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contact via 92 to the optoelectronic device 160. The heat may be transferred from a heat
sink (not shown) to the at least one first metal contact via 90 and the at least one second
metal contact via 92 through metallic interconnect structures embedded in the interconnect-
level dielectric material layer 80, then subsequently transferred to the optoelectronic device
160.

Thercfore, by reversing the dircction of flow of the clectrical current, the dircction of heat
transfer may be reversed. Further, by adjusting the magnitude of the electrical current, the
amount of heat transfer may be regulated. Typically, the material of the low-k dielectric
material portion 150 has a lower thermal conductivity than the material of the buried
insulator layer 20, thereby increasing the thermal isolation of the at least one first metal
semiconductor alloy portion 140 and the optoelectronic device 160 from the handle substrate

10.

The first semiconductor device may be operated with a feedback mechanism for
performance of the optoclectronic device 160. For cxample, the performance of the
optoelectronic device 160 may be monitored during operation. Based on the monitored
performance level of the optoelectronic device, a direction of the electrical current or
magnitude of the electrical current may be manipulated to heat or cool the optoelectronic
device, thereby reducing deviation in the performance of the optoelectronic device 160 from

a target performance level.

Referring to FIG. 17, a third exemplary semiconductor structure according to a third
embodiment of the present invention is derived from the second exemplary semiconductor
structurc by forming a substantially intrinsic lowcr scmiconductor portion 30 and a
substantially intrinsic upper semiconductor portion 138 in each temperature control device.
A vertically abutting pair of a substantially intrinsic lower semiconductor portion 30 and a
substantially intrinsic upper semiconductor portion 138 is herein referred to as a
substantially intrinsic semiconductor portion (30, 138). Thus, each of the at least one

temperature control device may include the substantially intrinsic semiconductor portion 30.

The substantially intrinsic semiconductor portion (30, 138) is formed between a p-doped

semiconductor portion (131, 132) and an n-doped semiconductor portion (133, 134) of the at
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least one temperature control device (90, 142, 131, 132, 140, 30, 138, 133, 134, 144, 92).
The substantially intrinsic semiconductor portion (30, 138) may have the same composition
as the semiconductor waveguide 136. The substantially intrinsic semiconductor portion (30,
138) vertically abuts the first metal semiconductor alloy region 140 of the at least one
temperature control device (90, 142, 131, 132, 140, 133, 134, 144, 92). In one case, the p-
doped scmiconductor portion (131, 132) and the n-doped scmiconductor portion (133, 134)
may be not abut each other, and are laterally separated by the substantially intrinsic
semiconductor portion (30, 138). In another case, the p-doped semiconductor portion (131,
132) and the n-doped semiconductor portion (133, 134) may abut each other and the

substantially intrinsic semiconductor portion (30, 138).

A low-k dielectric material portion 150, an optoelectronic device 160, an interconnect-level
dielectric material layer 80, at least one compound semiconductor via 85, at least one first
metal contact via 90, and at least one second metal contact via 92 may be formed in the same
manncr as in the sccond cmbodiment. Within the collective volume of the at Icast onc
substantially intrinsic semiconductor portion (30, 138) and the at least one first metal
semiconductor alloy region 140, the current flows primarily through the at least one first
metal semiconductor alloy region 140. Therefore, the addition of the at least one
substantially intrinsic semiconductor portion (30, 138) does not change the current path in a
substantial manner relative to the current path in the second embodiment. The at least one
temperature control device (90, 142, 131, 132, 140, 30, 138, 133, 134, 144, 92) may be
operated in the same manner as in the second embodiment to control the temperature of the

optoelectronic device 160 and to regulate the performance of the optoelectronic device 160.

Referring to FIG. 18, a fourth exemplary semiconductor structure according to a fourth
embodiment of the present invention is shown. The fourth exemplary semiconductor
structure is derived from the second exemplary semiconductor structure of FIGS. 13A and
4B by omitting the steps corresponding to FIGS. 14A and 5B in the processing sequence.
Specifically, application of a photoresist 147, patterning of the photoresist 147, and transfer
of the pattern in the photoresist 147 into an exposed portion of the buried insulator layer 20

are omitted in the third embodiment.
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Instead of patterning the buried insulator layer 20, a lower portion of an interconnect-level
dielectric material layer 80 is formed over the at least one temperature control device (90,
142, 131, 132, 140, 133, 134, 144, 92) and the semiconductor waveguide 136. The top
surface of the lower portion of the interconnect-level dielectric material layer 80 is
planarized by employing a self-planarizing material for the lower portion of the
intcrconncct-level diclectric material layer 80 and/or by performing a planarization
processing step such as chemical mechanical planarization or a recess etch. An
optoelectronic device 160 is formed over the top surface of the lower portion of the
interconnect-level dielectric material layer 80. The optoelectronic device 160 may be the
same as in the second embodiment, and may overlie the at least one first metal
semiconductor alloy region 140 and a portion of the semiconductor waveguide 136. An
upper portion of the interconnect-level diclectric material layer 80 is formed over the
optoelectronic device 160. The lower portion and the upper portion of the interconnect-level
dielectric material layer 80 may comprise the same material as in the second embodiment.
At Icast onc compound scmiconductor via 85, at lcast onc first mctal contact via 90, and at
least one second metal contact via 92 may be formed in the same manner as in the second
embodiment. The at least one temperature control device (90, 142, 131, 132, 140, 133, 134,
144, 92) may be operated in the same manner as in the second embodiment to control the
temperature of the optoelectronic device 160 and to regulate the performance of the

optoelectronic device 160.

Referring to FIG. 19, a fifth exemplary semiconductor structure according to a fifth
embodiment of the present invention is derived from the second exemplary semiconductor

structurc by omitting formation of at Icast onc compound scmiconductor via 85.

Referring to FIG. 20, a sixth exemplary semiconductor structure according to a sixth
embodiment of the present invention is derived from the second exemplary semiconductor
structure at a step corresponding to FIGS. 14A and 5B by removing the photoresist 147 and
employing a non-conformal deposition process to form a low-k dielectric material portion
150. The material of the low-k dielectric material portion 150 may be the same as in the
second embodiment. The non-conformal property of the deposition process employed to

form the low-k dielectric material portion 150 deposits a low-k dielectric material over
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narrow portions of the of the semiconductor structures above the top surface of the buried
insulator layer 20, i.c., between the at least one temperature control device (90, 142, 131,
132, 140, 133, 134, 144, 92) and the semiconductor waveguide 136. Thus a cavity 152 is

formed within the low-k diclectric material portion 150.

Referring to FIG. 21, processing steps corrcsponding to FIGS. 15A — 7B of the sccond
embodiment are performed on the sixth exemplary semiconductor structure. The cavity 152
may be under vacuum after processing, or may be filled with air or a gas. The cavity 152
has a dielectric constant that is substantially equal to 1.0. The cavity 152 has a lower
thermal conductivity than the material of the buried insulator layer 20, thereby increasing the
thermal isolation of the at least one first metal semiconductor alloy portion 140 and the
optoelectronic device 160 from the handle substrate 10. The at least one temperature control
device (90, 142, 131, 132, 140, 133, 134, 144, 92) may be operated in the same manner as in
the second embodiment to control the temperature of the optoelectronic device 160 and to

rcgulate the performance of the optoclectronic device 160.

Referring to FIG. 22, a seventh exemplary semiconductor structure according to a seventh
embodiment of the present invention is shown. FIG. 111 is a top-down view of selected
elements including p-doped semiconductor portions (131, 132), n-doped semiconductor
portions (133, 134), first metal semiconductor alloy regions 140, second metal
semiconductor alloy regions 142, third metal semiconductor alloy regions 144, first metal
contact vias 90, second metal contact vias 92, and a semiconductor waveguide 136. The
location of the optoelectronic device 160 is shown in a broken line. A vertical cross-

scctional view along the planc Z — 7’ is the samc as FIG. 15A.

Each of the first metal semiconductor alloy regions 140 is located within a first annulus.
Each of the p-doped semiconductor portions (131, 132) and n-doped semiconductor portions
(133, 134) is located within a second annulus which encloses and abuts the first annulus.
Each of the second metal semiconductor alloy regions 142 and the third metal semiconductor
alloy regions 144 is located within a third annulus which encloses and abuts the second
annulus. The p-doped semiconductor portions (131, 132), the n-doped semiconductor

portions (133, 134), the first metal semiconductor alloy regions 140, the second metal
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semiconductor alloy regions 142, and the third metal semiconductor alloy regions 144
constitute two temperature control devices (90, 142, 131, 132, 140, 133, 134, 144, 92)
between which a semiconductor waveguide 136 is located. An optoelectronic device 160
overlies portions of the two temperature control devices (90, 142, 131, 132, 140, 133, 134,
144, 92) and the semiconductor waveguide 136 as in the second embodiment. The two
tempceraturc control devices (90, 142, 131, 132, 140, 133, 134, 144, 92) may bc opcrated in
the same manner as in the second embodiment to control the temperature of the

optoelectronic device 160 and to regulate the performance of the optoelectronic device 160.

In general, topological variations may be performed to the at least one temperature control
devices (90, 142, 131, 132, 140, 133, 134, 144, 92 and optionally 30 and 138) to any of the
exemplary semiconductor structures described above. Further, additional temperature
control devices having a similar structure may be added to any of the exemplary

semiconductor structures described above.

While the invention has been described in terms of specific embodiments, it is evident in

view of the foregoing description that numerous alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, the invention is intended to

encompass all such alternatives, modifications and variations which fall within the scope and

spirit of the invention and the following claims.
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CLAIMS

1. A semiconductor structure comprising:

a semiconductor waveguide having a first thickness and located on a top surface of
an insulator layer;

a recessed semiconductor region of integral construction with said semiconductor
waveguide, having a second thickness that is less than said first thickness, located on said
insulator layer, and including a substantially undoped recessed semiconductor region;

a p-doped semiconductor region laterally abutting said substantially undoped
recessed semiconductor region;

an n-doped semiconductor region laterally abutting said substantially undoped
recessed semiconductor region and not abutting said p-doped semiconductor region; and

a recessed metal semiconductor alloy portion abutting said recessed semiconductor

region, said p-doped semiconductor region, and said n-doped semiconductor region.

2. The semiconductor structure of Claim 1, wherein said semiconductor waveguide,
said rccessed semiconductor portion, said p-doped secmiconductor portion, and said n-doped

semiconductor portion comprise a same semiconductor material.

3. The semiconductor structure of Claim 1 or Claim 2, wherein said semiconductor
waveguide, said recessed semiconductor portion, said p-doped semiconductor portion, and
said n-doped semiconductor portion are single crystalline and are epitaxially aligned among

one another.

4, The semiconductor structure of any preceding Claims, wherein said semiconductor

wavcguide compriscs substantially undoped silicon or substantially undopcd germanium.

5. The semiconductor structure of any preceding Claims, wherein said recessed
semiconductor region includes a p-doped recessed semiconductor region which is a portion
of said p-doped semiconductor region and an n-doped recessed semiconductor region which

is a portion of said n-doped semiconductor region.
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6. The semiconductor structure of any preceding Claims, further comprising:

another recessed semiconductor region of integral construction with said
semiconductor waveguide, having said second thickness, located on said insulator layer, and
including another substantially undoped recessed semiconductor region;

another p-doped semiconductor region laterally abutting said other substantially
undoped recessed scmiconductor region;

another n-doped semiconductor region laterally abutting said other substantially
undoped recessed semiconductor region and not abutting said other p-doped semiconductor
region; and

another recessed metal semiconductor alloy portion abutting said other recessed
semiconductor region, said other p-doped semiconductor region, and said other n-doped
semiconductor region, wherein said other recessed semiconductor region, said other p-doped
semiconductor region, said other n-doped semiconductor region, and said other recessed
metal semiconductor alloy portion are located on an opposite side of said recessed
scmiconductor region, said p-dopced scmiconductor region, said n-doped scmiconductor
region, and said recessed metal semiconductor alloy portion about said semiconductor

waveguide.

7. A method of forming a semiconductor structure comprising;:

forming shallow trench isolation structures laterally abutting a top semiconductor
portion and vertically abutting a buried insulator layer in a top semiconductor layer of a
semiconductor-on-insulator (SOI) substrate;

forming a semiconductor waveguide by patterning said top semiconductor portion;

forming a p-dopcd scmiconductor rcgion in said top scmiconductor portion;

forming an n-doped semiconductor region not abutting said p-doped semiconductor
region in said top semiconductor region; and

forming a recessed metal semiconductor alloy portion directly on a recessed region
of said top semiconductor portion, wherein said recessed metal semiconductor alloy portion
is formed directly on said p-doped semiconductor region and said n-doped semiconductor

region.

SIONYX1403000037.0136

SAMSUNG EX. 1002 - 3818/4148



10

15

20

25

WO 2011/003871 PCT/EP2010/059571
41

8. The method of Claim 7, further comprising forming a pair of recessed line trenches
in said top semiconductor portion, wherein a remaining sub-portion of said top
semiconductor portion having a first thickness and located between said pair of recessed line
trenches constitutes said semiconductor waveguide, wherein sub-portions of said top
semiconductor portion directly underneath said pair of line trenches constitute recessed
scmiconductor rcgions of intcgral construction with said scmiconductor wavcguide having a
second thickness that is less than said first thickness, and wherein sidewalls of two sup-
portions of said top semiconductor portion having said first thickness are exposed to said

pair of recessed line trenches.

9. The method of Claim 8, further comprising:

implanting p-type dopants into an area including one of said two sup-portions of said
top semiconductor portion and a portion of one of said recessed semiconductor regions to
form said p-doped semiconductor region; and

implanting n-typc dopants into an arca including thc othcr of said two sup-portions of
said top semiconductor portion and another portion of said one of said recessed

semiconductor regions to form said n-doped semiconductor region.

10. The method of Claim 9, further comprising:

forming a dielectric layer on said semiconductor waveguide, said recessed
semiconductor regions, said p-doped semiconductor region, and said n-doped semiconductor
region; and

lithographically patterning said dielectric layer to form a dielectric material portion
abutting a top surfacc and sidcwalls of said scmiconductor wavcguidc and a diclectric spacer
that abuts a sidewall of said p-doped semiconductor region and a sidewall of said n-doped

semiconductor region.

11. A semiconductor structure comprising a temperature control device and an
optoelectronic device,
wherein said temperature control device includes:

a first metal semiconductor alloy region located on a substrate;
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a p-doped semiconductor portion abutting said first metal semiconductor alloy region
and located on said substrate;

an n-doped semiconductor portion abutting said first metal semiconductor alloy
region located on said substrate; wherein said temperature control device is configured to
pass current from said p-doped semiconductor portion, through said first metal
scmiconductor alloy rcgion, and to said n-dopcd scmiconductor portion or from said n-doped
semiconductor portion, through said first metal semiconductor alloy region, and to said p-
doped semiconductor portion, and

wherein said optoelectronic device includes a device that comprises a semiconductor
material, configured to manipulate electromagnetic radiation, and is thermally coupled to

said temperature control device.

12. The semiconductor structure of Claim 11, wherein said optoclectronic device
includes at least one of a laser, optical amplifier, an optical sensor, a waveguide, and a

quantum wcll.

13. The semiconductor structure of Claim 11 or Claim 12, wherein said optoelectronic

device includes a I1I-V compound semiconductor material.

14. The semiconductor structure of any of Claims 11 to 13, further comprising a
diclectric material portion comprising a diclectric material and vertically abutting a bottom
surface of said p-doped semiconductor portion and a bottom surface of said n-doped

semiconductor portion.

15. The semiconductor structure of any of Claims 11 to 14, wherein said p-doped

semiconductor portion laterally abuts said n-doped semiconductor portion.

16. The semiconductor structure of any of Claims 11 to 13, further comprising a
substantially intrinsic semiconductor portion laterally abutting said p-doped semiconductor
portion and said n-doped semiconductor portion and vertically abutting said first metal
semiconductor alloy region, wherein said substantially intrinsic semiconductor portion has a

resistivity greater than 1 Ohm-cm.
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17. The semiconductor structure of any of Claims 11 to 16, wherein said temperature
control device further comprises:

a second metal semiconductor alloy region vertically abutting said p-doped
semiconductor portion;

a third metal semiconductor alloy region vertically abutting said n-doped
scmiconductor portion;

a first metal contact via abutting said second metal semiconductor alloy region; and

a second metal contact via abutting said third metal semiconductor alloy region.

18. A method of forming a semiconductor structure comprising a temperature control
device and an optoelectronic device, said method including:

patterning a top semiconductor layer of a semiconductor-on-insulator substrate to
form a p-doped semiconductor portion and an n-doped semiconductor portion;

forming a first metal semiconductor alloy region directly on said p-doped
scmiconductor portion and said n-dopcd scmiconductor portion, wherein said p-doped
semiconductor portion and an n-doped semiconductor portion and said first metal
semiconductor alloy region constitute a portion of a temperature control device;

forming a current conduction path configured to pass current from said p-doped
semiconductor portion, through said first metal semiconductor alloy region, and to said n-
doped semiconductor portion or from said n-doped semiconductor portion, through said first
metal semiconductor alloy region, and to said p-doped semiconductor portion; and

forming an optoelectronic device comprising a semiconductor material, configured to
manipulate electromagnetic radiation, and is thermally coupled to said temperature control

device.

19. The method of Claim 18, further comprising:

removing a portion of a buried insulator layer underneath a sub-portion of said p-
doped semiconductor portion and a sub-portion of said n-doped semiconductor portion to
form a trench in said buried insulator layer; and

filling said trench with a low dielectric constant (low-k) material having a dielectric

constant less than 3.0, wherein said optoelectronic device is formed over said low-k material.
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20. The method of Claim 18 or Claim 19, further comprising forming a cavity laterally
abutting a remaining portion of said buried insulator layer by removing said low-k material

selective to said remaining portion of said buried insulator layer.
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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 S, 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, therefore, 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 ol infrared electromagnetic radiation. In
another aspect, interacting with electromagnetic radiation further includes increasing
the scmiconductor substrate’s cffcctive absorption length as comparcd to a

semiconductor substrate lacking a textured region. In one specific aspect, the transfer

S1-
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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, sphcrical, parabolic, asymmctric, symmectric, and the like, including
combinations thereof.

Tn 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 clectromagncetic radiation into the scmiconductor 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 includcs forming surfacc fcaturcs to have dimensions 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. 5 is a schematic view of a photoscensitive device in accordance with yet a

further aspect of the present disclosure;

SIONYX1403000038.0028
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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 is 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 disclosurc;

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;

FI1G. 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 (e.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 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.

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
progresscs. For cxamplc, after a first target region is doped or surface modified, 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 s0 as to have the same overall result as if absolute and total
complction were obtaincd. The usc of “substantially” is cqually applicablc 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-rangc is cxplicitly rceitcd. As an

illustration, a numerical range of “about 1 to about 5 should be interpreted to include

_6-

SIONYX1403000038.0031

SAMSUNG EX. 1002 - 3859/4148

PCT/US2010/049375



10

15

20

30

WO 2011/035188 PCT/US2010/049375

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 3-5, 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 present across a broad wavclength 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 is 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 nm) 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 reduccd such that these longer wavelengths can be absorbed at

depths of less than or equal to about 850 pm. 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
increascd 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. Tnsome 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
element 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 or4T 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 the prescnt scope.
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Photosensitive imagers can be front side illumination (FST) 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 ong 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 diffcrence in the signal to noisc ratio. Morc

complex structures can provide not only increased quantum efficiency but also good
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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
um 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 benefits. 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 I'V materials,
compounds and alloys comprised of materials from groups II and VI, compounds and
alloys comprised of materials from groups III 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 1I-VI materials can include cadmium
selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide

(Zn0), zinc sclenide (ZnSc), zine sulfide (ZnS), zinc telluride (ZnTc), cadmium zinc
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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 I1I-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;xAS),
indium gallium arsenide (InGaAs, In,Ga;_xAs), indium gallium phosphide (InGaP),
aluminum indium arscnidc (AllnAs), aluminum indium antimonide (AlInSb), gallium
arsenide nitride (GaAsN), gallium arsenide phosphide (GaAsP), aluminum gallium
nitride (AlGaN), aluminum gallium phosphide (A1GaP), 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
(A1GaAsN), 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
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 pm. 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 pm to about 10 pm. 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

scmiconductor matcrial can have a thickncss of from about 5 pm to about 100 pm.

211 -

SIONYX1403000038.0036

SAMSUNG EX. 1002 - 3864/4148



10

15

20

30

WO 2011/035188 PCT/US2010/049375

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. Tt 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 the 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 zonc.

In those aspects where low oxygen content of the device is desired, further
processing of the semiconductor material can be performed o 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. Annecaling processes are discussed more fully below.

Additionally, texturc processing of the scmiconductor material 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 photosensing pixcl can differ from once 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 ofa 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 manufacture.

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
associated with the surfacc 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 charactcristics, howcver, that can affcct 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 8 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 yHz, or in a range of from about 1 kHz to about 1 MHz, or in
a range from about 10 Hz to about | kHz. Moreover, the fluence of each laser pulse
can be in a range of from about 1 kJ/m” to about 20 kJ/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 clectron 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 includcs not only S, but also any matcrial capablc being used to dope S into
the target region, such as, for example, H,S, SFe, 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 CIFs, PFs, F;
SFs, BFs, GeFs, WF, SiF4, HF, CF4, CHF3, CHyF,, CH3F, CyFs, C;HF s, CsFs, CuFs,
NF3, and the like, including combinations thereof. Non-limiting examples of boron-
containing compounds can include B(CHs3)s, BF3, BCls, BN, CaB;oHi2, borosilica,
B,Hs, and the like, including combinations thereof. Non-limiting examples of
phosphorous-containing compounds can include PF5, PHs, and the like, including
combinations thereof. Non-limiting examples of chlorine-containing compounds can
include Cl,, SiH>Cl,, HCI, SiClL, 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, SF¢, 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 107
mol/cm’ to about 5.0 x 10 mol/em®. SF 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 be 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 tcmpcraturc” anncal can grecatly cnhance the
photoconductive gain and external quantum efficiency of devices utilizing such
materials. Tn 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
anncal 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 pus. Inanother
aspect, the duration of the rapid annealing process can be from about 1 us 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. Tn 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= 11/1, D
where 1. 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 retlected 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 clectromagnetic 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 used for an IR or othcr 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 texturcd 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 specics to
cause the region to become more positive or negative in polarity as compared to the
semiconductor substrate. Tn 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. 8, 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 aspcect, for cxample, 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 cntering 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 88. 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 diclectric 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 fcaturcs can be incorporated into pixcls by thinning or removing material 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 (BST) 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 substratc 72 opposite the Iens in ordcr 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 (FST) 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 material layer 166 can increasc the cffcctivencss 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 clectrically 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 reducce the dark current of the device.  An additional support substratc

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 prescently deemed to be the most practical
embodiments of the disclosure, it will be apparent to those of ordinary skill in the art
that numerous modifications, including, but not limited to, variations 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 secmiconductor substratc 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 I, 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 I, 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
positioncd on a surfacc of thc scmiconductor substrate that is oppositc the multiplc

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 thereof.

14. The device of claim 1, wherein the textured region has been formed by a process
selected trom 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 opcrable 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.

-29 -

SIONYX1403000038.0054

SAMSUNG EX. 1002 - 3882/4148



10

15

20

WO 2011/035188 PCT/US2010/049375

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.

-390 -

SIONYX1403000038.0055

SAMSUNG EX. 1002 - 3883/4148



WO 2011/035188 PCT/US2010/049375
1/14

18

/‘12
-

| /“ 18

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0056

SAMSUNG EX. 1002 - 3884/4148



WO 2011/035188 PCT/US2010/049375
2/14

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0057

SAMSUNG EX. 1002 - 3885/4148



WO 2011/035188 PCT/US2010/049375
3/14

50

227N

12

18
e
0\& I ” N

FIG. 5

FIG. 6

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0058

SAMSUNG EX. 1002 - 3886/4148



WO 2011/035188 PCT/US2010/049375
4/14

82
N » B °= O 2= @
Arrry S, f;‘/} s iry s
Y/// A — 78

FIG. 7

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0059

SAMSUNG EX. 1002 - 3887/4148



WO 2011/035188 PCT/US2010/049375
5/14

88

FIG. 8

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0060

SAMSUNG EX. 1002 - 3888/4148



WO 2011/035188 PCT/US2010/049375
6/14

88

FIG. 9

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0061

SAMSUNG EX. 1002 - 3889/4148



PCT/US2010/049375

WO 2011/035188

7114

88

FIG. 10

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0062

SAMSUNG EX. 1002 - 3890/4148



WO 2011/035188 PCT/US2010/049375
8/14

/ 7 000000 82
7/ /f' //////" 7/ ’,«//’{;f/'if;///-
/ 77 // %// /f/ ,/'/ 0

//j

102

100

FIG. 11

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0063

SAMSUNG EX. 1002 - 3891/4148



WO 2011/035188 PCT/US2010/049375
9/14

/:'//' I

. I -
L ’
72 zf?é//’,é?/

/-; A z”’/{f o’ o’ s S j,/ f’/ { // "
00

S

N

FIG. 12

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0064

SAMSUNG EX. 1002 - 3892/4148



PCT/US2010/049375

WO 2011/035188

10/14

FIG. 13

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0065

SAMSUNG EX. 1002 - 3893/4148



WO 2011/035188 PCT/US2010/049375
11/14

146

144 = 148
=i
vz 2
Y 7
- “

14
FIG. 14

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0066

SAMSUNG EX. 1002 - 3894/4148



WO 2011/035188 PCT/US2010/049375

12/14

?/_82

120 M?/’ VoS
7 //{/;{//“76
7 v
:/{ %,Zﬁ;?\_ 120
/ % /,’/“72
: 77
7 152

154

150

FIG. 15

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0067

SAMSUNG EX. 1002 - 3895/4148



WO 2011/035188 PCT/US2010/049375
13/14

160

e
o 120

s
sty SRS, , , -~/—102

100

FIG. 16

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0068

SAMSUNG EX. 1002 - 3896/4148



WO 2011/035188

14/14

Forming a textured region on a

PCT/US2010/049375

semiconductor substrate having 170
multiple doped regions forming a

least one junction, wherein the

textured region is formed in a
position to interact with
electromagnetic radiation

Coupling an electrical transfer

element to the semiconductor 172
substrate such that the electrical

transfer element is operable to
transfer an electrical signal from the
at least one junction

FIG. 17

SUBSTITUTE SHEET (RULE 26)

SIONYX1403000038.0069

SAMSUNG EX. 1002 - 3897/4148



wo 2011/119618 A2 TN D0 SO0 T

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /

International Bureau

(43) Intcrnational Publication Date
29 September 2011 (29.09.2011)

O A 00O AR A
(10) International Publication Number

WO 2011/119618 A2

(€3]

1

22)

@5)
(26)
G0

n

(72)
as)

74

International Patent Classification:
HOIL 31/101 (2006.01) HOIL 31/0236 (2006.01)

International Application Number:
PCT/US2011/029447

International Filing Date:
22 March 2011 (22.03.2011)

Filing Language: English
Publication .anguage: English
Priority Data:

61/317,147 24 March 2010 (24.03.2010) us

Applicant (for all designated States except US):
SIONYX, INC. [US/US]; 100 Cummings Ctr., Suite 243~
F, Beverly, MA 01915-6506 (US).

Inventors; and

Inventors/Applicants (for US onlv): ALIE, Susan
[US/US]; 21 Duncklee Ave., Stoneham, MA 02180 (US).
PRALLE, Martin, U. [US/US]. 15 Rice Spring Lane,
Wayland, MA 01778 (US). PALSULE, Chintamani
[US/US]; 16869 65th Ave . #4, Lake Oswego, OR 97035
(US). MCKEE, Jeffrey [US/US], 22850 SW Eno PL,
Tualatin, OR 97062 (US). LI, Xia [CN/US]; 15 Trask
Court, Unit 31, Beverly, MA 01915 (US).

