &= A7) &F 849 EFE0] A" + ).

e, = 3¢ Fx8Y & 294 29d FHS A AHEIZ I}

WA, E 3a)e BY 2 o4 (Saw damage etching) FFo] £3g A& 7[9H(100)0]t}h. Ay AgE
71%(100)¢] s &4 2Z(Vet Etching) BEE o] &3] HAX (Texturing) Y, = 3(b)S Zo] A7
A2 E 719(100)9 dAL g¥dHo] F/iE Fx2 49T,

A7) 92XFE AP 7]8(102) A9 AR OFA wPojz AHEUsE rtaa $(110)S 43
ol & 3(c)ol EAIH A,

A7) vkaa #(110)0] AHW, = 3(d)d E=AE Hle} #o) 47] daxygy JF 71w (102)9 AW F

E(Groove)o] AE R4 sFste rla3a $(110)9 dFE AAS Y e Y (Patterning) @ Pha3
F(110)E g4 gT.

29 B8 47 92998 A2 A0 FOS 3997 99 E 30AY 495z 424342 &
At &, 47 92998 42 ARw2)We] 4748 & Q=S A7) AHYD Ha3 $10)F g2
AYY LA 1B(0) B9 47 Au7 e 42eAg ogsel 42FPE FURE Rold. 29,

A7) 92A9R A2 B 7] YR sha $(1100)3 Fohe ¥R 4497 g1, Bl

AEdD ohaz $(1101)% P B FEA)A Aol uee dzto] o|FojA B},

3

gt AdejelA, 47 daxdd 422 79(102)3 o By ESE(EHE)S =387 Hu, A9y
Ie1El (selective emitter) &(120)0] B3R, 47 493 dujg £(120)2, = 3(H)d ZAE ule} Zo],
A7) g2X8g delE 718(102)904 37 HedE rlaz 21103 dake 49 A7) HEHYdE nkaa
F(110")o} tFA wielol(Diffusion Barrier)2 2H&3d) me} As=d ouly F(122)0] B4z, W A
7l 92488 422 7[8(102)9] 49 E(6) F9= Fudes a%E9 dng £(124)0] NI He
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(57) Abstract: The present invention provides methods of fabricating a radiation-absorbing semiconductor wafer by irradiating at
& least one surface location of a silicon substrate, e.g., an n-doped crystalline silicon, by a plurality of temporally short laser pulses,
e.g., femtosecond pulses, while exposing that location to a substance, e.g., SFg, having an electron-donating constituent so as to gen-
erate a substantially disordered surface layer (i.e., a microstructure layer) that incorporates a concentration of that electron -donating
constituent e.g., sulfur. The substrate is also annealed at an elevated temperature and for a duration selected to enhance the charge
carrier density in the surface layer. For example, the substrate can be annealed at a temperature in a range of about 700 K to about
900 K.
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MANUFACTURE OF SILICON-BASED DEVICES HAVING DISORDERED
SULFUR-DOPED SURFACE LAYERS

Federally Sponsored Research

The invention was made with Government support under contract DE-FC36-
016011051 awarded by Department of Energy (DOE). The Government has certain

rights in the invention.

Related Applications
The present application is a continuation-in-part (CIP) of co-pending patent

application entitled “Systems and Methods for Light Absorption and Field Emission
Using Microstructured Silicon,” filed on May 24, 2002, and having a Serial No.

10/155,429, which is herein incorporated by reference in its entirety.

Background of the Invention

The present invention relates generally to methods for fabricating radiation-
absorbing semiconductor wafers, and more particularly, to methods for fabricating
silicon wafers that can absorb radiation and exhibit diodic current-voltage
characteristics.

Modern semiconductor circuits are predominantly based on silicon, which can be
readily procured at a lower cost than any other semiconductor and can be easily
oxidized. Further, a band gap of 1.05 eV renders silicon suitable for detection of visible
light and conversion of sunlight into electricity. Silicon, however, has several
shortcomings. For example, it is an indirect band-gap material, and hence itis a
relatively poor light emitter. In addition, silicon is not particularly suitable for use in
detecting radiation having long wavelengths, such as, infrared radiation employed for
telecommunications. Although other semiconductor materials are available that can
detect long wavelength radiation better than silicon, they are generally more costly and
cannot be readily integrated in optoelectronic circuits that are primarily silicon-based.

Hence, there is a need for silicon-based semiconductor structures and wafers
with enhanced radiation-absorbing properties, particularly in wavelengths beyond the

band-gap of crystalline silicon. There is also a need for such wafers that can be utilized
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in fabricating photodetectors that exhibit enhanced tesponsivity in detecting radiation
over a wide wavelength range. Further, there is a need for methods of manufacturing

such silicon-based wafers.

Summary of the Invention
In one aspect, the present invention provides a method of fabricating a radiation-

absorbing semiconductor wafer by irradiating at least one surface location of a silicon
substrate, e.g., a crystalline silicon, with a plurality of temporally short laser pulses
while exposing that location to a substance having an electron-donating constituent so as
to generate a substantially disordered surface layer that incorporates a desired
concentration of the electron-donating constituent, e.g., a concentration in a range of
about 0.5 atom percent to about 5 atom percent, or from about 0.5 atom percent to about
1 atom percent. The substrate is preferably annealed at an elevated temperature and for
a duration selected to enhance charge carrier density, e.g., electron carrier density, in the
disordered surface layer.

In a related aspect, an annealing temperature and duration can be selected to
cause re-arrangement of atomic bonds in the surface layer so as to increase the
concentration of free electrons in the surface layer. Further, the annealing temperature
and duration can be selected to cause the surface layer to form a diode junction, e.g., a p-
n junction, with the underlying silicon substrate. The term “diode junction® is known in
the art and generally refers to a junction that can exhibit current rectification (e.g., a
junction that exhibits drastically different conductivities in one bias direction relative to
the other). Moreover, the annealing temperature and duration can be selected such that
the annealed substrate would exhibit a responsivity in a range of about 1 Ampere/Watt
(A/W) to about 200 A/W, or preferably in a range of about 10 A/W to about 200 A/W,
upon exposure of the surface layer to visible radiation having wavelengths in a range of
about 250 nm to about 1050 nm and application of a reverse bias in a range of about 0.1
V to about 15 V, or about 0.5 to about 15 V, to the substrate. Further, the annealing
temperature and duration can be selected such that the annealed substrate will exhibit a
responsivity in a range of about 0.1 Ampere/Watt (A/W) to about 100 A/W upon

exposure of the surface layer to visible radiation having at least a wavelength in a range
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of about 1050 nm to about 3500 nm and application of a reverse bias in a range of about
0.1 V to about 15 V to the substrate.

In a related aspect, the laser pulses irradiating the substrate’s surface have pulse
widths in a range of about a few nanoseconds to about 10 femtoseconds, and more
preferably in a range of about 50 to about 500 femtoseconds. The laser pulse fluences
can range from about 1 kJ/m? to about 30 kJ/m?, or from about 3 kJ/m? to about 15
kJ/m?, or from about 3 to about 8 kJ/m°. The annealing temperature can be in a range of
about 500 K to about 1100 X, preferably in a range of about 500 K to about 900 K, and
more preferably in a range of about 700 K to about 900 K, and the annealing duration
can be from about a few seconds to about a few hours.

In another aspect, the substance containing an electron-donating constituent can
be a gas, a fluid or a solid. Some examples of such substances include, without
limitation, SF¢, H,S, Cl,, and N,. For example, when SFg is utilized, the exposure of the
silicon surface to the laser pulses generates sulfur inchisions in a surface layer of the
substrate. The silicon substrate is preferably n-doped, but it can also be p-doped. The
substrate’s bulk doping level can be in a range of about 10! to about 10'® cm™.

In another aspect, the present invention provides a method of fabricating a
radiation-absorbing semiconductor structure that calls for irradiating each of a plurality
of locations on a surface of a silicon substrate with one or more femtosecond laser pulses
while exposing the surface to a sulfur-containing substance so as to generate a plurality
of sulfur inclusions in a surface layer of the substrate. The substrate is annealed at a
temperature in a range of about 500 K to about 1100 K for a time duration in a range of
about a few seconds to about a few hours. The annealing step can be performed
subsequent to, or simultaneously, with irradiation of the substrate’s surface with laser
pulses. Further, the annealing step can be performed in an inert atmosphere or in
vacuum (i.e., a low-pressure atmosphere).

In a related aspect, the light emitted in each laser pulse can have a narrow
spectrum and a central wavelength in a range of about 200 nm to about 1200 nm (e.g.,
800 nm or 1064 nm), fluences in a range of about 1 kJ/m? to about 30 kJ/m?, and more
preferably in a range of about 1 kJ/m®to about 10 kJ/m? ,and a repetition rate in a range
of about 1 kHz to about 50 MHz, or in a range of about 1 kHz to about 1 MHz.
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In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating a plurality of locations on a surface of a silicon
substrate with one or more laser pulses having pulse widths in a range of about 50 to
about 500 femtoseconds while exposing the surface to a substance having an electron-
donating constituent so as to generate a microstructured surface comprising inclusions
that incorporate the electron-donating constituent. The laser pulses can be directed at
the substrate in a direction forming a selected angle relative to the substrate’s surface,
e.g., normal to the surface. The substrate is annealed at an elevated temperature in range
of about 500 K to about 1100 K for a selected time duration, e.g., in a range of about a
few seconds to about a few hours. In certain applications, the annealing temperature can
be between about 500 K and 1000 K, and more preferably between 575 K and 875 K.

In another aspect, the invention provides a method of fabricating a
semiconductor wafer by irradiating at least one location on a surface of a silicon
substrate with temporally short laser pulses, e.g., femtosecond pulses, while exposing
the surface to a substance having an electron-donating constituent so as to generate a
microstructured surface layer having inclusions containing the electron-donating
constituent. The substrate can be annealed, either following the laser irradiation or
simultaneous therewith, at a temperature and for a duration selected to enhance the
responsivity of the microstructured substrate to electromagnetic radiation having at least
one wavelength in a range of about 250 nm to about 1100 nm by a factor of about 10, or
preferably about 20, or more preferably about 100, relative to a similarly microstructed
substrate but without annealing. The responsivity can be measured upon application ofa
reverse bias voltage in a range of about 0.5 V to about 15 V to the substrate. A suitable
annealing temperature for effecting such enhancement of the wafer’s responsivity lies in
a range of about 600 K to about 900 K, and more preferably in a range of about 700 K to
about 900 K, and a suitable annealing duration lies in a range of about a few seconds to
about a few hours.

In another aspect, the present invention provides a photodetector that includes a
silicon substrate having a surface layer, configured for exposure to external radiation,
that is doped with sulfur inclusions with an average concentration in a range of about 0.5
atom percent to about 5 atom percent so as to exhibit a diodic current-voltage

characteristic. The photodetector further includes a plurality of electric contacts, e.g., in
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the form of metallic coatings, that are disposed on selected portions of the substrate for
applying a selected reverse bias voltage, e.g., in a range of about 0.1 to about 15 volts, to
the surface layer for facilitating generation of an electrical signal, e.g., 2 photocurrent, in
response to exposure of the surface layer to electromagnetic radiation. The surface layer
is configured such that an electrical signal in response to an incident radiation having at
least a wavelength in a range of about 250 nm to about 1050 nm can be generated at a
responisivity greater than about 1 A/W. Preferably, the responsivity over the entire
range of about 250 nm to about 1050 nm is greater than about 1 A/W. For example, the
responsivity to at least one wavelength in this wavelength span, and preferably to all
wavelengths in this span, can be in a range of about 1 A/W to about 100 A/W, orina
range of about 10 A/W to about 100 A/W, or in a range of about 10 A/W to about 200
AW,

In another aspect, the photodetector can exhibit an average responsivity (i.e.,
responsivity averaged over a wavelength range) to wavelengths in a range of about 250
nm to about 1050 nm that is greater than about 1 A/W, e.g., an average responsivity in a
range of about 1 A/W to about 100 A/W, or an average responsivity in a range of about
10 A/W to about 200 A/W.

In another aspect, the photodetector can exhibit a responsivity greater than about
1 A/W (e.g., in arange of about 1 A/W to about 100 A/W) for wavelengths in a range of
about 250 nm to about 600 nm, as well as in a range of about 600 nm to about 1050 nm.
In a related aspect, the photodetector can exhibit a responsivity greater than about 0.1
AJ/W for incident radiation having at least one wavelength in a range of about 1050 nm
to about 2000 nm, and preferably in a range of about 1050 nm to about 3500 nm.
Preferably, the photodetector’s responsivity to all wavelengths in this range (about 1050
nm to about 3500 nm) is greater than about 0.1 A/W. For example, the detector’s
responsivity in this wavelength span can be in a range of about 0.1 A/W to about 100
A/W.

In another aspect, the photodetector can exhibit an average responsivity greater
than about 0.1 A/W (e.g., a responsivity in a range of about 0.1 A/W to about 100 A/W)
for radiation having wavelengths in a range of about 1050 nm to about 2000 nm, and

preferably in a range of about 1050 nm to about 3500 nm.
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Photodetectors according to the teachings of the invention, such as those
described above, provide a marked improvement over conventional silicon photodiodes
where responsivities greater than 1 A/W for wavelengths in a range of about 250 nm to
about 1050 nm are unknown. Further, responsivities of conventional silicon
photodiodes degrade drastically for wavelengths beyond 1050 nm, and are significantly
less than those that can be achieved by photodetectors of the present invention.

In another aspect, the surface layer can have a thickness in a range of about 10
nanometers to about 1 micron, and a microstructured morphology. For example, the
microstructured layer can be formed by a plurality of conical microstructures, each of
which can be composed of a core silicon portion forming a junction with a surface
portig(;n that is doped with sulfur. A term “conical structure or microstructure” as used
herei;a refers to a generally cone-like or columnar protrusion above the silicon surface
that can have vertical walls, or slanted walls that taper in the vertical direction. The
microstructures can have a height in a range of about 0.5 micron to about 30 microns
protruding from a base portion on the surface of the silicon substrate to a tip portion
having a radius of curvature of about a few hundred nanometers. The gradient of sulfur
concentration across the junction is substantially abrupt, although in some cases it can be
gradual with the core portion having some sulfur dopants. The sulfur-doped surface
layer can comprise silicon nanocrystals having diameters in a range of about 10 about 50
nanometers.

In another aspect, the invention provides a photodetector that includes a silicon
substrate having a microstructured layer incorporating inclusions containing an electron-
donating constituent. The microstructured layer is adjacent an underlying bulk silicon
portion and forms a diode junction therewith. The term “diode junction™ is known in the
art and generally refers to a junction that can exhibit current rectification (e.g., a junction
that exhibits drastically different conductivities in one bias direction relative to the
other). A well-known example of a diode junction is a p-n junction. An electrical
contact is disposed on a surface portion of the microstructured layer such that at least
another surface portion of that layer remains available for receiving incident
electromagnetic radiation. The photodetector can further include another electrical
contact disposed on a surface of the bulk silicon portion opposed to the microstructured

layer. The electrical contact layers allow application of a reverse bias voltage to the
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substrate to facilitate generation of an electrical signal, e.g., a photocurrent, in response
to exposure of the microstructured layer to incident radiation having wavelengths in
range of about 250 nm to about 1050 nm at a responsivity in a range of about 1 A/W to
about 200 A/W.

In a related aspect, the substrate can generate a photocurrent in response to
irradiation of the microstructured layer with radiation having wavelengths in a range of
about 1050 nm to about 3500 nm at a responsivity in a range of about 0.1 A/W to about
100 A/W.

In another aspect, the electron-donating constituent can be, for example, sulfur,
chlorine or nitrogen, and can be present in the microstructured layer at a concentration in
a range of about 0.5 to about 5 atom percent, or in a range of about 0.5 to about 1.5 atom
percent, or in a range of about 0.5 to about 1 atom percent.

In another aspect, the present invention provides a photodetector for use in the
visible and the infrared regions of the electromagnetic spectrum that includes a
crystalline silicon substrate having a microstructured surface layer characterized by a
plurality of substantially conical microstructures. The microstructured layer includes a
doped layer having a plurality of silicon nanocrystals that contain an electron-donating
dopant, such as sulfur, chlorine or nitrogen, with an average concentration in a range of
about 0.5 to about 1.5 atom percent. The microstructured layer exhibits a diodic current-
voltage curve and is configured to receive an external radiation. A plurality of electrical
contacts are disposed on selected portions of the substrate for applying a reverse bias
voltage to the microstructured layer in order to facilitate generation of an electrical
signal in response to irradiation of at least a portion of that layer. The photodetector
exhibits a responsivity greater that about 1 amperes/watt (A/W) for radiation
wavelengths in a range of about 250 nm to about 1050 nm and a responsivity greater
than about 0.1 amperes/watt for radiation wavelengths in a range of about 1050 nm to
about 3500 nm.

Further understanding of the invention can be obtained by reference to the
following detailed description in conjunction with the associated drawings, which are

briefly described below.
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Brief Description of the Drawings

FIGURE 1 is a flow chart depicting various steps in an exemplary embodiment

for generating a microstructured silicon wafer suitable for absorbing radiation,

FIGURE 2 is a schematic diagram of an exemplary apparatus for

microstructuring silicon wafers in accordance with one aspect of the invention,

FIGURE 3 is a scanning electron micrograph of a silicon surface, obtained at a
45-degree angle relative to the surface, after irradiation of the surface with 100 fsec

pulses having a central wavelength of 800 nm and a fluence of about 5 kJ/m?,

FIGURE 4 schematically illustrates an experimental set-up for performing
resistivity and Hall effect measurements on a silicon sample microstructured in

accordance with the teachings of the invention,

FIGURE 5 presents a plurality of graphs depicting wavelength absorptance of
prototype microstructured silicon wafers as a function of an average number of 100 laser
shots (8 kJ/m?) per location employed for microstructuring the wafers in the presence of
SFS)

FIGURE 6 presents a plurality of graphs depicting wavelength dependence of
absorptance of a plurality of prototype silicon wafers annealed at different temperatures
subsequent to their microstructuring by a plurality of femtosecond laser pulses (the room

temperature (300 K) data corresponds to a wafer that was not annealed),

FIGURE 7 presents graphs depicting wavelength dependence of absorptance for
exemplary femtosecond-laser-formed and nanosecond-laser-formed microstuctured
silicon wafers, before and after thermal annealing at 875 K for about 30 minutes (the
absorptance of an unstructured silicon substrate as a function of wavelength is also

shown for comparative purposes),
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FIGURE 8A presents graphs depicting absorptance as a function of wavelength
for a plurality of prototype silicon wafers microstructured by exposure to 500 laser shots
of femtosecond pulses (fluence of 8 kJ/m?) in the presence of different gases in the
absence of annealing (the graph designated vacuum relates to wafer microstructured in a

vacuum chamber at a base pressure less than about 10°° bar),

FIGURE 8B presents absorptance data as a function of wavelength for a plurality
of prototype silicon wafers microstructured by exposure to 500 shots of 100
femtosecond laser pulses (fluence of 8 kJ/m? in the presence of sulfur-bearing and non-
sulfur-bearing gases) indicating the positive effects of sulfur incorporation in enhancing

below band-gap absorptance,

FIGURE 9 presents graphs depicting wavelength dependence of absorptance for
a plurality of prototype silicon wafers microstructured by femtosecond laser pulses in

the presence of SFs at different partial pressures,
FIGURE 10 schematically illustrates a p-n junction in thermal equilibrium,

FIGURE 11A is a perspective view of a photodetector formed in accordance

with one embodiment of the invention,
FIGURE 11B is a side view of the photodetector depicted in FIGURE 11A,

FIGURE 12 presents graphs depicting current-voltage characteristics of a
plurality of exemplary silicon wafer microstructured by exposure to femtosecond laser
pulses in the absence of annealing as well as in the presence of annealing at different

annealing temperatures,
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FIGURE 13 presents graphs depicting responsivity of a plurality of silicon
wafers microstructured by exposure to femtosecond laser pulses in the presence of SFg
(with no annealing and with annealing at different temperatures) as a function of
wavelength in comparison with that of a commercial photodiode illustrating that a
significantly enhanced responsivity can be obtained by judicious annealing of wafers

subjected to laser microstructuring,

FIGURE 14 present graphs depicting current-voltage characteristics of a plurality
of exemplary prototype silicon wafers microstructured by femtosecond laser pulses at

different laser fluences and each annealed at 825 K,

FIGURE 15A presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and

each annealed at 825 K for about 30 minutes,

FIGURE 15B presents comparative responsivity measurements for prototype
silicon wafers microstructured by femtosecond laser pulses at different fluences and
each annealed at 1075 K for about 30 minutes,

FIGURE 16A presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pulses at a fluence

of 6 kJ/m? followed by annealing at 825 K for about 30 minutes,

FIGURE 16B presents current-voltage characteristics for n-doped and p-doped
silicon substrates microstructured by exposure to femtosecond laser pluses at a fluence

of 4 kJ/m? followed by annealing at 1075 K for about 30 minutes,

FIGURE 17A presents responsivity measurements for prototype exemplary n-
doped and p-doped silicon substrates microstructured at two different laser fluences (4
kJ/m? and 6 kJ/m?) and annealed at 825 K for about 30 minutes,
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FIGURE 17B presents responsivity measurements for prototype exemplary n-
doped and p-doped silicon substrates microstructured by femtosecond laser pulses at a

fluence of 4 kJ/m? and annealed at 1075 K for about 30 minutes,

FIGURE 18 presents a graph depicting responsivity as a function of back bias for
an n-doped silicon substrate microstructured via irradiation by femtosecond laser pulses
at a fluence of 4 kJ/m? and annealed at 825 K for about 30 minutes (the measurement
was performed by employing a white light source with an approximate power of 50

microwatts),

FIGURE 19A presents graphs depicting current-voltage characteristics of an n-
doped silicon sample microstructuured by femtosecond laser pulises at a fluence of 4

kJ/m? and annealed at 825 K as a function of operating temperature,

FIGURE 19B presents a graph depicting the responsivity of a microstructured
silicon wafer to incident radiation having a wavelength of 1064 nm as a function of

operating temperature,

FIGURE 20 illustrates current-voltage characteristics for a high resistivity
(resistivity greater than 1 Ohm-m) microstructured silicon wafer that can be utilized as a

solar cell, with and without one sun illumination,

FIGURE 21 illustrates current-voltage characteristics for a low resistivity (e.g., a
resistivity in a range of about (.01 to about 0.1 Ohm-m) microstructured silicon wafer

that can be utilized as solar, with and without one sun illumination,

FIGURE 22 schematically depicts an exemplary experimental set-up for
measuring field emission of a silicon substrate microstructured in accordance with the

teachings of the invention, and
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FIGURE 23 shows a graph depicting field emission current generated by a
silicon wafer microstructured by exposure to femtosecond laser pulses in the presence of

SFs as a function of a potential difference applied thereto.