Agents: ALDER, Todd, B. et al.; Thorpe North & West-
ern, LLP, P.O. Box 1219, Sandy, UT 84091-1219 (US).

(81)

84

Pub

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AQO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, K, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

lished:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: DEVICES HAVING ENHANCED ELECTROMAGNETIC RADIATION DETECTION AND ASSOCIATED
METHODS

electric layer coupled between the semiconductor substrate and the semiconductor layer.

/_ 20A

26

FIG. 2A

(57) Abstract: Photoscnsitive semiconductor devices and associated methods are provided. In one aspeet, a semiconductor deviee
can include a semiconductor substrate and a semiconductor layer coupled to the semiconductor substrate, where the semiconduc-
tor 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 another aspect, the device further includes at least one di-

SIONYX1403000038.0070

SAMSUNG EX. 1002 - 3898/4148



10

15

WO 2011/119618 PCT/US2011/029447

DEVICES HAVING ENHANCED ELECTROMAGNETIC RADIATION
DETECTION AND ASSOCIATED METHODS

PRIORITY DATA

This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/317,147, filed on March 24, 2010, which is incorporated herein by

reference.

BACKGROUND

Semiconductor on Insulator (SOI) wafer technology is an outgrowth of
MicroElcctroMcechanical Systems (MEMS) technologics. An SOI wafer is a stacked
wafer substrate where a device wafoer (typically silicon) is bonded to a diclectric layer
that is bondcd to a support wafer, othcrwisc known as a handlc 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 another
aspect, the device further includes at least one diclectric layer coupled between the
semiconductlor substrate and the semiconductor layer. In one aspect, the
semiconductor layer is an epitaxially grown semiconductor layer. In another aspect,
the semiconductor layer is a silicon layer. In a further aspect, a secondary
semiconductor layer is disposed between the textured region and the semiconductor

layer,
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Various positional configurations for the layers according to aspects of the
present disclosure are contemplated, and any such configuration is considered to be
within the present scope. In one specific aspect, for example, the dielectric layer is
coupled between the semiconductor substrate and the textured region, and the textured
region is disposed between the dielectric layer and the semiconductor layer. In one
specific aspect, a reflective region is disposed between the semiconductor substrate
and the textured region. In another specific aspect, the textured region is coupled
directly to the semiconductor layer. In yet another specific aspect, a secondary
semiconductor layer is disposed between the textured region and the semiconductor
layer. In a further specific aspect, at least one cavity region disposed between the
textured region and the diclectric layer. As another aspect of positional arrangement,
the textured region is disposed between the semiconductor substrate and the dielectric
laycr, and the diclectric laycr is disposcd between the texturcd region and the
semiconductor layer.

In one aspect of the present disclosure, a polysilicon layer is directly coupled
to the dielectric layer. In another aspect, the polysilicon layer is disposed between
multiple dielectric layers. In some aspects, the polysilicon layer can be doped.

In one aspect of the present disclosure, at least one photodiode optically active
region is disposed on the device surface. In another aspect, the photodiode optically
active region comprises a doped region. In yet another aspect, the device forms at
least one photodetector. In a further aspect, the at least one photodetector is a
plurality of photodetectors arranged in an array. In yet a further aspect, the textured
region is arranged in a discontinuous pattern that corresponds spatially to the array of
photodetectors. In another aspect, the device includes a plurality of isolation features
in at least the semiconductor layer to isolate each photodetector in the array of
photodetectors, where the isolation features isolate each photodetector electrically,
optically, or both electrically and optically. In yet another aspect, the device includes
at least one optical lens associated with the at least one photodetector. In a (urther
aspect, the device includes at least one color filter associated with the at least one
photodetector.

In one aspect of the present disclosure, the textured region is doped with a
dopant to form an electrical back surface field. In another aspect, the electrical back
surface field has been doped by a technique such as, without limitation, laser doping,

ion implanting, diffusion doping, in situ doping, and the like, including combinations
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thereof. In yet another aspect, the textured region has a higher dopant concentration
than the semiconductor layer. In a further aspect, the dopant has the same polarity as
the semiconductor layer. Non-limiting examples of such dopants can include boron,
indium, gallium, arsenic, antimony, phosphorus, and the like, including combinations
thereof. Additionally, in other aspects a back surface field can be created by doping
the semiconductor layer outside of the textured region. In one aspect, for example,
the semiconductor layer is doped with a dopant to form an electrical back surface
field, where the electrical back surface field is distinct from the textured region.

The present disclosure additionally provides methods of making
semiconductor devices. In one aspect, one such method includes texturing at least a
portion of a surfacc of a scmiconductor laycr to form a texturcd region, depositing a
first dielectric layer onto the semiconductor layer such that the textured region is
disposcd between the semiconductor layer and the first diclectric laycr, and wafer
bonding the first dielectric layer to a second dielectric layer disposed on a
semiconductor substrate. In one aspect, the semiconductor layer is an epitaxially
grown semiconductor layer. In another aspect, texturing at least a portion of a surface
of a semiconductor layer to form a textured region further includes forming the
epitaxially grown semiconductor layer on a growth substrate and texturing at least a
portion of a surface of the epitaxially grown semiconductor layer to form a textured
region. In yet another aspect, the method includes removing the growth substrate to
expose the epitaxially grown semiconductor layer. In an alternative aspect, the
method can include forming an epitaxially grown semiconductor layer on the
semiconductor layer on an opposite side from the textured region.

In another aspect, wafer bonding includes depositing a polysilicon layer on the
first dielectric layer and then bonding the polysilicon layer between the first dielectric
layer and the second dielectric layer. In yet another aspect, at least a portion of the
polysilicon layer can be doped. It is also contemplated that the present scope can
include multiple dielectric and/or semiconductor material layers disposed between the
semiconductor substrate and semiconductor layer.

In a further aspect, texturing at least a portion of a surface of the
semiconductor layer to form the textured region (urther includes [orming an opening
in the semiconductor substrate, the second dielectric layer, and the first diclectric
layer to expose a portion of the semiconductor layer and texturing at least a portion of

the exposed portion of the semiconductor layer to form the textured region.
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In another aspect, the present disclosure provides a method of protecting a
textured region from contamination during manufacture of a semiconductor device.
Such a method includes texturing at least a portion of a surface of a semiconductor
layer to form a textured region, depositing a first dielectric layer onto the
semiconductor layer such that the textured region is disposed between the
semiconductor layer and the diclectric layer, and wafer bonding the first dielectric
layer to a second dielectric layer disposed on a semiconductor substrate, wherein the
textured region is protected from contamination during further manufacturing

processes by the semiconductor layer and the semiconductor substrate,

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1 is a cross-sectional view of a semiconductor structure in accordance
with an embodiment of the present disclosure;

FIG. 2A is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 2B is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 2C 1s a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 2D is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 3 is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 4 is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 5 is a cross-sectional view of a semiconductor photodiode in accordance
with another embodiment of the present disclosure;

FIG. 6 is a cross-sectional view ol a semiconductor photodetecting imager in
accordance with another embodiment of the present disclosure;

FIG. 7 is a cross-sectional view of a semiconductor structure in accordance

with another embodiment of the present disclosure;
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FIG. 8 is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 9 is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 10 is a cross-sectional view of a semiconductor structure in accordance
with another embodiment of the present disclosure;

FIG. 11A is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 11B is a cross-sectional view of a semiconductor structure showing the
manufacturc of a semiconductor device in accordance with another cmbodiment of
the present disclosure;

FIG. 11C is a cross-scctional view of a scmiconductor structurc showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 12A is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 12B is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 12C is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 13A is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 13B is a cross-sectional view of a semiconductor structure showing the
manulacture of a semiconductor device in accordance with another embodiment of
the present disclosure;

FIG. 13C is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of

the present disclosure;
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FIG. 13D is a cross-sectional view of a semiconductor structure showing the
manufacture of a semiconductor device in accordance with another embodiment of
the present disclosure; and

FIG. 14 is a depiction of a method of making a semiconductor 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
thosc ordinarily skilled in the relevant arts. It should also be understood that
terminology employed herein is used for the purpose of describing particular
cmbodiments only and is not intcnded 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 “disordered surface” and “textured surface” can be
used interchangeably, and refer to a surface having a topology with nano- to micron-
sized surface variations. Although any texturing technique is considered to be within
the present scope, in one aspect the texturing is formed by the irradiation of laser
pulses. Furthermore, while the characteristics of a textured 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. [rom about
10 to about 50 nanometers), nanopores, and the like. In another aspect, such a surface
can include micron-sized structures (e.g. about 2 pm to about 60 pm). In yet another
aspect, the surface can include nano-sized and/or micron-sized structures {rom about 5
nm and about 500 pm.

LENYY

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

“texturing” can be used interchangeably, and refer to the altering of a surface of a
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semiconductor material using a texturing technique. 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 the material.

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 using laser radiation. 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
sccond target region may be sclected on the same scmiconductor matcrial.

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 “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 {ree o’ an
ingredient or element may still actually contain such item as long as there is no
measurable ellect thereol.

As used herein, the term “about” is used to provide (lexibility to a numerical
range endpoint by providing that a given value may be ““a little above™ or “a little

below” the endpoint.
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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
includce not only the numecrical valucs cxplicitly 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-rangc is explicitly rcecited. 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 3-5, 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

The present disclosure provides semiconductor devices and associated
methods that can exhibit various enhanced properties, such as, for example, enhanced
light detection properties. Additionally, the present disclosure provides an integrated
approach for the fabrication and application of textured semiconductor materials
resulting in enhancement of image sensors and photodetectors. Specific types of
semiconduclor lexturing can enhance the spectral bandwidth, absorption, and
quantum efficiency ol a semiconductor material. Performance can also be enhanced
through various architecture configurations. Such configurations can also
significantly improve the process integration of a particular device architecture with

traditional process flows such as, for example, traditional CMOS process flows.

SIONYX1403000038.0078

SAMSUNG EX. 1002 - 3906/4148



10

15

30

WO 2011/119618 PCT/US2011/029447

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.c. the light incident surface), and 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. It should be noted
that, in addition to backsidc illuminated, front side illuminated architcctures arc also
contemplated to be within the present scope. In addition, enhanced performance and
casc of manufacturc can also be accomplished by locating a texturcd region within a
semiconductor stack or wafer. In some aspects, the textured layer can be located
within the semiconductor stack early in the manufacturing process prior to the
deposition of structures or circuitry that may be negatively affected by a texturing
process. Additionally, such a semiconductor stack can be sent to an outside
fabrication process for further manufacturing without exposing technological details
regarding the textured region embedded between the semiconductor layers or any
interaction between the textured region and the semiconductor layers.

In one aspect, as is shown in FIG. 1, a semiconductor device 10 is provided.
While various semiconductor functions are contemplated, in one aspect the
semiconductor device can exhibit enhanced electromagnetic radiation detection. Such
a device can include a semiconductor substrate 12 and a semiconductor layer 14
coupled to the semiconductor substrate. The semiconductor layer has a device surface
15 opposite the semiconductor substrate. The device also includes at least one
textured region 16 located or coupled between the semiconductor substrate and the
semiconductor layer. As such, the textured region is enclosed between the
semiconductor substrate and the semiconductor layer. Subsequent processing of the
semiconductor device such as, [or example, the formation of structures on the device
surface, does not aflect this buried textured region. In one aspect, the textured region
can be formed on the semiconductor substrate. In another aspect, the textured region
can be formed on the semiconductor layer. Additionally, for FIG. 1 and subsequent

figures, the textured region can be a single textured region as is shown, or the textured

SIONYX1403000038.0079

SAMSUNG EX. 1002 - 3907/4148



10

15

30

WO 2011/119618 PCT/US2011/029447

region can be multiple discrete textured regions. Also, the textured region can cover
only a portion of the surface area between the semiconductor substrate and the
semiconductor layer as is shown, or the textured region can cover the entire surface
area there between.

In another aspect, as is shown in FIG. 2A, a semiconductor device 20A is
provided. Such a device can include a semiconductor substrate 22 and a
semiconductor layer 24 coupled to the semiconductor substrate. The device also
includes at least one textured region 26 located or coupled between the semiconductor
substrate and the semiconductor layer, and at least one dielectric layer 28 coupled
between the semiconductor substrate and the semiconductor layer. While various
utilitics arc contemplated for the diclectric layer, in onc aspcct such a laycr can be
used to wafer bond the semiconductor layer to the semiconductor substrate. In one
aspect, the diclectric laycr can be formed on the semiconductor substrate. In another
aspect, the dielectric layer can be formed on the textured region. Also, in some
aspects the textured region can be formed on the dielectric layer. Additionally, in one
aspect the semiconductor layer can be an epitaxially grown semiconductor layer.
Thus in some aspects, the textured region can be formed on the epitaxially grown
semiconductor layer.

It should be noted that, for all aspects, the present scope can also include
multiple dielectric layers and/or multiple semiconductor material layers disposed
between the semiconductor substrate and semiconductor layer. Additionally, the
semiconductor layer itself can be multiple semiconductor layers and the
semiconductor substrate can include multiple layers. 1t should also be noted that the
semiconductor substrate refers to a substrate for a semiconductor, and can be
comprised of semiconductor materials and/or non-semiconductor materials.

FIG. 2B shows a semiconductor device 20B having a secondary
semiconductor layer 27 located between the textured region and the semiconductor
layer. A semiconductor layer 24 is formed on the secondary semiconductor layer. In
one aspect the semiconductor layer is an epitaxially grown semiconductor layer. Thus
in some aspects, the textured region can be formed on the secondary semiconductor
layer or on the dielectric layer 28. It should be noted that all reference numbers in
FIGs. 2B-D that have been reused from FIG. 2A denote the same or similar materials

and/or structures whether or not further description is provided.
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FIG. 2C shows a semiconductor device 20C whereby the dielectric layer 28
coupled between the semiconductor layer and the textured region. In this case, the
dielectric layer can be formed on the semiconductor layer 24, the textured region 28,
or on both the semiconductor layer and the textured region. In one aspect, the
textured region can be formed on the semiconductor substrate 22. In another aspect,
the textured region can be formed on the dielectric layer.

Additionally, in some aspects, as is shown in FIG. 2D for semiconductor
device 20D, the dielectric layer can be a plurality of dielectric layers 28. In the case
of wafer bonding, for example, a first dielectric layer can be associated with the
textured layer and a second dielectric layer can be associated with the semiconductor
substrate. The first diclectric layer and the second diclectric layer arc heated and
pressed together, with or without the aid of further pressure, temperature, or plasma
surfacc activation, to causc the diclectric laycers to bond to onc another, thus forming a
single wafer-bonded structure. It should be noted, however, that wafer-bonding can
be accomplished without one or more dielectric layers, and as such the present scope
should also include water-bonding that lacks such diclectric materials. Additionally,
in some aspects, the textured region can be located in between the plurality of
dielectric layers (not shown}).

A variety of semiconductor materials are contemplated for use with the
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 II and VI,
compounds and alloys comprised of materials from groups Ill and V, and
combinations thereof. More specifically, exemplary group IV materials can include
silicon, carbon (e.g. diamond), germanium, and combinatious 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.
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Exemplary combinations of group II-VI materials can include cadmium
selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide
(ZnQO), 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 (AlP), 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 arscnide (AlGaAs, Al,Ga,(As),
indium gallium arsenide (InGaAs, InyGa, <As), indium gallium phosphide (InGaP),
aluminum indium arscnide (AllnAs), aluminum indium antimonidc (AlinSb), gallium
arsenide nitride (GaAsN), gallium arsenide phosphide (GaAsP), aluminum gallium
nitride (AlGaN), 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 (InAlAsN), gallium arsenide antimonide nitride (GaAsSbN), gallium indium
nitride arsenide antimonide (GalnNAsSb), 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 {rom about 500 nm to about 50 um. In another
aspect, the semiconductor material has a thickness of less than or equal to about 500
pm. In yet another aspect, the semiconductor material has a thickness of from about 1

pm to about 10 pm. In a further aspect, the semiconductor material can have a
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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 pum.

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
componcents during manufacturc and/or usc. The semiconductor substrate can be
made from various 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 impuritics
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.

As has been described, the textured region is buried between the

semiconductor substrate and the semiconductor layer in various architectural
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arrangements. The textured 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 pm. 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
surfacc featurcs to further increasc the cffective absorption length of the device. Non-
limiting examples of shapes and configurations of surface features include cones,
pillars, pyramids, micolcnscs, 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 thereof. For
cxample, 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. Tn 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 pm. 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 layer. In one aspect, for example, the textured region can include a
substantially conformal textured layer. Such a textured layer can have an average
thickness of from about 1 nm to about 20 pm. In those aspects where the textured
region includes surface features, the conformal textured layer can have a varying
thickness relative to the location on the surface [eatures upon which is deposited. In
the case of cones, [or example, the conformal textured layer can become thinner
toward the tips of the cones. Such a conformal layer can include various materials,
including, without limitation, SiO;, SizNy4, amorphous silicon, polysilicon, a metal or
metals, and the like, including combinations thereof. The conformal textured 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.
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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 materials used for making the textured region can vary depending on the
design and the desired characteristics of the device. As such, any material that can be
utilized in the construction of a textured region is considered to be within the present
scope. In one aspect, for example, the texture region can be a textured portion of a
spccific matcrial, such as a portion of the scmiconductor layer or the semiconductor
substrate. If the texture layer is to be associated with the semiconductor layer, for
cxample, a surface facing the semiconductor substrate can be textured prior to an
attachment process such as wafer bonding. In another aspect, the textured region can
be formed from a material that is deposited onto the semiconductor layer or
semiconductor substrate, or the textured layer itself can be deposited. Such materials
can include a semiconductor material, a dielectric material, or the like, including
combinations thereof. In one specific example, the deposited material can include a
silicon material. In another specific example, the deposited material can be
polysilicon. In yet another aspect, the deposited material can be a dielectric material.

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 [(eatures, the textured region can have a surface
morphology that is designed o [ocus 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.
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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.

One effective method of producing a textured region is through laser
processing. Such laser processing allows discrete target arcas 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, cnhanced absorption propertics and thus
increased electromagnetic radiation focusing and detection.

In onc aspect, for cxample, 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 arca 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.
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In some aspects, the features or structures can be on the order of 50 nm to 20 pm 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.

The type of laser radiation used to surface modify a 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 disclosure. There
are a number of laser characteristics, however, 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
lascr can be configured to provide pulsatile lasing of a material. A short-pulsced lascr
1s one capable of producing femtosecond, picosecond, and/or nanosecond pulse
durations. Lascr pulscs can have a central wavclength in a range of about from about
10 nm to about 8 pm, 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 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 pHz, 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 § kJ/m”.

A varietly of dopant materials are contemplated f(or 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 modifly a material is considered (o 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.
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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 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 examplce, H,S, SFe, SO2, and
the like, including combinations thereof. In one specific aspect, the dopant can be S.
Sulfur can be prosent 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 CIF3,
PFs, F2 SFg, BF3, GeFa, WFe, SiFs, HF, CF4, CHF3, CHoFs, CH3F, CoFe, CoHFs, CsFy,
C4Fg, NF3, and the like, including combinations thereof. Non-limiting examples of
boron-containing compounds can include B(CHjs);, BF3, BCl;, BN, C2BioHja,
borosilica, ByHse, and the like, including combinations thereof. Non-limiting
examples of phosphorous-containing compounds can include PFs, PH3, POCl;, P»Os,
and the like, including combinations thercof. 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 AsHj; 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, SFe, 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 [or the incorporation of sullur 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
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solution. Dopants can also be solid materials applied as a powder or as a suspension
dried onto the wafer.

In one aspect, the textured region can be doped with a dopant to form an
electrical back surface field (EBSF). The EBSF impedes the movement of minority
carriers from reaching the textured region, thus keeping such carriers away from
potential recombination sites near the interface. Similarly, dark current generation
can also be minimized by pinning the interface generation states at certain band
encrgy states through band structure optimization so that the dark carrier generation
mechanism is suppressed. Band structure optimization can be achieved by using a
variety of methods. It should be noted that any method that forms an electrical field
ncar or within the textured region can be used. Non-limiting cxamples of such
methods can include shifting the Fermi level energy, bending the minority carrier
band, inscrting a matcrial with a different bandgap, and the like, including
combinations thereof.

In one aspect, for example, the band structure optimization can be realized by
modifying the interface doping concentration. For example, for a p-type laser
textured region, a more heavily p-doped layer that partially overlaps with the laser
modified interface can be used. The conduction band thus bends toward the higher
energy direction when reaching towards the more p-doped layer, and hence the laser
modified interface. One specific aspect is a heavily doped pt++ layer that partially
overlaps with the laser modified interface layer in a p-epi substrate where both the
p++ layer and the modified interface layer sit between the bottom of an epitaxial
device layer and the top of a carrier wafer.

As such, in one aspect, the EBSF has been doped by a technique such as,
without limitation, laser doping, ion implanting, diffusion doping, in situ doping, and
the like, including combinations thereof. In another aspect, the textured region or the
EBSF has a higher dopant concentration than the semiconductor layer. In yet another
aspect, the dopant has the same polarity as the semiconductor layer. Various dopants
for use in generating an EBSF are contemplated. Non-limiting examples include
boron, indium, gallium, arsenic, antimony, phosphorus, and the like, including
combinations thereol. It should also be noted that an EBSF can be produced in the
semiconductor layer, the dielectric layer, or the semiconductor substrate. In one

aspect, for example, semiconductor layer or the semiconductor substrate is doped with
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a dopant to form an electrical back surface field, where the EBSF is distinct from the
textured region.

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.

The dielectric layer can be made from a variety of materials, and such
materials can vary depending on the device design and desired characteristics. One
use for such a layer involves the coupling of the semiconductor layer to the
scmiconductor substrate. In some cascs, wafer bonding can be uscd as a coupling
technique. The dielectric layer can thus facilitate the attachment of these materials
togcther, as has been described. The diclectric laycr can be associated with the
semiconductor layer, the semiconductor substrate, or both the semiconductor layer
and the semiconductor substrate prior to bonding. In those aspects having a dielectric
layer associated with both materials, the dielectric layers can be bonded directly
together, or in some cases, bonded together with an intervening textured region.
Additionally, in some aspects a textured region can be formed on one or more
dielectric layers. In some aspects, a dielectric layer can be bonded to a semiconductor
material such as, for example, polysilicon. In other aspects, the semiconductor layer
and the semiconductor substrate can be bonded together without an intervening
diclectric layer.

Non-limiting examples of dielectric layer materials can include oxides,
nitrides, oxynitrides, and the like, including combinations thereof. In one specific
aspect, the dielectric layer includes an oxide. In another aspect, the dielectric layer
includes a buried oxide. Additionally, the dielectric layer can be of various
thicknesses. In one aspect, for example, the dielectric layer has a thickness of from
about 100 nm to about 4 microns. In another aspect, the dielectric layer has a
thickness of [rom about 500 nm to about 2 microns. In yel another aspect, the
dielectric layer has a thickness of {rom about 500 nm to about 1000 microns.

The devices according to aspects of the present disclosure can additionally
include one or more reflecting regions. In one aspect, as is shown in FIG. 3, a
photosensitive semiconductor device 30 can include a semiconductor substrate 32 and

a semiconductor layer 34 coupled to the semiconductor substrate. The device also
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includes at least one textured region 36 located or coupled between the semiconductor
substrate and the semiconductor layer, and at least one dielectric layer 38 coupled
between the semiconductor substrate and the semiconductor layer. A reflecting
region 39 is coupled to the semiconductor substrate, and positioned to interact with
electromagnetic radiation. The reflecting region can be separated from the textured
region by a dielectric layer as is shown, or the reflecting region can be associated
directly with the textured region without an intervening dielectric layer. The
reflecting region can be deposited over the entire interface between the semiconductor
substrate and the next adjacent layer, or only over a portion of the interface. In some
aspects, the reflecting region can be deposited over a larger area of the device
comparcd to the textured region. The reflecting region can be positioned to reflect
electromagnetic radiation that has passed through the texture region back through the
texturcd region toward the semiconductor layer. In other words, as clectromagnctic
radiation passes through the semiconductor layer, a portion that is not absorbed
contacts the textured region. Of that portion that contacts the textured region, a
smaller portion may pass though the textured region to strike the reflecting region and
be reflected back through the textured region toward the semiconductor layer.

A variety of reflective materials can be utilized in constructing the reflecting
region, 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 aspect, a
diclectric material can be coupled to the reflecting region along the side facing the
textured region. In one specific aspect, the dielectric material 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 [or the incident electromagnetic
radiation (rom the backside.

Additionally, the textured surface ol a metal on a roughened oxide can act as a
diffusive scattering site for the incident electromagnetic radiation and also as a mirror-
like reflector. Other aspects can utilize porous materials for the texturing. Porous

polysilicon, for example, can be oxidized or oxide deposited and a reflective region
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such as a metal reflector can be associated therewith to provide a scattering and
reflecting surface. In another aspect, aluminum can be subjected to anodic oxidation
to provide porous aluminum oxide, a high dielectric constant insulator. This insulator
can be coated with aluminum or other metals to provide a scattering and reflecting
surface.

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.

In another spccific aspect, a Bragg reflector can be utilized as a reflective
region. A Bragg reflector is a structure formed from multiple layers of alternating
matcrials with varying rcfractive indexcs, or by a periodic variation of some
characteristic (e.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, the Bragg reflector layers can be alternating layers of silicon dioxide
and silicon. 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.

Additional scattering can be provided by positioning a textured forward
scattering layer on the side of the device that receives incident electromagnetic
radiation. These [orward scaltering layers can be, without limitation, textured oxides
or polysilicon without a reflector.

In another aspect, as is shown in FIG. 4, a photosensitive semiconductor
device 40 can also include a polysilicon layer 42 disposes between multiple dielectric
layers 38. It should be noted that all reference numbers in FIG. 4 that have been

reused from previous figures denote the same or similar materials and/or structures
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whether or not further description is provided. The addition of the polysilicon layer
can provide various improvements in manufacturing in some cases. For example, a
rough surface of a textured region can be challenging to wafer bond. By depositing a
thin dielectric layer followed by a thick polysilicon layer it can be possible to create a
surface that can be polished. Thus, the polysilicon layer can be planarized and
polished until smooth, and the resulting surface can be wafer bonded to the diclectric
layer on the opposing material, e.g. the semiconductor substrate if the polysilicon is
deposited on the semiconductor layer structure. It is also contemplated that such a
process can be performed with only one dielectric layer or even without any dielectric
layers being present. In another aspect, the polysilicon layer can be doped with a
dopant. In yct another aspcct, the polysilicon laycr can be a monosilicon layer. In
one specific aspect, the polysilicon layer 1s a monosilicon layer and the semiconductor
laycr is an cpitaxial laycr that has been ctched from the backside to form the textured
region.

In another aspect, as is shown in FIG. 5, a photodiode 50 having enhanced
light detection performance is provided. The photodiode includes contacts 52 and a
photodiode junction 54 formed on the semiconductor layer 34. In another aspect, as is
shown in FIG. 6, a CMOS image sensor having improved light detection performance
1s provided. The CMOS image sensor includes photodiode junctions 64 and circuitry
62 formed on the semiconductor layer 34. Tt should be noted that all reference
numbers in FIGs. 5 and 6 that have been reused from previous figures denote the
same or similar materials and/or structures whether or not further description is
provided. In this way, the textured region 36 can be introduced into fabrication
process at the start of the flow, at a lower cost and lower technical risk approach.
Because the textured region is buried within the semiconductor materials at an early
stage in the flow, the textured region can be protected from contamination during the
further fabrication of the device. Additionally, potentially proprietary details such as
the specilic architecture of the texture region can be protected from view during the
later stages of fabrication. This method could further include a step of removing the
semiconductor substrate. It is understood that once the semiconductor device is
formed the semiconductor substrate may no longer be necessary in some cases, In
this way the semiconductor device can be mounted on various substrates as necessary

for specific applications.
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In one aspect, isolation features can be utilized in order to isolate various
portions of the device from one another. For example, in one aspect a semiconductor
device can include a plurality of isolation features in at least the semiconductor layer
that function to isolate each photodetector in an array of photodetectors from one
another. The isolation features isolate each photodetector electrically, optically, or
both electrically and optically. Isolation features can thus maintain uniformity across
an array by reducing optical and electrical crosstalk between the photodetectors. FIG.
7 shows a semiconductor device 70 having an array of photodetectors 72. It should be
noted that all reference numbers in FIG. 7 that have been reused from previous figures
denote the same or similar materials and/or structures whether or not further
description is provided. The photodctectors arc scparated by a plurality of isolation
features, in this case extending through the semiconductor layer 34 and the textured
rcgion 36. In onc aspect, the isolation featurcs extend through the semiconductor
layer but not through the textured region. In another aspect, the isolation features
extend beyond the textured region and into the dielectric layer or even into the
semiconductor substrate. In some aspects, other structures such as polysilicon layers
and reflective regions can contain isolation features. Accordingly, the isolation
features can be deep or shallow, depending on the desired configuration of the device.

Isolation features can be made from various materials, including, without
limitation, dielectric materials, reflective materials, conductive materials, light
diffusing features, voids, and the like, including combinations thereof. Conductive
materials used to fill the isolation feature etches or voids can be passivated in order to
maintain electrical isolation. In other aspects, conductive materials can be utilized as
vias. The isolation can be fabricated at the substrate level prior to fabrication of
circuitry, the detector device, or the imaging array. In one aspect, voids can be
created and either left as voids or filled with such materials to form the isolation
features. For example, a layer surface can be photolithographically patterned and
vertically etched to a desired depth (e.g. [rom the device surface of the semiconductor
layer to the dielectric layer). Dielectric material can then be deposited conformally on
surfaces within the etch until filled with the dielectric or other material. Any
dielectric material remaining on the device surface of the semiconductor layer can be
removed by chemical etching and/or mechanical polishing. As has been described,

the isolation feature does not need to fully bisect the semiconductor structure, but
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rather only a portion can be isolated; this is known as shallow trench isolation as
opposed to deep trench isolation.

Additionally, isolation features regions can be configured to reflect incident
clectromagnetic radiation until it is absorbed, thereby increase the effective absorption
length of the device. In other aspects, the sides of isolation features can be doped. In
some aspects, a doped isolation feature can form an electrical surface field, similar to
an electrical back surface field as has been described. The isolation features can be
formed before or after bonding of the semiconductor substrate to the semiconductor
layer. Furthermore, the isolation features can be formed from either side of the
semiconductor layer or from either side of the semiconductor substrate, depending on
the depth and cxtent of the featurces.

In some aspects, the textured region can be arranged in a discontinuous
pattern. As is shown in FIG. 8, for cxamplc, a scmiconductor device 80 can have a
discontinuous textured region 82. It should be noted that all reference numbers in
FIG. 8 that have been reused from previous figures denote the same or similar
materials and/or structures whether or not further description is provided. Such a
discontinuous pattern may correspond to structures elsewhere in the device, such as
the spatial pattern of an array of photodetectors on the device surface (not shown).

In other aspects, one or more cavities can be disposed in the semiconductor
device and associated with the textured region or regions. As is shown in FIG. 9, for
example, a semiconductor device 90 can include a cavity region 92 associated with
the textured region 36. The cavity region can enhance the functionality of the
textured region, and can be particularly effective when optically coupled to a
reflective region, whether the reflective region is on the near side or the far side of the
dielectric layer 38. FIG. 10 shows a semiconductor device 100 having a plurality of
cavily regions 102 arranged in a discontinuous pattern to correspond with the
discontinuous pattern of the textured region 82. The cavity regions shown in FIGs. 9
and 10 can be formed prior to waler bonding or following wafer bonding. If a cavity
region is formed following wafer bonding, etching through the semiconductor
substrate 32 may be required, following which the etch cavity can be partially (illed.
Additionally, a cavity region can be formed before or aller [ormation of the textured
region. In those aspects whereby a cavity region is formed after formation of the
textured region, the intervening material would be etched until reaching the textured

region. In those aspects whereby a cavity region is formed prior to formation of the
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textured region, an etch can be formed into the semiconductor layer 34 and the
textured region can be formed thereon through the etch cavity. The formation of the
textured region in this manner can be accomplished prior to wafer bonding or
following wafer bonding by etching through the semiconductor substrate. It should
be noted that all reference numbers in FIGs. 9 and 10 that have been reused [rom
previous figures denote the same or similar materials and/or structures whether or not
further description is provided.

The present disclosure additionally provides various methods. In one aspect,
as is shown in FIG. 14, for example, a method of making a semiconductor device can
include texturing at least a portion of a surface of a semiconductor layer to form a
texturced region 142, depositing a first dicleetric laycr onto the scmiconductor layer
such that the textured region is disposed between the semiconductor layer and the first
diclectric laycr 144, and wafer bonding the first diclectric layer to a sccond diclectric
layer disposed on a semiconductor substrate 146. In another aspect, the textured
region is protected from contamination during further manufacturing processes by the
semiconductor layer and the semiconductor substrate.

In another aspect, a method of making a semiconductor device can include
laser texturing at least a portion of a surface of a semiconductor layer to form a
textured region, depositing a first dielectric layer onto the semiconductor layer such
that the textured region is disposed between the semiconductor layer and the first
diclectric layer, and wafer bonding the first dielectric layer to a second dielectric layer
disposed on a semiconductor substrate.

In yet another aspect, a method of making a semiconductor device can include
wet etch texturing at least a portion of a surface of a semiconductor layer to form a
textured region, depositing a first dielectric layer onto the semiconductor layer such
that the textured region is disposed between the semiconductor layer and the first
dielectric layer, and wafer bonding the first dielectric layer to a second dielectric layer
disposed on a semiconductor substrate.

In one specific aspect, FIGs. 11A-C show one method of manufacturing a
semiconductor device. As is shown in FIG. 11A, a semiconductor material 114 can
be textured to create a textured region 112, and a dielectric layer 115 can be deposited
over the textured region. In one aspect, the textured region can be formed by laser
processing the semiconductor material. In another aspect, the textured region can be

formed by wet etching the semiconductor material. The dielectric layer can then be
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polished until smooth with a process such as CMP processing. The resulting structure
can then be wafer bonded to a semiconductor substrate 116, as is shown rotated 180°
in FIG. 11B, with the polished surface of the dielectric layer being bonded to the
semiconductor substrate. The dielectric layer can be bonded directly to the
semiconductor substrate, or to a second dielectric layer formed on the semiconductor
substrate (not shown). After wafer bonding, the semiconductor material can be
polished to a specified thickness. In another aspect, an epitaxially grown
semiconductor layer 118 can be grown on the polished surface of the semiconductor
material to generate a low defect device region as shown in FIG. 11C.

In another aspect, FIGs. 12A-C show another method of manufacturing a
scmiconductor device. As is shown in FIG. 12A, a scmiconductor matcrial 124 can
be textured to create a textured region 122, and a dielectric layer 125 can be deposited
over the textured region. In onc aspect, the scmiconductor material can be an
epitaxially grown semiconductor material. The dielectric layer can then be polished
and a polysilicon layer 126 can be deposited thereupon, as is shown in FIG. 12B. In
an alternative aspect, the polysilicon layer can be formed directly on the textured
region without an intervening dielectric layer (not shown). The polysilicon layer can
then be polished and wafer bonded to a semiconductor substrate 126, as is shown
rotated 180° in FIG. 12C. The polysilicon layer can be bonded directly to the
semiconductor substrate, or to a second dielectric layer 129 formed on the
semiconductor substrate. After wafer bonding, the semiconductor material can be
polished to a specified thickness.

In another aspect, FIGs. 13A-D show another method of manufacturing a
semiconductor device. As is shown in FIG. 13A, a semiconductor layer 134 can be
epitaxially grown on a temporary semiconductor support 139. The epitaxially grown
semiconductor layer is textured to create a textured region 132, and a dielectric layer
135 1s deposited over the textured region as is shown in FIG. 13B. Following
polishing, the dielectric layer is waler bonded to a semiconductor substrate 136, as is
shown rotated 180° in FIG. 13C. The dielectric layer can be bonded directly to the
semiconductor substrate, or to a second dielectric layer formed on the semiconductor
substrate (not shown). The temporary semiconductor support can then be removed
from the epitaxially grown semiconductor layer. This can be accomplished by any
known process, such as wafer splitting, CMP processing, etc. The exposed epitaxial

semiconductor layer can be further polished and thinned to produce a desired surface
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for further device deposition. In this manner semiconductor materials used to grow
the epitaxial layer can be removed, leaving a higher quality surface with fewer crystal
defects and dislocations.

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
detail in connection with what is presently deemed to be the most practical
cmbodiments of the disclosurc, it will be apparent to thosc of ordinary skill in the art
that numerous modifications, including, but not limited to, variations in size,
matcrials, shape, form, function and manncr of opcration, asscmbly and usc may be

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

What is claimed is:

1. A semiconductor device, comprising:

a semiconductor substrate;

a semiconductor layer coupled to the semiconductor substrate, the
semiconductor layer having a device surface opposite the semiconductor substrate;
and

at least one textured region coupled between the semiconductor substrate and

the semiconductor layer.

2. The device of claim 1, further comprising at lcast onc diclectric laycr coupled

between the semiconductor substrate and the semiconductor layer.

3. The device of claim 2, whercin the semiconductor layer is an epitaxially grown

semiconductor layer.

4. The device of claim 2, wherein the semiconductor layer is a silicon layer.

5. The device of claim 2, further comprising a secondary semiconductor layer

disposed between the textured region and the semiconductor layer.
6. The device of claim 2, wherein the dielectric layer is coupled between the
semiconductor substrate and the textured region, and wherein the textured region is

disposed between the dielectric layer and the semiconductor layer.

7. The device of claim 6, [urther comprising a reflective region disposed between the

semiconductor substrate and the textured region.

8. The device of claim 6, wherein the textured region is coupled directly to the

semiconductor layer.
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9. The device of claim 6, further comprising a secondary semiconductor layer

disposed between the textured region and the semiconductor layer.

10. The device of claim 6, further comprising at least one cavity region disposed

between the textured region and the dielectric layer.

11. The device of claim 2, further comprising a polysilicon layer directly coupled to

the dielectric layer.

12. The device of claim 11, wherein the polysilicon layer is disposed between

multiple diclectric layers.
13. The device of claim 2, wherein the textured region is disposed between the
semiconductor substrate and the dielectric layer, and wherein the dielectric layer is

disposed between the textured region and the semiconductor layer.

14. The device of claim 2, wherein the textured region is doped with a dopant to form

an electrical back surface field.
15. The device of claim 14, wherein the electrical back surface field has been doped
by a technique selected from the group consisting of laser doping, ion implanting,

diffusion doping, in situ doping, and combinations thereof.

16. The device of claim 15, wherein the textured region has a higher dopant

concentration than the semiconductor layer.

17. The device of claim 15, wherein the dopant has the same polarity as the

semiconductor layer.
18. The device of claim 15, wherein the dopant is a member selected (rom the group

consisting of boron, indium, gallium, arsenic, antimony, phosphorus, and

combinations thereof.
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19. The device of claim 2, wherein the semiconductor layer is doped with a dopant to
form an electrical back surface field, and wherein the electrical back surface field is

distinct from the textured region.

20. The device of claim 2, further comprising at least one photodiode optically active

region disposed on the device surface.

21. The device of claim 2, wherein the photodiode optically active region comprises a

doped region.

22. The device of claim 2, whercin the device forms at Icast onc photodctector.

23. The device of claim 22, wherein the at lcast onc photodctector is a plurality of

photodetectors arranged in an array.

24. The device of claim 23, wherein the textured region is arranged in a

discontinuous pattern that corresponds spatially to the array of photodetectors.

25. The device of claim 23, further comprising a plurality of isolation features in at
least the semiconductor layer to isolate each photodetector in the array of
photodetectors, wherein the isolation features isolate each photodetector electrically,

optically, or both electrically and optically.

26. The device of claim 23, further comprising at least one optical lens associated

with the at least one photodetector.

27. The device of claim 23, further comprising at least one color filter associated with

the at least one photodetector.

28. A method of making a semiconduclor device, comprising:

texturing at least a portion of a surface ol a semiconductor layer to form a
textured region;

depositing a first diclectric layer onto the semiconductor layer such that the

textured region is disposed between the semiconductor layer and the first dielectric
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layer; and
wafer bonding the first dielectric layer to a second dielectric layer disposed on

a semiconductor substrate.

29. The method of claim 28, wherein the semiconductor layer is an epitaxially grown

semiconductor layer.

30. The method of claim 29, wherein texturing at least a portion of a surface of a
semiconductor layer to form a textured region further includes:
forming the epitaxially grown semiconductor layer on a growth substrate; and
texturing at lcast a portion of a surface of the cpitaxially grown scmiconductor

layer to form a textured region.

31. The method of claim 30, further comprising removing the growth substrate to

expose the epitaxially grown semiconductor layer.

32. The method of claim 28, further comprising forming an epitaxially grown
semiconductor layer on the semiconductor layer on an opposite side from the textured

region.

33. The method of claim 28, wherein wafer bonding further includes:
depositing a polysilicon layer on the first dielectric layer; and
bonding the polysilicon layer between the first dielectric layer and the second

diclectric layer.

34. The method of claim 33, further comprising doping at least a portion of the

polysilicon layer.

35. The method of claim 28, wherein texturing at least a portion ol a surface of the
semiconductor layer to form the textured region further includes:
forming an opening in the semiconductor substrate, the second dielectric layer,
and the first dielectric layer to expose a portion of the semiconductor layer; and
texturing at least a portion of the exposed portion of the semiconductor layer

to form the textured region.
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36. The method of claim 28, wherein texturing 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.

37. The method of claim 28, wherein texturing includes lasing.

38. A method of protecting a textured region from contamination during manufacture
of a semiconductor device, comprising:

texturing at lcast a portion of a surfacc of a scmiconductor laycr to form a
textured region;

depositing a first diclectric laycr onto the semiconductor laycr such that the
textured region is disposed between the semiconductor layer and the dielectric layer;
and

wafer bonding the first diclectric layer to a second dielectric layer disposcd on
a semiconductor substrate, wherein the textured region is protected from
contamination during further manufacturing processes by the semiconductor layer and

the semiconductor substrate.
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NEXT GENERATION IMAGING METHODS AND SYSTEMS

Related Application Data

In the US, this application claims priority to copending provisional applications

61/751,787, filed January 11, 2013, and 61/759.,996, filed February 1, 2013

Field of Technology

The present technology relates to camera systems.

Background and Introduction

Foveon, Inc. (now Sigma Corporation) produces image sensors comprising an
array of photosites, each of which includes three vertically-stacked photodiodes. Each of
the three photosites responds to different wavelengths of light (i.e., each has a different
spectral sensitivity curve). The Foveon technology is detailed, e.g., in patents 6,727,521,
6,731,397, 6,841,816, 6,958,862, 6,998,660, and 7,339,216.

Lytro, Pelican Imaging and others produce light field cameras that capture 4D
light field information about a scene, through use of microlenses. Such “plenoptic
imaging” systems are detailed, e.g., in patent publications 20070252074, 20080131019,
20080266655, 20100026852, 20100265385, 20110069189, 20110080487, and
20110122308.

Various companies have developed transparent semiconductors, transistors and
electrodes useful in CMOS image sensors. Exemplary technology is detailed in
Samsung’s patent applications 20110156114 and 20090101948. Familiar transparent
electrode materials include tin-doped indium oxide, zinc oxide, and carbon nanotube
films. Additional information is provided in Ginsley, et al, Handbook of Transparent
Conductors, Springer, 534 pp., 2011.

The artisan is presumed to be familiar with technologies involved in fabrication of
semiconductor image sensors, including the foregoing.

In accordance with one aspect of the present technology, photosensors are again

stacked. However, the stacking is considerably thicker than the prior art, making possible

SIONYX1403000039.0021
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camera sensors that provide multi-focal length imaging, e.g., between six inches and
infinity.

Fig. 1 introduces certain concepts used in the technology. Plural layers P1 - P8
are stacked in an integrated structure, behind a lens system. Each layer comprises one or
more photodetectors. The distance of each layer behind the lens corresponds to a
different object distance, in accordance with the focal length of the lens. (Le., the
reciprocal of the object-lens distance, plus the reciprocal of the photodetector-lens
distance, equals the reciprocal of the lens focal length.)

An image sensor can comprise a 2D array of such stacks. as illustrated
schematically in Fig. 2.

The foregoing and many other features and advantages of the present technology
will be apparent from the following detailed description, which proceeds with reference

to the accompanying drawings.

Brief Description of the Drawings

Fig. 1 shows a stack comprising plural photodetectors.

Fig. 2 shows an array comprising a 2D array of the stacks of Fig. 1.

Fig. 3 shows a basic implementation using two stacked image sensors.

Fig. 3A shows an image sharpness curve for the implementation of Fig. 3.

Fig. 4 is similar to Fig. 3, but shows four stacked image sensors.

Figs. 5-8 show other variants employing stacked image sensors.

Fig. 9 shows a sparse color filter array.

Fig. 10 illustrates how photosites in different layers of a stack can be at different
positions in the layers.

Fig. 11A show how the various photosites in the Fig. 10 arrangement may
spatially relate, when viewed down through the stack.

Figs. 11B and 11C are similar to Fig. 11A, but illustrate other spatial relations.

Figs. 12A and 12B show different tree structures, by which photosites can be
arranged relative to charge-conducting electrodes.

Fig. 13 is a diagram illustrating movement of a smartphone sensor as a function of

time.
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Fig. 14 is a schematic illustration of part of a smartphone camera system
according employing certain aspects of the present technology.

Figs. 15A and 15B illustrate 2D motion of a smartphone sensor as a function of
time.

Figs. 16 and 17 outline the evolution of imaging systems, culminating with “Era

57 — the subject of the present technology.

Detailed Description

Fig. 3 shows a first particular embodiment, including first and second stacked
image sensors, and a lens system. The first sensor is at an image plane corresponding to
an object at an infinite distance from the lens system; the second sensor is at an image
plane corresponding to an object at a distance of six inches. The two sensors have the
same pixel dimensions (e.g., 1936 x 2592 pixels).

The first sensor is tabricated to pass at least some of the light incident on its top
surface through its structure, and on towards the second image sensor. Such
transmissivity can be achieved by appropriate design and fabrication of the charge
transfer conductors and associated readout circuitry, so that some light passing through
the photodetection region is not blocked by such structures. For example, the structures
may be sized and placed so that gaps between them allow for the passage of some light.
Some of the circuitry may be positioned to the periphery of the sensor — where light
passage is not an issue. Still further, some of the conductors/circuitry can be fabricated
using optically-transparent materials.

In the illustrated embodiment, the top sensor absorbs 25% of the incident light,
and passes 75%. But this number is not critical. Even if it passed a tenth of this amount
or less (e.g., 5%), advantageous results associated with the Fig. 3 arrangement would still
be realized.

Light passing through the first sensor enters an optically transmissive medium.
The thickness of the medium depends on the range of focal distances to be
accommodated. An exemplary thickness for this medium is 100 microns, but depending
on particular application requirements this thickness may be as small as 10 microns, or as

large as many hundreds of microns.

SIONYX1403000039.0023

SAMSUNG EX. 1002 - 4009/4148



10

15

20

30

WO 2014/110484 PCT/US2014/011236

The medium can comprise various materials. Air is attractive for certain optical
properties. However, interfaces between air and other optical materials are sometimes
disfavored. Another suitable medium is glass. Another is a semiconductor. Still another
is a fluid. Combinations can, of course, be used.

Light exiting this medium is incident on the second image sensor. This second
sensor can be conventional in structure.

When a subject is at an infinite distance from the lens, the lens presents a focused
image on the top sensor. Very high resolution sampling of this image is achieved by the
top sensor (in accordance with the sensor’s physical resolution).

Part of that focused light energy on the top sensor from the infinite-distance
object passes through the first sensor, and through the intervening medium, and falls on
the second sensor. There the image is no longer focused. The strong edges and contrasts
that are associated with a focused image are lost. A very low contrast, highly blurred
image results.

For an object at six inches distance from the lens, the situation is reversed. The
lens casts a focused image on the bottom sensor (albeit with some of the light absorbed
by its passage through the top sensor), yielding high resolution image data from the
bottom sensor. At the top sensor, in contrast, the image is out of focus — with low
contrast.

Not shown in Fig. 3 is an ancillary system that collects data output from the two
image sensors, and makes them available for post-processing. In one mode, this post-
processing can comprise simply adding output signals from corresponding pixels in the
first and second sensors, yielding a frame of output image data having the same
dimensions as the image data from the first and second sensors. (The output signals from
the first sensor may be scaled by a factor of three to compensate for the fact that the
bottom sensor receives three times the light absorbed by the top sensor.)

If the post-processing operation adds the images from the first and second
sensors, an image sharpness curve like that shown in Fig. 3A results. At an object
distance of six inches, maximally-sharp imagery is output by the second sensor. The first
sensor, however, outputs a maximally-blurred image in this situation — contributing a low

contrast noise signal.
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At distances greater than six inches, the image output by the second sensor
becomes increasingly blurred — reducing the net sharpness of the combined output signal.

As the object distance approaches infinity, the sharpness of the image output by
the first sensor increases — until its maximum value at infinity. Again, a low contrast
noise signal is contributed by the other (second) sensor, which outputs maximally-blurred
imagery for an object distance of infinity.

The just-discussed principles can be extended to any number of stacked
photosensor arrays. Fig. 4 shows an arrangement employing three arrays. Again, the top
and bottom sensors are positioned to capture focused images from objects at distances of
infinity and six inches, respectively. However, the Fig. 4 arrangement includes a third
sensor array positioned to capture focused imagery from objects at a distance of two feet.

The design of this third photosensor array can be similar to that of the top array,
e.g., transmissive of part of the incident light (e.g., 75%). In this arrangement,
approximately 50% of the incoming light is absorbed before being passed to the CMOS
sensor at the bottom of the stack.

This arrangement produces a curve akin to Fig. 3A, but with three humps rather
than two.

It will be noted that the third photodetector array in Fig. 4 is closer to the top
sensor than the bottom sensor. Yet the top two sensors collect imagery from the largest
range of focal distances, i.e., two feet to infinity. This is a consequence of the lens
equation.

Figs. 5-8 illustrate still other stacking variants. Fig. 5 shows four sensor arrays.
Like Fig. 4, the spacing of the arrays within the stack is non-uniform.

Fig. 6 shows a stack of five sensor arrays — this time with uniform spacing
through the stack.

In some arrangements, such as Fig. 7, the sensors can be spaced in a random
fashion.

Fig. 8 illustrates that in all such stacked-sensor embodiments, precise alignment
of the sensors is not required. Any mis-alignment between sensors can be detected after

fabrication (e.g., by analysis of test imagery), and compensated-for in post-processing.
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Nothing has yet been said about color. The human eye is much more sensitive to
luminance (brightness) than color. Accordingly, color typically needn’t be resolved as
finely as luminance for most purpose. (For example, an image sensor with a million
photosensor cells may produce only 250,000 samples of red information, and a like
number of samples of blue, using a Bayer color filter.)

In the embodiments of Figs. 3 — &, the bottom photosensor in the stack can
employ a Bayer color filter for sampling red, green and blue at different photosites. The
upper sensors can include a regular or random distribution of color filters as well, which
may be sparse (i.e., some photosites have no filter).

Fig. 9 shows one form of sparse, regular color filter array, which may be tiled
across the top image sensor in Fig. 3, or across the top and intermediate image sensors in
Fig. 4. (In the latter case, the color filters on the sensors may be spatially staggered
relative to each other.) In the depicted color filter array — as with the conventional Bayer
pattern — green is sampled twice as frequently as red and blue. A variety of other such
patterns, including some that are denser and some that are sparser, are straight-forward to
implement.

In a variant embodiment, the component stacked photosensors can produce color
information through use of Foveon-like technology. However, if a conventional Foveon
sensor is used top the stack, then no light would penetrate to lower layers. One approach
is to fabricate a sparse array of Foveon sensor pixels — interspersed with clear pixels.
This enables passage of some of the incident light through the clear pixels to lower

layers.

Second Class of Embodiments

The arrangements detailed above involve, conceptually — if not necessarily
physically, a mechanical configuration of parts. In more sophisticated embodiments, a
stacked photosensor structure is achieved in integrated fashion, using familiar
semiconductor fabrication techniques (deposition, masking, lithography, doping, etc.).

Returning briefly to Fig. 1, imagine that each of the layers P1 — P8 is a volume of
a semiconductor material, into which one or more photosensitive regions has been
formed. Such an arrangement is shown in the exploded view of Fig. 10, in which the

6
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photosensitive regions (sometimes terms photosites) are shown by ovals. Physically,
these ovals are three-dimensional in character — akin to M&M candies in configuration —
encompassing a junction between a P-doped region and an N-doped region, and a
depletion zone through which photo-electrons can be routed for collection (e.g., to
charge-accumulating capacitors — not shown).

(In a different arrangement, the depicted ovals are physically realized by
component structures that extend a greater distance in the vertical direction than in the
horizontal.)

This second class of embodiment permits the size and placement of the photo-
electron generating and collecting structures to be tailored as desired, e.g., to optimize
quantum efficiency, achieve particular sampling objectives, etc.

For example, within the various layers along the Z-axis, the photosites can be
spatially staggered (i.e., in the X-Y plane) to limit vertical occlusion of one by the other.

Fig. 11A shows one pattern of photosites — looking down through the stack along
the Z-axis. (Only five photosites are shown, for clarity of illustration.) The photosites
are symmetrically spaced within the X-Y boundaries of the stacked column. If each
photosite absorbs 100% of the photons propagating vertically down through the stack that
encounters the site, the depicted Fig. 11A arrangement would absorb 68% of the total
electrons. That is, 68% of the X-Y area is occupied by photosites.

Other arrangements can, of course, be employed. Fig. 11B shows that the
photosites in the different layers can be placed in random fashion in X-Y. Although this
leads to lower quantum efficiencies, the stochastic sampling thereby effected has other
desirable properties.

The photosite regions needn’t be circular in aspect. Fig. 11C shows how
hexagonal photosites can be employed — yielding still greater photon capture and
efficiency.

In a particular arrangement, the Fig. 10 stack is 10 microns on a side, and the
photosites have diameters of 1.75 microns. The total stack depth depends on the desired
focal range; a stack depth of 100 microns is exemplary. (This roughly corresponds to a
common smartphone configuration, which uses an 2.0 lens, spaced 3.85mm from the
sensor array, and provides a focus range of six inches to infinity.)

7
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Continuing with the M&M analogy, the photosites may be of different colors.
More accurately, they may have different spectral responses. A simple starting point is to
provide each photosite with either a corresponding red, green or blue filter, so that it
responds to photons only of the associated wavelength.

While that’s a simple conceptualization of the idea, placement of color filters
within an integrated circuit complicates its fabrication. Another approach to making
different photosites responsive to different spectra is by the phenomenon popularized by
Foveon — doping the semiconductor so that photons of different energies are more likely
to penetrate to (and be detected in) different depths of the photosensor structure.
Different doping can be used in different of the Fig. 2 stacks, so that across a given X-Y
plane of the structure, different regions are attuned to different light frequencies. (That
is, at a depth of 56 microns, not all photosites are maximally responsive to the same
wavelength of light.)