Detailed Description
With reference to a flow chart 10 of FIGURE 1, in one aspect, the present

invention provides a method of fabricating a radiation-absorbing semiconductor
structure in which, in an initial step 10a, each of a plurality of locations on a surface of a
silicon substrate is irradiated with one or more laser pulses while exposing the surface to
a substance having an electron-donating constituent so as to generate surface inclusions
containing a concentration of the electron-donating constituent. The laser pulses can
have a central wavelength in a range of about 200 nm to about 1200 nm, and a pulse
width in a range of about tens of femtoseconds to about hundreds of nanometers.
Preferably, the laser pulse widths are in a range of about 50 femtoseconds to about 50
picoseconds. More preferably, the laser pulse widths are in the range of about 50 to 500
femtoseconds. The number of laser pulses irradiating the silicon surface can be in a
range of about 2 to about 2000, and more preferably, in a range of about 20 to about 500.
Further, the repetition rate of the pulses can be selected to be in a range of about 1 kHz
to about 50 MHz, or in a range of about 1 kHz to about 1 MHz. Moreover, the fluence
of each laser pulse can be in a range of about 1 kJ/m? to about 12 kJ/m?, and more
preferably in a range of about 3 kJ/m? to about 8§ k¥/m>.

While in some embodiments, the electron donating constituent is a fluid (gas or
liquid), in other embodiments it can be a solid deposited over the silicon surface exposed
to laser pulses. By way of example, in some embodiments, the silicon surface can be
exposed to a sulfur-containing gas (e.g., SFs or H,S) while irradiated with the laser
pulses. In some other embodiments, Cl, or N, is employed as the electron-donating
substance with which the silicon surface is in contact during laser irradiation. Inyet
other embodiments, selenium or tellurium can be employed. Without any loss of
generality, in the following discussion, it is assumed that SFg is employed as the
substance containing an electron-donating constituent, and that the irradiating pulses
have femtosecond pulse widths, unless otherwise indicated. However, it should be clear

to those having ordinary skill in the art that various embodiments of the invention
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described below can also be practiced with other fluids or solids and laser pulses having
other pulse widths, such as those listed above.

In some embodiments, the silicon substrate is p-doped (e.g., doped with Boron)
with a doping level in a range of about 10'! to about 10’8, In other embodiments, the
silicon substrate is slightly n-doped (e.g., doped with Phosphorus) with a doping level in
arange of about 10'! to about 10'8, and preferably in a range of about 10" to about 10"
The substrate thickness is not typically a critical parameter, and can be in a range of
about 2 microns to about 1000 microns. The substrate can have an electrical resistivity
in a range of about 0.001 ohm-m to about 10 ohm-m.

FIGURE 2 schematically depicts an exemplary apparatus 12 that can be utilized
for irradiating a silicon sample with a plurality of femtosecond pulses. The apparatus 12
includes a sample processing chamber 14 that comprises a stainless steel cube 16 with
Conflat flange connections on each of its six sides. A three-axis, precision motion
controller 18 is attached to the back side of the cube. This controller contains two
orthogonal micrometer precision axes driven by computer controlled motors. The third
axis is hand-controlled with about 1 mil precision. The controller can translate a one-
inch diameter stainless steel rod 20 that supports a 2-inch diameter mounting magnet 22
in the center of the cube to which a magnetizable sample holder can be mounted. A
two-stage roughing pump 24 is coupled to the cube to evacuate the chamber to a base
pressure of approximately 102 torr. Two pressure gauges 26 and 28 are employed to
monitor the chamber’s pressure. A leak valve 30 and a gas-handling manifold (not
shown) allow introduction of gases of interest into the chamber. An optical grade, 4.5
inch quartz window 32 is attached to the front of the chamber for providing laser access.
Further, a quick-access viewport door 34 allows rapid loading and removal of samples
as well as safe viewing of the sample during microstructuring.

In this exemplary apparatus, a regeneratively amplified, femtosecond
Ti:Sapphire laser system (not shown) provides approximately 100 fs laser pulses having
a central wavelength of 800 nm at a repetition rate of 1 kHz. The laser pulses are
focused by a anti-reflection coated, plano-convex lens 36 (e.g., having a focal length of
about 250-nm) through the quartz window onto the sample surface. In this exemplary
embodiment, the lens is mounted on a single axis linear translation stage and positioned

such that its focal point is behind the sample. By moving the lens, and hence its focal
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point, the laser spot size can be varied at the sample surface (e.g., from a diameter of
about 30 microns to 250 microns). In order to measure the laser spot size, a CCD
{charge coupled device) camera 38 can be placed at the same distance as the sample
surface from the lens. A flipper mounted mirror 40 can redirect the laser beam onto the
camera to determine its spot size on the sample surface. A second CCD camera 42 can
measure reflections of light generated by a white light fiber lamp 44 from the sample
surface to monitor progress during microstructuring.

In one exemplary mode of operation, samples attached to a magnetizable sample
holder can be loaded through the access door and attached to the mounting magnet.
Samples can be then positioned in the center of the magnet to allow for maximum
translation. The chamber can be evacuated to a base pressure of 107 torr and then filled
to the desired pressure with an ambient gas ( e.g., 0.67 bar of sulfur hexafluoride). The
sample can then be irradiated with a 1-kHz train of 100-femtosecond 800-nm laser
pulses. The fluence of each pulse can be set by selecting a spot size (e.g., 150 microns)
and employing a waveplate/polarizing cube combination to vary the pulse energy.
Either a single spot can be irradiated, or more typically the sample can be translated by
utilizing the motion controller relative to the laser beam. For example, the sample can
be translated in a raster scan pattern. An average number of pulses irradiating a given
spot on the sample can be controlled by utilizing a shutter and varying the horizontal
translation speed.

The irradiation of the silicon surface with the laser pulses in the presence of SFg
at a selected partial pressure, for example, a partial pressure in a range of about 0.005
bar to about 1 bar, can cause formation of a sulfur-rich layer having a sulfur
concentration in a range of about 0.1 atom percent to about 5 atom percent, and more
preferably, in a range of about 0.5 atom percent to about 1 atom percent. This sulfur-
rich layer exhibits an undulating surface morphology (topography) with micron-sized
surface height variations. Such a textured surface obtained by irradiating a silicon
surface with a plurality of temporally short laser pulses in the presence SFq (or other
substances having an electron-donating constituent) is herein referred to as a micro-
structured surface. By way of example, FIGURE 3 shows a scanning electron
micrograph (SEM) of a such a micro-structured silicon surface (obtained in a direction

forming a 45 degree angle relative to the surface) after irradiation of the silicon surface
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with an average of 5 shots of femtosecond laser pluses (100 femtoseconds) at a
wavelength of 800 nm and having a fluence of 8 kJ/m2 in 0.67 bar of SFs.

The sulfur-rich layer can be a substantially disordered layer that is several
hundred nanometers thick and made up of nanocrystallites (e.g., about 10 — 50 nm in
diameter) and nanopores. Selected area diffraction (SAD) measurements indicate that
the surface layer retains a substantial crystalline order with a strong possibility that
amorphous-like material is present between the nanocrystalline grains. Further, SAD
measurements performed on silicon substrates exposed to either 10 or 500 pulses per
location indicate that the substrate below the disordered layer comprises substantially
undisturbed crystalline silicon (when a crystalline silicon substrate is utilized). Further,
Rutherford backscattering spectroscopy (RBS) and energy dispersive X-ray (EDX)
emission spectroscopy performed on such exemplary substrates show a large
concentration of sulfur is present in the disordered layer (about 1 atom percent).
Further, RBS spectra obtained from silicon samples exposed to different femtosecond
(100 femtoseconds) laser shots per irradiation location show that the concentration of
sulfur increases with increasing laser pulse numbers up to about 50 pulses. In particular,
the measured sulfur concentration increases from about 0.2 atom percent for a sample
exposed to 2 pulses per location to about 0.7 atom percent for a sample exposed to 50
laser pulses per location with the sulfur concentration exhibiting a plateau for laser
pulses higher than about 50. It should be, however, understood that the above
experimental results are provided simply for further elucidation of salient features of the
invention, and not as limiting the scope of the invention. For example, higher sulfur
concentrations in the disordered layer than those described above can also be obtained,
and higher laser shots per location can be utilized.

A number of factors can affect the morphology of the microstructured surface.
For example, samples microstructured by irradiating a portion thereof with laser pulses,
without moving them relative to the laser beam (i.e., single spot irradiation), exhibit a
subtle difference in their morphology relative to samples microstructured by irradiating a
plurality of their surface locations via translation relative to the laser beam. With the
rest of the experimental parameters left the same, there are two visible differences
between translated and stationary samples. The microstructures in the stationary

samples have a micrometer-sized sphere at the tip while the translated samples are
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sharper and lack the spheres. Further, the translated samples have a larger amount of
nanoscale particles spread across the microstructured surface.

In addition, the wavelength of the irradiating laser pulses, their fluence, and
pulsewidths can also affect the morphology of the microstructured surface. For
example, in a number of prototype samples microstructured by femtosecond pulses, with
increasing the fluence (at constant shot number) the morphology showed a transition
from laser-induced periodic surface structures, to a coarsened surface, to sharp
microstructures, such as those depicted in the above FIGURE 3. As the laser pulse
fluence increases, there is typically an increase in both the microstructure height and
distance between the microstructures. In general, the fluence is preferably selected to be
above a threshold fluence that would cause melting (e.g., 1.5 kJ/m?). At very high
fluences (e.g., greater than 12 kJ/m?), material removal can become extreme and
gaussian-shaped holes, rather than conical structures, can be formed in the surface.

Although in many embodiments described herein, femtosecond laser pulses are
employed, in other embodiments, the microstructuring of the surface can also be
achieved by employing picosecond or nanosecond pulses. For example, a number of
silicon samples were microstructured by utilizing a train of 248-nm, 30-ns laser pulses
with a flat-top spatial profile and a fluence of 30 kJ/m® generated by a KrF+ excimer
laser in the presence of 1 bar of SF; (an average of 1500 pulses per spot were
employed). The nanosecond-laser-formed microstructures showed some similarities and
some differences relative to the femtosecond-laser-formed microstructures. In both
cases, the microstructures were roughly conical, but the structures formed with the
femtosecond laser pulses were smaller and more densely packed. For example, the
femtosecond structures were roughly 8 microns tall and separated by about 4 microns
while the nanosecond-formed structures were roughly 40 microns tall and separated by
about 20 microns. Further, the femtosecond-formed structures were covered with
nanoparticles 10 — 50 nm in diameter while the surface of the nanosecond-formed
structures were much smoother.

Sample silicon wafers exposed to picosecond pulses (e.g., 10 picosecond) in the
presence of SFs also showed a microstructured surface. The average separation between

the microstructures exhibited a decrease from about 100 femtosecond pulse widths to
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about 5 picosecond pulse widths but then showed an increase for pulse widths longer
than about 5 picoseconds.

The laser wavelength can also affect the final morphology of the microstructures.
By way of example, a prototype silicon sample microstructured with a train of 400 nm
pulses exhibited a higher density of microstructures (but smaller) than those generated
by 800 nm pulses at a similar fluence.

Other factors that can affect the microstructures’ morphology include laser
polarization and laser propagation direction relative to the irradiated silicon surface. For
example, the direction of microstructure growth is parallel to the direction of incident
light, and appears to be independent of the substrate’s crystallographic planes. The base
of microstructure can have an elliptical shape with the long axis perpendicular to the
polarization of the irradiating laser light. Without being limited to any theory, this
elliptical shape can be understood as being due to a higher absorption of p-polarized
light relative to s-polarized light. For circularly polarized light, there is no preferential
ablation, and the base of the microstructures can be substantially circular.

The fluid or solid in contact with the silicon surface during its microstructuring
can also affect the resultant surface morphology. For example, utilizing SFs or Cl, as
the ambient gas can lead to sharp-tipped conical structures with a radius of curvature of
about 500 nm. In contrast, structures made in air, N> or vacuum are much more rounded
(the radius of curvature of their tips is approximately 2 — 3 microns) than those made in
these halogen-containing gases. In a number of exemplary samples microstructured in
the presence of different gases, those made in SF¢ exhibited the greatest density of
microstructures followed by those made in Cl,. The microstruture densities produced in
the presence of N; were approximately equal to those made in air, but approximately a
factor of two less than the densities obtained by employing SFe.

In some embodiments, the laser microstructuring of a silicon wafer is performed
in the presence of a mixture of two or more substances. For example, samples
microstructured in the presence of a mixture of SFg and Cl, exhibited an increase in the
microstructure density at higher partial pressure of SFe.

The sulfur-rich mircrostructured layer has unique optical and electrical
properties. For example, it can exhibit a sheet charge carrier density in a range of about

102 cm? to about 10* cm™. By way of example and only for illustrative purposes, the
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results of some resistivity and Hall effect measurements performed on a number of
exemplary microstructured samples, each formed in an n-doped silicon substrate in
accordance with the teachings of the invention, such as those described above, are
presented below. For resistivity and Hall effect measurements, the van der Pauw
technique, well-known to those having ordinary skill in the art, was employed. Briefly,
four ohmic electrical contacts were formed on the disordered microstructured layer. The
electrical contacts were formed by initially dipping a microstructured sample in a 5% HF
solution for 5 minutes to remove any native oxide layer. Subsequently, with a mask
covering all but the very corners of a selected microstructured surface area (e.g., a 10 x
10 mm? surface area), chromium/gold (Cr/gold) was evaporated onto the surface to form
metal contacts at the exposed corners. A dicing saw was then used to cut slivers (e.g.,
0.25 mm slivers) from each side. Cutting the sample edges ensures that the contacts are
only connected to the surface layer and not the substrate layer. Finally, a wire bonder is
utilized to connect the contacts on the corners of the sample to four Cr/Au contact pads
evaporated onto a glass slide. It should be understood that this experimental
arrangement, shown schematically in FIGURE 4, is sensitive primarily to the electronic
properties of the microstructured layer, and not that of the substrate.

With continued reference to FIGURE 4, the resistivity measurements can be
performed by applying a small DC current (e.g., 10 microamperers) from corner 2 to
comer 1 while measuring a voltage from corner 3 to corner 4. Hall effect measurements
can be performed by placing the sample in a strong magnetic field (e.g., a field of
several thousand gauss) with the magnetic field perpendicular to the silicon surface. In
one experiment, a small AC current (about 1-2 microamperes) was then applied from
contact 1 to contact 3 while measuring an induced voltage across contacts 2 and 4.
Control measurements were also performed on an n-doped (resistivity = 8 — 12 ohm-m)
unstructured silicon wafer. Table 1 below lists the results of these measurements for
microstructured layers formed in an n-doped silicon wafer having a resistivity in a range

of about 8 - 12 ohm-m at a number of different laser pulse fluences.
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Original Average Doping after Sheet Sheet carrier Hall mobility
doping fluence structuring resistance Rs density ng o

(kJ/m®) (Ohm) (cm™) (cm®V''s™

n unstructured - 31931 1.78x10" 1101

n 4.0 n 4865 7.37x10™ 174

n 6.0 n 4992 7.15x10" 175

n 8.0 n 6253 4.52x10" 221

n 10.0 n 4554 8.83x10™ 155

This data shows that microstructured layer exhibits a higher sheet carrier density
than the original substrate, but a lower carrier mobility — presumably as a result of the
disorder in the microstructured layer.

Referring again to the flow chart 10 of FIGURE 1, subsequent to irradiation of
the silicon surface with a plurality of laser pulses (step 10a), the substrate can annealed
(step 10b) at a sufficiently elevated temperature for a selected time duration so as to
cause an increase in the charge carrier density in the microstructured layer, e.g., by a
factor in a range of about 10 percent to about 200 percent. For example, the substrate
can be annealed at a temperature in a range of about 500 K to about 1100 K, and more
preferably, in a range of about 500 K to about 900 K, for a selected time duration, e.g., a
time duration in a range of about a few minutes to about a few hours (e.g., one-half
hour).

The annealing step can be performed by employing a variety of different
techniques. For example, the substrate can be placed in a thermal oven to be exposed to
an elevated temperature for a selected duration. Alternatively, the substrate can be
exposed to laser radiation, e.g., radiation having a wavelength in a range of about 200 to
about 1200 nm, to cause its heating to a desired temperature. Further, the annealing step
can be performed, for example, in an inert atmosphere (e.g., an argon atmosphere) or in
a vacuum (a low-pressure environment). Alternatively, the annealing step can be
applied simultaneously with the irradiation step. That is, the irradiation of the silicon
substrate with the laser pulses can be performed while the substrate is maintained at an

elevated temperature.
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Without being limited to any theory, the annealing step is designed to cause a
rearrangement of the atomic bonds within the metastable microstructured layer to
enhance the density of charge carriers — electrons — within that layer. The term “charge
carrier density” is known to those having ordinary skill in the art. To the extent that any
further explanation may be required, it refers to density of those charged particles, e.g.,
electrons, that are primarily responsible for current conduction, e.g., electrons in the
conduction band states or in shallow impurity states below the conduction band. Such
charged carriers are also herein referred to as free electrons or holes.

In other words, the annealing temperature and duration are selected to cause
structural changes in the microstructured layer that result in increasing the carrier
density in that layer while substantially maintaining responsivity of the layer for
generating an electrical current when exposed to radiation within a selected wavelength
range at a given applied back bias voltage, as discussed in more detail below. The
structural changes caused in the microstructured sulfur-rich layer by an annealing step
according to the teachings of the invention can be appreciated by considering that in
many embodiments in which a p-doped silicon substrate is exposed to a plurality of laser
pulses to generate a microstructured surface layer therein, holes, rather than electrons,
constitute the dominant charge carriers even after incorporation of about 1 atom percent
sulfur having two possible donor electrons per atom. However, after annealing,
electrons can constitute the dominant charge carriers in the microstructured layer.
Without being limited to any particular theory, such observations suggest that sulfur in
the microstructured layer, before annealing, is incorporated in silicon such that its donor
electrons do not substantially contribute to conduction (the donor electrons are likely
locked up in a trap, or perhaps the coordination number of the implanted sulfur is larger
than four). An annealing step according to the teachings of the invention causes atomic
bond rearrangements in the microstructured layer so as to free up donor electrons for
contributing to electrical conduction. In fact, in case of p-doped silicon substrates, the
number of donor electrons released during annealing can be sufficiently large to
eliminate the holes as the dominant charge carriers and turn the microstructured layer

into an n-doped layer having a sheet carrier concentration on the order of about 10" cm™
2
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A microstructured silicon wafer formed in accordance with the teachings of the
invention exhibits absorption of incident electromagnetic radiation, particularly radiation
having wavelengths in a range of about 250 nm to about 2500 nm. By way of example,
FIGURE 5 presents absorption data for a microstructured silicon wafer (an n-Si (111)
wafer having a thickness of about 260 microns and a resistivity in a range of about 8§ —
12 ohm-m), each of which was generated by exposing its surface to 100 femtosecond
laser pulses (2 to 500 shots per location) having a central wavelength of 800 nm and a
fluence of about 8 kJ/m?. This exemplary absorption data was recorded in a manner
known in the art, prior to annealing the wafer, by employing an spectrophotometer
equipped with an integrating sphere. The absorption data for an unstructured silicon
wafer is also provided for comparative purposes.

This exemplary data indicates that the microstructured wafers exhibit an
enhanced absorption of incident electromagnetic radiation, relative to unstructured
silicon, across the entire recorded wavelength range, and particularly for wavelengths
above about 1050 nm, which corresponds to the band-gap energy of crystalline silicon
(1.05 eV). In the unstructured silicon, light photons having wavelengths longer than a
wavelength corresponding to the band-gap energy do not contain sufficient energy to
promote an electron from the valence band to the conduction band, leading to a drastic
drop in absorption.

In contrast, the silicon wafers microstructured in accordance with the teachings
of the invention exhibit significant absorption not only for wavelengths below the band-
gap but also for those above it. In fact, the exemplary data of FIGURE 5 shows that
silicon wafers structured by exposure to 20 pulses per location or higher (e.g., 500 pulses
in this exemplary data set) exhibit near-unity, featureless absorption of wavelengths
from about 0.4 micron to about 1 micron, a small decrease in absorption for wavelengths
around about 1.05 micron (a wavelength corresponding to the band edge of unstructured
silicon), and strong featureless absorption from about 1.05 microns to about 2.5 microns.
It should be understood that this data is presented only for illustrative purposes, and is
not necessarily intended to present the optimal absorption of a silicon wafer structured in

accordance with the teachings of the invention.
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As noted above, in many embodiments of the invention, a microstructured wafer
is annealed at a temperature and for a duration designed to enhance the charge carrier
concentration in its microstructured layer. Such annealing can be performed at a variety
of different temperatures. By way of example, FIGURE 6 schematically illustrates
electromagnetic radiation absorptance data for a plurality of microstructured silicon
wafers generated by utilizing 500 laser pulses per surface location (100 fs pulses at a
central wavelength of 800 nm and a fluence of 8 kJ/m2) in the presence of 0.67 bar of
SFe relative to that of unstructured silicon. Each structured wafer was annealed at a
selected temperature in a range of about 575 K to about 875 K for about 30 minutes.
This exemplary data shows that annealing at temperatures below about 575 K has littie
effect on the observed absorptance. On the other hand, such annealing performed at a
temperature between about 575 K and 875 K does not substantially affect absorptance
above the bandgap, but lowers the below band-gap absoptance — the higher the
annealing temperature, the greater is the reduction in absorptance. It should, however,
be understood that this data is only exemplary, and different results may be obtained for
microstructured wafers generated by employing different parameters (e.g., difference
fluence or laser shot numbers).

A microstructured silicon wafer according to the teachings of the invention can
be generated not only by utilizing femtosecond pulses, but also other pulse widths (e.g.,
nanosecond and picosecond pulse widths). By way of example and only for illustrative
purposes, FIGURE 7 illustrates exemplary absorptance graphs as a function of incident
radiation wavelength for femtosecond-laser-formed and nanosecond-laser-formed
microstructured silicon surfaces, before and after annealing at about 875 K for about 30
minutes, as well as that of an unstructured silicon wafer. The femtosecond-formed
mircrostructures were generated by employing 100 fs laser pulses (500 shots per
location) having a central wavelength of about 800 nm and a fluence of about 8 kJ/m?.
The nanosecond-formed microstructures were generated by employing 30 ns laser pulses
(about 1500 shots per location) having a central wavelength of 248 nm and a fluence of
about 30 kJ/m?. It should be understood that this data is presented only for illustrative
purposes and is not intended to necessarily indicate absorptance exhibited by a
microstructured silicon formed in accordance with the teachings of the invention under

all circumstances.
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In some embodiments of the invention, microstructuring of a silicon wafer can be
accomplished in the presence of a background fluid rather than SF¢. For example, HsS,
Clp, N or air can be utilized. By way of example, FIGURE 8A and 8B compare
absorptance of some exemplary prototype microstructured silicon wafers generated by
employing femtosecond laser pulses (100 fs, 800 nm, 8 kJ/m? and 500 shots per
location) in the presence of various fluids — without an annealing step — with that of
unstructured silicon. The vacuum data corresponds to microstructuring the wafer in a
chamber evacuated to a base pressure that is less than about 10 bar. While all
microstructured samples exhibit an enhanced absorption relative to unstructured silicon,
this exemplary data shows the microstructuring in SF¢ and H,S brings about the most
dramatic change in absorptance relative to unstructured silicon. In particular, samples
structured with SF; exhibit near-unity, substantially featureless absorptance across the
entire measured spectrum.

A variety of background fluid pressures can be employed in many embodiments
of the invention for generating microstructured silicon wafers. By way of example,
FIGURE 9 shows absorptance data for a number of exemplary prototype
microstructured silicon wafers generated in SFg (100 fs pulses, 800 nm, 500 shots per
location) at different ambient pressures, as well as a wafer microstructured in vacuum
(e.g., a pressure of less than 107°). The greatest rate of increase is observed at low
pressures. In this exemplary data set, at pressures above about 27 mbear, the below band-
gap absorptance does not show much variation with wavelength, while at lower
pressures, it decreases with increasing wavelength.

The microstructured silicon wafers generated in accordance with the teachings of
the invention, particularly those subjected to an annealing step at an elevated
temperature in a range of about 500 K to about 900 K, not only exhibit enhanced
absorption of electromagnetic radiation over a wide range (e.g., from ultraviolet
wavelengths to near infrared), but they also exhibit voltage-versus-current profiles that
are characteristic of diodes. As discussed in more detail below, these properties allow
the use of such microstructured silicon wafers in fabricating photodetectors that exhibit

enhanced responsivity relative to conventional silicon photodetectors.
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More specifically, a microstructured silicon layer formed in accordance with the
teachings of the invention, particularly one formed by exposure of a wafer surface to
laser pulses followed by, or simultaneous with, an annealing step designed to release
electrons in the layer structured by the pulses, forms a diode junction, e.g., a p-n
junction, with the underlying silicon substrate. It should be understood that a diode
junction as used herein can also refer a junction formed between two n-doped portions
having different free electron densities. As shown schematically in FIGURE 10, a p-n
junction can be formed by bringing a semiconductor material having acceptor impurity
atoms (p-doped) into contact with a semiconductor material having donor impurity
atoms (n-doped). The difference in charge carrier concentration between the p-doped
and the n-doped portions generates a diffusion potential across the junction — electrons
and holes begin to diffuse across the junction to portions having a respective lower
concentration. As they cross to the other side of the junction, they recombine with their
oppositely charged electrical counterparts in a region very close to the junction. This
migration of charge carries across the junction causes formation of space charges
(immobile ions) with opposite polarities on the two sides of junction. As the number of
space charges increases (positively charged for the n-type side and negatively changed
for the p-type side), a potential difference builds up across the junction, which results in
an electric field in a direction opposite that of the diffusion potential.

Upon reaching thermal equilibrium, a thin insulating layer is present near the
junction in which charge carriers have been depleted by recombination (depletion
region). A strong electric field is present in the depletion region and a large electric
potential exists across this region. The junction can be reverse-biased by applying an
electric field across it that reinforces this internal electric field. Such a reverse-bias
voltage expands the insulating depletion region and enhances both the internal electric
field and the potential difference across the junction. The junction can also be forward-
biased by applying an electric field that is opposite to the internal field across it. Such a
forward-bias voltage shrinks the depletion region, thereby diminishing the internal
electric field and the potential difference across the junction. When forward-biased, a
current flows across the junction with electrons injected into the n-doped portion and

leaving from the p-doped portion. In other words, the p-n junction can act as a rectifier
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by allowing current flow in only one direction. This behavior gives rise to a current-
voltage (I-V) curve characteristic of a diode.

As discussed above, a silicon wafer in which a microstructured layer is formed
according to the teachings of the invention can exhibit an I-V curve characteristic of that
obtained by a diode junction. Without being limited to any theory, such a current-
voltage behavior can be understood by considering that the wafer includes two adjacent,
yet distinct, layers: a surface layer in which a concentration of an electron-donating
constituent is incorporated and an underlying substantially undisturbed silicon substrate
layer. These two layers exhibit different crystalline structures, chemical compositions,
and charge carrier doping concentrations. In addition, the microstructured layer has
unique optical properties including high absorptance of incident electromagnetic
radiation from the near ultraviolet into the near-infrared wavelengths. In one aspect, the
invention employs such microstructured silicon wafers for fabricating photodiodes, as
discussed in more detail below.

By way of example, FIGURE 11A schematically illustrates a photodetector 46
according to one embodiment of the invention that includes a microstructured silicon
wafer 48 having a microstructured surface layer 50 that is formed in a silicon substrate
51 by irradiating a plurality of locations on a substrate’s surface with short laser pulses
(e.g., pulse widths in a range of about tens of femtoseconds to tens of nanoseconds)
while exposing the surface to a substance having an electron-donating consitutent (e.g.,
SF¢). The laser-irradiated wafer is then annealed under conditions (e.g., at an elevated
temperature and for a selected duration) designed to enhance concentration of electrons
in the microstructured surface layer (e.g., annealing at a temperature in a range of about
500 K to about 900 K for a duration of a few minutes to a few hours).

The exemplary photodetector 46, functioning as a photodiode, also includes a
plurality of metallic electrical contacts 52, which have a finger grid geometry, that are
disposed on the microstructured surface layer. In addition, an electrical contact 54, in
the form of a metallic coating layer, is disposed on the back surface of the silicon
substrate (i.e., the undisturbed silicon surface opposite the microstructured surface) that
substantially covers the entire surface. In this exemplary embodiment, a chromium/gold

alloy (Cr/Au) is employed for fabricating the electrical contact. However, those having
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ordinary skill in the art will appreciate that the contacts can be formed of other metals, as
well.

The metallic contacts 52 and 54 allow applying a bias voltage, e.g., a reverse bias
voltage, across the wafer by employing, for example, a voltage source 56. The reverse
bias voltage can reinforce the internal electrical field in the depletion layer of a diode
junction formed between the microstructured layer 50 and the underlying silicon
substrate 51. As discussed in detail below, the photodetector 46 can operate with small
bias voltages, e.g., voltages in a range of about 0.1 V to about 15 V, with a responsivity
(i.e., photocurrent generated per unit of power of incident light (amperes/watts)) that is
considerably better than that typically exhibited by a conventional silicon photodetector.
These attributes allow incorporating silicon photodetectors formed according to the
teachings of the invention, such as the exemplary photodetector 46, into integrated
silicon photo-electronic circuits as high sensitivity detectors.

In operation, radiation (i.e., photons) incident on the microstructured surface
layer of the photodiode’s silicon wafer is absorbed (when the radiation wavelength is in
the operating range of the photodetector), e.g., by valence electrons, in the
microstructured layer. The absorption of the incident radiation causes generation of
electron-hole pairs. The electric field within the depletion region causes separation of
the generated electron-hole pairs, especially those created at or in proximity of the diode
junction, which is formed between the microstructured silicon layer and the underlying
silicon substrate. The separated electron-hole pairs provide a photocurrent that is
proportional to the number of incident photons (those skilled in the art appreciate that
such a photocurrent is added to a generation current and a recombination current that can
be inherently present in a diode junction). Hence, incident radiation can be detected, and
quantified, by measuring the induced photocurrent.

A photodetector formed according to the teachings of the invention not only
exhibits absorptance across a wide range of wavelengths (the absoptance is generally
commensurate with that exhibited by the photodetector’s microstructured silicon wafer),
but it also exhibits a diodic I-V behavior. By way of example and further elucidation of
the salient features of a photodetector of the invention, FIGURE 12 illustrates a plurality
of graphs, each representing current as a function of bias voltage for a plurality of

microstructured silicon samples prepared under different conditions in an n-doped
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silicon substrate for use as the active component of photodetectors. All samples were
irradiated with a plurality of femtosecond laser pulses (800 nm, 100 fs, fluence of 4
kJ/m?) in the presence of SF, but were subjected to different annealing conditions. The
graph A represents the current-voltage curve associated with a microstructured sample
that was not annealed. This curve is substantially linear, indicating that the junction
between the microstructured layer and the underlying silicon substrate in this sample is
not diodic, but is merely resistive. In other words, such a wafer is not optimal for
fabricating a photodetector.

In contrast, graphs B, C, and D illustrate current-versus-voltage behavior of those
microstructured silicon samples that were subjected to annealing at different
temperatures (the annealing duration was about 30 minutes in all cases). This exemplary
data indicates that with an increase in the annealing temperature, the measured I-V curve
approaches one expected from a diode. For example, at an annealing temperature of
about 825 K, the I-V curve is diodic, characterized by an exponentially increasing
current for a forward bias and a smaller, less rapidly increasing current for a reverse
bias. The I-V curve corresponding to an annealing temperature of about 1075 K is also
diodic. However, annealing a microstructured silicon wafer for a significant duration at
a very elevated temperature can lead to a degradation of the below-band gap
absorptance, and hence a degradation in the performance of a photodetector utilizing
such a microstructured wafer in the near-infrared. In this exemplary data set, the
substrate annealed at 825 K exhibit an optimal I-V characteristic. It should, however, be
understood that such very elevated annealing temperatures may be employed so long as
the annealing duration is sufficiently short. In general, the annealing of a
microstructured silicon wafer to be employed in a photodetector of the invention should
be carefully designed (i.e., annealing temperature and duration) to cause release of
electrons in the microstructured surface layer without significantly degrading the wafer’s
absorptance of and responsivity to incident radiation.

A photodetector of the invention, such as the above exemplary photodetector 46,
exhibits a responsivity that can be superior across a wavelength range of about 250 nm
to about 10 microns to that of a conventional silicon photodiode. By way of example
and only for illustration and corroboration purposes, FIGURE 13 presents experimental

graphs representing responsivity of exemplary photodetectors formed in accordance with
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the teachings of the invention, over a selected wavelength range, in comparison with a
conventional photodiode and those fabricated by employing microstructured silicon, but
with no annealing or annealing at too high a temperature. In particular, graphs A and B
show that photodetecotors of the invention that employ silicon wafers microstructured
by femtosecond laser pulses in the presence of SF¢ (100 fs, 800 nm central wavelength
and a fluence of 4 kJ/m?) followed by annealing at 825 K or 725 K, exhibit a
significantly enhanced responsivity relative to that of a conventional commercially
available silicon photodiode. In particular, these photodetectors exhibit a responsivity
that is more than an order of magnitude greater that that of the conventional photodiode
in a wavelength range of about 250 nm to about 1050 nm. Although the responsivity
shows a decrease for wavelengths longer than the band-gap edge (i.e., wavelengths
longer than about 1050 nm), nonetheless, it remains significantly higher than that
exhibited by a conventional silicon detector. In fact, conventional silicon detectors
typically do not operate at useful levels of responsivity at wavelengths that are longer
than the band-gap edge. For example, in this exemplary illustration, the responsivity of
the commercial photodiode drops steeply to about 10 A/W for wavelengths longer than
about 1050 nm

Further, the responsitivy data for wafers formed according to the teachings of the
invention (e.g., graphs A and B) were obtained by applying small bias voltages (e.g., a
bias voltage of about —0.5 volts in this exemplary embodiment). In contrast,
conventional silicon photodetectors exhibit much lower responsivities, or require much
higher bias voltages (e.g., 100 to 1000 volts) and/or have more complex structures. This
indicates that while photodetectors formed in accordance with the teachings of the
invention can be readily incorporated in integrated silicon circuitry, the incorporation of
conventional silicon detectors, which require large bias voltages, into integrated silicon
circuits can be impractical.

The data depicted in FIGURE 13 also shows that proper annealing of a silicon
wafer irradiated by a plurality of short laser pulses, as described above, can considerably
enhance the responsivity of a photodetector that employs that wafer. In particular, a
photodetector fabricated by utilizing a wafer that, though exposed to laser pulses, was
not annealed, exhibits a much degraded responsivity relative to those that were subjected

to an annealing step at appropriate temperatures, e.g., at 725 K or 825 K. This

IPR2025-00811
Apple-Sony EX1002 Page 202



10

15

20

25

30

WO 2006/086014 PCT/US2005/034180

-20 -

exemplary data also shows that a photodetector that incorporates a microstructured
wafer annealed, subsequent to irradiation by laser pulses, at a temperature of 1075 for
thirty minutes exhibits a much degraded responsitivy relative to those annealed at 725 K
or 825 K.

Hence, one aspect of the invention relates to annealing a silicon wafer,
subsequent to — or simultaneous with — its irradiation by a plurality of short pulses in the
presence of a substance having an electron-donating constituent, under conditions that
would release electrons in the microstructured layer while preserving the responsivity of
the wafer for detecting electromagnetic radiation. For example, in some embodiments
of the invention, the annealing temperature is selected to be in range of about 500 K to
about 1100 K, and more preferably in a range of about 700 K to about 900 K, and the
annealing duration is selected to be in a range of about 1 minute to about several hours,
and more preferably in a range of about 5 minutes to about 30 minutes. Alternatively,
higher annealing temperatures can be employed so long as the annealing duration is
properly selected to avoid degrading the responsivity of the resultant annealed wafer.
For example, although the above data indicates that annealing the wafer at temperature
of about 1075 K for about 30 minutes may not be desirable, this annealing temperature
with a lower annealing duration can be suitable for practicing the invention in certain
applications. To certain extent, annealing temperature and duration are inter-related.
For example, shorter annealing time at a higher temperature can be employed in certain
applications.

In other words, it is not simply annealing at an elevated temperature that is
required. Rather, the annealing temperature and its duration need to be properly selected
to ensure that a photodetector exhibiting enhanced responsivity over a wide wavelength
range can be fabricated by utilizing the annealed wafer. It has been discovered that
annealing a silicon wafer subsequent to, or simultaneous with, its exposure to short laser
pulses in presence of a substance having an electron-donating constituent at a
temperature that is too low can lead to noisy photodiode and annealing at too high a
temperature and duration can lower the wafer’s response to both visible and infrared
wavelengths. More specifically, the annealing temperature and duration are preferably
selected to enhance the concentration of carrier electrons in the microstructured layer —

formed by laser irradiation in presence of a substance having an electron-donating
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constituent — by a factor in a range of about 10% to about 200% while ensuring that the
resultant annealed wafer exhibits a responsivity greater than about 20 A/W at least at
one wavelength, and preferably over the entire span, of a wavelength range of about 250
nm to about 1050 nm, and a responsivity greater than about 0.1 A/W at least at one
wavelength, and preferably over the entire span, of a wavelength range of about 1050
nm to about 3500 nm. By way of example, in some embodiments of the invention, the
annealing temperature is preferably selected to be in a range of about 700 to about 900
K.

The choice of the fluence of laser pulses irradiating a silicon wafer to generate a
microstructured layer therein can also affect the performance characteristics of a
photodetector that incorporates the microstructured wafer for detecting radiation. By
way of example, FIGURE 14 presents exemplary data corresponding to current-voltage
characteristics of a plurality of silicon wafers irradiated with a plurality of femtosecond
laser pulses (100 fs, 800 nm central wavelength, 200 pulses per location) in the presence
of SFs followed by annealing at 825 K for about 30 minutes. The laser pulse fluences,
however, differed from one wafer to another. More particularly, the following laser
fluences were employed: 4 kJ/m?, 6 kJ/m?, 8 kJ/m? and 10 kJ/m?. This exemplary data
indicates that increasing the fluence decreases the dark current for a given reverse bias
voltage.

FIGURE 15A illustrates the responsivity of a plurality of photodetectors
incorporating the above silicon wafers that were microstructured with different laser
pulse flunces (the wafers were annealed at 825 K for 30 minutes). This exemplary
responsivity data indicates that, in this sample set, the photodetector’s responsivity
decreases, and the wavelength of peak response shifts to longer wavelengths, with
increasing fluence (the sample made with a fluence of 4 kJ/m? exhibits the highest
response). By way of further illustration, FIGURE 15B presents responsivity data for
photodetectors made with microstructured silicon wafers that were generated through
irradiation with femtosecond pulses (100 fs, 800 nm central wavelength, 200 pulses per
location) in the presence of SF followed by annealing at 1075 K for about 30 minutes.
The laser pulse fluences, however, varied from one sample to the next (4 kJ/m?, 6 kJ/m>,
8 kJ/m? and 10 kJ/m®). A comparison of this data with the data presented in FIGURE
15A shows that the responsivity exhibited by the samples subjected to the higher
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annealing temperature of 1075 is much lower that that of the samples annealed at 825 K.
However, the samples annealed at the higher temperature exhibit much less variation in
responsivity as a function of fluence. Further, the samples annealed at 1075 K — though
exhibiting a lower responsivity — are less noisy and have a higher quantum efficiency.

It should be understood that the above data is presented only for illustration
purposes, and is not intended to necessarily indicate an optimal fluence under all
conditions. For example, the above exemplary samples were made with an average laser
shot number of about 200 pulses, and may exhibit improved characteristics with a
greater shot number. In general, in various embodiments of the invention, the laser
pulse fluence is selected to be greater than about 3 kJ/m?. More preferably, the fluence
is chosen to be in a range of about 3 kJ/m?to about 10 kJ/m? ora range of about 3 kJ/m?
to about 8 kJ/m”.

In many embodiments of the invention an n-doped silicon substrate is employed
for forming a microstructured wafer, as described above. Alternatively, a p-doped
silicon wafer can be utilized. By way of example, FIGURE 16A presents graphs
comparing the diodic characteristics of a microstructured wafer generated according to
the teachings of the invention, such as those described above, employing a p-doped
silicon substrate (p-Si(100), 350 micron thick, resistivity ( o) greater than 1 ohm-cm)
with one fabricated utilizing an n-doped silicon substrate. In both cases, a laser pulse
fluence of about 6 kJ/m?, an annealing temperature of about 825 K, and an annealing
duration of about 30 minutes were utilized. Similar data is presented in FIGURE 16B
for p-dopend and n-doped samples annealed at 1075 K for about 30 minutes.

This exemplary data shows that the p-doped samples annealed at 8§25 K exhibit a
higher forward bias current than equivalently generated n-doped samples. The dark
current for back biases also increases more rapidly for p-doped samples. Upon
annealing at 1075 K, the p-doped samples exhibit very good diodic properties with the
back bias decreasing to substantially the same level as that in equivalently generated n-
doped samplés. Further, the forward bias current increases more rapidly, resulting in
good rectification ratios. As noted above, annealing at higher temperatures can increase
donor concentration from sulfur doping. Such increase in the donor concentration can

lead p-doped samples annealed at higher temperature to exhibit better rectification.
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A silicon substrate’s doping can also affect the responsivity of a silicon wafer
formed by microstructuring that substrate in accordance with the teachings of the
invention. By way of example, FIGURE 17A shows measured responsivity data for two
n-doped microstructured wafers and two p-doped microstructured wafers, both of which
were annealed at 825 K for about 30 minutes. This exemplary data indicates that the
responsivity of n-doped substrates is higher over the measured spectral range. However,
FIGURE 17B shows that the responsivities of microsturctured wafers formed in p-doped
and n-doped substrates, via laser irradiation and annealing at a higher temperature of
about 1075 K, are nearly identical.

In general, the above illustrative data indicates that microstructured p-doped
samples have a lower response but exhibit a better quantum efficiency. It should be
understood that the above data is presented only for illustrative purposes and is not
intended to limit the scope of the invention. In general, both p-doped and n-doped
substrates can be employed in the practice of the invention, and the resultant diodic
characteristics and responsivity of microstuctured wafers generated by utilizing such
substrates can be different than those depicted above based on selection of other
parameters, such as laser fluence, number of pulses, etc.

In addition to responsivity, another parameter of interest associated with
performance of a photodetector can be its quantum efficiency. The term ‘quantum
efficiency’ is known in the art, and is generally defined as the number of electron-hole
pairs generated per incident photon at a zero applied voltage. In some cases, a
microstructured sample that exhibits a high level of responsivity may not show a
correspondingly high level of quantum efficiency. For example, in the above exemplary
prototype microstructured silicon wafers, samples fabricated by employing n-doped
substrates, laser pulses having a fluence of 4 kJ/m?, and an annealing temperature of
about 825 K exhibit the highest responsivity, but not the highest quantum efficiency. In
fact, samples fabricated by employing similar conditions but a higher annealing
temperature of 1075 K show higher quantum efficiencies, though lower responsivities.
Similarly, the measured responsivities of samples made on p-doped substrates and
annealed at 825 K or 1075 K are lower, but their quantum efficiencies are higher. Such

variations of responsivity and quantum efficiency are preferably considered when
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selecting various parameters in practicing the teachings of the invention for fabricating a
silicon photodetector.

The responsivity of a photodetector fabricated in accordance with the teachings
of the invention can also vary as a function of a back bias applied thereto. Typically, the
responsivity increases as the applied back bias increases. By of example, FIGURE 18
exhibits the responsivity of a silicon wafer microstructured in accordance with the
teachings of the invention through irradiation by a plurality of femtosecond pulses at a
fluence of 4kJ/m? followed by annealing at 825 K for about 30 minutes, as a function of
an applied back bias voltage. The sample was illuminated with a white light source with
an approximate power of 50 microwaits. The responsivity, and hence gain, increases
quickly up to a bias voltage of —5 volis and more slowly up to —15 volts. At voltages
beyond —15 volts, the responsivity begins to fall. In some cases, the responsivity ofa
photodetector that exhibits a large gain may not be sufficiently linear for certain
applications. Hence, in selecting a proper back voltage, in addition to responsivity, other
factors, such as the linearity of the response should be considered. In addition, in
applications in which the photodetectors are incorporated in an integrated silicon circuit,
the bias voltage should be compatible with the requirements of that circuit.