Still another approach to making different photosites respond to different spectra
is through use of dichroic mirrors or filters. Put simply, a frequency-selective mirror
(thin film-based) can be fabricated under a photosite. If a quantum of light passes the
photosite without dislodging a photo-electron, it next encounters the thin film structure.
The dimensions of this structure are chosen to induce a reflection of certain wavelengths
of light. Such light is reflected back towards the photosite it just passed (i.e., vertically,
up through the stack) — giving this quantum of light a second chance to kick a photo-
electron out of the semiconductor material in that photosite.

Yet another approach to realizing photosites having different spectral selectivities
is through use of quantum dot material. Work at MIT’s Tisdale Lab, at Delft University,
and Invisage, has demonstrated use of quantum dot and film materials in image sensors.
Related work is detailed, e.g., in Prins et al, Fast and Efficient Photodetection in
Nanoscale Quantum-Dot Junctions, Nano Letters, Vol. 12, No. 11, October, 2012, pp.
5740-5743; Konstantatos et al, Solution-Processed Quantum Dot Photodetectors, Proc.
IEEE, Vol. 97, No. 10, pp. 1666-1683, October, 2009; and in patent publications
7,476,904, 20070132052, 20110101205, 20110226934, 20100187404, and 20130032782.
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A particular implementation employs quantum dot material to transduce photons
in the visible region into a short burst (e.g., nanosecond-scale burst) of electron/exciton
energy, which is then measured and correlated to wavelength of the existing photon.

In one illustrative embodiment, such quantum dot transducers (with a scale of 2 —
20 nm) are distributed in a sensing volume 100 microns in thickness. Each quantum dot
effectively serves as a photon-transduction pulser, with the pulse size (strength)
correlating to incoming photon wavelength (i.e., color). Depending on implementation,
there may be thousands of such dots per square micron through the device. The pulses
may be quantized (desirably near the sites) to 6- or 8-bits of resolution.

While imaging science has long been fixated on tri-color systems (red/green/blue,
and cyan/magenta/yellow), such arrangements optically pale in comparison to the
capabilities of the human vision system. Better is to employ a richer spectral vocabulary.
Thus, the spectral responses of the photosites employed in the present technology
desirably are of more than three types (although in certain embodiments, single-, two- or
three-spectral responses can be used). Four is on the low side. Different spectral
responses numbering eight or more are be preferred.

In this regard, reference is made to published patent application 20130308045. Tt
details, e.g., how multiple different (sometimes complex) spectra can be used to
illuminate an object, so as to permit the object’s spectrometry to be assessed more
accurately than is possible with conventional R/G/B technology. In like fashion, use of
multiple different spectral sensitivities by different photosites in the present technology
similarly enables color imaging that exceeds the limitations of traditional tri-color
systems.

Five years from now, smartphones desirably will include both the technology
detailed in the just-cited application, and the sensor technology detailed herein.

Returning to and stretching the M&M analogy a bit, the electrons collected by the
various photosites need to be routed for collection — typically by charge-storage
capacitors (which may be formed at the bottom of the sensor array — beneath the last
photosensitive regions). This routing can be effected by conductive electrodes (vias) that
pass — typically vertically — through the integrated structure. In some implementations,
these conductive electrodes are bundled - forming trunk-like structures. In such case, the

9
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M&M photosites may be regarded as leaves on branches (horizontal electrodes) that
extend from this vertical trunk.

Transparent electrode materials can be used to limit absorption of light within the
bulk of the structure. Nanowires can be employed for the vertical vias in the photosensor
array. (See. e.g., Fan et al, Electrical and Photoconductive Properties of Vertical ZnO
Nanowires in High Density Arrays, Applied Physics Letters, Vol. 89, No. 21, 2006; and
patent publications 20070155025 and 20110315988.)

Figs. 12A and 12B illustrate the concept of such a tree. The trunk (comprising
plural conductive vias) is represented by the darker vertical line. Photosites are coupled
to the component electrodes of the trunk, for routing of their photo-electrons to charge-
storing capacitors. Fig. 12A shows a regularly-arranged configuration. Fig. 12B shows
one with more randomness.

These figures, of course, show only two dimensions. It will be recognized that
additional photosites can exist in the third dimension, and can be similarly coupled to the
tree trunk.

Note, too, that the number of photosites in each layer of the tree can be different.
The photosites within any X-Y layer needn’t be regularly and uniformly distributed.
Some regions of a layer may be locally dense with photosites, while others can be
relatively sparse. As with other design choices, application constraints will commonly
dictate such details in any particular embodiment.

Although not shown in Fig. 10, a conventional image sensor (e.g., CMOS or
Foveon) may be formed — or affixed — at the bottom of the integrated photosensor stack,
to collect any remaining photons not transduced by the photosites throughout the volume.

Returning to Fig. 1, the illustrated light rays captured from nearby “Object 2,” and
focused by the lens down into zone P7, first pass through all of zones P1 — P6. The
artisan will recognize that such light can kick-out photo-electrons in any of these zones
P1-P6, on its way to P7.

Moreover, while the light rays converge in zone P7, they may pass through even

that zone, and end up kicking-out photo-electrons in zone PS8.
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Thus, all of the component zones may output electron charge due to light from
Object 2. However, the electron count produced by zone P7 will exceed that from any of

the other zones, due to the increase in the electric field near the focal zone.

Further Information on Blur and Sampling

Additional technical insight into the present technology may be gained by
examining the important difference between what is popularly called “blur” on the one
hand, and what may be called Explicit Angular Sampling, or just angular sampling.

One might say that blur is a physical phenomenon that has rather strict “depth of
field” implications — primarily driven by the classic f-number of a lens being used, while
angular sampling happens to be a core design principle of most embodiments of this
technology, and helps explain why classic depth of field challenges can be overcome.

It is exceedingly well known in signal sampling theory and practice that the
discrete sampling of a signal (one dimensional, two, or even three) needs only be slightly
finer that the local undulatory properties of a signal (expressed deliberately in lay
terminology to make the point). More colloquially, if it wiggles, sample it at three to five
points per wiggle, and you should be fine. More technically, whereas Nyquist suggests
that taking only two discrete samples per cycle of the highest frequency of a signal may
suffice, engineering practice suggests a slight “oversampling” of a signal is desired for
good measure, as it were.

Keeping the underlying issues still high-level (intuitive and even slightly
pedestrian if the reader is a trained optical engineer), let us look at a simple scenario: a 4
millimeter focal length smart phone camera with an {2 aperture, or 2 millimeter aperture.
We can further assume that the best focus “spot size” for a focused point is 2 microns.
Simple ray-theory depth of field arguments tell us that for every 4 microns a sensor
travels away from the “best focus” plane, the spot size will grow by 2 microns. Thus by
10 microns or so out of focus, the “spot size” of a point has grown to 5 microns. Optical
engineers may rightly cringe at this over-simplification of “depth of field,” but please
tolerate the desire here to just point out that “blur” can happen very easily in modern
smart phone cameras even with 10 to 20 micron out-of-focus conditions. 10 to 20
microns matter.

11
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So continuing on with the pan-audience ray-trace storyline, once a typical f2 lens
and planar-sensor is say 40 microns ““out of focus,” the “blur circle” as it is often called
has grown to be 20 microns, 10 times worse than the pristine 2 micron tight-focus
capability of the lens. Wiggle-wise, wiggles with ten times less detail need only have ten
times sparser sampling, hence any pixels at 2 microns are ludicrously oversampling these
“blurred” signals at this out-of-focus plane. In a nutshell, the conventional planar
approach to image sampling inherits this rather stark depth-of-field phenomena and the
culturally-ingrained idea of focus and blur (Jack thereof).

Enter the third dimension of a sensor and the simple notion of sprinkling
photosites at various depths inside a sensor, rather than simply in one plane (or three
thinly packed planes for color sampling a la RGB and Foveon). In short, distribute 2
micron-ish photosites at various depths of a sensor from the front surface all the way to
the furthest optically active surface, typically over a 100 micron thickness at least for a
smart phone camera (4mm, {2 or £2.8). As noted, give these 3D splayed photosites
various spectral selection properties while you’re at it, no need to rigidly adhere to RGB

models only (though adhering to these models is acceptable as well).

Nature’s Teachings: Light Detection is a 3D Quantum Affair, not a 2D Sampling

Nature has provided us the examples of the faunal retina and the floral
chlorophyll for study of light to energy transduction in general. Let’s roll with that.

The closest engineering approach perhaps would be to view pixels not as
photosites per se, but as micro-waveguides very much borrowing on rod/cone principles
and chlorophyll-molecular-chain principles for more efficient photo-electron production.
The 10 micron by 10 micron vertical cell cavity arrangement (Fig. 10) with “trees” of
active photosites are near the same physical scale as single-mode optical fiber, and thus
lend themselves very well to electromagnetic field modeling in the extreme details of
semi-conductor and/or “nanotech material deposition” engineering of both the vertical
structures as well as the individually active photo-electron generation sites.

Another well-known prior art which is general 2-dimensional in its primary
application, but can be adapted easily to three dimensions, is the “dichroic filter.” As
noted, controlled layering of differing substances with differing optical densities,
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especially at the 1-2 micron scales of the optical photosites, can be an extra widget in the

design toolbox as the spectral selection properties of these photosites is determined.

Moveable Sensors

In accordance with a further aspect of the present technology, a sensor in a
smartphone or other such video camera system is disposed on a moveable mount,
permitting motion of the sensor relative to the rest of the optical assembly (e.g.. the lens).

Moveable lenses, sensors, and camera mounts have previously been employed for
mechanical image stabilization, and such teachings can be employed in embodiments of
the present technology. But the aim of the present technology is somewhat different.

For example, prior art mechanical image stabilization, as used in video cameras
and film motion picture cameras, has largely sought to keep static features of a scene at
consistent locations, frame to frame — despite unintended movement of the camera (e.g.,
caused by hand jitter).

When a video camera is moved in a deliberate fashion, e.g., in a panning motion,
then arrangements like that marketed under the Steadicam brand are sometimes used to
stabilize the camera mount (i.e., the lens and sensor together). This type of stabilization
tends to isolate the camera from the operator’s undesired, high frequency, movements.
More uniform motions, however, such as panning, are not counter-acted by such
arrangements.

Contemporary versions of Steadicam-like arrangements employ MEMS-based
rate gyrosensors mounted to a gimbaled camera rig, to measure the angular rate of the
camera’s rotation. Signals from these gyrosensors are used to drive DC servomoters,
coupled to the camera’s rotational axes, to effect compensatory motions.

The present technology again contemplates panning, or other deliberate
movements of the camera. But instead of mitigating motions that are ancillary to the
desired movement (as with the above Steadicam-like arrangements), the present
technology acts in concert with the desired movement, to reduce frame motion blur
caused by such desired movement.

Consider the case of a pan (i.e., a rotation of a video camera around a vertical
axis), in which the video camera captures a frame of imagery every thirtieth of a second.
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(The exposure interval of each frame may be 30 milliseconds, and 3.33 milliseconds may
elapse between frame exposures.)

If the camera is panned at a rate of six degrees per second, then each successive
frame depicts a view through the lens that is advanced, relative to the prior frame, by an
increment of 0.2 degrees. This horizontal change in the viewed scene causes an apparent
movement of fixed image features across the sensor, also in a horizontal direction. If the
camera lens has a field of view of 30 degrees, and projects the imaged scene onto a
sensor having 480 columns of pixels, then each degree of view corresponds to 16
columns. From one frame to the next, the 0.2 degree change in camera orientation
corresponds to a horizontal shift of about 3 columns of pixels.

In accordance with one embodiment of the present technology, a MEMS or piezo-
electric actuator linearly shifts the camera sensor a horizontal distance of 3 pixel columns
during the exposure of each of the frames — to counteract the panning-induced movement
of the image on the sensor during that exposure period. At the end of the exposure
period, the actuator quickly re-traces its travel in an opposite direction, to prepare for
exposure of the next frame. This process repeats for each frame, so that the sensor
alternately tracks the movement of the panning image, and then pops back to its original
position. This operation may be termed a “track-pop” cycle.

Fig. 13 shows the movement of the camera sensor in a horizontal dimension as a
function of time. The illustrative sensor has a horizontal dimension of 4.8 millimeters, so
that each pixel row is 0.01 millimeters across (i.e., 10 microns). During the course of a
single exposure interval, the sensor is moved three pixel rows, or 30 microns. In the brief
inter-frame interval, the actuator pops quickly back to its original position.

Fig. 14 (not to scale) schematically shows a section view through part of a
smartphone. A lens is positioned above an image sensor. The exterior surface of the lens
terminates at a threaded opening into which an accessory lens (e.g., for additional light
capture, or for microscopy) can be installed. The lens may include an auto-focus actuator
(not shown) that mechanically moves the lens towards or away from the sensor. (If an
image sensor of the sort described earlier is employed, then such mechanical focus

arrangement is not needed.)
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The sensor is mounted for movement by a MEMS actuator 132, which can
translate the sensor towards or away from the actuator. The actuator may provide a range
of motion of 50 microns, on each side of the sensor’s nominal position (i.e., aligned with
the lens.)

It will be recognized that the foregoing description is necessarily simplified, for
expository convenience. In actual practice, for example, the sensor may be translated in
two directions, e.g. in “x” and *y.” Two actuators can be used for this function, or a
single, 2D actuator, can be employed. (An example of the latter, using comb electrodes
that are controllably excited to move optical elements in two dimensions, is detailed in
patent 6,914,710.)

Horizontal panning was assumed in the foregoing example. More generally, the
nature of camera movement (e.g., angular panning, linear translation, etc.), and associated
movement parameters, are desirably sensed by one or more 3D accelerometers and
gyroscopes. Camera movement data can also be discerned from image sensor data, e.g.,
by tracking movement of scene features in the camera’s field of view. Signals output
from one or more such sensors are provided to the device processor, which computes the
direction, magnitude, and timing of sensor movements that are needed to counteract
motion of the image across the sensor during a frame exposure. Corresponding control
signals are then sent to the sensor actuator(s).

More particularly, movement of the camera and/or movement of dominant subject
matter in a scene both give rise to gross lateral shifts of the light fields falling on a sensor.
The dynamic X-Y re-positioning of the sensor attempts to track, as best as possible, the
global average of this shift. Desirably, these shifts are sensed, and used to generate
appropriate control signals.

One approach is to utilize the now quite ubiquitous MEMS gyroscopes and
accelerometers in order to determine the general movement characteristics of a camera on
a frame-by-frame timescale. If one infers that a scene is largely not changing, the drive
signals applied to the MEMS actuators can simply be an inversion of these measured
movements of the camera. A second approach, which can be utilized separately or in
combination with the first approach, is to use acquired pixel data from the sensor itself to
measure and infer “‘residual tracking motion,” for lack of a better term. In other words, it
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is a known prior art to determine the direction and extent of “motion blur” in a given
image, providing for a measured value which after two such frames of such motion blur,
can be used to assist in forming the drive signals for the MEMS track-pop actuation
signals.

While the foregoing technology is described with reference to linear translation of
the image sensor, in other embodiments different sensor movements can additionally, or
alternatively, be employed. For example, the plane of the sensor may be tipped and/or
tilted, so that its surface normal is non-parallel to the axis of the lens. Similarly, the
sensor may be twisted (rotated) along its surface normal axis.

It will be recognized that the physical movement of the sensor needn’t precisely
counteract the movement of the image projected onto the sensor. Any similarity between
such motions is an improvement over none. Likewise, while the exemplary embodiment
included a 3.33 millisecond interval between exposures, during which interval the sensor
popped back to its original position, this is not essential. The pop-back of the sensor to
its original position can occur during the exposure. Due to the brevity of such movement,
and the relatively small distance traveled, the consequent impairment of image quality

may be acceptable in certain applications.

Additional Details re Light-Field Tracking MEMS

Companies such as Digital Optics Corporation and Tessera Technologies, Inc.,
among others, currently commercially supply MEMS-based Auto-Focus (AF) devices
which provide the Z-axis displacement mechanism between a lens and a 2D sensor. As
noted, aspects of the present technology posit use of such MEMS devices to also
mechanically actuate motions in both the X and the Y direction: sensor plane relative to
the plane of the lens. That is, the sensor would controllably shift at near 1-micron-level
resolution relative to the parallel planes of the lens and sensor.

Current MEMs AF device specifications are nicely close to the specifications
useful required for track-pop imaging cycles. In particular, full range actuation distances
approaching 100 microns or even more are desirable, as will be discussed. Likewise,

half-range movements in the single digit millisecond range and preferably even better are
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desirable, though as will be seen, a track-pop cycle program can be adapted to the
specifications of whatever a given physical MEMS device can provide.

One aspect of track-pop cycling is to extend the prior art MEMS actuation from
one axis to three. One way to do this is to do what many laboratory optical scientists do
with much larger actuation stages than MEMS, and that is to simply bolt on a single
actuation stage onto a second one but at an orthogonal manner, where the actuation of
one stage moves the entire second stage along one given axis, then the second “riding”
stage can then move a third body in some orthogonal direction, where that third body
become yet a third MEMS actuation stage oriented “push axis” along the remaining
orthogonal direction in 3-space (orthogonal to both of the first two stages). This long
winded description mirrors the klunkiness and costliness of this approach, but it is
important to note that this solution will unequivocally work.

A preferred approach to building 3-axes MEMS devices is to drive toward “close”
to the same packaging form factor and dimensions of the current class of AF MEMS
devices. The micron-level comb and spring structures currently laid out on nicely planar
structures for 1-D AF have to “break the plane” at least in a higher level of assembly, if
not at the raw manufacturing level. (In other words, individual one-axis MEMS actuation
likely will still be manufactured as a 1-D actuation-axis structure, but it will need to be
more finely sliced up, twisted and then re-assembled orthogonally with its identical or
nearly identical siblings (other uni-axis actuators). One approach to doing this is to start
with a current Z-axis (focus axis) version of a MEMS actuator, and then “float” this stage
on two separate rail tracks, the first rail track attaching the top MEMS (the AF stage) to
an X-axis stage which is itself pushed and pulled along the rail axis, then below this stage
there is a 90 degree rotated rail (from the first rail) which attaches the X stage to the Y
stage, with the Y-stage then having a push-pull MEMS structure activating the two stages
along the second rail. In this approach, the elegant thin form factor of current AF MEMS
devices can be “thickened” outside of the critical optical aperture area and still allow for
the seating of a lens in relatively close proximity to a sensor (typically only a few
millimeters between the back of a lens surface and the front of a sensor surface).

Once a 3-axis arrangement is in place, whether a klunky version or an elegant and
thin one, the operation of shifting a sensor in close “tracking” to a light field projected
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onto that sensor can take place. The specifications of range of motion and response time
then become parameters for determining the detailed timing of track and pop imaging. In
general, the maximum speed of a MEMS actuation, projected through the focal length of
a lens and then onto a scene being imaged, represents the very fastest motion that a scene
can move in front of a camera and still be “tracked”” by the MEMS motion. Likewise,
when a given “tracking” has reached its full motion extent on the MEMS device, a
command to end an exposure can take place, then kicking off the “pop” cycle which pops
the MEMS actuation back to the other side of its full range. (If a particular MEMS axis
represents the “long motion axis” of the current movement of the camera, the other axis
will have a “pop” generally not quite as long as its full range).

In such arrangement, individual exposures of “tracked frames” last as long as the
full range stroke of the long-motion axis MEMS device. For intuitive grounding of the
basic lens and motion parameters, one can imagine a lens with 3.75mm focal length and a
MEMS device with 100 microns full range motion. This gives a projected shift of just
about 1.5 degrees, which, if one were to be panning (rotating) a camera operating at 30
frames per second, indicates that objects can move up to 45 degrees per second before
they start to have residual blur beyond what the tracking can handle. Those practiced in
these arts understand this situation is radically more nuanced than this simple example
but the “order of magnitude” of how MEMS’ full ranges, response times, focal lengths,
etc. all play together is important to intuitively outline. Let us not forget as well that the
“pop” phase usually posits turning off the exposing activities of the main sensor as the
MEMS actuator(s) pop the sensor back to a new tracking starting point, and thus this
“pop” time can represent a significant loss of information gathering if MEMS devices are
not manufactured with an eye towards fast (ideally faster than one millisecond) full range
popping capabilities. Much slower times can easily be made operational, the cost is
simply dead time for light gathering.

Figs. 15A and 15B further illustrate the foregoing. Two plots are shown: Fig.
15A shows MEMS actuator displacement of the sensor in the “x” direction, and Fig. 15B
is a similar illustration but in the “y” direction. The two actuator waveforms are
synchronized, so that the track and pop phases coincide. The “x” actuator travels +/- 30

microns around a nominal position (i.e., from 0 — 60 microns, centered at 30 microns).
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The “y” actuator is operated to move the sensor a smaller displacement, -+/- 10 microns
around its nominal position. It will be recognized that a single control signal (a timing
waveform) can be scaled and offset to generate both the “x” and “y”’ control signals.

In the illustrated arrangement, the “track” interval (i.e., the frame exposure
interval) is 5 milliseconds, and the “pop” interval is 2 milliseconds. Pop intervals that are
less than 50% of the track intervals are typically utilized. with more preferable values for

the pop interval being less than 20%, 10%, or even less than 5% or 2% of the track

interval.

Motion-Stasis-Motion

In accordance with a further aspect of the present technology, an operational
mode of the camera is controlled in accordance with a camera gesture. In a particular
embodiment, a user signals interest in a scene when a phone is swept along a path to a
point where it is briefly held, atter which the phone is swept back in a contrary direction.
The position at which it is briefly held indicates the user’s interest in the scene viewed by
the camera from that position.

Data from the phone sensors (accelerometers, gyroscopes, and feature tracking by
the camera) are processed to classify the phone as either being in a “motion” phase, or a
“stasis” phase. Each phase is characterized by motion parameter thresholds. For
example, the “motion” phase may be characterized by any movement at a rate greater
than one centimeter per second. (Such velocity can be derived by integrating data from
the accelerometer sensor.) Stasis may be characterized by movement at a rate less than
0.5 centimeter per second.

To sense the just-described gesture, the device processor starts by looking for an
initial motion phase. When that phase concludes, a time window (e.g., two seconds)
starts within which the processor looks for a stasis phase. If stasis is not sensed within
that interval (e.g., if the device moves at between 0.5 and 1 cm/second for more than 2
seconds), then the classifier resets — again looking for an initial motion phase.

If a stasis phase is sensed, it must persist for a threshold interval, which may be
bounded both by minimum and maximum values. For example, the minimum value may
be a value greater than 0.1, 0.2, or 0.5 seconds. The maximum value may be a value less
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than 1, 2 or 5 seconds. If the device is held in a stasis phase for the required threshold
interval, then the process next looks for a retracting motion.

A retracting motion is a second “motion” phase, but one in which the motion is in
a direction contrary to the initial motion phase. This can be defined mathematically in
various ways, but the concept is familiar: if the user takes the phone from a rest position,
sweeps it to a stasis position, and then returns it to (or near) the initial rest position, then
that latter motion is a retraction motion.

One algorithmic definition begins by defining a first axis, which is that of a first
vector between the device’s position at the start of the initial motion phase. and its
position at the stasis phase. (The actual path might be curved, but the start and end points
define a straight line.) A retraction motion is tested by attributes of a second vector:
namely, that between the device’s position at the stasis phase, and its position at the end
of the second motion phase. If this second vector has a component — when projected onto
the first axis — that is larger than its projection onto any axis orthogonal to the first axis,
and is in a direction opposite to that of the first vector, then the second motion phase is a
retraction motion.

Put another way, if the first motion defines a first direction, then the second
motion should have a principle component that is oriented in a direction opposite to that
first direction, if the second motion is to be classified as a retraction motion.

TImage frames may be captured throughout these phases, at a video capture rate
(e.g., 30 frames per second). Or, video capture may commence only after device velocity
falls below a threshold, e.g., 1 cm/second (such as at the end of the initial motion phase),
and may terminate when the device velocity again rises above that threshold (such as at
the beginning of the retraction motion phase).

Data from plural such image frames are combined in known fashion to synthesize
one or more enhanced images, €.g., increasing the resolution, or extending the field of
view, as contrasted with any single captured image frame. Desirably, two or more such
composite images are created (e.g., from different virtual viewpoints), and are presented
to the user on the device display. The user can flip or scroll between the composite
images, using known image review Ul paradigms, and select one or more for long term
storage (e.g., in the Photo Library or Camera Roll data structures of the Apple iPhone).
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Ideally, the frames of video imagery from which the images presented to the user
are composited, are gathered using a sensor of the type earlier described, providing 3D
information. In such arrangement, there is no focal plane - outside of which subjects are

out of focus. Instead, everything in the composite image is in focus.

Review

A far-from-complete list of some of the inventive arrangements provided by this
technology includes the following:

An apparatus having an optical array sensor for use with a lens. where the sensor
comprises a structure having a vertical thickness of at least 10 microns, with plural photo-
electron generating regions (photosites) dispersed at two or more layers within that
thickness (corresponding to differing lens focal planes). Two of these layers are
vertically separated by at least 10 microns.

In other embodiments, two of these layers are vertically separated by at least 50
microns. A particular such sensor is useful for sensing objects at distances from the lens
ranging from less than ten inches, out to infinity.

In some such arrangements, the photosites are spectrally selective, and there are at
least two different types of spectral selection. Commonly there may be four or more.
Desirably, the photosites are transmissive to light for non-spectrally-selected wavelengths
of light.

In one particular sensor, the structure has a thickness of more than 50 microns,
comprises three or more different layers of photosites. These three layers correspond to
objects imaged at respective distances of (a) less than 10 inches, (b) between ten inches
and three feet, and (c) greater than three feet.

The above-noted sensor may be provided with a first CMOS sensor array atop
said structure, which serves as an entry surface onto which light entering the structure is
first incident. This CMOS sensor array may pass 25% or more of the visible incident
light into said structure.

Similarly, the above-noted sensor may be provided with a second CMOS sensor
array at a bottom of the structure, for receiving light that was not transduced to photo-
electrons elsewhere in the sensor.
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In some arrangements, both of the just-referenced CMOS sensors are provided,
thereby sandwiching the structure. In such a configuration, a first fraction of incoming
light is transduced to electrons by the first CMOS sensor atop the structure, another
fraction of incoming light is transduced to electrons by the photosites in the structure, and
a further fraction of the incoming light is transduced to electrons by the second CMQOS
sensor behind the structure.

In another particular sensor. there are at least four differing depth layers for the
photo-electron generating regions in the structure. Each of these regions comprises plural
photosites, and an X-Y arrangement of the photosites in one of said layers is staggered
relative to an X-Y arrangement of the photosites in a successive layer.

The just-described sensor may have a density of photosites such that 25% or less
of incident light reaches a CMOS sensor array at the back of the structure.

The above-noted sensors may include photosites arranged such that a line normal
to the thickness passes through a first photosite in one layer and a second, diftferent
photosite in a different layer. These first and second photosites are desirably differently
spectrally selective.

The above-noted sensors can include a first gated conduction path that couples a
first photosite to a first transfer capacitor, and a second gated conduction path that
couples a second photosite to a second transfer capacitor, where the first and second
transfer capacitors are optically shielded from incident light.

Such a sensor can further include control circuitry for alternately gating the
conduction paths on and off plural times per second, to produce raw video signal charge
streams to the transfer capacitors.

Smartphones equipped with the above-described sensors, and a lens, are also
contemplated.

The technology also includes an apparatus having a stack of plural photodetectors
P; - Py and a lens. The lens introduces light onto a first exterior surface of the stack, for
passage through the stack towards a second exterior surface of the stack. The stack
positions different of the photodetectors at different distances from the lens, so that they

provide dominant responses to light captured from objects at different distances from the
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lens in accordance with the photodetectors’ distances from the lens. A distance between
photodetectors Py - Py in the stack is at least 20 microns.

Another such sensor includes four or more light-detecting volumes Py, P,, P5 - Py
arranged so that light detected in volume P has first passed through volume P;, light
detected in volume P; has first passed through volumes P; and P», etc.. A distance
between volumes P - Py is at least 20 microns, permitting the sensor to provide object
distance information when used with a lens that directs light from an object onto the
sensor.

In the just-detailed sensor, the light-detecting volumes can be arranged in a stack
along a stack axis. A first of the volumes has a first photosensitive region, and a second
of said volumes has a second photosensitive region. A line between centers of these first
and second photosensitive regions is not parallel to said stack axis.

Put another way, if the light-detecting volumes are arranged in a stack along a Z
axis in an X, Y, Z Cartesian coordinate system, each of the light-detecting volumes each
has an extent in X-Y space. In such view, a first of the volumes has a photosensitive
region at a first X-Y location, and others of the volumes have respective photosensitive
regions at other X-Y locations that are different than the first X-Y location. In such an
arrangement, a light ray traveling through the sensor parallel to the Z axis encounters
different of said photosensitive regions, depending on the ray’s location in X-Y space.

Another arrangement employs a video camera system (e.g., in a smartphone) that
includes a lens coupled to a boady, and an image sensor (lying in an image plane). A
uniform motion of this system (i.e., a deliberate motion, as contrasted with an unintended
motion — such as hand jitter, which may also be present) is sensed while capturing video
imagery. This capturing of video imagery comprises capturing a still image frame N
times a second. The uniform motion of the system results in a uniform movement of
image features across the image plane. During this video capture, a uniform physical
tracking movement of the image sensor, within the camera body, is repeatedly performed.
This tracking movement of the image sensor is in a direction that tracks the uniform
movement of image features across the image plane. Each such tracking movement is

followed by a uniform popping movement, which returns the image sensor back to an
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original position that it occupied at the beginning of said uniform tracking movement.
These tracking and popping movements are repeated N times a second.

In some embodiments, each of the uniform tracking movement has a first time
duration, and each of said uniform popping movements has a second time duration,
where the second time duration is less than 20% of the first time duration.

The tracking and popping movements of the image sensor can be performed by
repetitively and synchronously operating a pair of orthogonally-oriented MEMS

actuators.

Other Comments

It will be recognized that references to transparent materials simply refer to a
material that does not block 100% of the light energy of interest. A material that
intercepts 99% of the light, and passes 1%, is still regarded as transparent. (If only
0.001% of the light passes, it is no longer regarded as transparent. Between .001% and
1% is a range that may or may not be regarded as transparent — depending on the
particular application being served.)

While the embodiments of Fig. 3, etc., contemplated that the component image
sensors are of the same resolutions, this is not required. In other arrangements the
sensors can be of differing resolutions.

The detailed embodiment employs CMOS semiconductor image sensor
technology. However, the principles of the detailed arrangement can be applied to any
other type of image sensor arrangement, whether presently known (e.g., CCD or organic
photosensors) or later developed.

The number of different layers of photosites employed in a particular embodiment
is application dependent. Although eight layers are illustrated in Fig. 1, a lesser number
(e.g., 3 or 6, etc.) or a greater number (e.g., 9 or 20 or 32, etc.) can be used. If each of the
layers is 12 microns in thickness, a stack of eight yields a total stack depth of about 100
microns. A thicker or thinner stack may be desired, depending on the focal length of the
lens, and the range of distances from which object images are to be captured. (The stack
may be made thicker by increasing the number of photodetectors, or by increasing their
component thicknesses.)
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The thicknesses of the photosites can be non-uniform, e.g., in acknowledgement
that the photon flux deeper in the structure is diminished by photon absorption in higher
layers. Alternatively, or additionally, the gains of the corresponding output amplifiers
can be non-uniform — with those driven by photosites deeper in the structure having
higher gains than those associated with photosites closer to the lens. Still further, the
doping of semiconductor structures in deeper photosensors can be different than the
doping of corresponding semiconductor structures in higher photosensors.

While a single lens L is shown in Figs. | and 3 for clarity of illustration, it will be
recognized that plural lenses can be used, e.g., a compound lens, or a lens for each pixel,
or a lens per group of neighboring pixels, or lenticular lenses, etc. Combinations can also
be used, e.g., a single object lens, in conjunction with a plurality of microlenses, as is
known in certain light field architectures.

The details of the photodetectors, and their respective charge accumulation,
latching, switching and reset circuitry are not detailed, as same are within the skills of the
artisan in photosensor design.

Applicant’s published applications 20110212717, 20110161076, 20120284012,
and 20130223673, detail methods and arrangements that are useful in combination with
the present technology. Publication 20110212717, for example, teaches that post-
processing of sensor data is desirably performed by processing circuitry on the same
substrate as the sensing elements. In the present case, such processing circuitry can take
the raw signals from the various sensors/photosites, and process them to produce data
streams optimized for their intended use (e.g., one data stream optimized for rendering to
a user on a screen, another optimized for recognizing text from close focal distances,
etc.).

It will be recognized that multiple features are taught by this specification, and
different particular embodiments have been detailed that combine different of these
features. However, it will be recognized that the features can be combined in myriad
arrangements, too numerous to catalog. This disclosure should be regarded as teaching
all combinations of the disclosed features.

To provide a comprehensive disclosure without unduly lengthening this
specification, applicant incorporates by reference the documents identified herein, as well
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as the documents they respectively reference. All such documents are incorporated in
their entireties, as if fully set forth herein. The artisan is presumed to be familiar with the

teachings from such references.
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Claims:

1. Apparatus comprising an optical array sensor for use with a lens, the
sensor comprising a structure having a vertical thickness of at least 10 microns, with
plural photo-electron generating regions dispersed at two or more layers within that
thickness, said layers corresponding to differing lens focal planes, two of said plural

photo-electron generating regions being vertically separated by at least 10 microns.

2. The apparatus of claim 1 wherein said structure includes first and second
planar arrays of photodetectors, said first and second planar arrays being vertically
separated by at least 50 microns, wherein the sensor is useful for sensing objects at

distances from the lens ranging from less than ten inches, out to infinity.

3. The apparatus of claim 1 wherein the photo-electron generating regions

are spectrally selective and there are at least two different types of spectral selection.

4. The apparatus of claim 3 wherein the photo-electron generating regions

are spectrally selective and there are at least four different types of spectral selection.

5. The apparatus of claim 3 wherein the photo-electron generating regions

are transmissive to light for non-spectrally-selected wavelengths of light.

6. The apparatus of claim 1 wherein said structure has a vertical thickness of
more than 50 microns, and the sensor comprises three or more photo-electron generating
regions at said differing layers, the three regions corresponding to objects imaged at
respective distances of (a) less than 10 inches, (b) between ten inches and three feet, and

(c) greater than three feet.

7. The apparatus of claim 1 that further includes a first CMOS sensor array

atop said structure, serving as an entry surface onto which light entering the structure is
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first incident, said first CMOS sensor array passing at least 25% of visible incident light

into said structure.

8. The apparatus of claim 7 that further includes a second CMOS sensor
array at a bottom of said structure, said first and second CMOS sensor arrays thereby
sandwiching the structure, wherein a first fraction of incoming light is transduced to
electrons by the first CMOS sensor atop the structure, and a second fraction of the
incoming light is transduced to electrons by the second CMOS sensor behind the

structure.

9. The apparatus of claim 8 in which a third fraction of the incoming light is
transduced to electrons by photo-electron generating regions in the structure between the

first and second CMOS sensor arrays.

10. The apparatus of claim 1 that further includes a CMOS sensor array at a
bottom of said structure, for receiving light that was not transduced to electrons

elsewhere in the sensor.

11. The apparatus of claim 10 wherein there are at least four differing depth
layers for the photo-electron generating regions in the structure, each of the photo-
electron generating regions comprising plural photosites, wherein an X-Y arrangement of
the photosites in one of said layers is staggered relative to an X-Y arrangement of the
photosites in a successive layer, and wherein a density of the photosites is such that 25%

or less of incident light reaches the CMOS sensor array at the bottom of said structure.

12 The apparatus of claim 1 wherein there are at least four differing depth
layers for the photo-electron generating regions in the structure, each of the photo-
electron generating regions comprising plural photosites, wherein an X-Y arrangement of
the photosites in one of said layers is staggered relative to an X-Y arrangement of the

photosites in a successive layer.
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13. The apparatus of claim 1 in which each of the photo-electron generating
regions comprises plural photosites, and a line along a vertical axis passes through a first
photosite in one layer and a second, different photosite in a different layer, said first and
second photosites being differently spectrally selective, the sensor further including a first
gated conduction path coupling the first photosite to a first transfer capacitor, and a
second gated conduction path coupling the second photosite to a second transfer
capacitor, the first and second transfer capacitors being optically shielded from incident

light.

14, The apparatus of claim 13 that further includes control circuitry for
alternately gating said conduction paths on and off plural times per second, to produce

raw video signal charge streams to said transfer capacitors.

15. The apparatus of claim 12 comprising a smartphone equipped with said

sensor and a lens.

16. An apparatus including a vertical stack of plural photodetectors Py - Py
and a lens, the lens introducing light onto a first exterior surface of the stack, for passage
through the stack towards a second exterior surface of the stack, the stack positioning
different of the photodetectors at different distances from the lens, the different
photodetectors providing dominant responses to light captured from objects at different
distances from the lens in accordance with the photodetectors’ distances from the lens, a

vertical distance between photodetectors Py - Py in said stack being at least 20 microns.

17. A sensor comprising four or more light-detecting volumes Py, P>, P53 - Py
arranged so that light detected in volume P, has first passed through volume Py, light
detected in volume P has first passed through volumes P; and P», etc., wherein a distance
between volumes P; - Py is at least 20 microns, permitting the sensor to provide object
distance information when used with a lens that directs light from an object onto the

sSe€nsor.
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18. The sensor of claim 17 in which:

said light-detecting volumes are arranged in a stack along a stack axis;

a first of said volumes has a first photosensitive region therein, and a second of
said volumes has a second photosensitive region therein; and

a line between centers of said first and second photosensitive regions is not

parallel to said stack axis.

19. The sensor of claim 17 in which:

said light-detecting volumes are arranged in a stack alonga Z axisinan X, Y, Z
Cartesian coordinate system, said light-detecting volumes each having an extent in X-Y
space;

a first of said volumes has a photosensitive region at a first X-Y location; and

others of said volumes have respective photosensitive regions at other X-Y
locations that are different than the first X-Y location;

wherein a light ray traveling through the sensor parallel to the Z axis encounters

different of said photosensitive regions, depending on the ray’s location in X-Y space.

20. A method employing a video camera system, said system including a lens
coupled to a body, and an image sensor, the image sensor lying in an image plane, the
method comprising the acts:

sensing a uniform motion of the video camera system while capturing video
imagery, said capturing of video imagery comprising the capturing of a still image frame
N times a second, said uniform motion of the video camera system resulting in a uniform
movement of image features across the image plane, said uniform motion being
deliberate rather than unintended;

repeatedly performing a uniform physical tracking movement of the image sensor,
within the body, in a direction that tracks said uniform movement of image features
across the image plane, followed by a uniform popping movement that returns the image
sensor back to an original position it occupied at a beginning of said uniform tracking
movement;

wherein said tracking and popping movements are repeated N times a second.
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21. The method of claim 20 in which each of said uniform tracking
movements is of a first time duration, and each of said uniform popping movements is of
a second time duration, where the second time duration is less than 20% of the first time

duration.

22. The method of claim 20 in which said tracking and popping movements of
the image sensor are performed by repetitively and synchronously operating a pair of

orthogonally-oriented MEMS actuators.

23. A method comprising:

sensing a first movement of a camera-equipped device, the first movement
defining in a first direction;

following the sensed first movement, sensing a pause in movement of the device;
and

following the sensed pause, sensing a second movement of the device, the second
movement defining in a second direction;

wherein said second direction has a principle component that is oriented in a
direction opposite to said first direction;

the method further including:

capturing frames of imagery at least during in an interval between the first and
second movements of the device;

processing a first data set, comprising plural of said captured image frames, to
yield a first composite data set;

processing a second, different, data set, comprising plural of said captured image
frames, to yield a second composite data set; and

storing the first and second composite data sets for user review and selection.
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In this work we use built in diagnostic capabilities to demonstrate gas immersion laser doping (GILD) as an in-situ doping
technique. A HeNe laser reflectivity apparatus measures the silicon melt time during doping, and our melt depth/diffusion
simulation program, LASERMELT, is used to predict the silicon melt depth versus melt time. By combining these tools along with
previously measured SIMS and RBS profiles, we obtain an accurate in-situ method of determining junction depths. LASERMELT
also calculates the sheet resistance and the dopant profiles themselves. The ability to successfully determine these parameters in-situ,
as well as fabricate ultra shallow junctions in a ‘low temperature” environment makes laser doping suitable for future ULSI

processes.

1. Introduction

Very large scale integration (VLSI) and ultra
large scale integration (ULSI) require a scaled
reduction in both the lateral and vertical device
dimensions in order to increase speed and packing
density. In fig. 1 simple cross sections of a long
channel and a short channel NMOS device il-
lustrate a problem with scaling. Here we see that
as the gate length, L, of the device becomes
smaller for a constant source and drain junction
depth, x;, two problems will result: (i) the junc-
tion encroachment under the gate will become
more significant, and (i1) the electric field due to
the drain and source will become more and more
significant in the channel. The junction encroach-
ment can be controlled by suitable oxide spacer
technology (see, for example, ref. [1]), but the two
devices will only maintain the same electric field
pattern in the channel region if the source and
drain junction depths are decreased. For very shal-
low junctions, the device will return to the desired
long channel behavior case in which the gate plays
a dominant role in controlling the channel poten-

* Present address: Siemens AG, ZPL 1 TW 61, Otto-Hahn-

tial. However, as the junction depths decrease, the
sheet resistance of the layers increases. This can
lead to parasitic source and drain resistances that
severely affect circuit speed, power consumption,

Long Channel NMOS Device

| L |
Source %/////////’/////// Z ;/////(/////////% Drain “L
n+ )I ll n+ X
< L ! K3
p-type
[100] Si
Short Channel NMOS Device
__,{ L
Source 7 Gate 74 Drain ‘-L
n+ |\ n+ X;
A—->l L }<A S
ptype
{100] Si

Fig. 1. Long channel and short channel NMOS devices. As L
decreases for an constant x;, the source and drain electrodes
play a increasing role in the channel region by moving the
electric field lines away from the device surface. Short channel
behavior results because the gate no longer controls the major-
ity of the channel charge. This problem is alleviated by reduc-
ing x; so the two devices maintain the same electric field
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and logic swings. It is, therefore, clear why small
geometry devices require shallow junctions with
low sheet resistance values.

Shallow n* junctions for NMOS devices are
routinely fabricated using low energy “As im-
plants into Si. Unfortunately. for CMOS circuits a
problem exists in fabricating shallow p " junctions
with low sheet resistance because of the boron ion
implantation tail {2]. The sheet resistance of a
junction is inversely proportional to its depth, or

R\hccl = p/~\.j~ ( 1 )
where p is the resistivity given by:

1 ,
p= (2)

glpn+p,p)

Here » is the active electron concentration in the
layer. p is the active hole concentration, and p,
and p, are the electron and hole mobilities. It is
clear that in order to make p and therefore R, .,
small for very shallow junctions, the electron con-
centration in the n™ layers and the hole concentra-
tion in the p* layers must be very high. An
example of this is shown in fig. 2 where R,
versus N, is plotted for different values of x|
ranging from 0.05 to 0.2 pm. The data for this
plot assumes that N, = p, box-like profiles, and
negligible electron concentration so that p =
(qupNA)']. The values of p, are taken from
Masetti et al. [3]. This plot shows that in order to
achieve sheet resistance values below 100 £ /01

\
50 nm
70
100

e 140
X,= 200

SV DT

Assume
Box-Like
Profile

R 1
SHEET
v s oa
[=] (=] =} < =}
N
N /
P PN SNV WU WY S S

19 10 10

N, e’

Fig. 2. R .. versus N, for various values of x. A box-like

profile is assumed. As the junction depth decreases. very high

peak concentrations are needed to obtain low sheet resistance
values.

which is considered an upper limit for ULSI ap-
plications, it is necessary to have box-like profiles
with peak active boron concentrations greater than
110" e¢m 7 for junction depths less than 0.14
pm.

A junction fabrication process that results in
very shallow high concentration box-like junctions
suitable for ULSI devices is the gas immersion
laser doping (GILD)} process (see, for example rel.
[4-6]). The GILD process relies on a dopant gas
being incorporated into a shallow molten region
of the Si surface upon exposure to the XeCl
(A =308 nm) pulsed excimer laser, and results in
the formation of very shallow (200-2500 A). high
concentration (> 5% 10®em ) p*/nand n'/p
junctions. In this paper we describe in-situ junc-
tion depth, impurity profile. and sheet resistance
determination using time-resolved diagnostic mea-
surements and our laser doping modeling pro-
gram. LASERMELT.

2. Experimental

In this section we describe the experimental
setup, the modeling program, and the laser doping
experiments performed which allow the parame-
ters of junction depth. impurity profile. and sheet
resistance to be determined in-situ. In-situ de-
termination of these parameters allows for val-
uable feedback during the doping step itself. This
will be necessary in future ULSI processes.

21, The GILD apparatus

A schematic of our research apparatus is shown
in fig. 3. There are five main components neces-
sary for the process namely: (i) the XeCl pulsed
excimer laser, (ii) the optical system. (iti) the gas
cell, (iv) the x-y stage, and (v) the computer to
run the laser and the stage. A sixth important
component (not shown) is the gas delivery system
which allows vacuum levels down to 10°° Torr to
be obtained, and the various doping gases, B,H,
and BF, for p” and AsH, for n". to be introduced
into the gas cell. Perhaps the two most important
components in our system are the XeCl pulsed
excimer laser and the beam homogenizing optics.
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Fig. 3. Schematic of laser doping apparatus. Shown are the main doping related components: (i) 308 nm XeCl pulsed excimer laser,
(ii) homogenizing optics, (iii) x—y stage and gas cell, and (iv) SUN workstation. Also shown are the diagnostic related components:
(i) HeNe laser, (ii) CCD camera and monitor, (iii) PIN photodetectors, and (iv) fast digitizing oscilloscope.

The current excimer laser is a Questek model 2000
laser capable of producing 400 mJ of energy per
laser pulse, and the beam homogenizing optical
system is an XMR, Inc. homogenizer which rede-
fines and homogenizes the beam to intensity varia-
tions of < 4-3% across its present 4 mm X 4 mm
area. Another part of the optical system is a series
of high quality quartz beam splitters that are used
to attenuate the laser beam by desired amounts.
The laser pulse energy incident on the wafer can
be changed by either changing the Questek output
energy, or by keeping the energy constant and
incorporating beam splitters having various trans-
mission coefficients. Very precise control of the
energy incident on the wafer is thus achieved by
using a combination of both of these methods.
Once the beam passes through the optics sys-
tem it is deflected onto the wafer surface with a
turning mirror. This turning mirror is a 95% effi-
cient reflector at 308 nm with the remaining 5% of
the beam available for diagnostic purposes. The
wafer is contained in a gas cell which has the
appropriate dopant gas ambient, and doping is
initiated by pulsing the laser one or more times at
each wafer location. The wafer is stepped in the x
and y directions by a highly accurate x-y mi-
crometer stage. Both the stage and the number of

laser pulses incident at each wafer location are
currently controlled by a SUN workstation com-
puter.

Additional equipment is shown in fig. 3 which
enables in-situ diagnostic monitoring of the pro-
cess. This equipment is: (i) a HeNe laser, (ii) a fast
digitizing oscilloscope, (iii) two fast (<1 ns rise
time) Si PIN photodetectors, (iv) a CCD camera,
and (v) a high resolution monitor. By incorporat-
ing this diagnostic equipment into the GILD ap-
paratus, we can determine important process
parameters such as time-resolved laser pulse full
width at half maximum (FWHM) and silicon melt
time. The laser pulse FWHM 1s measured by one
of the Si photodetectors which detects the small
amount of radiation transmitted by the turning
mirror, while silicon melt time is determined using
a HeNe (A = 632.8 nm) laser as a silicon reflectiv-
ity probe [7]. It operates on the basis that the
reflectivity of silicon increases from 34.7% for
crystalline silicon to 73.4% for molten silicon at
this wavelength. In addition, since the absorption
depth of silicon at this wavelength changes from
about 3 pm for crystalline silicon to about 100 A
for molten silicon, the HeNe laser becomes a very
surface sensitive probe, and is thus very suitable
for use in determining the silicon surface melt
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time. Since the HeNe and XeCl lasers are incident
onto the same wafer location. the HeNe beam
reflectivity change caused by the silicon melting
due to the XeCl pulse can be detected by the other
Si PIN photodetector. The ability to do time-re-
solved measurements on both the excimer laser
pulse and the HeNe reflectivity change (hence
silicon melt time) in-situ 1s necessary in order to
adequately characterize the process. Both the
HeNe laser intensity and the time-resolved laser
pulsec FWHM are stored on a fast HP 54111D
digitizing oscilloscope.

2.2 The LASERMELT program

We now describe how our melt/depth simula-
tion program, LASERMELT, is used to accurately
model our present process. LASERMELT is a
one-dimensional simulation program that has been
adapted from a melt depth simulator originally
written by Thompson [8] to specifically model our
present GILD process in silicon for a 308 nm
pulsed excimer laser. Since the main components
of the program itself have already been described
elsewhere [9], here we show only how it is used to
provide accurate in-situ results which extends this
previous work. LASERMELT combines the laser
parameters of pulse shape and width. wavelength.
energy fluence and number of pulses, with the
silicon material parameters of solid and liquid
reflectivity, thermal conductivity, enthalpy of
melting, heat capacity, and absorption depth into
a melt depth simulator which calculates the silicon
melt depth and times. These results are combined
with the process diffusion parameters (impurity
diffusion in a liquid, segregation coefficient, and
solubility limit in a liquid). and the doping param-
eters (gas pressure, sticking coefficient, and ad-
sorbed dose) to predict impurity profiles, diffusion
coefficients and layer sheet resistance values.

Currently LASERMELT accurately simulates
our process because the temporal pulse FWHM of
the XeCl excimer laser is obtained for each laser
pulse by one of the fast Si PIN photodetectors
(see fig. 3). This pulse intensity versus time is then
digitized and used as the input energy term for the
program which is in contrast to our earlier work.
The digitized pulse and resultant silicon melt

properties will be described later in this paper.
Once the silicon melt time and melt depth have
been determined, we can calculate the impurity
profile and sheet resistance using previously de-
termined liquid phase impurity diffusion coeffi-
cients and experimentally derived values of impur-
ity dose per pulse. These experimental values are
obtained using SIMS and RBS measurements on
previously doped samples.

2.3. Doping experiments

The laser doping experiments are performed on
wafers that have been patterned using a specially
designed test mask [10] that allows detailed struct-
ural and electrical characterization of the GILD
process. The starting material is {100y 3" silicon
wafers doped to ~ 8 X 10" ¢m * n-type (for the
p'/n layer formation) and ~3x 10" ¢m * p-
type (for then n'/p layver formation). All wafers
are cleaned. oxidized to a thickness of 5250 + 100
A in steam at 1150°C. and patterned to form the
isolated areas to be doped. The wafers are now
ready for laser doping.

After removing the thin native oxide in a dilute
hydrofluoric acid solutton, the wafer 1s rinsed in
DI water, dried, and immediately placed in the
gas cell. The cell is then attached to the gas
delivery system, and after three N, purges. the cell
is pumped down to below 10" Torr. A turbomo-
lecular pump insures that the process remains
clean and free of pump oil. After pump down. the
gas cell is filled with the desired doping ambient.
At this point the chamber is sealed and the wafer
is ready to be processed.

Laser doping is initiated by computer after a
series of calibrations have been performed on test
die to determine the laser energy and optical at-
tenuation needed to achieve the desired silicon
melt times. During the doping step itself, the
time-resolved XeCl laser pulse and HeNe reflected
intensity (silicon melt time) are measured for each
pulse. This allows the silicon melt time to be
correlated to the resultant junction depths as de-
termined by subsequent SIMS and RBS measure-
ments. An experimental matrix of conditions is
produced by varying the laser parameters of en-
ergy fluence and number of doping pulses across
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the wafer. The relevant GILD experiments for this
work utilize from 1 to 100 laser pulses at laser
energy fluences that result in silicon melt times
from 20 to 60 ns (250 < x; <1800 A) in doping
ambients of 1% and 10% BF, in He at 500 and 700
Torr for p™ doping, and 0.1% and 1.0% AsH; in
He at 500 Torr for n” doping. After laser doping,
the doping profiles are determined by SIMS for
the p*/n layers and RBS for the n”/p layers. In
addition, since the test mask includes Hall sam-
ples. the active dopant dose and the sheet resis-
tance values are simultaneously determined.

3. Results

In this section we describe laser doping results
which emphasises the in-situ determination of
junction depth and sheet resistance. Both experi-
mental and simulation results are used to give
accurate estimates of these parameters during the
processing itself. Accurate prediction of junction
parameters will be necessary for future ULSI
processes.

The initial result obtained for our experiments
is the in-situ measurement of the silicon melt time.
In fig. 4 we have plotted a typical time-resolved
trace from the fast digital oscilloscope showing the
XeCl laser pulse and the reflected intensity from
the HeNe laser. In this plot the laser puise has a
FWHM of 27.5 ns and the silicon reflectivity has
changed (silicon has melted) for 39 ns. We find
that the laser pulse FWHM ranges from 26 to 30

Laser Pulse = H
275ns qum‘\ A

Reflectivity of Si
= 39 ns FWHM

Intensity

40 50 60 70 80 380 100
Time {ns)

0 10 20 30

Fig. 4. Plot of XeCl laser pulse and reflected intensity of HeNe

beam versus time from data obtained by the HP54111D fast

digitizing oscilloscope. This laser pulse is about 27.5 ns FWHM

and the silicon reflectivity change or melt time is about 39 ns

FWHM. These values indicate that laser doping occurs in the
nanosecond regime.

ns depending on the laser gas fill used. Actually
most of our results are from FWHM values of
around 27.5 ns. Traces like this can be taken for
every doping pulse and related to the final junc-
tion profiles which allow a direct correlation be-
tween the silicon melt time and the junction depth
by SIMS and RBS measurements.

Because of data presented later in this section,
a point should be made here about SIMS mea-
surements and the detection resolution as governed
by ion mixing. During SIMS analysis, the O,
beam is not enly sputtering the silicon surface, but
implanting the top 100 to 150 A as well. The result
is that ion beam mixing occurs and the top layer
becomes amorphous. The technique is, therefore,
unable to resolve the depth to less than about 150
A per concentration decade for the 12 keV O,
beam used in these measurements [11]. This means
that although our profiles are very abrupt (box-
like), SIMS will still indicate a concentration slope
of 150 A /decade. This gives our profiles a char-
acteristic tail that is not real. In this work we
arbitrarily determine the “true” laser-doped junc-
tion depths by taking the half height of the peak
concentration.

Since we measure the silicon melt times in-situ
during the doping experiments, the corresponding
SIMS profiles give a measure of the melt (or
junction) depth versus silicon melt time. By taking
many profiles, we can generate a curve of melt
depth versus melt time which gives laser doping
an in-situ junction depth determination capability.
The data which we use to determine this relation-
ship is derived from plots like that shown in fig. 5.
Here we show four "B SIMS profiles formed
using 50 doping pulses in 1% BF; at different laser
energies resulting in silicon melt times of 22, 29,
39, and 50 ns. The corresponding junction depths
are about 475, 725, 1100, and 1700 A. Note that
the profiles are very abrupt and the tails are due
to SIMS resolution effects. By taking many such
plots and correlating the junction depth with the
silicon melt time, we can build up the very im-
portant plot of junction depth versus silicon melt
time. This will be shown later along with our
LASERMELT simulation results.