A photodetector formed according to the teachings of the invention can operate
within a wide range of temperatures. In some cases, it may be advantageous to cool the
photodetector to decrease its average noise level. By way of example, FIGURE 19A
presents current-voltage curves corresponding to an n-doped microstructured silicon
sample made with femtosecond pulses at a fluence of about 4 kJ/m? and annealed at 825
K at different operating temperatures. The measured current in both the back bias and
forward bias conditions decreases with decreasing the temperature. At very low
temperatures (below 100 K), conduction becomes very low for both forward and back
biases. FIGURE 19B shows the responsivity of such a microstructured wafer to incident
radiation having a wavelength of 1064 nm (a wavelength close to the band gap of silicon
at room temperature) at a back bias of —0.5 V as a function of operating temperature.
The measured responsivity drops with temperature. This behavior may be, however,
different if the wavelength of the illuminating light is far from the silicon band gap. A
graph of the dark current at a bias voltage of —0.5 V as a function of temperature,

however, shows that the noise decreases much more rapidly that the responsivity.
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In sum, photodiodes formed according to the teachings of the invention can
exhibit responsivities in a wide region of the electromagnetic spectrum (e.g.,
wavelengths in a range of about 250 nm to about 1100 nm) that are nearly two orders of
magnitude higher than those exhibited by conventional commercial silicon photodiodes.
Further, responsivities at longer wavelengths, e.g., as long as 1600 nm, can be nearly
five orders of magnitude greater than those exhibited by conventional silicon
photodiodes in this range. In some of the above prototype samples fabricated according
to the teachings of the invention for illustration purposes, the carrier mobility in the
surface layer was measured to be about 101 cm?V's™!; the response times included a rise
time of about 10 ns and a fall time of about 30 ns; and a diode capacitance of about 63.9
nF at a back bias of —0.5 V was measured. A photodiode of the invention can exhibit a
large gain at very small applied bias voltages, e.g., a gain greater than 1000 for an
applied bias voltage of — 0.5 V.

A silicon photodetector according to the teachings of the invention, such as the
above exemplary photodetector 46 (FIGURE 11A), can be fabricated by employing a
variety of techniques. By way of example, in one exemplary method of fabricating such
a photodetector, a selected portion of a silicon wafer, e.g., a 5 x 5 mm? area, is
microstructured via exposure to short laser pulses in the presence of a suitable material,
e.g., SFe, in a manner described above. The wafer is then dipped in a solution of HF
(e.g., a 5% solution) in order to remove any native oxide layer before forming electric
contacts with the microstructured layer. Subsequently, a mask is deposited over the
surface of the microstructued layer having exposed portions which correspond to a
desired pattern of a conductive electrode to be formed on that surface. A selected metal,
e.g., a Cr/Au alloy, is then evaporated over the masked surface, and the mask is removed
to leave behind a patterned conductive layer, such as the conductive layer 52 shown in
FIGURE 11A, and uncoated portions suitable for receiving radiation. Further, a
conductive layer can be formed on a back surface of the wafer, an unstructured surface
opposed to the microstructured layer, such as the layer 54 shown in FIGURE 11A. In
many embodiments, the entire back surface is coated with the metal. The wafer can be
then be coupled to a voltage source, such as the source 56 shown in FIGURE 11A, that

can apply a bias voltage thereto and optionally other electronic elements, e.g.,
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capacitors, in a manner known in the art. Further, a the wafer and its associated circuitry
can be placed in an appropriate housing by employing techniques known in the art.

The applications of microstructured silicon wafers formed according to the
teachings of the invention, such as those discussed above, are not limited to
photodetectors. For example, such silicon wafers can be employed in fabricating solar
cells. In some cases, the optimal values of various parameters, such as substrate doping,
associated with the microstructured wafer utilized in generating solar cells can be
different than those in fabricating silicon photodetectors. A solar cell can be considered
a p-n junction photodiode with high quantum efficiency. The conversion of photons into
photocarriers is the physical mechanism by which light is converted in a solar cell into
electricity. However, there is a fundamental difference between a photodetector and a
solar cell. A photodetector is generally operated in a “photoconductive” mode: a back
bias is applied thereto and a current is measured. In contrast, a solar cell is operated in a
“photovoltaic” mode: it is operated in an open circuit mode or attached to a load without
application of a bias voltage.

In one embodiment, a microstructured layer is formed in a p-doped crystalline
silicon substrate by initially irradiating a plurality of locations on a surface thereof with
femtosecond (e.g., 100 fs, and a central wavelength of 800 nm) laser pulses having a
fluence of about 4 kJ/m? followed by annealing at 1075 K for about one hour. The
wafer can then be utilized in fabricating a solar cell. More specifically, metal contacts,
e.g., Cr/Au contacts, can be evaporated on the microstructure layer’s surface so as to
coat selected portions thereof while leaving at least a portion of the surface uncovered
for receiving radiation, e.g., a finger grid metallic pattern can be disposed on the surface.
In addition, the back surface of the substrate, the unstructured surface opposing the
structured surface, can be coated, e.g., via evaporation, with a metallic coating. A load
can be attached the wafer via electrical coupling to the metallic layers on the both sides
of the wafer.

FIGURE 20 presents data comparing current-voltage (/-¥) behavior of such a
wafer, formed in a high resistivity (resistivity greater than about 1 ohm-m) silicon
substrate, that can be utilized as a solar cell in the presence and in the absence of
illumination. And FIGURE 21 presents a similar comparative data for a wafer formed in

low resistivity silicon substrate (resistivity in a range of about 0.01 — 0.1 ochm-m). The
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solar cell fabricated by employing the high resistivity substrate has an open circuit
voltage of 0.4 volts and a short circuit current of 13.4 mA while the solar cell fabricated
by utilizing the low resistivity substrate has an open circuit voltage of 0.31 volts and a
short circuit current of 13.45 mA. It should be understood that this data is presented
only for illustration purposes, and to show the possibility of utilizing a wafer
microstructured in accordance with the teachings of the invention in forming a solar cell.
However, this data is not intended to indicate optimal performance of a solar cell
generated in accordance with the teachings of the invention. For example, the
deposition of electrical contacts on the substrate can be optimized to obtain better
performance than that described above.

In another application, a silicon wafer microstructured in accordance with the
teachings of the invention can be utilized as a field emitter. In other words, an electric
field can be applied to the microstructured surface to cause emission of electrons
therefrom. To show the possibility of utilizing a microstructured wafer for generating
field emission current, a number of prototype exemplary microstructured wafers were
fabricated and field emission currents generated by them were measured. The
experimental step-up for performing these measurements is shown schematically in
FIGURE 22. A microstructured silicon sample 58 with a gold coating 60 evaporated on
a back surface is mounted to a silicon wafer 62 having a gold coating 64, which
functions as an anode, and is separated therefrom by a pair of mica spacers 66 and 68.
The mounted sample is placed in a vacuum chamber, which is evacuated to a pressure of
about 10 torr. A potential difference can be applied between the microstructured
sample 58 and the gold-coated anode. And emission current can be measured at each
applied voltage, e.g., via a picoammeter 70, a resistive elements 72 placed in series with
the ammeter to protect it from unexpected surges in current.

FIGURE 23 shows exemplary results of field emission currents measured for
silicon samples microstructured in SFs. The typical figures of merit for a field emitting
surface are turn-on-field, defined as the electric field (bias voltage divided by the tip-to-
anode spacing) for which a current density of 0.01 microampere/mm2 is observed, and
threshold field, defined as the field at which a current density of 0.1 microamperes/mm?®
is produced. The turn-on field for a plurality of exemplary prototype substrates

microstructured in SFs was measured as 1.3 V/micrometer, and the threshold field was
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measured as 2.15 V/micrometer — excellent values that are on par with those exhibited
by nanotubes.

Those having ordinary skill in the art will appreciate that various modifications
can be made to the above embodiments without departing from the scope of the
invention. It should also be understood that various exemplary data presented above are
intended only for illustrating salient features of various aspects of the invention, and is

not intended to limit the scope of the invention.
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What is claimed is:

I. A method of fabricating a radiation-absorbing semiconductor structure,
comprising:

irradiating each of a plurality of locations on a surface of a silicon substrate with
one or more femtosecond laser pulses while exposing said surface to a sulfur-containing
substance so as to generate a plurality of sulfur inclusions in a surface layer of said
substrate, and

annealing said substrate at a temperature in a range of about 500 K to about 1100

K for a time duration in a range of about a few seconds to about a few hours.

2. The method of claim 1, further comprising selecting a duration of each laser

pulse to be in a range of about 50 femtoseconds to about 500 femtoseconds.

3. The method of claim 1, further comprising selecting a fluence of each pulse to be

in a range of about 1 kJ/m? to about 15 kJ/m*.

4, The method of claim 1, further comprising selecting a central wavelength of said

laser pulses to be in a range of about 200 nm to about 800 nm.

5. The method of claim 1, wherein said irradiating step comprises exposing each

location to a number of laser pulses ranging from 2 to about 500.

6. The method of claim 1, further comprising subjecting each of said surface
locations to successive laser pulses separated from one another by a time interval in a

range of about 1 microsecond to about 1 millisecond.

7. The method of claim 1, further comprising performing said annealing step in any

of an inert atmosphere or a low-pressure atmosphere.

8. The method of claim 1, further comprising selecting said sulfur-containing

substance to be any of SF¢ and H,S.
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9. The method of claim 1, wherein said semiconductor structure absorbs radiation

having wavelength components in a range of about 0.25 to about 10 microns.

10. The method of claim 1, wherein said semiconductor structure absorbs radiation

having wavelength components in a range of about 0.35 to about 2.5 microns.

11. The method of claim 1, wherein said semiconductor structure exhibits a
substantially uniform absorption for wavelength components in a range of about 1.2 to

about 2.5 microns.

12. A method of fabricating a photodetector, comprising:

forming a semiconductor structure absorbing radiation in a wavelength range of
about 0.25 to about 3.5 microns and exhibiting a diodic current-voltage characteristic in
said wavelength range, said forming step comprising:

irradiating a surface of a silicon substrate at one or more locations thereof with
one or more laser pulses having short pulse widths while exposing said surface to a
sulfur-containing gas to generate a micro-structured layer having sulfur inclusions,

annealing said substrate at a temperature in a range of about 500 K to about 1000
K for a time duration in a range of about a few seconds to about a few hours, and

depositing a plurality of metallic contacts on selected portions of said

semiconductor structure to allow applying a reverse bias voltage thereto.

13. The method of claim 12, wherein said pulse widths are selected to be in a range

of about tens of femtoseconds to about tens of nanoseconds.

14. The method of claim 12, further comprising selecting said sulfur-containing

substance to be any of SFg and H,S.

15.  The method of claim 12, further comprising performing said annealing step in an

inert atmosphere.
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16. The method of claim 12, wherein said depositing step comprises thermally
evaporating one or more selected metals on said selected portions of the semiconductor

structure.

17.  The method of claim 12, further comprising selecting a thickness of said metal

contacts to be in a range of about 5 nm to about 100 nm.

18.  The method of claim 16, wherein said depositing step comprises thermally
evaporating a chromium layer followed by thermally evaporating a gold layer on a
selected portion of said semiconductor structure to generate at least one of said metal

contacts.

19.  The method of claim 18, further comprising selecting a thickness of said

chromium layer to be in a range of about 1 nm to about 5 nm.

20.  The method of claim 19, further comprising selecting a thickness of said gold

layer to be in a range of about 4 nm to about 100 nm.

21. The method of claim 12, further comprising configuring said metal contacts so as
to ensure that at least a portion of said micro-structured layer remains capable of

receiving an external radiation.

22. A method of fabricating a semiconductor structure, comprising

irradiating a plurality of locations on a surface of a silicon substrate with one or
more laser pulses having pulse widths in a range of about 50 to about 500 femtoseconds
while exposing said surface to a substance having an electron-donating constituent so as
to generate a micro-structured surface layer comprising inclusions incorporating said
electron-donating constituent, and

annealing said substrate at an elevated temperature in a range of about 500 K to

about 1100 K for a selected time period.
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23. The method of claim 22, further comprising selecting said electron-donating

constituent to be any of chlorine (Cl), nitrogen (N3) and air.

24. The method of claim 22, wherein said irradiating step further comprises directing
said laser pulses at said surface along a direction substantially perpendicular to said

surface.

25. The method of claim 22, wherein said selected annealing period is in a range of

about a few seconds to about a few hours.

26. The method of claim 22, wherein said annealing step is performed in an inert
atmosphere.
27. A method of fabricating a radiation-absorbing semiconductor wafer, comprising:

irradiating at least one surface location of a silicon substrate with a plurality of
temporally short laser pulses while exposing said location to a substance having an
electron-donating constituent so as to generate a substantially disordered surface layer
incorporating a concentration of said electron-donating constituent, and

annealing said substrate at an elevated temperature and for a duration selected to

enhance charge carrier density in said substantially disordered surface layer.

28. The method of claim 27, wherein said elevated temperature and duration are
selected to cause re-arrangement of atomic bonds in said surface layer so as to increase

concentration of carrier electrons in surface layer.

29. The method of claim 27, wherein said elevated temperature and duration are
selected to enhance electron carrier density in the surface layer by a factor of about 10%

to about 200% relative to a pre-annealing level.

30. The method of claim 27, wherein said elevated temperature and duration are
selected to cause said surface layer to form a diode junction with underlying silicon

substrate.
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31. The method of claim 27, wherein said clevated temperature and duration are
selected such that said annealed substrate exhibits a responsivity in a range of about 1
A/W to about 200 A/W upon exposure of said surface layer to radiation having
wavelengths in a range of about 250 nm to about 1100 nm and application of a reverse

bias in a range of about 0.1 V to about 15 V to said wafer.

32. The method of claim 27, wherein said elevated temperature is selected to be in a

range of about 500 K to about 1100 K.

33. The method of claim 33, wherein said duration is selected to be in a range of

about a few seconds to about few hours.

34. The method of claim 27, further comprising selecting said short laser pulses to
have pulse widths in a range of about tens of femtoseconds to about tens of

nanoseconds.

35. The method of claim 27, further comprising selecting a fluence of said pulses
and a partial pressure of said substance having an electron-donating constituent such that
the concentration of said electron-donating constituent incorporated in said surface layer

ranges from about 0.5 to about 5 atom percent.

36. A method of fabricating a radiation-absorbing semiconductor wafer, comprising

irradiating at least one surface location of a silicon substrate with temporally
short laser pulses while exposing the substrate to a substance having an electron-
donating constituent so as to generate a microstructured surface layer having inclusions
containing the electron-donating constituent, and

annealing the substrate at an elevated temperature and for a duration selected to
enhance a responsivity of the microstructured substrate to radiation having at least one
wavelength in a range of about 250 nm to about 1100 nm incident on the

microstructured surface layer by at least a factor of about 10.

IPR2025-00811
Apple-Sony EX1002 Page 216



WO 2006/086014 PCT/US2005/034180

- 43 -

37. The method of claim 37, wherein the annealing temperature lies in a range of
about 700 K to about 900 K.
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A MULTIJUNCTION PHOTOVOLTAIC DEVICE

Related Application

The present application claims priority to provisional application entitled “All
Silicon Multijunction Photovoltaic (Solar Cell)” filed on February 1, 2008 and having a
serial number 61/025,499 as well as provisional application entitled “A Multijunction
Photovoltaic Device” filed on May 14, 2008 and having a serial number 61/053,080.

Both of these provisional applications are herein incorporated by reference.

Background

The present invention relates generally to photovoltaic devices and methods for
their fabrication.

Photovoltaic devices produce eleciric power via conversion of the planet’s most
abundant and renewable energy input: sunlight. Crystalline silicon solar cells are among
the most mature and efficient photovoltaic technologies. Additionally, silicon is the
second most abundant element in the earth’s crust. Although silicon would seem as the
premier candidate for renewable and environmentally friendly solar energy conversion,
high manufacturing costs and a recent shortage of device grade silicon have prevented
such cells from economically competing with the combustion of fossil fuels as a source
of electricity on a large scale.

Hence, there is a need for enhanced photovoltaic devices as well as improved

fabrication techniques, particularly as they relate to enhanced silicon photovoltaic cells.

Summary
Photovoltaic devices (e.g., solar cells) are disclosed that include at least three

radiation absorbing layers, each capable of absorbing radiation over a different
wavelength range of the solar radiation spectrum. Any two of these three wavelength
ranges can be partially overlapping, or alternatively they can be distinct from each other.
The layers are disposed relative to one another so as to form two junctions, each of
which includes a depletion region. In some cases, the radiation absorbing layers can
collectively absorb radiation over a wavelength range that spans at least about 60%, or

about 70%, or about 80%, and preferably at least about 90% of the solar radiation

SUBSTITUTE SHEET (RULE 26)
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wavelength spectrum. By way of example, in some embodiments, one layer can exhibit
significant absorption of solar radiation (e.g., it can absorb at least one radiation
wavelength at an absorptance greater than about 90%) at wavelengths less than about 0.7
microns while another layer can exhibit significant absorption of the solar radiation at
wavelengths in a range of about 0.7 microns to about 1 micron. The third layer can in
turn exhibit a significant absorption of solar radiation at wavelengths greater than about
1 micron.

In a related aspect, the photovoltaic device is configured such that at least a
portion of a surface of one of the layers can be exposed to the solar radiation. In many
embodiments, the layer that is capable of absorbing high energy photons (shorter
wavelengths) is the first layer that receives the radiation. A portion of the radiation is
absorbed by that layer and the remaining radiation passes through the other two layers,
each of which in turn absorbs a portion of the radiation corresponding to its wavelength
absorption range. The absorption of the solar radiation can generate electron-hole pairs.
At least some of such electron-hole pairs can be separated under the influence of the
electric fields present in the depletion regions associated with the junctions between the
layers so as to generate a voltage across the device.

In some embodiments, the radiation absorbing layers can collectively absorb at
least about 60%, or at least about 70%, or at least about 80%, or at least about 90%, of
solar radiation incident on a portion of at least one of the layers that is adapted for
exposure to solar radiation.

Two electrically conductive electrodes, one of which is electrically coupled to
the upper layer and the other to the lower layer, can be employed to apply the voltage
generated across the device, in response to exposure to the solar radiation, to an external
load. By way of example, in some embodiments, the photovoltaic device includes a
radiation transparent substrate (e.g., a substrate that allows the passage of at least about
50% of incident solar radiation) on which the radiation absorbing layers are disposed.
Although the term substrate is used it should be appreciated that, in a typical
embodiment, the substrate will be the uppermost element of the device, upon which the
solar radiation impinges. A radiation transparent electrically conductive layer (e.g., a
layer formed of indium tin oxide or zinc oxide) disposed between the electrically

conductive transparent layer and the upper layer, which is in electrical contact with at
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least a portion of the upper layer, forms one of the electrodes. The other electrode can
be formed by a metallic layer disposed over at least a portion of the lower layer so as to
form an clectrical contact therewith.

As noted above, at least a portion of the electron-hole pairs generated in response
to the exposure of the radiation absorbing layers to solar radiation can drift in opposite
directions under the influence of the electric fields in the depletion regions to generate a
voltage across the electrodes, which can be applied to an external load.

In a related aspect, the various layers of the above photovoltaic device can be
formed of silicon doped with a suitable dopant. By way of example, in some cases, the
upper layer includes a p-doped layer of amorphous silicon (e.g., a layer having a
thickness in a range of about 10 nanometers (nm) to about 500 nm) while the
intermediate layer includes an n-doped layer of crystalline or polycrystalline silicon (e.g.
a layer having a thickness in a range of about 5 um (microns) to about 50 pm). The
lower layer can include a thin layer of highly doped silicon that includes a high
concentration of an n-type dopant (e.g., an atomic concentration of at least about 0.1%,
e.g., in a range of about 0.1% to about 2%) that can absorb radiation wavelengths greater
than about 1 micron (or 1.1 microns corresponding to the band gap of crystalline silicon)
with a high absorptance (e.g., greater than about 50%, and preferably greater than about
90%) to generate electron-hole pairs.

In another aspect, the invention provides a photovoltaic device (e.g., a solar cell),
which comprises a first semiconductor layer capable of absorbing radiation at
wavelengths greater than about 1 micron with an absorptance greater than about 60% for
at least one of those wavelengths, and a second semiconductor layer capable of
absorbing radiation at one or more wavelengths in a range of about 0.7 microns to about
1 micron, where the second layer forms a junction with the first layer. The photovoltaic
device can further include a third semiconductor layer that is capable of absorbing
radiation at wavelengths less than about 0.7 microns, e.g., in a range of about 0.25
microns to about 0.7 microns, where the third layer forms a junction with said second
layer. Each junction can comprise a depletion region in which an electric field is

present.
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In another aspect, a method of fabricating a photovoltaic device is disclosed that
includes forming a radiation transparent conductive layer, which can function as an
electrode, over a surface of a radiation transparent substrate. A layer of amorphous
silicon doped with a p-type dopant can then be formed, e.g., via plasma enhanced
chemical vapor deposition, over the transparent conductive layer. A layer of crystalline
or polycrystalline silicon can then be formed over the amorphous layer, e.g., via low
pressure chemical vapor deposition. A plurality of short laser pulses (e.g., pulses having
temporal durations in a range of about 100 femtoseconds to about S00 femtoseconds)
can be applied to an exposed surface of the crystalline or polycrystalline layer (that is a
surface opposed to the one that is in contact with the amorphous layer) while exposing
the surface to a fluid (e.g., a liquid or gas) having an electron-donating constituent to
form a thin highly doped surface layer (e.g., one having a thickness in a range of about
10 nm to about 1000 nm) that functions as another radiation absorbing layer of the cell.
Subsequently, a metallic layer can be deposited over the disordered layer (e.g., by
evaporating a metal onto a top surface of the disordered layer) so as to generate another
electrode. The highly doped layer, which can in some cases be a crystalline or
poljxcrystalline layer, can also be formed to have these high doping levels using other
techniques that yield similar optical properties. These techniques include irradiating
with a plurality of short laser pulses having longer durations, ¢.g., as long as 1
picosecond, or even as long as 1 nanosecond, to about 100 nanoseconds. Other
techniques to implant large quantities of dopants can also be used.

Further understanding of the invention can be obtained by reference to the
following detailed description in conjunction with the associated drawings, which are

discussed briefly below.

Brief Description of Drawings

FIGURE 1 schematically depicts a photovoltaic cell in accordance with onc

embodiment of the invention,

FIGURE 2 shows the spectral irradiance of solar radiation as a function of
wavelength at the earth above the atmosphere (solid line) relative to radiation from a

black body at a temperature of about 5900 K (dashed line),
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FIGURE 3A schematically depicts an exemplary implementation of the
photovoltaic cell of FIGURE 1,

FIGURE 3B schematically depicts the photovoltaic cell of FIGURE 3 A attached

to a load,

FIGURE 4 depicts absorption of radiation by three layers of a hypothetical solar
cell according to an embodiment of the invention over different wavelength ranges of

the solar spectrum,

FIGURE 5 depicts schematically absorption of photons in various layers of a

solar cell according to an embodiment of the invention,

FIGURE 6A schematically depicts absorption of photons in a conventional

homojunction solar cell,

FIGURE 6B schematically depicts the thermalization energy loss of an electron

of an electron-hole pair generated in a conventional homojunction solar cell,

FIGURE 6C schematically depicts that absorption of a photon in conventional
homojunction solar cell can yield work corresponding to the energy associated with the

band gap,

FIGURE 7 schematically depicts depletion regions associated with junctions

between various layers of a solar cell according to an embodiment of the invention,

FIGURE 8A shows surface structures generated in a silicon substrate via

exposure of the substrate to femtosecond laser pulses in presence of SFg,

FIGURE 8B is a cross-sectional TEM image of one of the spikes shown in
FIGURE 8A,
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FIGURE 9 shows radiation absorptance as a function of wavelength exhibited by

a laser-processed silicon substrate relative to that exhibited by unstructured silicon,

FIGURE 10 shows rectification exhibited by a junction formed between a
surface layer formed in silicon substrate by application of short laser pulses in presence
of SFs and the underlying silicon substrate, and

FIGURE 11 shows I-V curve of a prototype solar cell.

Detailed Description

The present invention generally provides a multi-junction photovoltaic device
(e.g., a solar cell) that can include, ¢.g., a first, a second and a third radiation absorbing
layer, each capable of absorbing radiation over a different wavelength range within the
solar wavelength spectrum. The first and the second layer can have, respectively, p-type
and n-type doping (or vice versa) and can contact one another, ¢.g., along a surface; to
form a junction characterized by a depletion region. In some cases, the third layer can
have the same type of doping as that of the second layer (e.g., both the second layer and
the third layer can have an n-type doping) but at a different (e.g., higher) concentration
level (e.g., at least about 1% atomic), or it can have a different type of doping, such that
a junction it forms with the intermediate layer would also include a depletion region.
The term “depletion region,” also commonly known as “depletion layer” or “depletion
zone,” is known in the art and can be formed across a junction between two
semiconductors (e.g., a p-n junction) having different concentrations of electrons or
holes via diffusion of carriers from the semiconductor having a higher concentration to
the other until an electric field generated across the junction impedes the diffusion, thus
leading to the formation of a region that is substantially lacking in mobile charge carriers
and supports an electric field.

FIGURE 1 schematically depicts a multijunction photovoltaic device 10, e.g., a
solar cell, that includes three radiation absorbing layers (regions) 12, 14, and 16 that are
disposed relative to one another to form two junctions A and B. For ease of description,
the layers 12, 14, and 16 are herein referred to in some cases, respectively, as the upper

(first), intermediate (second) and lower (third) layers. Each layer is formed of a
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material, e.g., a semiconductor, in which electron-hole pairs can be generated in
response to the absorption of optical radiation having suitable wavelengths. The layers
are disposed on a support substrate 18, which can be formed of a suitable radiation
transparent material such as glass. In many embodiments, the substrate 18 can allow the
passage of at least about 50% of the sun’s radiation, and preferably at least about 80%
and more preferably at least about 90% of the incident sun’s radiation. A radiation
transparent electrically conducting layer 20, which functions as one of two electrodes for
coupling a voltage generated across the cell in response to solar radiation to an external
load, separates the radiation absorbing layer 12 from the support substrate 18 and forms
electrical contact with that absorbing layer.

A metallic layer 22 disposed over the lower layer 16 provides another electrode
that in combination with the electrode 16 can be utilized to apply a voltage generated
across the device to an external load (not shown). As discussed in more detail below,
upon exposure of the layers 12, 14 and 16 to solar radiation, electron-hole pairs can be
generated in those layers. At least a portion of these clectron-hole pairs can be separated
under the influence of the electric fields associated with the junctions A and B to drift in
opposite directions toward the electrode 20 or 22. In this manner, a voltage can be
generated across the device. |

By way of example, in some implementations of the multijunction solar cell 10,
each of the radiation absorbing layers 12, 14 and 16 can show a significant absorption,
e.g., an absorption greater than about 60% (e.g., in a range of about 60% to about
100%), for radiation in a different wavelength band of the solar radiation spectrum. In
some cases, such wavelength bands can have overlapping portions and can collectively
cover the wavelengths of the sun’s radiation not only in the visible wavelength range but
also in the infrared range. For example, the layers can be collectively capable of
absorbing all radiation wavelengths over a span of the sun’s radiation spectrum
extending from about 250 nm to about 2500 nm.

The sun’s radiation spectrum exhibits wavelengths that span a range of about
0.25 microns to about 2.5 microns, with significant decrease in intensity for wavelengths
beyond this range. Accordingly, the term “solar wavelength spectrum,” as used herein

can refer to a wavelength range extending from about 0.25 microns to about 2.5 microns.
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The solar spectrum can be approximated by that of a black body radiating at a
temperature of about 5900 K. The spectral irradiance, M, emitted by a black body in the

units of Wm™pm is given by:

2
M = 2zhe ! Eq. (1)
A exp[ﬁ] -1
kT A

where 4 is Planck’s constant, ¢ is the speed of light, £ is the Boltzmann constant, 7 is the
temperature of the black body in units of Kelvin (K) and A is the wavelength in units of
microns ( g m).

By way of example, FIGURE 2 shows a solar radiation spectrum indicating solar
radiation irradiance as a function of the radiation wavelength. In some implementations,
the layers 12 can exhibit a high absorption of the solar radiation with wavelengths less
than about 0.7 microns while the region 14 can exhibit a high absorption of the solar
radiation with wavelengths in a range of about 0.7 microns to about 1 micron. The layer
16 can in turn show a high absorption of the solar radiation with wavelengths greater
than about 1 micron, e.g., in a range of about 1 micron to about 2.5 microns. The term
“high absorption” refers to an absorption of radiation with an absorptance greater than
about 60%, or greater than about 70%, or preferably greater than about 80%, and more
preferably greater than about 90% (e.g., near unity).

FIGURE 3A shows a multijunction solar cell 24 that corresponds to an
exemplary implementation of the aforementioned solar cell 10 in which each of the
layers 10, 12 and 14 is formed primarily of silicon (that is, it is formed of silicon in
which some dopants are incorporated). More specifically, the solar cell 24 includes a
radiation transparent support substrate 26 that extends from an external surface 26a that
is adapted for exposure to solar radiation to an internal surface 26b on which a layer of a
transparent conductor 28 is disposed. In this embodiment, the substrate 26 is formed of
glass, though in other embodiments it can be formed of other materials such as
transparent dielectrics (e.g. quartz) or plastics or polymers. The radiation transparent
conductor layer 28 can be formed, for example, of indium tin oxide (ITO) or zinc oxide

(Zn0O).
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The exemplary multijunction solar cell 24 further includes a radiation-absorbing
layer 30 formed of p-doped amorphous silicon (aSi) that is disposed over the transparent
conductor layer 28. The layer 30 can exhibit a thickness in a range of about 1 nm to
about 1000 nanometers, and preferably in a range of about 10 nm to about 100
nanometers (c.g., about 50 nm). The doping level of the layer 30 can be, e.g., in arange
of about 10'* cm™ to about 10" ¢cm™, and preferably in a range of about 10'® cm™ to
about 10" cm™. The layer 30 can be doped with a variety of p-type dopants, such as
boron or aluminum or gallium.

Another radiation absorbing layer 32 is disposed over the layer 30 to form a
junction J1 therewith, where the junction includes a depletion region. More specifically,
in some embodiments the layer 32 can be formed of crystalline silicon (c-Si) or
polycrystalline silicon (p-Si) that is appropriately doped. In this exemplary
implementation, the layer 32 comprises polycrystalline silicon that is doped with an n-
type dopant. The doping concentration of the layer 32 can be, for example, in a range of
about 10" cm™ to about 10" cm?, and preferably in a range of about 10" em™ to about
10" cm™. Turther, the thickness of the layer 32 can be in a range of about 1 micrometer
to about 500 micrometers, and preferably in a range of about 5 micrometers to about 50
micrometers (e.g., about 10 microns). The contact junction J1 formed between the
layers 30 and 32 includes a depletion region. As discussed in more detail below, an
electric field in the depletion region can facilitate the separation of the electron-hole
pairs generated in that region or in vicinity thereof by incident solar photons. In some
implementations, the layer 32 can be a thin layer having a thickness, e.g., in a range of
about 1 micrometer to about 10 micrometers. In some cases, such a thin layer (e.g., a
thickness in a range of about 1 mircon to about 10 microns) can exhibit an absorptance
of about 25% or less in response to exposure to radiation wavelengths in a range of
about 0.7 microns to about 1 micron.

In this embodiment, a thin highly-doped disordered layer 34 forms another
junction J2 with the crystalline or polycrystalline layer 32 (in some other embodiments
the heavily doped layer 34 can be crystalline exhibiting in some cases a highly ordered
structure). Similar to the junction J1, the junction J2 can also include a depletion region
that can facilitate the separation of electron-hole pairs generated by solar photons. As

discussed in detail below, in some cases, the layer 34 can be fabricated by applying a
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plurality of short laser pulses to the top surface of the underlying layer 32 while
exposing the surface to an electron-donating compound (e.g., SFs). The layer 34 can
have a thickness in a range of about 10 nm to about 1000 nm, and preferably in a range
of about 50 nm to about 200 nm. In many implementations, the layer 34 includes a high
level of n-doping (e.g., at an atomic concentration of at least about 1%) so as to exhibit a
higher n-type doping concentration level than that of the underlying layer 32.

As discussed in more detail below, in this embodiment, the highly-doped silicon
layer 34 can absorb radiation with wavelengths greater than about 1 micron (e.g., greater
than about 1.1 microns) with an absorptance significantly greater than that exhibited by
crystalline silicon at those wavelengths. While crystalline silicon exhibits a precipitous
drop in radiation absorption for wavelengths greater than that corresponding to its
bandgap (e.g., greater than about 1.1 microns}, the highly-doped silicon layer can exhibit
in some cases near unity absorptance (e.g., an absorptance greater than about 90%) for
those radiation wavelengths.

The absorption characteristics of the three layers 30, 32 and 34 in the exemplary
multijunction solar cell 24 can allow the cell to absorb the incident solar photon flux
over a wide wavelength range. By way of illustration, FIGURE 4 shows a plot
indicating the absorption of solar photons by different layers 30, 32, and 34 of a
hypothetical implementation of the solar cell 24, illustrating the number of photons
absorbed by each of those layers (it should be understood that this figure is presented
only for illustrative purposes and is not intended to necessarily indicate the optimal
radiation absorption characteristics of a multijunction solar cell in accordance with the
tcachings of the invention). The plot shows the photon flux (number of photons per unit
area) at a given energy in the AM1.5 solar spectrum. The area under the curve
represents the number of photons in a given energy range. The amorphous silicon layer
can absorb photons with energies greater than about 1.7 eV, while the polycrystalline or
crystalline silicon layer can absorb photons with energies greater than about 1.1 eV. The
highly-doped disordered layer (in some cases the highly-doped layer is not disordered)
can in turn absorb photons with energies greater than about 0.5 eV. In some cases, the

highly-doped layer can absorb photons with energies greater than about 0.25 V.
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Referring again to FIGURE 3A, a thin metallic layer 36 is disposed over the thin
layer 34. The metallic layer 36 together with the aforementioned radiation transparent
conductive layer 28 allow extracting a voltage from the solar cell 24 to be applied to an
external load 38, as shown schematically in FIGURE 3B, and discussed in more detail
below.

In use, upon exposure of the multijunction solar cell 24 to solar radiation,
incident solar photons pass through the glass substrate 26 and the transparent conductor
to be incident on the amorphous silicon layer 30. A portion of these photons are
absorbed by the amorphous silicon layer so as to generate electron-hole pairs. The
photons absorbed by the amorphous layer 30 are typically high energy photons, e.g.,
photons having energies greater than an energy corresponding to the band gap of
amorphous silicon (e.g., 1.7 eV).

The remaining photons, or at least a large portion of them, enter the
polycrystalline (or crystalline) layer 32. These photons have typically lower energy as
many of the higher energy photons were previously absorbed by the amorphous layer
30. For example, many of these photons can have energies in a range of about 1.1 eV to
about 1.7 ¢V. The absorption of these photons can also lead to the generation of
electron-hole pairs. Finally, those photons that were not absorbed by the layers 30 and
32 reach the highly-doped layer 34 and are absorbed by that layer (at least a portion of
those photons are absorbed by the layer 34) to generate additional electron-hole pairs.
The energies of many of these photons lie in a range less than about 1.1 eV. In many
implementations, the layer 34 exhibits micron-sized surface undulations that can help in
trapping photons. In addition, the metallic layer 36 can reflect photons not absorbed by
the radiation absorbing layers back to those layers.

Hence, the multijunction solar cell 24 absorbs photons over substantially the
entire range of the solar radiation spectrum. Such absorption of photons corresponding
to different wavclength ranges of the solar spectrum is schematically shown in a graph
in FIGURE 5 for a hypothetical multijunction solar cell according to the teachings of the
invention. The graph schematically indicates each material with its associated band gap
(for example, in the solar cell shown in FIGURE 5, Material 1 corresponds to
amorphous silicon, Material( 2 corresponds to crystalline or polycrystalline silicon and

Material 3 corresponds to a highly-doped disordered layer). The graph shows that the
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band gap of the three material progressively decreases such that the photons having
higher energies are absorbed primarily in Material 1 to generate electron-hole pairs
while lower energy photons are absorbed in the Materials 2 and 3 (in cases where a
surface of Material 1 is exposed to solar radiation, high energy photons, which can be
absorbed near the surface, can suffer less thermalization loss). Many device details,
such as the bending of the bands at the junctions, are not shown in this figure.

By way of contrast, FIGURES 6A-6C schematically show the absorption of solar
photons in a hypothetical homojunction photovoltaic cell (e.g., a solar cell). FIGURE
6A shows that only those photons having energies that are at least equal to that of the
band gap can be absorbed. All absorbed photons yicld about eg,, 0of work, as shown
schematically in FIGURE 6C. But many low energy photons are not absorbed. Further,
some energy from high energy photons are lost to lattice thermalization (e.g., FIGURE

6B schematically shows energy ( g, ) lost by an electron of an electron-hole pair

generated by a high energy photon to the lattice). By way of example, in a near ideal
silicon homojunction material, photons representing more than about 20% of the solar
energy are not absorbed and about 30% of the energy of the absorbed photons is lost to
heat.

Referring again to FIGURE 3 A, the junctions J1 and J2 include depletion
regions. These depletion regions are shown schematically in FIGURE 7 as regions DP1
and DP2. The electron-hole pairs generated in each of the two depletion regions or in
vicinity thereof are separated by the electric field present in the depletion regions to drift
towards the upper or the lower conductors 36 and 28. Some of such electrons and holes
are lost to electron-hole recombination events, while others are lost to non-radiative
recombination at traps, and still others may be lost to Auger recombination. Those that
reach the respective upper and lower metal electrodes can provide a voltage across the
cell that can be applied to an external load, such as the light bulb shown in FIGURE 3B.

In some embodiments, the highly-doped layer exhibits not only a high doping
concentration level but also good charge carrier mobility so as to minimize electron-hole
recombination events and scattering. By way of example, the electron mobility in the
highly doped layer 34 can be greater than about 500 cm?/V s, e.g., in a range of about
100 ecm?/V-s to about 1000 cm?/V-s. As discussed in more detail below, in some cases

the fabrication of the highly-doped layer can include a high-temperature annealing
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protocol to ensure high electron mobility in that layer.

A variety of techniques can be employed to fabricate the multijunction solar cell
24. By way of example, in one such fabrication method, the transparent conductive
electrode can be formed on a surface of glass substrate, e.g., by radio frequency
sputtering from an indium tin oxide (ITO) target. Subsequently, the amorphous silicon
layer can be grown on the exposed surface of the transparent metal electrode, in a
manner known in the art, for example by decomposition of silane gas (SiHy) in plasma
enhanced chemical vapor deposition. Similarly, the crystalline or polycrystalline layer is
grown on the amorphous layer. By way of example, thin films of amorphous and
microcrystalline silicon can be produced by plasma-enhanced chemical vapor deposition
using a mixture of silane (SiH4) and hydrogen gases. The films can include a substantial
amount of hydrogen (e.g., 5-20 at. %). Amorphous silicon films can be fabricated by
utilizing pure silane while crystalline grains can be fabricated via high dilution in
hydrogen. The degree of crystallinity can be varied by varying the concentration of
silane, e.g., in a range of about 4.5% to about 8%. For example, in some cases, at a
concentration of about 4.5%, the film can exhibit a high degree of crystallinity with an
average grain size of, e.g., about 25 microns. Amorphous and microcrystalline silicon
can be doped with a suitable n-type and p-type dopant, such as phosphorous or boron,
during the deposition process. Polycrystalline films are also commonly grown via low-
pressure chemical vapor deposition, via thermal decomposition of silane gas in a tube
furnace.

The highly-doped layer 34 can then be generated by applying short radiation
pulses to the exposed surface of the crystalline or polycrystalline layer 32 while the
surface is exposed to an electron-donating compound (e.g., sulfur hexafluoride gas), as
discussed in more detail below. It can also be generated via other techniques for
implanting impurities beyond the solid solubility limit. Finally, the metallic electrode
can be formed over the disordered layer 34, e.g., by evaporating a metal over that layer.

As discussed above, in this exemplary embodiment, the layer 34 is in the form of
a disordered layer formed primarily of silicon in which a large quantity of an electron-
donating dopant, e.g., sulfur, is incorporated. As noted in more detail below, such a
layer can be formed by irradiating a silicon surface with short radiation pulses (e.g.,

pulses having temporal durations in a range of about 10 femtoseconds (fs) to about a few
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hundred nanoseconds) while exposing to the surface to an clectron-donating constituent
(e.g., SFs). Such processing of silicon can generate the disordered layer 34 with a
thickness, e.g., in a range of 10 nanometers to about 1000 nanometers, which exhibits
not only significant absorption in the visible radiation wavelengths but also at
wavelengths that are larger than that corresponding to the band gap of silicon (e.g., at
wavelengths greater than about 1.1 microns).

By way of example, in some embodiments, the layer 34 can be fabricated by
applying radiation pulses having temporal durations in a range of about 10 {5 to about
500 fs (though longer pulse widths can also be utilized) and having wavelengths in a
range of about 400 nm to about 800 nm to a surface of a crystalline silicon substrate;
longer and shorter wavelengths can be used, for example from about 200 nm to
wavelengths of several microns, e.g., 5 microns. The fluence (energy per unit arca) of
the pulses at the substrate surface can be, e.g., in a range of about 1 kJ/em? to about 40
kJ/cm?. In some cases, the substrate is moved relative to the radiation beam (or vice
versa) such that different areas of the surface are irradiated with the pulses. The rate of
movement of the substrate can be selected such that each irradiated area is exposed to a
plurality of pulses, e.g., in a range of about a few tens to a few thousands (e.g., 500
pulses).

In some embodiments, the irradiation of the surface with the pulses is performed
while the surface is exposed to a dopant chosen, e.g., from heavy chalcogens (e.g.,
sulfur, selenium, and tellurium). Without being limited to any particular theory, the train
of the pulses can cause ultrafast melting of the substrate’s lattice so as to yield a
resolidification front that moves very fast, and can trap foreign atoms (e.g., sulfur) in its
vicinity with a surface layer of the substrate at concentration levels that substantially
exceed the respective solid solubility limit. These foreign atoms can be introduced in a
variety of ways. For example, the substrate surface can be irradiated with the short (e.g.,
femtosecond) pulses while the surface is exposed to sulfur hexafluoride gas (e.g., the
irradiation can be done in the presence of 500 torr sulfur hexafluoride gas). As another
example, when doping the substrate with selenium or tellurium, a film of selenium or
tellurium (e.g., a 100-nm film) can be thermally evaporated onto the substrate surface

and then the coated surface can be irradiated with the short laser pulses.
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The resulting substrate surface can exhibit micron-scale or sub-micron scale
morphologies depending on the conditions utilized. By way of example, FIGURE 8A
quasi-ordered array of microspikes that are about 1 — 15 microns tall and spaced by
about 1 — 5 microns that were generated in a surface layer of a silicon substrate by
exposing the surface to 100-fs laser pulses having a central wavelength of 800 nm and a
fluence of about 8 kJ/m”. Each area of the surface was exposed to about 600 pulses. A
cross-sectional transmission electron microscopy (TEM) image of one of the spikes
shown in FIGURE 8B reveals a doped, 300-nm thick polycrystalline disordered surface
layer. In particular, the X-ray diffraction pattern shown in the inset of FIGURE 8B
indicates that the disordered layer is in fact polycrystalline. Further, Rutherford
backscattering data (not shown) indicates that the polycrystalline layer exhibits about
1% atomic doping, and diffraction studies reveal an average grain size of about 30 nm.

Further details regarding various ways of generating a doped surface layer by
exposing a substrate surface to short laser pulses can be found U.S. Published Patent
Application No. 2003/0029495 entitled “Systems and Methods for Light Absorption and
Field Emission Using Microstructured Silicon,” U.S. Published Patent Application No.
2006/0079062 entitled “Femtosecond Laser-Induced Formation of Submicrometer
Spikes On a Semiconductor Substrate,” U.S. Patent No. 7,057,256 entitled “Silicon-
based Visible and Near-infrared Optoelectronic Devices,” pending U.S. Patent
Application No. 12/038209 entitled “Laser-Induced Structuring of Substrate Surfaces,”
cach of which is herein incorporated by reference in its entirety. The present application
also incorporates by reference a thesis entitled “Femtosecond Laser Ablation of Silicon:
Nanoparticles, Doping and Photovoltaics,” which was presented to Harvard University
by Brian Tull in 2007.