We now give LASERMELT simulation results
for silicon melt depth calculations. In fig. 6, the
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Fig. 5. SIMS profiles showing the change in junction depth
versus the silicon melt time as measured in-situ during the
process. The true junction depths are given; the profile tails are
due to SIMS resolution limitations.

silicon melt depth versus the time after the laser
pulse starts is shown for different laser energy
fluences. The laser pulse is digitized from the
actual experiment and has a FWHM = 27.5 ns.
From this plot, we see that the laser pulse begins
at time r =0 and at a later time, which is depen-
dent on the laser energy fluence, the silicon begins
to melt. For low values of laser energy fluence,
such as 0.65 J cm ™ ?, this time is about 20 ns after
the beginning of the laser pulse starts, shortening
to about 10.5 ns at higher energies, such as 1.0 J
cm ™% The melt front position proceeds into the

1BOD [0 T T T T 4 e e e
O 27.5ns FWHM Dlg tized Puise
1600 L XeCl Excimer Laser { » = 308nm}
T
! Maximum Melt Depth 1.0 d-em® (Laser Energy Fluence)
1400 L ‘‘‘‘‘‘‘
;
D 1200 |
£ [ Ve lv v ¢ @ Yy
g oo el -
e r & HI
= B ‘

Total Silicon

Melt Time (ns) ”4

Fig. 6. LASERMELT simulation of silicon melt depth versus

time after the pulse starts, Both the maximum melt depth and

the melt time increase as the laser energy fluence increases. The

maximum melt depth for 1.0 J em ™ ? is predicted to be about
1400 A and the melt time is about 49 ns.

Time {ns)

2000 -1 T T T T T T T ST

1800 ': —— LASERMELT SIMULATION z
| 27.5 FWHM * :

1600 (OO B e Data Points from ABS, SIMS,

& Spreading Resistance

1400 |
1200
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F
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0 15 20 25 30 35 40 45 50

o
&

Melt Time (ns)
Fig. 7. LASERMELT and experimental silicon melt depth
versus melt time. We assume that the melt depth equals the
junction depth for the experimental data. The simulation result
correlates very well with the experimentally determined junc-
tion depths.

silicon until the maximum melt depth for the laser
energy occurs. For the 1.0 .f'cmf2 case, this maxi-
mum occurs at about 1400 A as marked on fig. 6.
After this maximum melt depth is reached,
silicon recrystalizes at a velocity which is depen-
dent on the ability of the silicon to conduct the
heat away. This value is ~ 5.8 m s~ for the 1.0 J
cm” ? curve. This value is well below the value of
15 m s~ ' which causes defect formation {12].
After the layer has recrystallized, we can de-
termine the total silicon melt time for a given laser
energy fluence. In fig. 6 the silicon melt time is
determined to be ~ 49 ns for the 1.0 J cm ™ case.
By measuring the maximum silicon melt depth
and melt time for each laser energy fluence, the
important relationship of silicon melt depth versus
melt time can be obtained. In fig. 7 we plot both
the simulation and the experimental results (as
determined by SIMS. RBS, and spreading resis-
tance measurements) of melt (junction) depth
versus silicon melt time, assuming that the junc-
tion depth equals the melt depth. Again this rela-
tionship is important because we measure the
silicon melt time in-situ during the laser doping
experiment. The results show excellent agreement
between simulation and experiment. A spread in
the experimental data exists because of the diffi-
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culty in determining exact junction depths for very
shallow junctions. This result demonstrates that
the junction depth can be determined in-situ dur-
ing actual experiments by measuring the silicon
melt time. Process steps with in-situ diagnostic
capabilities will have significant advantages in fu-
ture ULSI processes.

In addition to the junction depth, LASER-
MELT allows us to predict the sheet resistance
and the doping profiles themselves for each laser
doping condition. The input parameters necessary
for LASERMELT to perform this calculation are
the time-resolved laser pulse, the silicon melt time,
the dose incorporated per pulse, and the diffusion
coefficient of the dopant impurity in molten sili-
con. The time-resolved laser pulse and the silicon
melt time combine to give the silicon melt depth,
the impurity dose per pulse gives the total amount
of impurity in the molten layer, and the diffusion
coefficient determines the shape of the profile.
During each doping pulse the time-resolved laser
pulse and the silicon melt time are determined
in-situ, and since the diffusion coefficients and the
impurity dose per pulse can be determined from
previous experiments, they can be considered con-
stants for each different doping condition. This
means that in-situ dopant profile and sheet resis-
tance determination can be performed for all con-

10 T T T T T T T T T
LasERMELT

— B0 pulses @248ns .,
Dose/pulse = 9.75x10 cm
Experiment - SIMS

I 50 puisas @ 22ns in 1%BF,
a 4 50 puises @ 22ns in 1%BF,
o + 1 puize @ 43ns

T

+ 1 drive-in pulse @ 40ns ]

o/ DPazdwi0omsec’
<Y -

SIMS Detection j
Resolation

Boron Concentration {cm™)

Experimental
junetion dapths

1 L Il L
600 800 1000 1200 1400 1600 1800 2000

Depth (A)

Fig. 8. LASERMELT and SIMS boron profiles. By using

Dy =4%x10"%cm? s there is excellent agreement. Note that

the SIMS profiles are limited by depth resolution and the true
junction depths agree very well.

ditions in which the impurity dose per pulse is
known, assuming that the impurity diffusion coef-
ficients are constant in molten silicon.

We now show profile and sheet resistance re-
sults from LASERMELT. These results are com-
pared with actual experimental data to show that
accurate in-situ impurity and sheet resistance de-
termination is possible with laser doping. A pro-
file simulation for 1% BF, ambient doping is
shown in fig. 8. Here the experimental conditions
are 50 pulses using 22 ns silicon melt times for the
shallow profile with an additional pulse of 43 ns
for the deeper profile. SIMS results for these
layers indicate peak concentrations of about 1 X
10% and 6 X 10! ¢cm™?, with junction depths of
about 400 and 1100 A, respectively. Note that the
SIMS profile tails, ~ 150 A /decade for the condi-
tions used, are due to ion mixing as discussed
earlier. Using the value of 9.75 X 102 ¢cm™? atoms
incorporated per laser pulse from earlier Hall
measurements, and a previously determined value
of D,=4x10""* cm? 5!, we see that excellent
agreement is obtained between the simulated and
experimental peak concentrations and junction
depths for silicon melt times of 24.9 and 40 ns
which are very close to our measured silicon melt
times. Again, we stress that the SIMS tails should
be ignored.

Simulated sheet resistance values are also de-
termined using LASERMELT and the mobility
model published by Massetti et al. [3]. The results

10000 T T
— LASERMELT Simulation

Experiment - 1%AsH,

= Melt Time = 22ns
o Melt Time = 43ns
1000 E

Sheet Resistance (Q/.)

10 L L
1 10 100 1000

Number of Doping Pulses

Fig. 9. Simulated and Hall sheet resistance versus the number

of laser doping pulses for 0.1 and 1.0% AsH, doping. Excellent

agreement is obtained between the simulation and experimen-
tal values.
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for 1% AsH, ambient doping are shown in fig. 9
for two different values of silicon melt times per
pulse. The top points are for doping at 22 ns
which has an experimentally determined Hall dose
of 1.25x 10" atoms ¢m™? per pulse, and the
bottom points are for 43 ns (3.0 x 10" atoms
em ™ per laser pulse) doping. The LASERMELT
results (solid curves). using identical silicon melt
times, show excellent agreement with the experi-
mental data. The simulated lines are linear except
at high pulse numbers where a slight degradation
occurs due to a reduction in the average layer
mobility.

4. Conclusions

In this work we have shown that the gas immer-
sion laser doping (GILD) process is a doping
technique that allows the junction depth, impurity
doping profiles, and layer sheet resistance value to
be determined in-situ using available diagnostic
and simulation capabilities. The main diagnostic
capabilities are the ability to measure the time-
resolved laser pulse and the silicon melt time
in-situ for each laser doping pulse. These measure-
ments, when combined with our simulation pro-
gram, LASERMELT, allow for the accurate de-
termination of the impurity profiles and layer
sheet resistance during the doping process itself.
Ability to determine parameters such as these
in-situ makes laser doping suitable for future ULSI
device fabrication processes.
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>miconductors—Part |l: Damage

Production and Annealing

JARMES F. GIBBONY, ruriow, IEER

fnviled Paper

Absfravi~~Rudistion damage is produved bn & arystaliine farget
whenevar & moving lon transfers sufficient energy fo & tesgel atem
o displacs # from i Iattice »ite. For conditions of practical tmpor~
tamce in lon implsnteiion, the redistion damage produced by the
mjected fone b severe, and the orystel muet be carefuliy snnealsd ¥
the chamicsl sffecty of (he nplsnted {ong @re o duninsts the rasid
ual dawage. The purposs of this papear is {o review work thet heg
beaon perforoasd oveyr the past several vears in sx wfost to voderstand
implantation-prodnced damage and Bu anoesling cherscteristes,
sageoielly o silicon. .

The gubject ix dovelopd ax follows & gualitative descripting of
the damages producsed by s implanted jon iy preseaied 1o Section L
followed by & partial fnventory of the hasic defects chat are fovnd in
{ontmplanted silieon {Section I} The stnwture of ndividual daw
sge chusters produced by both heavy and Ught inng is then descsibed
in Sectien INE, whure theoretical predicfions are cowmpared fo 2
wariety of sxpeimeniad data. This iz followed with & section on the
depth distribution of dafects sund damege cluntary (Kection YV and
the paper s Bun oncluded with a section on the sunealing chavass
taristics of inplantetion-produced damage {Section V) The duvelup-
mant Is organized to pive primary aniphasie to those facte and ideas
Qeat axn essential Sor applications of jon bupastation i the fabriow
Hon of MOS and junction devicesin slivon. & fotuoe paper will vview
the stady of the art in compound sendeonducions,

Massoript recetved Fuve 12, 1972 reviend Tune 29, 1973, 1
faper iz ang 0F @ series plansed ox toicr of gerenad inderest—Yhe Ealdior,
The auther s with Stanford University, Standord, Calid. 93305,

IXNTROXTETION

K PART I of thds sevies [1], we presented a review of the
B Lindhard, Scharfl, and Scbistt (L58) theory {21 for the

- range disteibotion of lons implanted Inte amorpbous
targets, tegether with s description of the channeling process
and soms semiguantitative remarks soncerning its offect on
range distributions for ions implanted into orystaliing targets,
We also presentesd selected experiroental vesults to provide
some idea of the quality of agresment that oue pould sxpest
betwaen antual and theorstorl range disteibutions.

The basic conclusions presented in that paper were 1) the
LAS theory provides an adeguate basls for predicting experi-
mental range distributions in amorphons targets and i oo
cectly mispricnted single-crystal targets, and ) the srple
mndel proposed by Lindhard [3], whick divides the incident
beam into a random fraction and a chanueled fraction, is at
feast qualitatively correet for aingle-crystal targets that are
aligned with the incident lon beam parallel to 3 major
srystal axds.

In the fonr yoars that have clapsed since Part § was pub-
fished, the Held of jon tmpdantation in silicon has grows o
maturity, and a large number of additional sxperiments ow
range distributions have beer performed. These experiments
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ke connlusiuns stated above

Y

have justified e sufcienty well to
warrant the wee of the geasral LS theary for the design of
impurity profifes’in a varlety of semiconductor devices {4]:
arul rauge tables have been published {51 that zan reduns
the frsteorder design of 2 required impurity peofile o fow
Ample caloplations.?

Diuring this aame peried of time, & grest daal of oot has
been devoted 1o the stady of Implastativeeproduced damage
and B anveslicg charaotecistios, especdially o slicos. Our
purpose in this paper s to review this work and to present

those conslndons from 1 that are sssential for the appliza-
ton of fon Implantation tothe fabrivation of silicen devices.

Our development of this sulject will e as follows. We
frat give a qualitative deseription of the masser in which
an implanted jon produces damage noa orvstalline barget,
followiayg this with an eentory of sone of the basic typeyof
defects vhat ace fotnd in fondmplanted silicnn. Next sie pres
-gent some bawln theorstical idess thas mav be used o pradiet
{nr estimnats) the structural characteristion of dumngs clusters
aad thes compare thess predictings with 3 variety of different
experimentsl data. We follow this with a section on the slepth
distribanins of delects nod dumage dpgters sl then conclude
with w seotfon on the asnealing characteristics of lmplanta.
tion-produced damage.

As the aabiset uafolis, 1t will he slear that vur boowladge
of damage theory i3 wiuch more dlementary than vur kaowl
sdge of rangs theory, However, sapenimental progross on all
agpects of the problem has bheen wvery imiprossive, and s
sealiog schedudes bave been developed that st veduce rosids
wal damage o levels that arve satiafactory for the fabrication
of both MOB and junciion devices in stlicon

Sinee ony review will sowir 3owide range of theoretingd
Hdess and eyperimental results, 30 Wil perhaps he uselol 1o
start by providiag a Hetlag of the major topios voversd by
the paper, to whick the reader miay wish o refer for ovients-
ton as the subject develeps, The separate ssotions are a8
{allows:

Sectine 1o ";“E*M“mcept w Dlamage Cluster

Sectinn 1 Partial foventory of Basie Deferts in Silcon

Section 1 Stenvtueral Charactedistios of Implantation-

Froduesd Darmage in Siitcon

Damage Uistribution Theory and Eaperd-

mexts

Y:  Annpexling Chargeteristios of Implantaton-
Brodueed Darsags.

Seation IV

Sention

1. Tay Comoxrr or A DasMsor Onustex

Krclon implanted into » targer with an indtal energy &
will witimately comm to vesy, loslng s energy in 8 series of
eollisions with the atoms and electrons «f the target. Hogh
of thise snergy-Tosd mechanisms are important in determining
the range of the wa, but aonly the awmic {v auclear) ol
fistuns can transfer enpugh ergrgy to target stomy o prosince
radiaion damage® Forshermeors, ff the target s oryetalling,
ther target atoms will bebound tothelr fattics postifons with a
certain snergy, s that collidons of the projectile with the

L& hogertant correcting o the rangy taliey & fisnseed i1 the
Appemids to shis paper.

* Iranilisient envrgy s inpacped o sleetvans wndes syvpdet comdithumns
fan thews Yo prodiog e Ty ) subseuisnt coltision with 2 lattine atont.

K3

PHCIOXNT
e
S
Fig. L Mwswatingy the formation of & daas duster

By collision cremsdes

atoms of the turpet will ondy predece demage whea the
eaecgy trausferved {o A Sarget atur exereds itx d¥splocement
sheesheld eaerge By

Collisions in which the energy transforded tu a target stom,
say B i prester than By will displaee that atow from its
lattice site, and thus praduce dsmiage within the orystal. The
displacsd targaat atom way ther b treated asa seeandary
projectile of ensegy (8 B and it oo will be &M\aghz 1o
rest throngh @ sevies of nuclese and slectronic stopping svenis.
Io the sonrse of s trajectory, the geoondary projectile may
have suffickently energetic interactions with other farget
atenss to produce further displacenests and 3 second gen-
eration of recoifing target atums. The productios of damags
is therefore & rascade provess b which the fadident grojeciile
s simply the primary damage-producing pariinle.

We can reprosent thess Varianes events gualiiatively by w
dagram such as the ong shown in Fig, L, whete the toack of
the incident projectiie serves as o tree trunk with braaches
that represent the trajestories of deplaced target atoms. The
ssvelope of alf these displacements is referred to qualitadively
a4 & “damage closter,™ wd will have ¥ sive and chwracter that
depends on 2 large number of factory, Inchuding sspecially the
mass of the incident Jou and {ts snergy, the mass of o target
ston, and the topiperatire of the target. It is alen Important
o remember that the Moprdug protesses are statistived I
chargcter, 80 two identival fons implanted nader demiicdd
oonditions will almost revtainly produse differently shaped
dumage custers.

Hoth the type aud the ammast of crystaliine damage to be
found within o given damage cluster are matiers of great
practical Bmportance, sluce they determise the swnesling
machkasisme that can operate, and  therefors the dunealieg
temperatures and fiomes that rmust be wed o returs the
crystal to a ralatively gadamaged state in which the gheminsl
effects of the implanted atom ‘can dondsate the residusd
damage. I the next section we prasent 2 gartial Snvendory of
the types of defects that can he generated in fon-implenied
stlican, together with thelr aunealing charactedstios., We then
peaceed 1o 2 sore sxant plotwre of the Implastativn-produced
damage o be expested for the sxiveme cases of very heavy
aud very light lons.

I Pasriax Isvestory oF Bamic Deyeoys ix Siuioar

Te i uselnl o bagle with a belef [ist of sdme of the most
Important defects that bave been chserved in silicon together
with & sumasary of thady physizal charscteristics. This wifl
Belp ns formadate 2 regsonatde ploturs of the types of damiage
that we might expect to accompany the mplantation of
energetic one
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A. Vesoney-Dydergtitied Padv (Frenkel Dafect)

A Freakel defect & in principle furmed by removing 3
sificos wtom from e lattios eite snd placiog it in & nearby
Intersritin] position, as suggested in Fig, 2 Both thy vacancy
sud the dnterstitlal Riom wmay play Important ol in the

formation of other defects, depending on the orvatal W
peraturs,

The vacaney Bas the erystallographic strustire shown in
Fige & aod oan be ident by wither {te chwradteristic sles.
fron pargmagnetic resonance (EFR) spentrom o lofrared
sptical absorptien. The vacaney ey oxdst fn soversl charge
states, ususlly belag doubly negative lo ootype materisd
(¥} and sewtral {n patype {37,

Uslng fufrared abserption techuiques, Yook snd Stein f&l
show that the charge state of the vacanny sfects {8 snne simg\
sharaoteristics significanmify, tod hence the ansesling rate
for varancizs ¢an b atipulated by Ughy or slentron injection.
The vacasey ansealing temperaturs Iy in the vighnity of TR K
for the donbe-pegative state ansd 130 K for the sewtral staze.

Vook and Stedn atiribute the growih of more complicated
defents smch A% TREANCY-ORYRED palrs and . VELANLYVECRRTY
pairs {to be Jesorthed shortde) o the Sheration of vacansies
from defent chusters and their tsx.,‘«ne;\,u at recombination with
themse for producdos of o divacaney’ gr orther defscls
already present jo the allicon. & vacsney can, of vhurse, als
recombine with a0 interstitial sificon atom o perfent the
cryseal stracture on & losal hasls

Much loss 3¢ keoows sheat the deradled motion of inter
stitisl atoms, though BPH studics alsn suggest that the inter
stitial atom fs mobile, sud that st temperaturgs ss fow ss ¢ K
it pan i some way mi igraty mmn;\h the lattios yntd it e~
sousters au impurity stom, which s then dleplaced into an
foterstivial wite {see Fig. 3} The su*mm wtivne! Bmpueity is
therefore converfed o s imleesditiad impurity, & procsss
whink bis been chstrved by Watkine {7] v p- tv;:e minterials
doped with B, AL and Ga. The conversion process fs valled
the Watkeny replacement wechandsms.

i

a’k

B, Vassncy-Tmprrdty Pagss

In both s and petype silicon, vacaaoy-impurity :}airs,
inchuding sspesially VP, Vo ds V4 Vb O, and V434
Bave bean ideutifisd o buth EFR teahmqucs aud mime&
aptical ab nrptmn mensurements, These defects may form
By < diffamion of a smple vamaney 2 fattice site adiacent to
the fropurity atom, and are therefore fest oheerved at tone
mratmw of abowt 73 K Vamaneyegroup ¥ defects asneal

at femperyinres in the vislsiny of $08 to MO K, whils vacaney~
group P defeets anneal atapproxinutely 300 K. The gusbita-
tive plot-shows o Fig, 4 taken from Corbatt |8 }, summarizes
the situason for the corumon 3-ivpe dopants v silicon

£, Drneency

From the point of view of lon inplastativn, perhaps the
spst Important siaple defect {5 the divasisey, Bsted VY

Fig 4 Ths oryetall ugrap'ne‘ form of the divacaney, as de-
duceﬁ from EPR wmeasurenen §<§§, is ahown in Fig. &

Bvacancie may fors <i£r' stly i an incident don sugeseds
i displacing adjanent silicon amwms; and dmple vacandes
may sise combing to form dbvacancies. These {scts ars sug-
sested fa Big. &, which also’indicates thet the divaceney §
stable o toruperaturss of spprogimatsly 330 K, or I¥
Sinee the divacancy ¥ @able at tewmperatures I oexvess of

03]

Fig. 2

a«f QPG m\u
aasesling @

Y

PROCERSINGS OF THE 18XE, serreMpen 1502

ARTERSTIVIN,
YRR e
oA RN
\\":‘ o N«\"S;V_
-7 &
e
TRAGK i

Hastrating the formation of ‘a vasspoy-intarstitial . pafy of
Freod defect {mod the Watkiss feplatemnent werhsaism)

g & Cryseaifographic stractnne of 5 vasanom

RAEES

¥y

S atad v;iczsrcy-empnmx qa “s, and” thatr sulsaguent
ar Sovhate B

Urystallographic steuctuey of the divackany {after Torbers 18]

@
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CIERUNE ION INPLANTATION IV SRRICORDUCTORS

Toam temp&ramm {1 is a promisent defectin g
hesn haplanted 2% room lemperatuss,

silieon that has

B Ddsdpestdon Lines end Loops

Dislocation fines and loups are alse especially important in
wa-implanted silicon hevagse they can graw ?3? gither the

agglomerativn of slmple defacts nr 3¢ a2 raenlt of steain Belds
that accompany unannsaled damage.
e doteresting type of dislosation Hne, sailed & Prasks

Houd [B]source, tru be visualized v 3 Hae of simple defects
{vavancies, for examplel along % row i the orystad, with the
line belog strongly pinsed ab fis two end pﬁifﬁzs Pand P by
mpirity atoms or parhaps defecy chesters {see Fig, 8la)] The
appiinstion of stress o the oryetal will canse the Hoe fv bow
u5 suggested {n Fig 86, Under sore conditions, the stress
required for contirmed bowing deorenses e the bowisg fav
presses: 50 that eventually the didugation §\»3§} witl oudl Back
on ksself and surround t.&e pinning poiats, The two srals may
then nuile so that o slosed dlelneation loop te formd; arad the
segrent hepwesn the plnsing polits raey strafghiten oot it
srigioal sonditton. The dislecation bop thne fovamed will cone
thue to grow ander apphied siress; aad the pluned segment
will continue to generate succossbve loops. lon implanistion
provides & possible mechaniam for promoting the growth of
4 Frank-Bead source #

,,

we stimply replace the word “stress”
in the desceiption above by “hattios vacancles genecated by
as incident lonas i comes 1o vest”™ Sualn produced by the
volume sxpansion that accompanies heavily disardered ro-
glons [10] provides another possible mashanism to promote
thegeawth of & Prask-Read sonrece

The speciat tmpartanse of dislesation Inope and Hoes arises
fromn the fact that, while they may chasge thelr length,
shape, and Incation as the orysiad s anuealed, they do not
goeseradly disappear wndess the oryatal Is subjected 1o a proe
iongad savesm sunsal at high temperstwres {25, several
fours a3 1RKEC) [ Disioration Haos of mrme 1pe are ex
sentially a permansnt defest in imvimp?aﬁtet} si icon that B8
aunealed In fowing sitrogen {or othey inert gas

E. Vacarey and Inlevetitial Platelels

Acfpriher type of defect thatcan be forroed by the oluster-
ing of vacsunies or Interstitials Is the vacancy platdet shown
o Fige 7 Figo 8 glves a erovs-sectional view of the platelat aad
alse suggests that intersitial atoms can agglomerate o frm
pistelets

Qnee formed, these types. of defects can grow o lens
implanted materials bevawse they st up strain Helds ia the
oryatal that can be relleved by atteacting the wyps of defent
that was alteady nsed o form the platsler. Henes the platelet
May grow by ascwimwative of Implentation-generated vas
cangies or loterstinals

The straie fold surrennding 8 platelet can alsn by reduned
by the prefersniial adsorption of forelgn atoms, For sxample,
&% atom that s ssaller than a host stom will preferextially
lopate ina position surh as the one shwown i Fig B3}, while
an impmuv that is larger than 2 hostatam o will preferantinily
Jocate i e positicon suweh as the one shown o Fig 9{b}.
Platelets and dislecation foops may therefore serve as effex-
tive sites for the adsorpiinn of “wrong-aized” atoms, mcinéwg
especisily common dopants such as baron wad anthuwony in
stlicos.

Vacangy platdlets ary thonght to anveal s dducation
foops &t temperaturanin the viehity of 300-60°(,

068

o} {a}

Mgmratiog the mechanlen of didocntion gesosien by &
Frank-Rend sousee,

Fig. &

'!

Fig. T Bobhessatie Hhateation of the o g‘wmimgraﬂmo nature of 3 Qi
focstina oo ) Planey didestion feop of radivs R £HY Ademde
sreangareent 3t 2 Hgdoenting oo,

tal ib}

Fip. & Oroweectiiand view of vamasioy asd {ntexibial plstelets,

{u} Vaempoy phefgdet, (0 Tuterstivial plataint.

e T

covaniis §} ]
e T,
E— =0 Q““w@ﬁmw o
i
Fig, B {a) Hipmriting ke ;mw}»mmwi am;wmm wf Qasge SEOWS ON R

sEf¥oontion Yoop. {6 Hiuw the 3 sadsorpsion of smadh
whows an & ddemtion Jovi
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B Bptkes of Heavy Désorder and Amaorphons Sones

Most of the preceding tvpes of damage can be charac-
terleed as “almple deferts™ in the sense that they have well-
defined lattice pecynetrizs, and formativn kinetics that vau
be explained in terms of the motion of dmple vacancies and
interstitials. & different approach to the problem of radiation
damage had been made by Brinkman [11], whe argues thay,
when the cross section for disglacement collisions benomes
suffictently large for @ moving ion 1o displace one target atom
per lattice plane, the volume affected s melted for a shost
perind of time and thes rapidly guenched. Sunh volumes are
called “displacenieat spibes” and are presumed to annesd
imte small dislocation loops plus clusters of interstitials and
vacancies a8 4 result of the rapid quenching. Since the cross
section for displacement oollisinns Increases a5 a2 moving atom
slows down, these dieplacement spikes will tend o form to-
ward the end of the trajectory of an fmplanted {on.

Whether this partioulsr mechanisre can be invoked to ex-
pladn damage in lon-mplanted sificon {s 2 matter of debate
{52] However, thers is Hrde doubt that large sumbers of
atome can be displaced by 2 given projectile, and that when
this peours o a suflicieatdy

small volume of space, the chars
acteristies of the material will definitely change foward these
of the amorphous statzs, 1t s, therefors, nseful to consider the
eonditdons under whish & transformation from eyetulling to
amorphous materal way ocour.

The transformation process has heen atudied by Swanson
af . e123 whn suppose that & defectrich region of & covetal
will trassform spontepeswsly 1o a stable o metastabie
grourphons phase when the free energy of the wmorphous ee-
gion beoomes equal to that of the defectrich reginn, The de-
feot concentration at which this ransformetion will cocur can
be setimated H a mode! of the amoerphous material is sssume
Swamson & of. {12] show that, i the model of amorpheus G
developed by Richter and Breitling is used, in which tetrse
hedral bonding between individual atoms Is maintained but
ohe bond is stretehed by 0274, then the difference in energy
of the amorphous state over the srystalline state S approst-
mately $.33 oV per elongated hond, This energy corresponds
o & defect concentration of (.04 of the atomic deuwsity, i
sach defect has an energy of 3 &V, When entropy changes are
alse included, Swansen of sl estimate that a Ge orysial con-
raluing & sdefect concentration of 0.02-0.04 atomin fraction
will he unstable with respect to the amorphous atate; sad
they suggest that a stmilar result shouwld apply to 8.