The morphology of the disordered surface layer, e.g., characterized by a
disordered array of microspikes, can be distinct from doping of the layer. For example,
adjusting laser parameters (e.g., fluence) as well as the distribution of laser pulses over
the surface can be employed to enhance or reduce the sizes of the surface features while
still providing a requisite degree of doping (e.g., 1% atomic concentration). In some
cases, the spikes or similar surface features generated by laser processing of the
substrate can be used to amplify absorption of solar radiation incident on the surface due

to multiple reflections. In other cases, it may advantageous to fabricate a highly doped
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disordered surface layer that exhibits a substantially smooth top surface. By way of
example, an international (PCT) application entitled “Engineering Flat Surfaces on
Material Doped Via Femtosecond Laser Irradiation”, which is concurrently filed
herewith and is herein incorporated by reference in its entirety, describes a method of
processing a substrate by irradiating at least a portion of the substrate surface with a
plurality of short radiation pulses while exposing the surface to a dopant. The pulses are
selected to have a fluence at the substrate surface that is greater than a melting fluence
threshold and less than an ablation fluence threshold. In this manner, a quantity of the
dopant can be incorporated into the substrate while ensuring that the roughness of the
substrate’s surface is significantly less than the wavelength of the applied radiation
pulses.

Although the above description relates to generating a highly doped layer in
crystalline silicon, the methods discussed above can be employed to generate such
doping layers in amorphous silicon (e.g., in thin films of amorphous silicon) or other
semiconductors by exposing them to short laser pulses in the presence of a dopant.

The radiation absorbing layer 34 gencrated by the above methods can exhibit a
substantially uniform absorption of electromagnetic radiation incident thereon from
ultraviolet to the near-infrared (e.g., in a range of about 250 nm to about 2500 nm). As
such, it can be particularly useful in absorbing the solar radiation at wavelengths greater
than about 1.1 microns, where crystalline silicon shows very low absorption. By way of
illustration, FIGURE 9 shows the radiation absarptance as a function of wavelength for
a highly doped surface layer formed in silicon via application of 100-fs pulses at a
central wavelength of about 800 nm and a fluence of about 8 kJ/m? (cach arca was
exposed to about 500 pulsés), indicating a near-unity absorptance over a wide range of
wavelengths. In contrast, as shown in the figure, the absorptance exhibited by a
crystalline silicon substrate drops precipitously for wavelengths greater than about 1.1
microns.

Moreover, the highly-doped layer can form a diode junction with the underlying
substrate that can be characterized by a depletion region. That is, in many cases, the
dopant atoms are not only optically active but they can also act as electron donors. In
some embodiments, subsequent to irradiation of substrate with laser pulses in the

presence of a dopant, the substrate (and consequently the generated highly doped surface
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layer) is annealed at an elevated temperature (e.g., at 900 K for about 30 minutes) to
facilitate the formation of a diode junction between the doped surface layer and the
underlying substrate. Such an annealing step is further discussed in Published U.S.
Patent Application No. 2008/0044943 entitled “Manufacture of Silicon-based Devices
Having Disordered Sulfur-doped Surface Layers,” which is incorporated herein by
reference in its entirety.

By way of illustration, FIGURE 10 shows that a junction between a surface layer
formed in a silicon substrate by application of 100-fs pulses (800 nm central wavelength
at a fluence of 8 kJ/m?) and the underlying substrate demonstrates rectification.
Additionally, regardless of the original substrate doping, room-temperature Hall

measurements performed on a number of silicon substrates in which such highly doped

- surface layers are generated demonstrate a negative charge carrier concentration in a

range of about 10" to about 10*° cm™ in that layer.

A multijunction photovoltaic cell according to the teachings of the invention can
provide a number of advantages relative to conventional multijunction photovoltaic
cells. For example, a multijunction photovoltaic cell of the invention can utilize a
significant portion of the solar wavelength spectrum for generating electron-hole pairs.
In addition, it can be fabricated by utilizing abundant raw materials and known
techniques. In contrast, conventional cells typically include a combination of exotic
materials that are expensive, both to acquire as raw materials as well as to incorporate
into a device.

The following example is provided for illustrative purposes to generally indicate
the feasibility of utilizing a highly-doped disordered layer, such as the aforementioned

layer 34, as a radiation absorbing layer in a multijunction solar cell.

Example
A homojunction prototype solar cell was fabricated by generating a highly doped

disordered layer as a top surface layer of a p-type silicon substrate (resistivity p = 800
Ohm-cm) by applying a plurality of 100-fs laser pulscs having a central wavelength of
800-nm to a surface of the silicon substrate at a fluence of about 4 kJ/m* while exposing
the surface to SFs. Cr/Au electrical contacts were deposited, one on each opposed side

of the substrate, to allow measuring a voltage generated across the cell in response to
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exposure to solar radiation.

FIGURE 11 shows a current versus voltage (I-V) curve measured for the
prototype homojunction cell. The open circuit voltage (V) refers to a voltage
developed across a solar cell, which is not connected to an external load, as a result of
the electron-hole pairs generated in response solar radiation. The open circuit voltage
can be measured, e.g., by determining a voltage needed to be applied to an illuminated
solar cell to prevent flow of a current. The short circuit current (/) refers to a current
that flows through an external source having a vanishing resistance that is coupled
across an illuminated cell. By way of example, the V. and /. can be determined by
sweeping a voltage applied across

A power delivered by a solar cell to an external load connected across the cell
having a given resistance can be determined by multiplying the current through the load
by the voltage across the load. A variable used to characterize the quality of a solar cell

1s known as the fill factor (FF), which can be defined as follows:

.V
FF = Zmax_ max Eq (2)
ISCVOC

where Lz and Vg, correspond to current and voltage associated with a maximum power
delivered by the cell, and V,. and I represent the open circuit voltage and short circuit
current, respectively.

The efficiency of a solar cell, 77(%), for converting solar power into electrical

energy can be defined as:

IV
= maC mx , 100% Eq. (3
n - o Eq.(3)

i

where T, represents the intensity of the light incident on the a surface of the cell exposed
to the solar radiation, 4 represents the area exposed to the solar radiation, and /,,., and
Vimax correspond to current and voltage associated with a maximum power delivered by

the cell.
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The efficiency of the aforementioned prototype cell under irradiation of an AM, 5
solar spectrum was measured to be about 2.2% with an open circuit voltage of about
0.42 V., a short circuit current of 14.4 mA/cm?, and a fill factor of about 0.36.

Those having ordinary skill in the art will appreciate that various changes can be

made to the above embodiments without departing from the scope of the invention.
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Claims:

1. A photovoltaic device, comprising

a first layer ,

a second layer forming a junction characterized by a depletion region with said
first layer, and

a third layer forming a junction characterized by a depletion region with said
intermediate layer,

each of said layers being adapted to absorb radiation over a different wavelength
range of the solar spectrum so as to generate electron-hole pairs,

wherein at least one of said layers is capable of absorbing radiation at

wavelengths greater than about 1 micron with an absorptance greater than about 60%.

2. The photovoltaic device of claim 1, wherein said wavelength ranges
corresponding to absorption by the layers collectively span a wavelength range

extending from 250 nm to about 2500 nm.

3. The photovoltaic device of claim 1, wherein said at least one layer exhibits an

absorptance greater than about 70% for wavelengths greater than about 1 micron.

4. The photovoltaic device of claim 1, wherein said at least one layer exhibits an

absorptance greater than about 80% for wavelengths greater than about 1 micron.

5. The photovoltaic device of claim 1, wherein said at least one layer exhibits an

absorptance greater than about 90% for wavelengths greater than about 1 micron.

6. The photovoltaic device of claim 1, wherein onc of said layers comprises

amorphous silicon.

7. The photovoltaic device of claim 1, wherein one of said layers comprises any of

crystalline or polycrystalline silicon.
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8. The photovoltaic device of claim 1, wherein one of said layers comprises a

silicon layer doped with a dopant at an atomic concentration greater than about 1%.

9. A photovoltaic device, comprising

a first radiation absorbing layer formed of silicon doped with a dopant so as to
absorb electromagnetic radiation at one or more wavelengths greater than about 1
micrometers with an absorptance greater than about 70%,

a second radiation absorbing layer formed of any of doped crystalline or
polycrystalline silicon disposed over said first layer, said second layer forming a
junction with said first layer characterized by a depletion region, and

a third radiation absorbing layer formed of doped amorphous silicon disposed on

said second layer so as to form a junction therewith characterized by a depletion region.

10. The photovoltaic device of claim 9, wherein said first layer comprises a layer

containing said dopant with an atomic concentration greater than about 1%.

11. The photovoltaic device of claim 10, wherein said first layer has a thickness in a

range of about 10 nm to about 1000 nm.

12 The photovoltaic device of claim 9, wherein at least a portion of one of said

layers is configured for exposure to an external source of radiation.

13. The photovoltaic device of claim 9, further comprising a pair of electrodes each
of which is in electrical coupling with one of said regions so as to facilitate generation of
an electrical signal in response to exposure of said at least a portion of one of said

regions to radiation from said source.

14. The photoveltaic device of claim 13, wherein said electrical signal comprises any

of a voltage or a current.

15. The photovoltaic device of claim 9, wherein said first layers includes an n-type

dopant.
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16. The photovoltaic device of claim 9, wherein said first layer exhibits an electron

mobility greater than about 100 cm?/Vs.

17. A photovoltaic device, comprising

a first semiconductor layer capable of absorbing radiation at wavelengths greater
than about 1.1 microns, said layer exhibiting an absorptance greater than about 25% for
at least one of said wavelengths,

a second semiconductor layer capable of absorbing radiation at wavelengths in a
range of about 0.7 microns to about 1.1 microns, said second layer forming a junction
with said first layer,

a third semiconductor layer capable of absorbing radiation at wavelengthsina
range of about 0.25 microns to about 0.7 microns, said third layer forming a junction
with said second layer,

wherein said of said junctions comprises a depletion region.

18. The photovoltaic device of claim 17, wherein said first layer exhibits an
absorptance in a range of about 0.25 to about 1.0 at radiation wavelengths in a range of

about 1 micron to about 2 microns.

19. The photovoltaic device of claim 17, wherein said second layer exhibits an
absorptance in a range of about 0.5 to about 1.0 at radiation wavelengths in said range of

about 0.7 microns to about 1 micron.

20. The photovoltaic device of claim 17, wherein said third layer exhibits an
absorptance in a range of about 0.5 to about 1 at radiation wavelengths in said range of

about 0.25 microns to about 0.7 microns.

21. The photovoltaic device of claim 17, wherein each of said layers is formed

primarily of silicon.
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22. A photovoltaic device, comprising

an upper layer capable of generating electron-hole pairs in response to exposure
to radiation having one or more wavelengths within a first wavelength range,

an intermediate layer forming a junction characterized by a depletion region with
said upper layer, said intermediate layer being capable of generating electron-hole pairs
in response to radiation having one or more wavelengths within a second wavelength
range,

a lower layer forming a junction characterized by a depletion region with said
intermediate layer, said lower layer being capable of generating electron-hole pairs in
response to radiation having one or more wavelengths within a this wavelength range,

said wavelength ranges spanning different portions of the solar wavelength
spectrum,

wherein at least a portion of one of said layers is configured for exposure to solar
radiation, and wherein said layers are adapted to collectively absorb at least about 70%
of solar radiation energy incident on said portion configured for exposure to solar

radiation

23. The photovoltaic device of claim 22, wherein said layers are adapted to
collectively absorb at least about 80% of solar radiation energy incident on said portion

configured for exposure to solar radiation.

24. The photovoltaic device of claim 22, wherein said layers are adapted to
collectively absorb at least about 90% of solar radiation energy incident on said portion

configured for exposure to solar radiation.
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25. A method of fabricating a photovoltaic device, comprising
forming a radiation transparent electrically conductive layer over a surface of a
radiation transparent substrate,
5 disposing a first semiconductor radiation absorbing layer over said electrically
conductive layer,
disposing a second semiconductor radiation absorbing layer over said first layer
so as to form a junction with said first layer characterized by a depletion region,
applying a plurality of short radiation pulses to an uncovered surface of said
10 second layer while said surface portion is exposed to a compound having an electron
donating constituent in order to convert a portion of said second layer into a third
radiation absorbing layer forming a junction characterized by a depletion region with
said second layer, and

depositing an electrically conductive layer over said third layer.
15
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(57) Abstract: Photosensitive devices and associated methods are provided. In one aspect, for example, a photosensitive imager
device can include a semiconductor substrate having multiple doped regions forming at least one junction, a textured region cou-
pled to the semiconductor substrate and positioned to interact with electromagnetic radiation, and an electrical transfer element
coupled to the semiconductor substrate and operable to transfer an electrical signal from the at least one junction. In one aspect,
the textured region is operable to facilitate generation of an electrical signal from the detection of infrared electromagnetic radia-
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tive absorption wavelength as compared to a semiconductor substrate lacking a textured region.
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PHOTOSENSITIVE IMAGING DEVICES AND ASSOCIATED METHODS

PRIORITY DATA

This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/243,434, filed on September 17, 2009, U.S. Provisional Patent
Application Serial No. 61/311,004 filed on March 5, 2010, and U.S. Provisional
Patent Application Serial No. 61/311,107, filed on March 5, 2010, each of which is

incorporated herein by reference.

BACKGROUND

The interaction of light with semiconductor materials has been a significant
innovation. Silicon imaging devices are used in various technologies, such as digital
cameras, optical mice, video cameras, cell phones, and the like. Charge-coupled
devices (CCDs) were widely used in digital imaging, and were later improved upon
by complementary metal-oxide-semiconductor (CMOS) imagers having increased
performance. CMOS sensors are typically manufactured from silicon and can covert
visible incident light into a photocurrent and ultimately into a digital image. Silicon-
based technologies for detecting infrared incident electromagnetic radiation have been
problematic, however, because silicon is an indirect bandgap semiconductor having a
bandgap of about 1.1eV. Thus the absorption of electromagnetic radiation having

wavelengths of greater than about 1100 nm is, thercfore, very low in silicon.

SUMMARY

The present disclosure provides photosensitive devices and associated
methods. In one aspect, for example, a photosensitive imager device can include a
semiconductor substrate having multiple doped regions forming at least one junction,
a textured region coupled to the semiconductor substrate and positioned to interact
with electromagnetic radiation, and an electrical transfer element coupled to the
semiconductor substrate and operable to transfer an electrical signal from the at least
one junction. In one aspect, the textured region is operable to facilitate generation of
an electrical signal from the detection of infrared electromagnetic radiation. In
another aspect, interacting with electromagnetic radiation further includes increasing
the scmiconductor substrate’s cffective absorption length as compared to a

semiconductor substrate lacking a textured region. In one specific aspect, the transfer
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element is selected from the group consisting of a transistor, a sensing node, a transfer
gate, and combinations thereof.

The textured region can be positioned in a variety of locations relative to the
doped regions. In one aspect, for example, the textured region is positioned on a
surface of the semiconductor substrate that is opposite the multiple doped regions. In
one specific aspect, the textured region has a surface morphology operable to direct
electromagnetic radiation into or out of the semiconductor substrate. The surface
morphology of the textured region relative to the semiconductor substrate can include
a variety of configurations, including, without limitation, sloping, pyramidal, inverted
pyramidal, spherical, parabolic, asymmectric, symmetric, and the like, including
combinations thereof.

In another aspect, the textured region can be positioned on a surface of the
semiconductor substrate that is adjacent the multiple doped regions. In a more
specific aspect, an additional textured region can be positioned on a surface of the
semiconductor substrate that is opposite the multiple doped regions. In this manner,
textured regions can thus be positioned adjacent to multiple doped regions and
opposite the multiple doped regions.

Various aspects of the textured region can vary depending on the desired
configuration of the device. In one aspect, however, the textured region includes
surface features having a size selected from the group consisting of micron-sized,
nano-sized, and combinations thereof. Numerous surface feature morphologies are
contemplated, nonlimiting examples of which include cones, pillars, pyramids,
micolenses, quantum dots, inverted features, and combinations thereof. Additionally,
the textured region can be formed by a variety of processes. Nonlimiting examples of
such texturing processes can include lazing, chemical etching (e.g. anisotropic
etching, isotropic etching), nanoimprinting, material deposition, and combinations
thereof.

Additional layers and/or structures can be included in various devices
according to aspects present disclosure. In one aspect, for example, a reflective layer
can be coupled to the semiconductor substrate and positioned to maintain the
electromagnetic radiation in the semiconductor substrate. In another aspect, a lens
can be optically coupled to the semiconductor substrate and positioned to focus

incident clectromagnetic radiation into the secmiconductor substrate.
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In another aspect of the present disclosure, a method of making a
photosensitive imager device is provided. Such a method can include forming a
textured region on a semiconductor substrate having multiple doped regions forming a
least one junction, wherein the textured region is formed in a position to interact with
electromagnetic radiation and coupling an electrical transfer element to the
semiconductor substrate such that the electrical transfer element is operable to transfer
an electrical signal from the at least one junction.

In one aspect, the photosensitive imager device can be tuned to be selected to
filter out specific electromagnetic radiation wavelengths. In one specific aspect,
tuning includes forming surface fcaturcs to have dimcensions that sclectively diffusc or
selectively absorb a desired wavelength of electromagnetic radiation. In another
aspect, tuning is accomplished through a factor selected from the group consisting of
placement of the textured region, material type and/or thickness of the textured
region, dopant type of the textured region, doping profile of the texture region, dopant
profile of the semiconductor substrate, material type and/or thickness of the
semiconductor substrate, and combinations thereof.

In another aspect of the present disclosure, a photosensitive imager device is
provided. Such a device can include a semiconductor substrate having multiple doped
regions forming a least one junction, a textured region coupled to the semiconductor
substrate and positioned to interact with electromagnetic radiation, and at least 4
transistors coupled to the semiconductor substrate and with at least one of the

transistors electrically coupled to the at least one junction.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a photosensitive device in accordance with one
aspect of the present disclosure;

FIG. 2 is a schematic view of a photosensitive device in accordance with
another aspect of the present disclosure;

FIG. 3 is a schematic view of a photosensitive device in accordance with yet
another aspect of the present disclosure;

FIG. 4 is a schematic view of a photosensitive device in accordance with a
further aspect of the present disclosure;

FIG. § is a schematic view of a photoscensitive device in accordance with yeta

further aspect of the present disclosure;
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FIG. 6 is a schematic view of a photosensitive device in accordance with
another aspect of the present disclosure;

FIG. 7 1s a schematic view of a photosensitive pixel device in accordance with
yet another aspect of the present disclosure;

FIG. 8 is a schematic view of a photosensitive pixel device in accordance with
a further aspect of the present disclosure;

FIG. 9 is a schematic view of a photosensitive pixel device in accordance with
yet a further aspect of the present disclosure;

FIG. 10 is a schematic view of a photosensitive pixel device in accordance
with another aspcct of the present disclosure;

FIG. 11 is a schematic view of a photosensitive pixel device in accordance
with yet another aspect of the present disclosure;

FIG. 12 is a schematic view of a photosensitive pixel device in accordance
with a further aspect of the present disclosure;

FIG. 13 is a schematic view of a photosensitive pixel device in accordance
with another aspect of the present disclosure;

FIG. 14 is a schematic view of a photosensitive imager device in accordance
with yet another aspect of the present disclosure;

FIG. 15 is a schematic view of a photosensitive pixel device in accordance
with a further aspect of the present disclosure;

FIG. 16 is a schematic view of a photosensitive pixel device in accordance
with another aspect of the present disclosure; and

FIG. 17 is a depiction of a method of making a photosensitive imager device

in accordance with yet another aspect of the present disclosure.

DETAILED DESCRIPTION

Before the present disclosure is described herein, it is to be understood that
this disclosure is not limited to the particular structures, process steps, or materials
disclosed herein, but is extended to equivalents 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 is not intended to be limiting.
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Definitions

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

Tt should be noted that, as used in this specification and the appended claims,
the singular forms “a,” and, “the” include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to “a dopant” includes one or more
of such dopants and reference to “the layer” includes reference to one or more of such
layers.

As used herein, the term “low oxygen content” refers to any material having
an interstitial oxygen content that is less than or cqual to about 60 ppm atomic.

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 micron-
sized surface variations formed by the irradiation of laser pulses. While the
characteristics of such a surface can be variable depending on the materials and
techniques employed, in one aspect such a surface can be several hundred nanometers
thick and made up of nanocrystallites (c.g. from about 10 to about 50 nanometers) and
nanopores. In another aspect, such a surface can include micron-sized structures (e.g.
about 2 pm to about 60 um). In yet another aspect, the surface can include nano-sized
and/or micron-sized structures from about 5 nm and about 500 pm.

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

As used herein, the terms “surface modifying” and “surface modification”
refer to the altering of a surface of a semiconductor material using laser radiation. In
one specific aspect, surface modification can include processes using primarily laser
radiation or laser radiation in combination with a dopant, whereby the laser radiation
facilitates the incorporation of the dopant into a surface of the semiconductor
material. Accordingly, in one aspect surface modification includes doping of a
semiconductor material.

As used herein, the term “target region” refers to an area of a semiconductor
material that is intended to be doped or surface modified using laser radiation. The
target region of a semiconductor material can vary as the surface modifying process
progresses. For cxample, after a first target region is doped or surface modificd, a

second target region may be selected on the same semiconductor material.
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As used herein, the term “detection” refers to the sensing, absorption, and/or
collection of electromagnetic radiation.

As used herein, the term “substantially” refers to the complete or nearly
complete extent or degree of an action, characteristic, property, state, structure, item,
or result. For example, an object that is “substantially” enclosed would mean that the
object is either completely enclosed or nearly completely enclosed. The
exact allowable degree of deviation from absolute completeness may in some cases
depend on the specific context. However, generally speaking the nearness of
completion will be so as to have the same overall result as if absolute and total
complction were obtaincd. The usc of “substantially” is cqually applicable when used
in a negative connotation to refer to the complete or near complete lack of an action,
characteristic, property, state, structure, item, or result. For example, a composition
that is “‘substantially free of” particles would either completely lack particles, or so
nearly completely lack particles that the effect would be the same as if it completely
lacked particles. In other words, a composition that is “substantially free of” an
ingredient or element may still actually contain such item as long as there is no
measurable effect thereof.

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

As used herein, a plurality of items, structural elements, compositional
elements, and/or materials may be presented in a common list for convenience.
However, these lists should be construed as though each member of the list is
individually identified as a separate and unique member. Thus, no individual member
of such list 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.

Concentrations, amounts, and other numerical data may be expressed or
presented herein in a range format. It is to be understood that such a range format is
used merely for convenience and brevity and thus should be interpreted flexibly to
include 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
that rangc as if cach numcrical valuc and sub-rangce is cxplicitly reeited. As an

illustration, a numerical range of “about 1 to about 5” should be interpreted to include
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not only the explicitly recited values of about 1 to about 5, but also include individual
values and sub-ranges within the indicated range. Thus, included in this numerical
range are individual values such as 2, 3, and 4 and sub-ranges such as from [-3, from
2-4, and from 3-5, etc.,as well as 1, 2, 3, 4, and 5, individually.