From the point of view of fos implantation, the critical
defact eonventration somputed by Swanson ¢f ol stould be
takar as the lower Hmit &t which the erystsline-to-amorphons
wrassition might ooour, sluoe the derbration assumes that
therraodynanie squilibrinm has been selioved {in effent, the
critical defect density is assumed o exist throughont the
ervutall, The defect concentration required to promote the
crystaliine-to-amorphous transition in an isclated damage
cluster will most probably be higher than Q434 pechaps by as
sneh as an order of magritude (of. Vook snd Steln 6]}

With regard to the annesling of amorphous zones, it s
found that reasomably romplete sanesling of & condinuens
amorghous laver can oocur af & tempersture of approsimately
SAO°C H the anncaling is carcied out for a perivd of appragi-
mately 30 min feolafed amorphous regives will aasex! at
fower femperatures, as suggested by the computations of
Nelson {137 shown In Fig. 10, Electron microscopy experi-

ments suggest that isolated amorphons regions asneal by the

[2 N
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Fig, 10 Dhuzersting the theoretioad recrystallization hmpersture of
fadeted smorphows regions embedded In g orystailine solid.

liheration of vacasncles, and vield dislocation lings and loops
after annealing.

The manaer in which dlvasandes, heavily disoedered re-
gions, and smorphons soses might e formed in the conrse of
ion rnpantatios will be deseribed o the next section,

111 Srrvoruxsl UCSARACTERISTICN OF TMPLANTSTION-
Provucep Damasy

in oversimplified terms, there ars two haslc types of dam-
age cluaters, coxrespoading to the inplantation of very heavy
and very Hght fons, lons of intermediate mass generate dam-
sge clusters with structural characteristics that are intse-
mediate betwsen these two Hrofting cases. o what follows
we will take the implantatioe of Sh into 5 as representative
of the heavy fon case; B, €, and £ inte 51 as reprosentative
of the Hghtive case; sad 3L, P, and Ar into 3i as representative
of the mtermediate case. In all cases we will be concerned
with hoth the structural characteristics of individual damage
chusters and the probabic manner in which damage cpsiers
interast to promote the crystallise-to-amorphous fransition.

ol

&

& The Number of Displaced Lsems

11 3s appropriate to begin with & resnme of the theoretival
work of Kinchin and Pease [14], who obtained formulas from
which oo cau estimate the number of atoms that will be dis-
placed by 2 projectiie as it comes to reat. Thelr estimate i
bhased on the assumption that displacements reselt from a
sufficiently strong Codoemb jutersction betwesen the pro-
jeotile and the target atom. The efect of strsening slectrous
is to cut off this interaction sharply at a radies of abent
&of £33, where 9y ix the Bobr radive and & b the atomir nume
her. & less restrictive sualysis has besn published by Sg-
wund {15}, thongh the basic results sre unchanged.

Agcording to Kinchis and Peass, hard sphere collisions
take place between the projectile and the target atoms when
the tnergy of the moving atom is sufciently low. An upper
saergy it 8¢ for validity of this spproximation csn be
computed by requiring the esergy of the projectile to egnal
the Coulomb interaction potential of the two muclel separated
by the sum of the radii of their screening clouds, The resunlt is

By = 2BpZe o T30 S R0, S MR, {1

where 8= 13.6 eV Z and ¥ are atomic numbers and masses,
respectively: and the subscripts I and 2 refer to projestile
and target atoms, regpectively. Valnes of 8¢ for Sh &, and
B projectiles $n a 3 target are given s Table I

When the projectile energy Iv l2ss than £ Kiochin and
Peawe show that the number of teeget atoms displaced by a
primary recodd should be

N, = BIEE {3
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TARLE T
VRLATRS OF THR Crrrioas Rnsrois Ke By ane 8p

FEane vHs, BuomN-Faase
\\\ Jom
N ER I mew $B8 gay
By 8 M SN 3wy
B, 89 ga¢ 128 v LR

where § ia the energy of the primary recail sad By is the dis-
placemeant energy for @ target atom, which we take o be
about 13 2V, We mention here that since (3} is Hnesr in &,
the total swmber of stoms displaced by a projectlle caw be
sstimated by inserting the total pasrgy it deposits in nuclear

Eoinde 33 {prosided, of ooursy thay itg total en-
argy B8l

When £» 84, Kinchin aad Pease show that enly same of
the padeae collistons will result in atomic displacemenyy;
and they deBue an energy En above which approximately half
of the energy lost in Rutherford collisions is dissipated in
Iattice vibrations wy prodhusing &
sxergy Hx bas the value

tsplacements. The

B
Hy s

{

where yeod MG 300 Values of Eg are Heted for the
projentiles of interestin Tabls L

When it is appropriate to do w0, the suniter of atoms
displaced By a prajectile ¥ith E8p can by estfimated to be
Balf the mwnber given by (33 Undér normal implantstion
connditions, howewer, this estintaiy fs ravely useful beoauss
sestronio excitation psually doosinates the stopping process
when 88 To treat this casy, Kinchin and Pouse define
Fe a» the energy above whish saergy loss o slectrong ex-
ceeds nuntear surgy juss and show that, whew the snergy of
the projectile is large comparad to both Eo and Hg, the ofal
riinber of atoms displaced Yy the projectile s approsimately

Kew {PLE - e

o)+ b}/ Es
where ¥y {5 inltiad energy of the project
bind il Bg e § 1 a8 1)
Eaw e, indepeadent of Ep.

Far our purpnses, Bo can be taken s the energy st whick
the rucless stopping power S, s equial to the clectronin stup-
ping powsr S The values of B entered in Table | ware ob
sadned: divectly: from the Yobnson snd Gibbons tabiles {S; oy
thedone of {aterest. In the following paragraphs, w= will we
she Kinchin-Pease formulas 1o ssudy implantatipa-produced
damage

st

g £ fe ~10% and
resnit Iy vahid for

B, Experimendal Ordlersa for Dslingu

cars Fromt Dizordered Crystalifng Siicen

sy dmorphouy Bl

The Kinchin-Pagse formmudas perdt ns to estivonte the
raamber of atoms displaced by a2 prigectile as 1 comes to rest,
and the LR range theory cen ghve unal lewat an approximaty

6

1087

Fig 3t Transmbelon slagtton mictographs of implanted silicon samples
@y Lighuly dwplamrad. (1) Heavilyimpisaved and/or amorphogs.

indication of the volunw in which. we cap expect these dis
lscemments to ocour. We therefors have ssough thearstical
information to estimute the average defert donsty in & ghven
damags cluster, I shis dénslty reaches the level reguirad for g
rrvstaifine-tocamorphous transition, wosxpect to find that the
final damage chuster will be substentizlly amorphons, 1 the
density doos pot reach the required Jevel, we expont the sillcon
$o he rlol i simple defects {parfaps eves heavily dsordecsd),
hat not amorphons.

To asalst ué in eomparing these expeetativas with experi-
iy usalnl to Bst several criteria which con be used to
inguish disordered srvstallineg silicen frarn amorphouws
silienns The following ave tepeclafly wnteworthy.

¥

sondittons. In Hghtly damsaged silicon, these spots will ex
bl fainy steerbing, as sBown in the elecivon micrograph
of Fig, ti{a) S« the silivon e drivan towsed 18 amarphous
eondition, the spat patters will dissppear andy I truly
amorphons silicor, it will be reglaced b & pasters of theee
conpentrie rings: eslled Debye-Beherrer vings. & Debye-
Scherver ring pattees o0 Rmonphous silieon b showa e Fig
13hY and will be disvussed fnccher in Section V.

2Y Cptfesl Absortion’ Urystaliine silicon has & sharp
optizal sbesorpripg edge at 3 wavalesgth of 1.1 & whereas
amorphous wiieon prepured at or below room temperaturs

3N
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{22 3000 BN Jonsfoneh ot oxch of tw faces referenced sgainst asn
ynbmdenged svvaple. Daslurd Hox indbates variztisos v the 186
percent Hue tefons fnplanis.

has @ more gradeal sptical absorption edge starfing wt about
125 u Disordered silleow that is aot coonpdetely amorphous
will alse show a dvacaney absorption band at 8 wavelength
of 4.8 & though this band disappears when the matesial is
sraly’ nmorphote These features are exhibited in the optiesl
transmission spectrum show in Fig, 12, the surve befag taken
from the paper of Stein atal 18]

3} Bachesatierigy: The vield of seergetic (1.3 3el) Het
s hackacattered inte a glven solid sugle s essentially the
sarne for amorphous silfoon aud crvstalline silicon that is
eriented a2 nonchanneling dicection with respect to the Ha
beary bt channebieg directions can be found in crystalline
material for which a lorge devrsase in the badkscatteriug
yvisld is obtaingd,

These features are brovght et sepreially claardy v the
wérls of Chot {177 shown in Fig 13, Mivsensple vonalsted o 2
10004 thick Javer of amorphows siicon on & srvetal sab-
strate, which wag prepared by bombarding 2 sieon ceystal
with a larpe dose of energetie siloon lons. As Fig 13 shows
the buchscatinriog vield iv the same for the amurphous fayer
as for 2 coystaliing target when the He beant is tilted 89 off
the (100} s

When the amorphous fayer & removed, the vield of back-
seatterad He dony drops stgnificaatly as the alighment of the
He beam is chaaged Som B off {100 to the {100} axds. Hunce
frong g batksenttering vWewpolnt, demaged sfiicon appears tn
e amorphons when the backseattering visld s independent
of the dirpetion of the problop eam and han 'z magnitude
squal to the yield obtained from o single oryetal origsted in
2 sonchanneling desctlon. (& muck mors thorough explang
ton of both the process and the sxperimental techaique s
it in Maver o wl. {1817

€y Klectron Sidn Revongnee: The dlecivon spin resondsde
stgnal for areorphons sificen cousists of a symmeteical Lorentee

ian dsotropic Hae with & § value of 2008 D91 The magnitude
of the spip dpnad correspoads t a spin deagty of IXIGW

¢ 3§

sping/em’. Undoped crvstalline sillcon shows wo such s,
though divacsnoies asd sther coystaliing deferts bave readiiy
e tifa bl apiy resonance slgnals.

These fratures wre cloarly exhibited bn the work of deWiy
and Ammerdan (28] shown B Fig 14 For bl experimeny
silivon was humbarded with 3-keV Plons o dose of 2 X108
fons/em® at o dose rate of W adiem® The resulting spin
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rpgnata: At {essand
Pig, 34 EPR specirs in dlepecdin 2y 33196 Oz for BE (11] () In

phwse with magneticodnld modulation. i) 90° ant of phase, P d2K
fafrer JeWit and Avcrerkse 205,

rescnance signal shows Both he amorphons lne aad the
characteriatie divacansy spectrum, Both the divscansy Hae
and the amorphoss e disappear when the dasmaged ma-
tarfal han been chrefully snnealed,

With these criteria In mind, we now vopsider the types of
daresge closters to be sxpected for heavy and Hght don fox
plantation iste wficox.

& Heavy fons

In & perfecily slaatis heasdon oolfision, an 5% projectile
can teansfer songhiy 88 pernent of its ensrgy to a silivon atom,
Henes in the course of {ts stopplng. a 100V 8b atom ime

7
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Fig. 18, Mustratiog e demsage cluster produced by & heady fon.

planted into 2 sillocn target caw graate primary sioon reontls
with energiss possibily ws High s 80 ke¥. These secolling
atams will then travel 2 signifcasy distance io the erystal
and can themselves produse s§gsxi§i{:arz.t damages. However,
beadson collistons are unlikely v a0 the damage produred
by very energetic siliong reca ‘< te onivoa small part of
the total

The more ryploal stuntion ds wulsretaod by obeseving
that the nucleay apgmg power Sﬂ of & 100-keV 3b projeetile
inow siiicon rerget fa showt 37 ke¥V oA over the entire trajece
tory 131 Slnce the spasing between lattice planes in sificon
is about 3.3 &, this means that ¢he Bh projectile loses about
300 ¥ per Inttice plang on the average, We can sxpeet the
malority of this saergy o be given to one primary sificon
recoil ateow, so the gverage recoll will have an euergy ap-
proaching 300 eV It would then have a rauge of roughly
25 Al 3. Tson, the range of the I00keY 5% fon is
500 A, which s nov sobstautiaify larger than the pomsilde
vange of the average primary reooll Atunes Bt creates,

Sinee we are dealing fers with 1 case in which the pro-
jootile energy S < 8a wr cwon wee (1) 1o obtale the number of
target stome displaced by sach priwaary recell, and find
Nyg~133 In other words, the collision sascade of sach pris
mary: recetl will contaln regghly 1% ead target stoms.
Eaeh collision cascade runst likely cm}mms ouly Frankel
defects and possibly divacancies; but U there ia significant
snmm:si\ of f\PLG‘E ii”&\i‘ ui}ﬂ?}fb, {ii@“&v::smcisfas Siﬁd IMOYE OG-
pxca sod defect structwrss wiay forss spontangously i the
region of the overdap. U the pverlap is suficiently extensive
the majority of the damage san thes be coneddersd to hiv
within one lerge disordered region, as supygested in Flg. 18
Within this reglon, many of the target atoms will have besn
displaced frown vhels origingd lastics sites, and i the defecy
density reaches 3 oeitioal value, the choter may becsme sub-
stuatially wmorphous

To estimats the lkellthood of this possibility; we chserve
that the voluse of material that s iaftially disordersd b
0G-ke ¥V 8 projentile i€ roughly

P e {25 2 }i x 506 d,

SR

wifl &

DF B

Within this volume there ave voughly 1§ dispiadements per
Iattice plane, or 3000 total displacements, The average initial
vagancy depsity will therefore be abous 0% 0w or ghout
0.3 atondds fraction. Shwe this b cose to the displunement
feaction required by Vool and Steln, amd well abovy the
fower Himit glvea by Swanson o ol 3 spentanens cwsmﬁiwea
toaasurphous ransitos is likely **) aosur pver & sphataatd

portinn of the rluster {eapecially sifve there ix & strong *ei**
deaey for low angle forwand scatiering of the primaey recoils,
and therefore the sluster volume s sptalled than that just ee-
simated). In any wsse, the density of displased atoms sad

3 The erecesions pukl

4 My 8 PRGBS 33 K3 § wid vedues 8y by Hper
oty which we neglect my pl{‘“

a OF ostimatio

8

varantistdn the k ~ disorderad reglon is swifistent
that we oan ceriaioly expeet defect chusters that see
ai rodoy tmperature {24, divacancies, 4 vacanoy comploxey,
ete.} o form speniznsoushy within the diserdersd zose.

Of noarse, set alt of the dlsplaced atoms sre Ssally son-
tsined within the heavily disordered region, sinoe both the
displaced oy and lattise vacancies producsd ab the ex-
trpmity of the loster L\l{‘ svcape by Siffusing nto the lattios
Helaxation sfects will also > neur ‘«'i’t‘hi:: the hea

dered roglon along the fow track, so the finsl dimensioos of
the dama.g: cluster will depend s zsinww on the Rrget tem-

peraty

T(& c{;mgm, these predictipes with exparimental d
consider the following results:

¥ Davidson {21]) This anthor bsed trassmissdon eecivon
mlcrcsnopy o stely the oovstalliostoamorphous transitdon
chtalned when Sb idns were implanted into Slover the snergy
range from 40-100 keV, with oo Joses co 1!£a§ the range
from IXEPSI8% fanaom® Ar the lower snd of this dose
vange, the slectron mdorograpd shows & spot patters similar
tor that of csys‘taﬁl(-sse sitivon, Wt some streaking {3 apparent

ata we

in the sputs anri the Debiyve-Scherrer ring patiers assooiated
material fs Tainthy visible around the central

with aaorphoy
spet: As the dcs. s Incressed to 10V 3h fnwsdem® the spot
pattern gives way o the Debye-Scherrer pattern and the
crystaliine silivon is oransformed o an ams}r;;}zmes Javer ex-
wading from the surfane to 2 depth that depends on the
range of the 5b fow

8 Mawer ef of. {181 These authors nsed the He bask-
acattoring fechaique htam carve of relative *lattice dis
order’ versuy dose for-4G:ke¥ S oas tmplanted inte g room-
temperature S orvetaht Thedr resgdts wre shows in Fig, 18a)
in which 1t s acen that the lattice disorder appears to build up
Hnsarly with dose wotil the disorder saturates. Disorder
saruration ccoure far a dose of abont 18 leas/om’, and can

easity be discerned by the fast that the bembarded area will
have a hazy or “milky” appearance when compared w oade

Javent umrmci:a(rd silenn,

Since; the satreation of lattice disorder occurs a1 exaatly
the dose where rransmission slectron mioroscopy shows the
spaterial to be wmorphous, it s ressanable to sendiude that
individusl damage clesters are substantially amorghows sad
that deerder satucation otours when {adividusl clusterg
overlap, Unfortgnately the backreatioring vrpsviment mea-
sares areunkiown conbinating of “roue” fattice ssneder (Lo
permarnsraly dlsplaced atoms) and lattios strain, and the cun-
Aasion alove is therefore uneertain,

8 Stedn et o [16]: A partisd resalution of this question
is containsd in 'J:Ez& optical absorption pediments of Steig
¢l These authors implanted 400<keV 8 fons Inte 3 at roam
temperature, and then used aptical absarption techninues to

moaiior the production of divatsndes and the emergence of
band adge atw}rp fon 2t the 128 wavelength. Uhelr results
are ghe (53, with the dose scale drawn iy sorres

7.

C"a

swn i Fig 1),
spond ottt ol Maver stel, The relatively abrept itcrease in
bwé»r:,\ge absorption doses approachkisg IR donsfomd
clearly stgrals the development of an amorphous layer. a8
does the fact that the dbvacancy densitr decressss to zern a1
these same dosex. A dos mY however, the
bhand-sdge absorgtion ik am:s and the divacgany densty s
both nowzere ard huoesasing with inoressing dose & maginum

far

Pt

& Bronpt wheswnoted, aff of the exporioanis by be deseriteat capiayed
washy ing divections fov implantation,
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Fig. 16, Rxpertmenis] almervations of dasege vovgs dose for 8% ioos

mplasted ino 8L {&) Relattes dizorder fix 40keV Bb implarts, as

G by backscattering of L&-2Me¥ He“ funs. (B} IMvacaney
dennity amd edge absorptinn for $00keV 81 faplants, {0} Spin donty
in aweorphoys ESR lins for 80-ke'W &b implants.

in the divacancy dessity cag be seen to covur at a total dose
of ~14% Sh lons/cm®

The aumber of divacancies messured is abont 100 per loa
at a sdone of 109 long/om?, which aovounts for 3 total of ondy
204 of the vacancies produced by eucl lon. To compare this
with theory we note that sach $ERkeV Bb atom losew a toisd
sneegy of about 230 ke¥ in nuclesr processes? Henee the
Rinnhin-Pease sstimate {ov the number of vacansies initfally
produced is Np~oT000, which is cleaely mush greater than the
fingl wuwmher that can be attributed o divacascies. Eeis
dently, most of the vacascies have either beeo annthilated
througk recombination with interstitials: or, more Gkely, they
have agglomerated into defect olusters that are stable at
oom temperatwre (such 88 $-vacancy complexes, vargacy
platelets, ste}.

The relatively sharp change in band-edge absorption to-
gether with the fact that inns dferiog in mass by a factor of
100 all produce the same number of divacancies for the same
tolal energy inte atomio provesses ted Stels & ol 1o corlude
that individnal damage clusters produced by 8b atoms are
most probably heavily disordered regions, not amorpbous
zones U this view, amorphouws zones would develop ondy
w8 g resuit of duster sverlap.

f Hassede o ol [22] The final glece of sxperimental
evidence we quote ia the electrou spin resonance work of
Masoda o gl These anthors measured the spin resonance
signal following Implastadon of 80-keV 8b lons over 3 dose
cange from WM to (0% {omsfem® For these conditions they
sbesrved oaly the isotrople Lorentzise lUse sssociated with

B The manner in which the total energy deponited in nucesy processes
is obtaimnd will be drsaxibed in Heotion IV

9
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amarphous materinl, obtaining » spin density that increased
with dose in the manner shown in Fig. 16{0). Hace the 30k
Sk fon has » rasge of approcmately 380 A, the spdn dessity at
the peak of thefr curve corvesponds to abont 3 10% sping/
oxod, which is in geod agreement with the sgin Jonaity for
amorphous material, The fact that these authors dn oot see
z divacancy spin resonance slgnal suggests that most of the
divecandies in their materdal are In & neutral charge state,
where they wonld exhibit no spin resonasce.

Concluséon: Congidering all of the data contained in Fig,
16 together with the quoted theoretical estimutes, it scems
reasonabie to suppose that a given Sblox will most Hhkely
producs 8 cluster containiay hoth simple defecty and regions
with a substentizl amorphous content, especially i the m-
plantation is carried out at sulficlensly low energles® A
higher energles the date perhaps allow a model In whink
maost individual closters are heavily disordered and cluster
overlap produces amorphous zones. Hiectron spin resonange
expariments on sampdes implanted with ¥ 5t fons/om® at
400 keV could perkaps resolve this ancertaiaty, but such ex-
periments bave not yet been performed.

B, Ldght fenz

To compare Hght and heavy ioos cn a roughly eqoal bads,
we now vongdder the Rhely charscter of the dumayge prodused
o oo HiGkeV B lon implasied loto ¢ stlicon target at room
tempersture. At the beginning of itv trajectory, the slectronic
stapping power S for & boren lon In s sllicon target is about
2.02 keV/ &, while its suclear stopping power Sy is only 8.002
keV/A. Blectronic stopping therefore dominates the stepping
provese untll the energy of the prajectile has been reduced to
about 28 keV. (Heonoe =20 keV in Table 1.}

MNear the end of it range, the naclear stopping power for
the B projectile Sinally rises to about 8.01 keW/A, and domi-
nates the atopping process; however, the nutlear stoppiog
power is still more than an order of magaituds less than the
suclesr atopping power for 8bin 86

The results of these facts are 1) the boron projectile will
iose & substantial {raction of its total enevgy in glectroaic
stopping prosesses, which do not presises dumage; 23 pri-
mary recoil atoms are produced with much less snergy on the
average sl therefars creats much less damage; and 3} the
range of the boron fon {~B.4u for 18 keV of initdal energy}
is much greater thas the size of aven the largest codlision
cascade produced by 8 primary recuil

To maks 3 guantitative estimate of the dawmage indtdally
produced by the 100-keV B ion, we note that we are desling
here with a case in which &> K, over mast of the trajestory.
Hence the appropriate Kinchin-Pease sstirsate for the total
anmber of displaced lons s given in {4) and vislds 700G
The majority of these dsplacements are produced near the
end of the track after the projectile energy has been reduced
 about 8 {see Fig. 17). To be specifie, for 2 100-ke¥ borns
ton, sulvplations to be preseuted in Section IV show that abant
SO0 dispinenrments will neenr br the lust 2000 & of pash length,
leaving roughly 200 displacements 3o be disteibuted over the
Srat 2000 &, The dumage cluster therefore conslsts primarily
«f simple Fronkel defects whose densdty incrsases to sub-
stantial values only near the end of the track. To such a case
damuge that Is stable 81 room termpperature is rarely proe
duved directly by the projectile but oaly by subsequent 8

¥ Sdditionad mowpputations in sugsport of thiy wew wifl be given in
Section [E1F,
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Fig, 1% Exgerimental obsorvations of damage versuy dum for Hp¥t jon

imiplagte inty room-fesnpsraiere 8 () Belative {atiicn devvder for
$50geV O implants {ntn Sy messured by singds and double align-
et Backseettering. (B} Divacsnoy desity and edge sbsarpion
foltwing -V B {maplant, se measwred by infravsd optice] towe
misson. {of Deastyof panuoagustic gafiets following 1868 O
isuplaste toBh, sr wedrined By BEAR,

fuston of vasancdsy te-damags muclestion sites. Snch a process
iy called howmegencons domoges smlestion sx opposed o the
heterogesecus rucleation that takes place spostaneousiy s 3
heavily damaped region

The experimental characteristics of  boron-prodused
datiage are stmmilar to those of other Hight fovas. s we coa~
sider B, 0 and O together to devslep » full evperimental
chardoterization of the damage produced by ghtdons

By Kireosen etad 23] We begla by showingin Fig: 18{)
R ourve of the relative lattide disorder produced by mplantas
toe of 180keV O lons iot a rpom-temperaturs S target, the
disorder being measured by backscattering of 1.6.melV Het
tons, The messured lattior disorder 8 seen te increass with
the sguars reelof the lon Jdose gntil the dose sgaches ~2 XN 10%
tongfom?, sfter which the damage rises to saturation for a
stase of 10% joas/om® The dese ap which the curve departs
feptn it sguars-root behavipr turns out to be g funciion of
the dose rate, changing from 3 1% fons/om¥ o ahout §X10M
{ona/em? an the beam cursent iy incesased Hom 82 p& emP ta

FEEEE!

B Ao’ A dimilar dose vate dependence and sublinear build
up of disorder has been ohserved by Hisen o of [33] for
boron implants performed 2t roum tempersture, with the
grities] duse lovels helng somowhat highes

By nsing & dounble alignment techuique for thetr back-
srattering measurements, o whick the probing He boam one
ters the crystal along one channeliag axie and the detector i
monnted wlony anvther, Hictonen ¢f ol were uble to show that
x significant fraction of the disorder measured st low doses
could be atteibuted to lattice straln rather than major s
placements. Using thedr daty, we abow s Figo 18 & dashed
curve giving the relative disorder after the effscts of lattics
stradne have been veraoved: and we take this curve o be
representative of the nomber of X atoms that are daplaced
algnificantdy from thedr latdes sites For later purposes we
note that the disorder ss messured by double alignment (T34}
ingreases appracimutely with the square of the Jose

Both she dose rate dependence and the noslinear butidap
of disorder with dose sre cossisteat with the peediction thay
the initial damaege cluster consists of species that are motile
at room temperatere and mest difuee o sucleatfon sites
hefore they recombine to form damage that is stable at room
Ctexsperatere. 8 fursher indication of the importanes &
vaceney awd interstidal arom difusion bs reducing residuast
damage in 3 lght-ion reom-temperature implat is contalnad
in the work of Westroorsland of ol {24], who showed that
attice disorder saturated at & boron duse of H¥ jous e i
the Implantation fs performed ay ~130°0, where the slwple
defects are much less mohile. In offert, ¢ dose of 10W lonsom?
s sniBolent o produce an amcrphons laver st —130°0
whersss doses of ~ 107 lony /om® are requrired to prodoce an
amorphous Rver H & loweowrrent (2 g em® B implanta-
ton i performed & room tempebature.