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

of the breadth of the range or the characteristics being described.

The Disclosure

Elcctromagnctic radiation can be prescnt across a broad wavelength range,
including visible range wavelengths (approximately 350nm to 800nm) and non-
visible wavelengths (longer than about 800nm or shorter than 350 nm). The infrared
spectrum is often described as including a near infrared portion of the spectrum
including wavelengths of approximately 800 to 1300 nm, a short wave infrared
portion of the spectrum including wavelengths of approximately 1300 nm to 3
micrometers, and a mid to long wave infrared (or thermal infrared) 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 electromagnetic spectrum unless otherwise noted.

Traditional silicon photodetecting imagers have limited light
absorption/detection properties. For example, infrared light is mostly transparent to
such silicon based detectors. While other materials (e.g. InGaAs) can be used to detect
infrared electromagnetic radiation having wavelengths greater than about 1000 nm,
silicon 1s still commonly used because it is relatively cheap to manufacture and can be
used to detect wavelengths in the visible spectrum (i.e. visible light, 350 nm — 800
nm). Traditional silicon materials require substantial absorption depths to detect
photons having wavelengths longer than approximately 700 nm. While visible light
can be absorbed at relatively shallow depths in silicon, absorption of longer
wavelengths (e.g. 900 nm) in silicon of a standard wafer depth (e.g. approximately
750 um) is poor if at all. The devices of the present disclosure increase the absorption
of semiconductor materials by decreasing the effective absorption length to longer
wavelengths as compared to traditional materials. For example, the absorption depth
of silicon can be reduced such that these longer wavelengths can be absorbed at

depths of less than or equal to about 850 um. In other words, by decreasing the
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effective absorption length these devices are able to absorb longer wavelengths (e.g.
>1000 nm for silicon) within a thin semiconductor material. In addition to increasing
the effective absorption length, the response rate or response speed can also be
increased using thinner semiconductor materials.

The present disclosure additionally provides broadband photosensitive diodes,
pixels, and imagers capable of detecting visible as well as infrared electromagnetic
radiation, including associated methods of making such devices. A photosensitive
diode can include a semiconductor substrate having multiple doped regions forming at
least one junction, and at least one textured region coupled to the semiconductor
substratc and positioncd to intcract with clectromagnctic radiation. In onc aspcct the
multiple doped regions can include at least one cathode region and at least one anode
region. Insome aspects, doped regions can include an n-type dopant and/or a p-type
dopant as is discussed below, 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.

A photosensitive pixel can include a semiconductor substrate having multiple
doped regions forming at least one junction, at least one textured region coupled to
the semiconductor substrate and positioned to interact with electromagnetic radiation,
and an electrical transfer element coupled to the semiconductor substrate and operable
to transfer an electrical signal from the at least one junction. A photosensitive imager
can include multiple photosensitive pixels. Additionally, an electrical transfer
clement can include a variety of devices, including without limitation, transistors,
sensing nodes, transfer gates, transfer electrodes, and the like.

Photosensitive or photodetecting imagers include photodiodes or pixels that
are capable of absorbing electromagnetic radiation within a given wavelength range.
Such imagers can be passive pixel sensors (PPS), active pixel sensors (APS), digital
pixel sensor imagers (DPS), or the like, with one difference being the image sensor
read out architecture. For example, a semiconducting photosensitive imager can be a
three or four transistor active pixel sensor (3T APS or 4T APS). Various additional
components are also contemplated, and would necessarily vary depending on the
particular configuration and intended results. As and example, a 4T configuration can
additionally include, among other things, a transfer gate, a reset, a source follower,
and row select transistors. Additionally, devices having greater than 4 transistors are

also within thc present scope.
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Photosensitive imagers can be front side illumination (FSI) or back side
illumination (BSI) devices, and there are advantages and disadvantages to both
architecture types. In a typical FSI imager, incident light enters the semiconductor
device by first passing by transistors and metal circuitry. The light, however, can
scatter 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 light to the light sensing active region of
the device, thus partially avoiding the circuitry. In one aspect the lens can be a ulens.
BSI imagers, one the other hand, are configured to have the depletion region of the
junction cxtending to the opposite side of the device. In onc aspect, for cxample,
incident light enters the device via the light sensing portion and is mostly absorbed
prior to reaching the circuitry. BSI designs allow for smaller pixel architecture and a
high fill factor for the imager. As mentioned, 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 incorporated into complimentary metal-oxide-
semiconductor (CMOS) imager architectures or charge-coupled device (CCD) imager
architectures.

In one aspect, as is shown in FIG. 1, a photosensitive diode 10 can include a
semiconductor substrate 12 having multiple doped regions 14, 16 forming at least one
junction, and at least one textured region 18 coupled to the semiconductor substrate
and positioned to interact with electromagnetic radiation. The different doped regions
can have the same doping profile or different doping profiles, depending on the
device. Such an architecture is a FSI design where light enters the semiconductor
substrate from the direction of the multiple doped regions. While the device shown in
FIG. 1 contains three doped regions, it should be noted that aspects containing one or
more doped regions are considered to be within the present scope. Additionally, the
semiconductor substrate can be doped, and thus can be considered to be a doped
region in some aspects. It should also be noted that the photosensitive diode can be
configured with a BSI architecture, and thus electromagnetic radiation would enter the
semiconductor substrate from the direction of the textured region.

The various devices according to aspects of the present disclosure can exhibit
increased quantum efficiency over traditional photosensitive devices. Any increase in
the quantum cfficicncy makes a large difference in the signal to noisc ratio. Morc

complex structures can provide not only increased quantum efficiency but also good

9.
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uniformity from pixel to pixel. In addition, devices of the present disclosure exhibit
increased responsivity as compared to traditional photosensitive devices. For
example, in one aspect the responsivity can be greater than or equal to 0.8A/W for
wavelengths greater than 1000 nm for semiconductor substrate that is less than 100
pm thick.

Photosensitive imagers can be maintained under constant conditions (fixed
voltage or current) to provide enhanced linearity and uniformity. Connections
between the imager and the underlying device layers can be achieved using vias
fabricated from a refractory metal, such as tungsten or tantalum. Placing storage
clements under the imager may provide various photonic bencfits. For cxample, the
entire pixel array may be dedicated to signal processing. This may enable higher
performance by permitting access to low level pixel signals. Furthermore, massively
parallel operations can be performed by pixel processors. For example, analog to
digital conversion, noise reduction (ie., true correlated double sampling), power
conditioning, nearest neighbor pixel processing, compression, fusion, and color
multiplexing operations can be performed.

A variety of semiconductor materials are contemplated for use with the
devices and methods according to aspects of the present disclosure. Non-limiting
examples of such semiconductor materials can include group IV materials,
compounds and alloys comprised of materials from groups II and VI, compounds and
alloys comprised of materials from groups IIT and V, and combinations thereof. More
specifically, exemplary group IV materials can include silicon, carbon (e.g. diamond),
germanium, and combinations thereof. Various exemplary combinations of group IV
materials can include silicon carbide (SiC) and silicon germanium (SiGe). In one
specific aspect, the semiconductor material can be or include silicon. Exemplary
silicon materials can include amorphous silicon (a-Si), microcrystalline silicon,
multicrystalline silicon, and monocrystalline silicon, as well as other crystal types. In
another aspect, the semiconductor material can include at least one of silicon, carbon,
germanium, aluminum nitride, gallium nitride, indium gallium arsenide, aluminum
gallium arsenide, and combinations thereof.

Exemplary combinations of group II-V1 materials can include cadmium
selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide

(Zn0), zinc sclenide (ZnSc), zinc sulfide (ZnS), zine telluride (ZnTc), cadmium zine
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telluride (CdZnTe, CZT), mercury cadmium telluride (HgCdTe), mercury zinc
telluride (HgZnTe), mercury zinc selenide (HgZnSe), and combinations thereof.

Exemplary combinations of group HI-V materials can include aluminum
antimonide (AISb), aluminum arsenide (AlAs), aluminum nitride (AIN), aluminum
phosphide (AIP), boron nitride (BN), boron phosphide (BP), boron arsenide (BAs),
gallium antimonide (GaSb), gallium arsenide (GaAs), gallium nitride (GaN), gallium
phosphide (GaP), indium antimonide (InSb), indium arsenide (InAs), indium nitride
(InN), indium phosphide (InP), aluminum gallium arsenide (AlGaAs, Al,Ga;_As),
indium gallium arsenide (InGaAs, In,Ga;_zAs), indium gallium phosphide (InGaP),
aluminum indium arscnidc (AllnAs), aluminum indium antimonidc (AlInSb), gallium
arsenide nitride (GaAsN), gallium arsenide phosphide (GaAsP), aluminum gallium
nitride (A1GaN), aluminum gallium phosphide (AlGaP), indium gallium nitride
(InGaN), indium arsenide antimonide (InAsSb), indium gallium antimonide (InGaSb),
aluminum gallium indium phosphide (AlGalnP), aluminum gallium arsenide
phosphide (AlGaAsP), indium gallium arsenide phosphide (InGaAsP), aluminum
indium arsenide phosphide (AllnAsP), aluminum gallium arsenide nitride
(AlGaAsN), indium gallium arsenide nitride (InGaAsN), indium aluminum arsenide
nitride (InA1AsN), gallium arsenide antimonide nitride (GaAsSbN), gallium indium
nitride arsenide antimonide (GaInNAsSb), gallium indium arsenide antimonide
phosphide (GalnAsSbP), and combinations thereof.

The semiconductor material can be of any thickness that allows
electromagnetic radiation detection and conversion functionality, and thus any such
thickness of semiconductor material is considered to be within the present scope. In
some aspects the laser processed region of the semiconductor increases the efficiency
of the device such that the semiconductor material can be thinner than has previously
been possible. Decreasing the thickness of the semiconductor reduces the amount of
semiconductor material required to make such a device. In one aspect, for example,
the semiconductor material has a thickness of from about 500 nm to about 50 um. In
another aspect, the semiconductor material has a thickness of less than or equal to
about 500 um. In yet another aspect, the semiconductor material has a thickness of
from about 1 um to about 10 um. In a further aspect, the semiconductor material can
have a thickness of from about 5 pm to about 750 um. In yet a further aspect, the

scmiconductor matcrial can have a thickncss of from about 5 pm to about 100 pm.
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Additionally, various types of semiconductor material are contemplated, and
any such material that can be incorporated into an electromagnetic radiation detection
device is considered to be within the present scope. In one aspect, for example, the
semiconductor material is monocrystalline. In another aspect, the semiconductor
material is multicrystalline. In yet another aspect, the semiconductor material is
microcrystalline. It is also contemplated that the semiconductor material can be
amorphous. Specific nonlimiting examples include amorphous silicon or amorphous
selenium.

The semiconductor materials of the present disclosure can also be made using
a varicty of manufacturing proccsscs. In somc cascs thc manufacturing proccdurcs
can affect the efficiency of the device, and may be taken into account in achieving a
desired result. Exemplary manufacturing processes can include Czochralski (Cz)
processes, magnetic Czochralski (mCz) processes, Float Zone (FZ) processes,
epitaxial growth or deposition processes, and the like. Whether or not low oxygen
content is desired in the device can also affect the choice of a manufacturing process
for the semiconductor material. Various processes produce semiconductor materials
containing varying amounts of oxygen, and as such, some applications having more
stringent tolerances with respect to oxygen levels may benefit more from specific
manufacturing procedures as compared to others. For example, during CZ crystal
growth oxygen from the containment vessel, usually a quartz crucible, can become
incorporated into the crystal as it is pulled. Additionally, other sources of oxygen
contamination are also possible with the CZ process. Such contamination may be
reduced, however, through the use of non oxygen-containing crucible materials, as
well as the development of other crystal growth methods that do not utilize a crucible.
One such process is the FZ process.

Materials grown with the CZ method can also be made to have lowered
oxygen concentration through enhancements to the crystal growth process, such as
growing the crystal in the presence of a magnetic field (i.e. the mCz process). Also,
gettering techniques can be employed to reduce the impact of oxygen or other
impurities on the finished device. These gettering techniques can include thermal
cycles to liberate or nucleate impurities, or selective ion implantation of species to
serve as gettering sites for the impurities. For example, oxygen concentrated in the
scmiconductor can be removed by the performing a furnace cycle to form a denuded

zone. During heating with an inert gas, oxygen near the surface of the semiconductor
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diffuses out of the material. During the furnace cycle but after the denuding step,
nucleating and growing steps may be performed. Nucleating sites for precipitates are
formed during the nucleating step, and the precipitates are grown from the nucleating
sites during a growing step. The precipitates are formed from interstitial oxygen
within the bulk of the semiconductor material and beneath the denuded zone. The
precipitation of oxygen in the bulk of the semiconductor material can be desired
because such precipitates can act as gettering sites. Such precipitate formation can
also be performed to “lock up” interstitial oxygen into the precipitates and reduce the
likelihood that such oxygen can migrates from the bulk of the semiconductor material
into the denuded zone.

In those aspects where low oxygen content of the device is desired, further
processing of the semiconductor material can be performed so as to minimize the
introduction of oxygen. Oxygen can exist in different states or at different sites (for
example, interstitially or substitutionally) within a semiconductor such as silicon,
dependent upon the thermal processing the semiconductor has received. Ifthe
semiconductor is subjected to temperatures higher than, for example, about 1000° C,
oxygen can form aggregates or clusters that serve as defect sites in the crystal lattice.
These sites may result in trap states and a reduction in carrier lifetime within the
semiconductor material and device can occur. At lower temperatures (for example,
around 400° C to 700° C), oxygen can behave as electrically active thermal donors.
Thus, oxygen can have a negative impact on carrier lifetime and on carrier mobility.
In a device fabricated to have photoconductive gain, the presence of oxygen causing
reduced carrier lifetime may result in reduced levels of photoconductive gain.

It may be beneficial, therefore, to produce semiconductor devices such that a
low oxygen content is obtained or maintained. This can be accomplished in a variety
of ways, including using semiconductor materials having low levels of oxygen
contained therein to begin with, processing these materials in a manner that minimizes
the uptake of oxygen into the semiconductor lattice, and utilizing techniques that
eliminate or reduce oxygen that may be present in the semiconductor. Such processes
and techniques can include, for example, annealing the semiconductor material and
any laser treated region to lower temperatures as compared to previous annealing
procedures. Annealing processes are discussed more fully below.

Additionally, texture proccssing of the semiconductor matcrial and/or any

annealing process can be performed in a substantially oxygen-depleted environment
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in order to minimize the introduction of oxygen into the semiconductor. An oxygen-
depleted or substantially oxygen-depleted environment can include a variety of
environments. In one aspect, for example, the oxygen-depleted environment can be
an environment whereby oxygen from the air or other sources has been replaced with
a gas or other fluid containing little to no oxygen. In another aspect, processing can
occur in a vacuum environment, and thus contain little to no oxygen. Additionally,
oxygen-containing materials or materials that introduce oxygen into the
semiconductor, such as, for example, quartz crucibles, can be avoided. As a practical
matter, the term “oxygen-depleted environment™ can be used to describe an
cnvironment with low levels of oxygen, provided a scmiconductor material can be
processed therein within the desired tolerances. Thus, environments having low
oxygen, or little to no oxygen, are environments in which a semiconductor can be
processed as a low-oxygen content semiconductor while maintaining oxygen levels
within the tolerances of the present disclosure. In one aspect, an oxygen-depleted
environment can be an oxygen-free environment. Further details regarding low-
oxygen content semiconductor materials can be found in US Patent Application No.
12/771848, filed on April 30, 2010, which is incorporated herein by reference.

The semiconductor material can have varying levels of interstitial oxygen
depending on the desired efficiency of the device. In some aspects, oxygen content
may be of no concern, and thus any level of oxygen within the lattice is acceptable.
In other aspects, a low oxygen content is desired. In one aspect a semiconductor
material can have an oxygen content that is less than or equal to about 50 ppm atomic.
In another aspect, a semiconductor material can have an oxygen content that is less
than or equal to about 30 ppm atomic. In yet another aspect, the semiconductor
material can have an oxygen content less than or equal to about 10 ppm atomic. In
another aspect the semiconductor can have an oxygen content less than about 5 ppm
atomic. In yet another aspect the semiconductor can have an oxygen content less than
about 1 ppm atomic.

As has been described, the textured region can function to diffuse
electromagnetic radiation, to redirect electromagnetic radiation, and to absorb
electromagnetic radiation, thus increasing the quantum efficiency of the device. The
textured region can include surface features to increase the effective absorption length
of the photoscnsitive pixcl. The surface featurcs can be concs, pyramids, pillars,

protrusions, microlenses, quantum dots, inverted features and the like. Factors such
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as manipulating the feature sizes, dimensions, material type, dopant profiles, texture
location, etc. can allow the diffusing region to be tunable for a specific wavelength.
In one aspect, tuning the device can allow specific wavelengths or ranges of
wavelengths to be absorbed. In another aspect, tuning the device can allow specific
wavelengths or ranges of wavelengths to be reduced or eliminated via filtering.

Tuning can also be accomplished through the location of the texture region
within the device, modifying the dopant profile(s) of regions within the device, dopant
selection, and the like. Additionally, material composition near the textured region
can create a wavelength specific photosensing pixel device. It should be noted that a
wavclength specific photoscnsing pixel can differ from onc pixcl to the next, and can
be incorporated into an imaging array. For example a 4 x 4 array can include a blue
pixel, a green pixel, a red pixel, and infrared light absorbing pixel, or a blue pixel, two
green pixels, and a red pixel.

Textured regions according to aspects of the present disclosure can allow a
photosensitive device to experience multiple passes of incident electromagnetic
radiation within the device, particularly at longer wavelengths (i.e. infrared). Such
internal reflection increases the effective absorption length to be greater than the
thickness of the semiconductor substrate. This increase in absorption length increases
the quantum efficiency of the device, leading to an improved signal to noise ratio.

The textured region can be formed by various techniques, including lasing,
chemical etching (e.g. anisotropic etching, isotropic etching), nanoimprinting,
additional material deposition, and the like. For example, pillar features can be
incorporated into pixels by thinning or removing material from the backside of a FSI
semiconductor substrate by using deep trench isolation and etching techniques. In
one aspect material can be removed to a thickness of about 20 um. Anisotropic
etching can be used to produce a sloping backside pyramid structure, spherical,
structure parabolic structure , a lens structure with reflectors, and the like. Such
features on the backside of pillars will also serve to diffuse and reflect
electromagnetic radiation.

In one aspect, the texturing process can be performed during the manufacture
of the photosensitive device. In another aspect, the texturing process can be
performed on a photosensitive device that has previously been made. For example, a
CMOS, CCD, or other photoscnsitive clement can be textured following manufacturc.

In this case, material layers may be removed from the photosensitive element to
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expose the semiconductor substrate or bulk material upon which a textured region
may be formed.

One effective method of producing a textured region is through laser
processing. Such laser processing allows discrete locations of the semiconductor
substrate to be textured. A variety of techniques of laser processing to form a textured
region are contemplated, and any technique capable of forming such a region should
be considered to be within the present scope. Laser treatment or processing can
allow, among other things, enhanced absorption properties and thus increased
electromagnetic radiation focusing and detection. The laser treated region can be
associatcd with the surface ncarcst the impinging clectromagnctic radiation, or the
laser treated surface can be associated with a surface opposite in relation to impinging
electromagnetic radiation, thereby allowing the radiation to pass through the
semiconductor material before it hits the laser treated region.

In one aspect, for example, a target region of the semiconductor material can
be irradiated with laser radiation to form a textured region. Examples of such
processing have been described in further detail in U.S. Patents 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 irradiated with laser radiation to form a
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 semiconductor material can have various
benefits in accordance with aspects of the present disclosure. For example, the target
region typically has a textured surface that increases the surface area of the laser
treated region and increases the probability of radiation absorption via the
mechanisms described herein. In one aspect, such a target region is a substantially
textured surface including micron-sized and/or nano-sized surface features that have
been generated by the laser texturing. In another aspect, irradiating the surface of
semiconductor material 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.

Thus the surface of the scmiconductor matcrial is chemically and/or

structurally altered by the laser treatment, which may, in some aspects, result in the
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formation of surface features appearing as microstructures or patterned areas on the
surface and, if a dopant is used, the incorporation of such dopants into the
semiconductor material. In some aspects, the features or microstructures can be on
the order of 50 nm to 20 um in size and can assist in the absorption of electromagnetic
radiation. In other words, the textured surface can increase the probability of incident
radiation being absorbed by the semiconductor material.

The type of laser radiation used to surface modify a semiconductor material
can vary depending on the material and the intended modification. Any laser
radiation known in the art can be used with the devices and methods of the present
disclosurc. There arc a number of lascr characteristics, howcever, that can affect the
surface modification process and/or the resulting product including, but not limited to
the wavelength of the laser radiation, pulse width, pulse fluence, pulse frequency,
polarization, laser propagation direction relative to the semiconductor material, etc.

In one aspect, a laser can be configured to provide pulsatile lasing of a semiconductor
material. A short-pulsed laser is one capable of producing femtosecond, picosecond
and/or nanosecond pulse durations. Laser pulses can have a central wavelength in a
range of about from about 10 nm to about & um, and more specifically from about 200
nm to about 1200 nm. 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 can be in the range of from about
50 picoseconds to 100 nanoseconds. In another aspect, laser pulse widths are in the
range of from about 50 to 500 femtoseconds.

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 irradiating a
semiconductor target region can be from about 2 to about 1000. Further, the
repetition rate or frequency of the pulses can be selected 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, or in
a range from about 10 Hz to about 1 kHz. Moreover, the fluence of each laser pulse
can be in a range of from about 1 kJ/m?” to about 20 kJ/m?, or in a range of from about
3 kJ/m” to about 8 kJ/m”.

A variety of dopant materials are contemplated, and any such material that can
be uscd in the lascr treatment process to surface modify a scmiconductor matcrial

according to aspects of the present disclosure is considered to be within the present
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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
semiconductor material. For example, the selection of potential dopants may differ
depending on whether or not tuning of the photosensitive device is desired.

A dopant can be either electron donating or hole donating. In one aspect, non-
limiting examples of dopant materials can include S, F, B, P, N, As, Se, Te, Ge, Ar,
Ga, In, Sb, and combinations thereof. It should be noted that the scope of dopant
materials should include, not only the dopant materials themselves, but also materials
in forms that deliver such dopants (i.e. dopant carriers). For example, S dopant
matcrials includes not only S, but also any matcrial capable being used to dope S into
the target region, such as, for example, H»S, SF¢, SO», and the like, including
combinations thereof. In one specific aspect, the dopant can be S. Sulfur can be
present at an ion dosage level of between about 5 x 10'* and about 1 x 10" ions/cm®.
Non-limiting examples of fluorine-containing compounds can include CIF3, PFs, F»
SFs, BFs, GeFs, WFe, SiFs, HF, CF4, CHF3, CHoF», CHsF, C>Fs, CoHFs, CsFs, C4Fs,
NF3, and the like, including combinations thereof. Non-limiting examples of boron-
containing compounds can include B(CHs)s, BF3, BClzs, BN, C,B1oH;», borosilica,
B;Hg, and the like, including combinations thereof. Non-limiting examples of
phosphorous-containing compounds can include PFs, PH3, and the like, including
combinations thereof. Non-limiting examples of chlorine-containing compounds can
include Cly, SiH,Cl, HCI, SiCls, and the like, including combinations thereof.
Dopants can also include arsenic-containing compounds such as AsHs and the like, as
well as antimony-containing compounds. Additionally, dopant materials can include
mixtures or combinations across dopant groups, i.e. a sulfur-containing 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
include Se, H»S, SFs, or mixtures thereof. In yet another specific aspect, the dopant
can be SFg and can have a predetermined concentration range of about 5.0 x 10
mol/cm’ to about 5.0 x 10™ mol/cm®. SFg 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
can also be liquid solutions of n-type or p-type dopant materials dissolved in a
solution such as watcr, alcohol, or an acid or basic solution. Dopants can also bc solid

materials applied as a powder or as a suspension dried onto the wafer.
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The semiconductor substrate can be annealed for a variety of reasons,
including dopant activation, semiconductor material damage repair, and the like. In
those aspects including 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
semiconductive properties of the device, including increasing the photoresponse
properties of the semiconductor materials. Additionally, annealing can reduce damage
done by the lasing process. Although any known anneal can be beneficial and would
be considered to be within the present scope, annealing at lower temperatures can be
particularly uscful. Such a “low tempcraturc” anncal can greatly cnhance the
photoconductive gain and external quantum efficiency of devices utilizing such
materials. In one aspect, for example, the semiconductor material can be annealed to
a temperature of from about 300° C to about 1100 C°. In another aspect, the
semiconductor material can be annealed to a temperature of from about 500° C to
about 900° C. In yet another aspect, the semiconductor material can be annealed to a
temperature of from about 700° C to about 800° C. In a further aspect, the
semiconductor material can be annealed to a temperature that is less than or equal to
about 850° C.

The duration of the annealing procedure can vary according to the specific
type of anneal being performed, as well as according to the materials being used. For
example, rapid annealing processes can be used, and as such, the duration of the
anneal may be shorter as compared to other techniques. Various rapid thermal anneal
techniques are known, all of which should be considered to be within the present
scope. In one aspect, the semiconductor material can be annealed by a rapid
annealing process for a duration of greater than or equal to about 1 us. In another
aspect, the duration of the rapid annealing process can be from about 1 ps to about 1
ms. As another example, a baking or furnace anneal process can be used having
durations that may be longer compared to a rapid anneal. In one aspect, for example,
the semiconductor material can be annealed by a baking anneal process for a duration
of greater than or equal to about 1 ms to several hours. As has been described, if low
oxygen content semiconductor materials are used it may be beneficial to anneal such
materials in a substantially oxygen-depleted environment.

As has been described, anncaling can help reduce defects inherent to the

semiconductor substrate and otherwise reduce electron/hole recombination. In other
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words, the annealing can help create electron states that effectively reduce the
undesirable recombination processes. Annealing the semiconductor material may also
improve the responsivity or photoconductive gain of the device. Photoconductive
devices can have dopants, impurities, or defects that can introduce energy levels that
can trap carriers. Trapping carriers and reducing recombination of photocarriers can
lead to an increase in photoconductive gain of the device. The relationship of

photoconductive gain and trapping time can be represented by Equation (I):
Gain= u/t, M

where “11” is the lifetime of an excess carrier and “t;” is the transit time of the carriers
across the device. Tt is understood that the lifetime of an excess carrier can be
increased by trapping a carrier species and reducing the recombination rate. An
increase in gain can be achieved by trapping centers in the semiconductor that have
millisecond trapping times at room temperature and short transit times in thinned
lightly doped wafers. These trapping locations can decrease the recombination of
carriers and therefore improve or increase the photoconductive gain of the device by
allowing more electrons to traverse the different regions without being recombined.

Turning to FIG. 2, a reflecting layer 20 can be coupled to the semiconductor
substrate 12. The reflecting layer can be coupled to any side or portion of the
semiconductor substrate in order to reflect electromagnetic radiation back into the
device. Accordingly, in one aspect the reflecting layer can be located on the
semiconductor substrate opposite the incoming electromagnetic radiation. Thus, as is
shown in FIG. 2, electromagnetic radiation passing though the semiconductor
substrate and the textured region 16 can be reflected back into the semiconductor
substrate. Additionally, a passivation layer 22 can be coupled to the semiconductor
substrate. The passivation layer is shown coupled to the side of the semiconductor
substrate facing the incoming electromagnetic radiation, however a passivation layer
can be located anywhere on the device and still be within the present scope.

As has been described, location of the textured region can be used to provide
enhancement and/or filtering of the incoming electromagnetic radiation. For example,
a textured region located at the point of entry of the electromagnetic radiation into the
photoscnsitive device tends to bend the clectromagnctic radiation, particularly the

blue wavelengths. Accordingly, one level of tuning can be accomplished by locating
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the textured region on the surface adjacent the incident electromagnetic radiation to
purposely effectuate the filtering of blue wavelengths. Additionally, absorption of
particular wavelengths of electromagnetic radiation occurs at different depths in the
semiconductor layer and/or textured region. By increasing the absorption to green
wavelengths, for example, the electrical signal as a result of green wavelengths can be
increased in a diode or pixel. Certain traditional 4 pixel imagers have one red, one
blue, and two green pixels, with the greater number of green pixels to account for
increased sensitivity of the human eye to green colors. Thus in one aspect, a 4 pixel
imager can have one blue, one red, and one green pixel having an increased green
wavclength absorption. The fourth pixcl can be uscd for an IR or other wavclength
selective pixel depending on the desired application of the imager.

FIG. 3 shows a photosensitive device having textured regions 30 located on
the sides of the semiconductor substrate 12. Such a configuration allows
electromagnetic radiation normally exiting through the sides of the device to be
further defused and absorbed within semiconductor substrate. The textured region(s)
can be located on one or more sides to facilitate the enhanced absorption.

FIG. 4 shows a photosensitive device having a textured region 40 having a
nonparallel surface with respect to the semiconductor substrate 12. Thus the overall
configuration of the textured region can be designed to further enhance absorption
and/or selectively tune the device. As has been described, the nonparallel surface can
have a variety of configurations, such as, without limitation, nonparallel slope, a
pyramid, an inverted pyramid, a concave shape, a convex shape, and the like. In some
cases the configuration of the textured region can function to direct or focus
electromagnetic radiation into the semiconductor substrate, and in other cases the
configuration of the textured region can function to direct or focus electromagnetic
radiation away from the semiconductor substrate.

As is shown in FIG. 5, a lens 50 can be coupled to the semiconductor substrate
12 on a side facing incoming electromagnetic radiation. Thus the lens can focus the
electromagnetic radiation into the semiconductor substrate. In those aspects having
circuitry or other structures disposed on the incoming electromagnetic radiation
surface, the lens can further focus light around such structures, thereby reducing
optical scattering and noise.

As is shown in FIG. 6, a texturced region 60 is located on the scmiconductor

substrate 12 adjacent to the multiple doped regions 14, 16. The textured region can be
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associated with at least one of the doped regions as is shown, or the textured region
can be distinct from the doped regions (not shown). Electromagnetic radiation can
enter the photosensitive device at the side adjacent the doped regions, or alternatively
at the side opposite the doped regions.

FIGs. 7-11 show various steps in the manufacture of a photosensitive pixel
according to aspects of the present disclosure. FIG. 7 shows a cross-section of a front
side illumination (FSI) photosensitive pixel device. The photosensitive pixel device
can include a semiconductor substrate 72, and can be referred to as bulk
semiconductor material. The semiconductor substrate includes at least one doped
rcgion 74 that can be doped with an clectron donating or hole donating spccics to
cause the region to become more positive or negative in polarity as compared to the
semiconductor substrate. In one aspect, for example, the doped region can be p
doped. In another aspect the doped region can be n doped. A highly doped region 76
can be formed on or near the doped region to create a pinned diode. In one example,
the semiconductor substrate can be negative in polarity, and the doped region and the
highly doped region can be doped with p+ and n- dopants respectively. In some
aspects, variations of n(--), n(-), n(+), n(++), p(--), p(-), p(+), or p(++) type doping of
the regions can be used. It should be noted that in one aspect the highly doped region
can be the textured region. In other words, textured surface features can be formed on
or in the highly doped region.

The device of FIG. 7 can further include various metal regions 78, at least one
via 80, a passivation layer 82, trench isolation 84, and an electrical transfer element
86. Trench isolation elements can maintain pixel to pixel uniformity by reducing
optical and electrical crosstalk. The trench isolation can be shallow (FIG. 7) or deep
(FIG. 12) trench isolation. The trench isolation can include various materials,
including, without limitation, dielectric materials, reflective materials, conductive
materials, light diffusing features, and the like. These trench isolation regions can be
configured to reflect incident light until it is absorbed, thereby increase the effective
absorption length of the device.

As is shown in FIG. &, a carrier substrate or carrier wafer 88 can be coupled to
the photosensing pixel. In one aspect, the carrier substrate can be disposed on the
passivation layer 82, although the carrier substrate can be disposed on any surface of
the device. In onc aspect, for cxamplce, the carricr substrate can be disposcd on the

semiconductor substrate (not shown). The carrier substrate can be coupled to the
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photosensing pixel by various techniques, and any such coupling mechanism is within
the present scope. In one aspect, for example, the coupling can occur by way of a
bonding layer or adhesive layer disposed on the device, for example, on the
passivation layer. The support substrate can provide support to the semiconductor
device both during and after manufacture, depending on whether or not the support is
removed. The carrier substrate can be made of a semiconductor material that is the
same or similar to the bulk semiconductor material, or it can be made of a different
material.

As is shown in FIG. 9, a textured region 90 is coupled to the semiconductor
substratc 72 oppositc the doped regions 74,76. Thus light entering from the dircction
of the doped regions passes through the semiconductor substrate prior to contacting
the textured region. The textured region can be disposed across an entire surface of
the semiconductor substrate, as is shown in FIG. 9, or it can be disposed on one or
more discrete regions (not shown).

As is shown in FIG. 10, an additional carrier support substrate 100 can be
coupled to the device on an opposing side from the carrier support substrate 83. The
additional carrier support substrate can be utilized for a variety of purposes, including
providing additional support to the device, facilitating the removal of the first carrier
support substrate, and the like. A reflective layer 102 can be disposed between the
textured region 90 and the carrier support substrate. Thus the reflective layer can
reflect electromagnetic radiation that passes through the textured region back toward
the semiconductor substrate 72, thus reducing optical loss and backscattering. Thus,
in some aspects a reflective layer can increase the quantum efficiency of the device.
The reflective layer material can be any reflective material that can be incorporated
into such a device. Nonlimiting examples can include materials such as silver,
aluminum, and the like.

As is shown in FIG. 11, the carrier support substrate can be removed to expose
the passivation layer 82 or any other material layer that was previously covered by the
carrier support substrate. The additional carrier substrate 100 can be maintained in
the device, removed from the device, or thinned to reduce the thickness of the
substrate depending on the intended use of the device. The removal of material from
the device, including the carrier support substrate and the additional carrier substrate,
can be accomplished by a varicty of methods including, without limitation, ctching,

chemical mechanical polishing, ion implanting (i.e. smart cut), and the like.
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Various types of trench isolation are contemplated, and any such isolation is
considered to be within the present scope. As has been described, trench isolation can
be shallow (FIG. 7, 84) or deep (FIG. 12, 120) trench isolation. The trench isolation
can also include depths between shallow and deep, depending on the device design.
Trench isolation can include dielectric materials, reflective materials, conductive
materials, and combinations thereof, including textured regions and other light
diffusing features. Thus the trench isolation layer can be configured to reflect
incident electromagnetic radiation, in some cases until it is absorbed, thereby
increasing the effective absorption length of the device. Additionally, in some aspects
pillar featurcs can be incorporated into pixcls by thinning or removing matcrial from
the semiconductor substrate using deep trench isolation and etching techniques. As is
shown in FIG. 13, the textured region 130 can have a nonparallel surface with respect
to the semiconductor substrate 72 as has been described. This nonparallel
morphology, when included with the deep trench isolation 120, can effectively focus
electromagnetic radiation into the semiconductor substrate from multiple sides.

It is also contemplated, that a non-bulk material can be formed or disposed
near a doped region in the device. The addition of the non-bulk material can allow for
electromagnetic radiation diffusing features to be formed on or in the non-bulk
material. A metal layer defining an aperture can also be included in one aspect of the
present disclosure. The metal layer can be formed near the doped regions and can
have a light entering region that defines an aperture. This light entering region can
also include an antireflecting material.

Fig. 14 shows a photosensitive imager comprising two photosensitive pixels
140. Each photosensitive pixel includes a boundary region 142 that can include metal
circuitry and a textured region 144. Each photosensitive pixel can include at least one
transistor 146 or other electrical transfer element. Additional read out and circuitry
elements 148 can be utilized and shared by both photosensitive pixels.

Turning to FIG. 15, a backside illuminated (BSI) photosensitive pixel
according to one aspect present disclosure is provided. A lens 150 and an anti-
reflective coating 152 are disposed on the backside of the pixel following thinning
and trench isolation. A color filter 154 can be optically coupled to the lens to allow
specific wavelengths filtering of the electromagnetic radiation. A textured region 156
can be coupled to the semiconductor substrate 72 opposite the Iens in order to provide

diffusive scattering and reflection of the incident electromagnetic radiation that passes
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through to the front side of the pixel. Thus the electromagnetic radiation can be
focused within the semiconductor substrate to the combined action of the textured
region and the trench isolation 120

Fig. 16 shows a front side illuminated (FSI) imager according to another
aspect of the present disclosure. A lens 160 and an antireflecting passivation layer on
62 are coupled to the front side of the pixel. A textured region 90 and a reflecting
layer 102 are coupled to the semiconductor substrate 72 opposite the lens to provide
diffusive scattering and reflection of the incident electromagnetic radiation that passes
through the semiconductor substrate. An aperture 164 formed in a metal or other
rcflective matcerial layer 166 can incrcasc the cffectivencss of the optical cavity. Thus
the lens focuses electromagnetic radiation through the aperture.

In other aspects of the present disclosure, various methods of making
photosensitive diodes, pixels, and imagers, are contemplated. In one aspect, as is
shown in FIG. 17, a method of making a photosensitive imager device can include
forming a textured region on a semiconductor substrate having multiple doped regions
forming a least one junction, wherein the textured region is formed in a position to
interact with electromagnetic radiation 170. The method also includes coupling an
electrical transfer element to the semiconductor substrate such that the electrical
transfer element is operable to transfer an electrical signal from the at least one
junction 172. In one aspect, multiple pixels can be associated together to form an
imager. A passivation layer can also be disposed on the photosensitive imager device
to protect and/or reduce the dark current of the device.

In another aspect of the present disclosure, a method for making a
photosensitive diode is provided. Such a method can include forming at least one
cathode and at least one anode on a surface of a semiconductor substrate, coupling a
textured region to the semiconductor substrate, and coupling a support substrate to the
semiconductor substrate. The textured region can be located adjacent to the anode
and cathode, opposite the anode and cathode, or both adjacent and opposite the anode
and cathode. An electrical transfer on the can be electrically coupled to at least one of
the anode and cathode to form a photosensitive pixel. In another aspect, the
semiconductor substrate can be thinned to improve the response rate and/or speed of
the device. A passivation layer can also be disposed on the photosensitive diode to
protect and/or reducc the dark current of the device.  An additional support substrate

can be attached to the device to provide additional support. In one aspect, the
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additional support substrate can be located on the opposite side of the photosensitive
diode from the support substrate. The support substrate can subsequently be removed
to allow for further processing.

Of course, it is to be understood that the above-described arrangements are
only illustrative 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
and the appended claims are intended to cover such modifications and arrangements.
Thus, while the present disclosure has been described above with particularity and
dctail in conncction with what is presently decmed 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 in size,
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:

1. A photosensitive imager device, comprising;

a semiconductor substrate having multiple doped regions forming a least one
junction;

a textured region coupled to the semiconductor substrate and positioned to
interact with electromagnetic radiation; and

an clectrical transfer clement coupled to the semiconductor substrate and

operable to transfer an electrical signal from the at least one junction.

2. The device of claim 1, wherein the textured region is operable to facilitate
generation of an electrical signal from the detection of infrared electromagnetic

radiation.

3. The device of claim 1, wherein interacting with electromagnetic radiation further
includes increasing the semiconductor substrate’s effective absorption length as

compared to a semiconductor substrate lacking a textured region.

4. The device of claim 1, wherein the transfer element is selected from the group

consisting of a transistor, a sensing node, a transfer gate, and combinations thereof.

5. The device of claim 1, further comprising a reflective layer coupled to the
semiconductor substrate and positioned to maintain the electromagnetic radiation in

the semiconductor substrate.

6. The device of claim 1, wherein the textured region is positioned on a surface of the

semiconductor substrate that is opposite the multiple doped regions.

7. The device of claim 6, wherein the textured region has a surface morphology

operable to direct electromagnetic radiation into or out of the semiconductor substrate.
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8. The device of claim 7, wherein the surface morphology of the textured region
relative to the semiconductor substrate is a member selected from the group consisting
of sloping, pyramidal, inverted pyramidal, spherical, parabolic, asymmetric,

symmetric, and combinations thereof.

9. The device of claim 1, wherein the textured region is positioned on a surface of the

semiconductor substrate that is adjacent the multiple doped regions.

10. The device of claim 9, further comprising an additional textured region
positioned on a surface of the scmiconductor substrate that is oppositc the multiple

doped regions.

11. The device of claim 1, wherein the textured region is coupled directly to at least

one of the multiple doped regions.

12. The device of claim 1, wherein the textured region includes surface features
having a size selected from the group consisting of micron-sized, nano-sized, and

combinations thereof.

13. The device of claim 12, wherein surface features include a member selected from
the group consisting of cones, pillars, pyramids, micolenses, quantum dots, inverted

features, and combinations thercof.

14. The device of claim 1, wherein the textured region has been formed by a process
selected from the group consisting of lazing, chemical etching, nanoimprinting,

material deposition, and combinations thereof.

15. The device of claim 1, further comprising a lens optically coupled to the
semiconductor substrate and positioned to focus incident electromagnetic radiation

into the semiconductor substrate.

16. A photosensitive imager array, comprising at least two photosensitive imager

devices of claim 1.
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17. The array of claim 16, further comprising at least one trench isolation positioned

between the at least two photosensitive imager device.

18. A method of making a photosensitive imager device, comprising:

forming a textured region on a semiconductor substrate, wherein the
semiconductor substrate has multiple doped regions forming a least one junction, and
wherein the textured region is formed in a position to interact with electromagnetic
radiation; and

coupling an electrical transfer element to the semiconductor substrate such that
the clectrical transfer clement is opcerable to transfer an clectrical signal from the at

least one junction .

19. The method of claim 18, wherein forming the textured region is by a process
selected from the group consisting of lazing, chemical etching, nanoimprinting,

material deposition, and combinations thereof.

20. The method of claim 18, wherein forming the textured region includes irradiating
a target region with laser radiation to form surface features having a size selected

from the group consisting of micron-sized, nano-sized, and combinations thereof.

21. The method of claim 20, wherein irradiating the target region includes exposing
the laser radiation to a dopant such that the irradiation incorporates the dopant into the

textured region.

22. The method of claim 20, wherein the irradiation is performed using a pulsed laser
including a member selected from the group consisting of a femtosecond laser, a

picosecond laser, a nanosecond laser, and combinations thereof.

23. The method of claim 18, further comprising tuning an electrical response of the

photosensitive imager device.

24. The method of claim 23, wherein tuning includes forming surface features to
have dimensions that sclectively diffusc or sclectively absorb a desired wavclength of

electromagnetic radiation.
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25. The method of claim 23, wherein tuning is accomplished through a factor
selected from the group consisting of placement of the textured region, material type
of the textured region, thickness of the textured region, dopant type of the textured
region, doping profile of the texture region, doping profile of the semiconductor

substrate, thickness of the substrate, and combinations thereof.

26. The method of claim 18, wherein the transfer element is selected from the group

consisting of a transistor, a sensing node, a transfer gate, and combinations thereof.

27. The method of claim 18, further comprising annealing the semiconductor

substrate to a temperature of from about 300° C to about 1100° C.

28. A photosensitive imager device, comprising:

a semiconductor substrate having multiple doped regions forming a least one
junction;

a textured region coupled to the semiconductor substrate and positioned to
interact with electromagnetic radiation; and

at least 4 transistors coupled to the semiconductor substrate and with at least

one of the transistors electrically coupled to the at least one junction.
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BACKGROUND

Semiconductor on Insulator (SOI) wafer technology is an outgrowth of

MicroElectroMechanical Systems (MEMS) technologies. An SOI wafer is a stacked
walfer substrate where a device wafer (typically silicon) is bonded to a dielectric layer
that is bonded to a support wafer, otherwise known as a handle wafer. A typical
process flow for the fabrication of SOI wafers can be as follows: two wafers are
polished and coated with an oxide or other dielectric material. The wafers are
mounted polished side face to face and bonded under high temperature and pressure.
Then one of the two wafers is ground down using mechanical grinding and chemical
mechanical polishing to a specific thickness. In this way it is possible to generate

semiconductor wafers that are electrically isolated from the underlying substrate.

SUMMARY

The present disclosure provides semiconductor structures and devices that can
exhibit various enhanced properties, such as, for example, enhanced light detection
properties. In one aspect, a semiconductor device is provided. Such a device can
include a semiconductor substrate and a semiconductor layer coupled to the
semiconductor substrate, where the semiconductor layer has a device surface opposite
the semiconductor substrate. The device also includes at least one textured region
coupled between the semiconductor substrate and the semiconductor layer. In an