Stesn &t ad 1131 Tocompare the foregoing results with
U absorption 48ty we show in Figo 18(b) divecansy
Aenisity and shsorption sdge messurenwnts for 4005V
towon ifmplente ioto rogra-temperatwrs dillcon, Hers ragain,
g to a total dose of 2 X 10% {at 5 dose rade of B3 x& o, we
e no aturation in the dlvncasey density and ne abeupt
changy in the bend-edge absorpiion, whick suggests that the
defert clusters that form a3 o result of the vacancy difusion
have Httde f any amerphous content,

3 Beowsr and Beeshold (23] Elsbtros spls resonancs
experiments further confivin the ploture previcusly developed,
though the wmost thorough dats Kave besn ohtalped for
cxsgen implants rather thasn elther nachon or ‘boren. The
wark is t8at of Brower and Beeshold, who measured the type
and demsity of paramagnetin defects prodneed 1n degerate
arfype {phosphorus-doped) sflivon ws the dose of 160V
OF Pros was fnoreased from 10 oasdem® o X oasfom®
These anthors Snd feee Figl 18807 that w the dose range
from WP 10 1 O ons/om® the maln effect of the damags is
‘th decrease the PY o heperfine and free Sonduction elentron
spctra as these donor slecteons ate trapped at desper lavals
In the dose range from 108 1o 108 O fonsdom?, speotra for
the aegative divacanoy, the reutral phosphorns-vasaney, the
sputral vacanoy-cuvgen, and & pussitde fowr-vaoancy come
plex appear, and: the ot wumber of defects measured In
thege commploxss agrecs gnite wall with the nambee of e
cancies compuied from a Kinghin-Pease sstimate. Further-
mors, %0 wnorphoes sl rasonance signal le obesrved watll
the doow reaches g level of sboud SXI08 OF lonsfom® but
beyond this dose the amorphons signal grows fayler thaw
Irmearly, suggesting that the preduction of amnvphous mav

G
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terfal povurs as a result of overlap of dumage from several
fon teacks (ser Sectivn G} The amorphous spin resonance
wignal fnally saturates for fvences in escess of §RIGH
jonsSomt

Comclugion: It i ckear from both the Rinchin~Pease s
tmate and the preceeding experimaents thut individual Hegbt
ions most probably produse ouly Frenkel defects. The regid-
usl damage will then depend on a nomber of {actors include
fng promivently the tacget temperature and the types and
densities of centars that are avallable for aucleating of stable
damage. The production of & continnouws saorphous layer at
room femperature v possible, but it reguives sitber @ high
dose or a high-dose rafe (L, 2t & dose vate of 15 affom?, 8
dose of only 108 boron lonsfom® will form gn amorphous
hayer 3l room femperaiure in silivon: whereas a dose of about
18Y horon lonsfom® i required i the dose rate i reduced to
0.2 p&/em?, See Fisen st ol {53

&, Intermedials Jons

As we indioated previously, the damage produced by long
of intermedizte muss has characteristivs that are lmter-
mediate between the two limitdng cases just discussed. Briafly:

I KinehinFease [18]: For 2 100-%eV ¥ atom implanted
feto 8, the total energy deposited in nuclear peocesses i
about 88 keV, gdving rise to about 2000 inivial displucements.
The range of the sificon atom is shout 1104, corvesponding
to the average displacersent of about 2 atoms per lattice
plane, On this basls we except the damage as nitially prov
duced to be stable but not amorphous.

2} Mayer et ol [18]: Lartice disorder 33 messured by He
ackscattering is found to invrease Hneardy with dose for P
mplants int B, and fo saturate 8Y @ dose of abowt W 14

fons cm® Odhar mousurements reveal Hitle i any dose vate
or temperature dependencs at implantation temperaiores
below room temperature,

3 Matthews (28] Electron misroscope studies of S fm.
planted into 3 at 40 keV soggest that at doses below about
§x 1% the damage clusters are highly disordersd an ex-
pected, bur there is Higtde evidesce of amorphonsness. How-
gver, the anorphous ring pattern begins to appear as the fon
mase I inorsased, bebag faintly visible at dosss of L3I0
srgon atows implanted af 100-ke¥ energy into a allicon tavget,

) dolis and Smmelan 301 Flectran spin resonamce
experiments on & silicon sample impasted with 2 X108" phos-
phorus fona at an encrgy at 3¢ keV and a dose vate of 10
28 em® shew both the characredstic divasaney spectrnm and

the amorphous spin resonance foe. The divecancy indreduc
o rate i fownd to be well befow that measurad by Stein el al
from which it is concluded that the Fermi level will be lass
than 8.33 eV from the valence band in damaged materiel, this
bring the posidon required o reader most of the divacancies
in 2 neutral charge state {and therefors nurespossive to the
Spin resoneane axcitatina}.

W
.
¥
X

F. Blectsieal Fetimates of Clusier Stze

We have seen that, from g structursl Viewpoing, the general
effect of implanting an inn inte 2 room-temperature silicon
target is fo create 2 defectoind cluster that may either spos-
wnesusly teanslovm o an amorphons phase or velax by defeet
diffnsing to visld & varlety of defects that may He some dise
tance from the don track. From an electrical standpoint, the
defects produced act as carrier trapping centers 1o sither case,

g
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Fig. 1% Mrasurement of the electrical sze of damage dlustess {aftes
Johusound, {8) Schematic Blestration of saopfe weed for msssusing
change of conductivity with fon dose (&) Experiveental data yhiding
an alectrical dunter damaster of ~51 &,

with the result that, prior to anxealisg, there {s 3 monatonic
decresse in the sondustivity of w doped aample with fon dese.

i{ the implanted ions are of intermediate {or higher) mass,
the tmplastation-prodoced defects ave more nearly confined
to & reglon of space surrounding the lon trank. Within this
region {or cluster), the trap density may becnme quite high,
and the restetivity of the matenial within the cluster will ape
proach that of intrinsde silioon, while material outside the
cluster retaing it original slectrical properties. This effet
offers the possibility of measuring what we will eall the “elpe.
trival cluster dlameter,” an experiment that has besn per-
forracd by Yohnson [27 ] We review his resules here to develop
an apprecistion for the typical electeieal stze of damage clus-
tars produced by intermadiate lons of moderate energy.

A schematio dlustration of Johnsor's experiment is shows
in Fig. 1%{a}, and consists of 3 conducting channel of thicksess
W into which 8{ atoms were Inplanted at room temperature,
The energy of the 8i atoms was chosen 8o that theilr penetra-
tion depth x, was lens thas the channed thickness W, The total
sharme! conductance therefore vousists of a sum of contritse
tong from damaged and sndameged portions of the chaansl,

Assuming the damage clusters to be right droular eylinders
faee Fig 19()], Jobnson shows that the condectivity of the
damaged portion of the chanuel may be written as

oo gy

where ey {5 the initisd conductivity, A s the crose-sectionyd
ares of the cluster, snd & {s the fon dose per undt area’ A plot
of the tedal chanuel condustance versus doss should therefare

P The oasthemstical desteation of ohis reendt folisws he pewesal
principizs ontdined in Section IIH-G of the prowst paper.
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crvalsy of & sonstant term plus s exponestially decaying
tarmt

The sxperlmental date obtained by fobeses are shown s
Fig. 184}, where 3t s seen that the channel conductance fof
s the expected form exactly withan esxperimentally deter-
d electrical cluster dlameter of ~350 A Aa ating B
Imr comparison we gute bere that the eleotwical cluster dians
ater should belarger than the stractnral Moster dismeter be-
caee adepletion kopar will forem around the struotural cluster
{as o resolt of bapd-bending necessary v accommodate the
change in restetiving}

&, The Praduction of dmerplons Waberasl

The preceding sections of this paper show that both the
stractural and the slecivioal characteristios of implastation.
darmsged silicon will approach these of asiorphovs material i
the iow dose, and with it the damage Jensiy, are suficiestly
high. To partiouder, the resules of the last section sugpest-that,
prior 0 asnealiag, say imperity condpction affects "risi»g
from the doping characteristios of the Hnplanted Yon will be
completsly  masked by  implastatiog-produoed  derange:
Heaee, toobaly the deslved fmpurity effents, we st anneal
the oryetal to repeir the radinting damage.

It might e aswm\;& that the difonity of annsaling wonld
be ronghiy proportional o the amouny of damags trodpeed
by the bombardment! sad on this badda i wonld be preferabie
wodmplantint heatad targers st fow dose rates soas 1o repaldr
the dareage intrcalnced by hulividual Slesters befors the dam-
age density bullds up o derge valuss However, the opposits
vatly the cesis experimental results o be presenied in the
ne shew that in stiieon “he r\dumw o an amor

v is generally desrahle i i&ig%‘ post-annealing slegy
Gty of the implanted s et*es 35 f b guaranised,

IR s
¢
T

Antidpatisg the Importaoce ol this resylt, we consider have

the dose snd temperstureg condi mm that lomgs the produse
tan of as amorphous hayver, relating these fo the stedotursd
charactoriatics of damage clusters producsd by hegey and
Hght ons. Specifisally, w8 wssume that hewvy dous Sreate »
sufficfently large defoct dengity avound the tragkof the ton o
insure that individual damag ters are ;x'*marpi*fms‘ while
for Hght lons we gssume that slgnifeant gverlap of individuy
slusters is necessary Yo achieve the amarphoos t'z'ummns in
what follows we prassut some simple wmathematical models
that deseribe these two cases. & more complete aualysis has
been published by fdbbons (381

I} Hamf:s Fowar We consider $rat the idealized case whers
pvery Implanted len produses an amoerphens Slaster. H owe
Re9U r ne that sach cluster v 2 right eirenlar vylinder with g

&

o JerigiB K and sxarea A (projected on the surface of the:

CS’}‘S:!-&‘;. then the cate of growth of amorphous material with
dose pan by weltten as

g4y 4 )
I () @
Qaay xia‘.-‘

wheve X is the tot . L the total surface sres covered by
amorphone dueters, asad A¢ the total arew belng lmplanted.
The factor within parentheses ds fust the probabiity that o
wiven fon will Mt the wrelamsged weea. The solution of (8} s

A= Al = et 63

whers # s the total dose por wnit wrea.

1073
H
&
¢ £
Ot b e i" : I {;.‘1
A MR G I SRR S P
e Lty geian R }Lw 21 t
ifae amordosd ¢ {0 ioautie svmton)
s £ o s
/i'
ra
ami L 3 :
e o i iy
si'-aﬂ‘ o
Fig 20, IHusteating thy geowth of amerghous svee for varieug degrons

of clustar ovierian,

& plotef {{3,< using {bgdog marsiimste,s, tnshown in Fig, 20
i wx;\awﬁ with the disprder meassremers of
Mayer of ol given in Fig. 18{a} it {5 seen that this simple
theney provides a good fitdor the datar rad n fact w prajected
cluster aves due {18 A3 will canse theory to ruaich experi-
ment almost perfactly.
Diven the simple exponential boildup of the damages, lvis
canvemient o define the dose T raguivad o produce 38 amue
phous laver by de = QR 4y which fmplies

e

A8 e 15

i,
-y
it

The amarphizing dose thus depends (nversely on Ay
{3 sourse, we know that theenddre dlusterlssolamorpheusy,
& fact which Movehead and Crowder [39] tave tsken into
aceount by assumdag that the highly dlsvedersd reglon fnb
erpded by a Neavy fon will relax te 2 stalle phase oo
si mm of an gmorphots core surrounded by 2 sheark of lghily
talling ,.\tumh They take the radies B of the
§'-mmt"> vorphious pove to he

R(TY = By — SR(TY (8

where ¥y @5 the vadies the sluster wonld Xave i all of the inis
tially displaced atome ware i i:d ded in the disvrdered “egi
SE{TY avconnts for the decrease te X due to difuston of stag i
dafae txi rore the sxtramitie so{ the cluster inte the survounding
masterish

G {BY o defue the radivg of the idealiced oyiindrical
amorphou ster prodused by sachian, we i".c&“‘fﬁ A= RYTY
aand, from (7]

22 . o
& s Bt { By~ §RYY {9
T
To (br‘a"rs values for $°, Morehead and Urowder assume that
SR should e on the order of the vasaney diffnsos leagth

SR e (ERIUS {30}

and then substitute & Standard exponential tarnperature
dependence {or &, to obtain 3 finsl amorphiziog dose of

12
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Fig. 25 Amorihinng doss vevsus T from the theory of Movsdesd and

Crowdar, ERxperienml pointe diken fomm B3R duta,

TARLE 11

TEMPERATIRE AT WHIOK 03w Monni 07 Mopsseily 4 Quowgpex
Peroaets a7 NO Ascamrsous Laves can Forx o Sureme

iun B ¢ Az B : B
Teb’ GK ey 430 L3y TG {18
e )
o {41}

{ L B { 5‘,,;;3 174 exp i - ﬁ-{g ;) g\}} 3i%

where K aad T are adinstable constants, Dy= 8%, and S
iz the es;ze:g;wndepefs ent ouclear energy biss per unit path
tength {81 K and I are chosen to be 113 (ReV/al™ and 006
2V, respectively: and Dy can be further sy @md a8

Dy = Bale/ S

whers Ep s the atomie displacement snergy and Ny the pum-
ber of silicon atoms per tuble centdnmter,

The ft betwesn this model sad sxporbmental datw taken
from EPR messursments is shown In Fig. 21 and is seen to be
Suite revsonable; especially vonsidering the sxteerse slmplicity
of the model. Itisals éntseras'*irt;: to aote that for each bon {11}
predicts o temperature T ot which it wonld be xmgsoss&ibit. o
formy as amorphons laver. & Hat of values for T, da ghven in
Table 1L

8% Ldght Tome: The diffioulty In wppbiag the grevicus modsl
to Hght lons s that, as derived, 1t seswmes bndividual lusters
o bave an smorphows core. Morshead and Crowder argue
that the model will nogetheless preodds & coasnable esltmate
of the amorphisiag dose for ons that cannot produce radivids
sl anwrphous clustere without predamags, even though the
approschk te satwration av & fomtion of dose wil e differany
for such lone. Dadesd the agreewment between thelr model a.mi
the experimentally obssrved btmm dose mqmred for amoe
phigabinn gives reasonable support to this view. Howevet, It
s usefyl to constder other ma.t’wm.xm.@l models that can pre-
mm both the spproach 1o the saturation aad the smorphisiog
dosg, tosee how they comprre with experimental dara.

F or this preposg we again assume that an facident lva will
produce & oyindeical claster of fength K swl arsa £, but that
sveslap of clusters is required ke groduce an amorghous zope

(1B

FROCREDINGS OF THR INBE, apprrsnse 1§02

The diferential eynations desoribiog the praduction of amoe-

phous material gre then
thx A
R .4 {13a}
ERY Ax
A
- »-~'5> (135)
A
&
s g {13}
SR K8

whers 44 represents the amorphones area, o the ares that is
Samaged but net oocphous, and &y the andanaged ares
The solution which these equations yleid for dg te

da o= At~ 01 LBhet] {143
which s plotted in Fig. 30, Qualitatively this solution provides
a much nove rapid approach 1o satwation onee the conditicns
fuc production of amorphons zones have begome Sominant
fLe, Ay small and dp lerge)l & straightlorward extension of
thiv mcelel can be Seveloped for cuses o which a-tupleciuster
averiap Is requived for the production of anwrpbous sanessad
yislds

- A 4B s 5
Aa = af.s;:wi, W(\:%: Yy 4 } (i$}

Tocompare {14} and {15} with experimental dats, we veturn
to Fig: 18 where we see that both the wtomic displacernest as
measurad by dounble alignment channeling ared the sotroph
resptancs 88 measured by EPR {under dsscatially denncdd
fmplant conditions) inorease somewhat faster than the sguars
of the dose, which Hes betwesn {14 ansd (15). We take this to
b in reasonably agretment with the simple cluster overiag

theory. Furthermore, caing 4a=08 4o to define suturation,
we vhtain from {14} the condition
{1 48P Aefe = g1 {1823
or
B e g, {18h)

3t ts assumed that dfseiog offects atil] reduce A¢in the
resaner suggested by Morehead and Urowder, then the simple
clystey sverlay nodel gieee an mroorphizing dose that is ap-
prozimately 1.8 thmes that of the sgnivalent amorpheous clus-
e madel. By applving this {actor fo the data in Fig. 2L 1t
oan be sven that the cluster overlap model s the data for
Boron better than the amorphows tlester model. However one
can argue thay for Hghily damaged clnsiers, diffusion might
actually tnorease 404 defects difuse away from thelo peints
of creation before forming % ostable defect tluster. The varia-
gan of ¢ with temperature might then e consderably mors
complicated thae that wsumed.

3t Buergy Depesitivn Moddd for the Production of dmarphous
Materialy & simpler olterion for the frmation of amurphous
watenial that does 'not reguive any sprdile view »f the strus
tare wndfor oy e*losp o indiviinnl cluvters has beew progosed
tor Bentn ol {13 and follows sdirectly from an examination
of Fig. 35 1o iz appacent in this figure that for aay glven ion
the duse reguired to form an atmoephons faver fs esseatially
indepsrelent of temperature ot Jow temperatyres, We sxpect
this fo Do the cese since at low temperaturss nearly all of the

13
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darmage produced by a projectile will be retalned as stable
damage. On this basls, amorphousasss 3t low femperatures
shodd be prediveed dirsctly front a kaowledyge of anergy depo~
sitfon per anit vedunse, Folloswing this clug, we observe that
the standesd niciear stopping power [3] Sue for B, P, and 8b
projeciiiss I 91, 440, and 1808 kaV/iy, rvgm cively, and there-
wi the enecgy depasition per palt velne required o praduce
amorphogs muteriad (Lo, produnt of S vad dose) is

for By (31 X 10910~ 630 10 keV fom?
for o (840 ¥ 1) X 3 10 8 X 10% keViom?

for Bby (1800 #0109 K6 X MW o 108 W 1P eV om®,

Henos if the target temperatuse Insuch that ssseatially s of
the demage poduced by ¢ projectile is stable, an energy
deposition per unit voluwrse of 1% kel rom® should prodace
aimorpbons siffoon. We will dae this eriterion ia Seation IV v
dispuss damage distribution expeciments.
With vegard to 3 possible qualitative interpretation of this
%termn W note that the léw*? of fusion of & dicon crvstal is
$BG0 Tie or about §.7 @ 10% keViem®, suggesting that o pha-
ﬁumams akin to resdting oocurs i the formation of an amors
phons laver, Of sourse, we sxpect the energy depositing for
“melting™ 10 be geeater for implantation than for & therawad
sguititrives process hecause the energy required to produce &
Frenkel pale fe greater Ecn' implantation. In et the Frenkel
formation vnergies are shout 13 oV {or collision disglacement
and glan tt TV for Lixe roval displacersent, sn the atio of
maiting”™ encrgics might alse be expecied to by in the mtln
of roughly ¥4, as theyare.

IV, Dewsos Disvrsurion Tanory ann SXPomideyTs
In the previous section we have described the damage
produced by individual inas o terme of individual chusters,
and we Bave visgalized damage scowmulation as resﬁl‘tzn;:
Prom an interaction of @esmsdend fadividus! damage clusters.
This spproachk provides & simple basis for understanding
fundamental aspects of damage produntien, but 3t fadls o
azoconnt fop one maiur fosture: dooy il ions of 3 given type
arpd futdal snergy do ot h;}.ve the sams range, the individanal
durnage clusters-will not slf have the saume shepe, In tfﬂe sl
plest terran, we maght ex;:.@ct heavy lons to produne “damage
cylinders” with a Geusslan distribution of eylinder lengeh that
corresponds roughly to the Gaussdan distribution in projected
range for the given ivu, Furthermore, the fateraction of ndi-
vidual clusters to fdrm anorphous material will be somewheat
more complicated than we have boen sssnming In this sscr
tion, we will gresent o seguencs of mathematical wadels and
experimental resuits thet can avsist us is understanding
dumage distribution problem and s practical conseguences.

A. Baste Tdens

With reapest toa given damags olay
e 15{)535 }"1("3 ate i TR L{’?(‘) K\at&? A RN
incident fon tranafers to target atoms will be an important
guandty o determinisg bow muoch damage san be produced.
We adso kuow that the rate of energy transfer with dstanes
ssay influssce both the type of damage that is produced and
thie faal shape of the duster. The target tempersture will
clearly bean tmportant factor in detersaining foal damsge;
and the shefrond suergy loss of both the prajectile and {ie
revails may e lmportant becanse lonieation of eleetrons from
target atoms will fugrease the density of free slectrons wnd van

ter, the farﬁgmssg
of ensrgy which as

4
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therefore affect the charges state aod annesling characteristios
of defects that were produced by sither the dow wder canghi-
sration or & provieusly implanted oo

It is clear that the lnterplay of thess factors s much tog
complicated to be locluded in & swingle comprehensive theary,
& dttempts to estimave the disttibution of demage a fone
implanted material are wsuslly Hmited to computatious of
how the total suclesy onorgy loss {or epoergy deposited in
sterie provesses) will be distributesd In space, whern the taeget
iy implanted with a total dose of € fonalom®

The simpdest {and definitaly most 3pprs wimute) reniment
is that of Gibbons {30], which we review primarily to fix tade
ideas, though we alse sote that the technigue provides 8 sim-
ple means of rapidly estinating the encrgy deposttion profile
for any lon-substras combination for wiich rangs calculations
have airsady been made,

The quantity to be conputed will be salled the primary
sngrgy depasitfon profife. This term is chosen to call attention
tothe faot that we wifl saly

b coneerand with how the statis-
tioal characteristins of the range disiribution

will afect the
sergy deposited by projeciiies as they come o st Ko gons
ierating i given o the qusstion of whal the hest atoms do
with the energy they receive {Le, how thelr energy is dividad
betwses atomin and slectronic processgs, whether they sre
permanently displased, and if so how much sdditional damage
they producel. The primary esergy distribution is thes oaly
one of the questitey that must by known to develop a corm
prefessive theory of implantationsproduced darags; thongh
for Hghtions in & heavy subsirats, sexne of the simpler features
of the damage distribution might e expected o conform
approximately > the primary saergy deposition peafile®
The computation of the prinary energy deposition profile
would be relatively simple if il the icjented inns had sxsotly
the same vange, The averagse nuclear énergy luss rate would
then be dogdy @ plot of the Thomase-Fermi seclesr stopping
puwer S, with the sbsclass shanged fo read In termsof dia
tance traveled rather Chan energy. Of cowse; all lons do sot
have the same rasge, 30 we must use separate 8y curves for
each fon and add theix sffecis f.a;:‘es:}xer, To do this, we must
Bret compute the energy diseeibution fusctos PUE| X, 048,
whare PAE denctes the probubllity that an ion has sergy
between ¥ and B-bdE, given that it was injected ioto & target
at B Ky and bus reached & position X along ity track, Whea
£ is knows, the avarage suclenr energy foss rate at the posk
fing X can be found from

),?3

o0
SN ﬂf {EEP{E X, Bgl dE. {73
%
In what follows we use the tabulated Thomas~Fermi nucless
stopping power for S,.{&) In the applivetion of the mwethod
presented here, the wmgumtmw I carsied wetie the pormals
fzed units {6 af Lindihard e ad. 2], and an sspecially vinple
forem for BELX, BOdE s employed,
£ Procedure Jor Estomating PR Yo The soaergy
distritartion function can be fonnd from 2 heowladge of the
range statbstics at in*‘ermf»\ii&m snergy & The meener s
whick this is done is indivated qualitatively ia Fig. 32, Hera we

B

e
{4;\.\

IR fact, the saly Sifsersor betwesn the priveary RETEY deposition
profile snd she guantity &dy somputed by Hrims 311 kv that sowrgy
iven o reosits is divided inty stoenie aad electronds ftactions i the £oime
putation of » Ruw»vu, sinoe e average veodl hes a feladiidy pmall
sategy, thie sefisement i5 e relatively undmponant &t lemy for Hght
gou N
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P B8

& X‘X&Tkﬂﬁﬁt}:&?&“ RARGE
3T DIETRIBLTION E%»&J%’ﬁﬂ\

Fsl KREBGE MUTRIBUTION
e IGAUBRERT

SR

Bl B{Egt

» EBEREY DISTHQUTIOR
FOR RS REATHIRG
FOSTION &y

g 220 DVetorminaiisn of snergy distribution frone

gonssatined resge detribation,

show the geaneralized ravge dletsibution funcdve PIX, Bl 8
L sketek of the probability that an ion Has reaveled &
detance X and bas au seegy B, given that it was fnjected
with snergy 8 fnto g target whose surface 3 at 20 The
distance traveled be the ion s measured along the's sxis a3
i Fig. 2%, dod ts onergy 18 nveavared glong the & axds,

At the sprface of the target, all jous bave an energy Hi so
PLX, BBy reduces to the delta function 3B~ &y, o} ste=0
85 the oo penetrates the target, however, 1t loses energy by
nudienr 3ad sféctvonic nteractions, and faally comes fu rest
at-some position on the x xufs From the L& theory, we know
that the probability of coming to rest at a Bnal position xy &
described s good approxdmation Iy x Gaassan grobabiliny
distribaiion, o whick 3y has 3 mean value B{8, Hgdand stan
dard deviationrald, E Jeatled (AR} fn the L85 theory | This
iy indtcated in Fig 23 by showing the geseraBized range dis-
tribution function fo bave a Gausslan gross sotion along the
Hoe =il

We also expect the range distribudion at lotermediate
energies to be Sppronimitely Gansdlan, so shat {bosn by cont
pletely charactérised by gnoting a mess R{E, Eg and stzn-
dard deviatins oni &y B

The esant way in which R{E, Bo) swd ¢x{f, &) depend on
& san b computed by sumerical integration of generaliced
LS5 equations ay dong by Brlee [31] and Tewruehima ard
Tanens {32 or approxdimations can be introduced to visld
suatytical solntions foe RIE, E) and op(E, B {33] For suost
purposes, the approgimats formeias

R{E, Bl » RO, By} {i - > {18a)

*\\

er(E, Boy = onld, By {z \; (185)

FROCURDINGS OF TR 1RER, serynasss 1992

are sufficiently socurate and have the advantage tiat & and
vy may be obtained from tabulated Ssal values of the range
sﬁatistic‘s, which makes ti:«: prosedurs tobe developed directly
applicable to g wide variety of lon-stbstrate combinativas. In
a0y case, & knowledgs J§ R oand o plus the asnwmption that
the' intermediate vange distribations sre Gavsslan, will parrmis
a8 to cousinet the geperalised range dlstribution lunetion

Onee the range dateibution surface has heen constructed,
we ean wee it 1o delerming, ab feast in princply, the eneegy
distribagtion function for fons that heve traveled & distance
X1 To do this we simply pass 8 plane perpendinudar to thex
axds throngh the paiat X Sucha plane will lnteraset the range
dlstribudon funciion in the reguired energy disteibution
ourve, as suggested dn Figo 2304,

The onergy Sletribution suvwe will act in geteral be
{xaissian, as i dpparest by shetehing the ourve that is obs
padned when & test plane I8 paﬁsed through Fig, 32021 8t Xy

= B0, o). H Xyds near the origde, however, then to o fivst
approximation the seergy distributien eneve i Gauvadan,
having & mesn and stsadurd deviation that css be zasily
determined from R(E, Bo} and oalB, Eq}. &s X, spproaches
By a smg,m Dausstan Beeomes w sather POOT ¥ appronimation,
and it is then neoessiry to use twd BaliGavssan distributions
that join at &, sauni standard deviations oy snd o The
haif-Gaussian applying nver the range 098 <CE pay slse
have o be druncated 8% =

A somewhiat poorer bt conceptually very useful approxi-
mation i fo assume that the energy distribution functions s
rectngudor s fay

PIRYIE i
PIEME = — E

ENRR 2

ﬁa*\.ﬁ{a.‘

= slsewhers £18)
whies H gnd By ave snitably chosen snergies. Physivally this
Sistribution means that after traveling 3 Slstance Xy, the fon
has an squal peebability of belng gy any snergy o the rangs
B B8 We will show later that i companison with e~
;re:ﬁ vered fe povd w8 the verdutiek, the probabifity distibution
ghven by (8} is b facv guite satisfactory for estimating {5, (7Y
{beciuse P sppeurs In the integrand, and the integration fs
carried bver all energies. P would vlearly be neeless for aatd-
matng the gontribution o «Sx} of {ons having E>8y when
they pass the plane in msesmmj

in find appropriate values of and e forthe Gansslan
snergy-distributions, or H and £ for the rectangulsr Hetribas
Hore, warefer to Fig. 24 Here we have shasched R{E, B and
oalf, Ea on Bwx coordinates, which ssa be visualised as sfoe
ply & projection of Rand g from the gendralized rangs Sstri-
bntion curve sote the Ber plases & horfeontal Hag a\l‘(ﬁhg‘I
thecurvesin Fig, $3{a) gives the values B{E, B¢ and o {8, K}
requited foosomstruet the termediate range diswibution
shown in Flig, 230 {In practics, of conrse, the cueves ix
: wheuctad rom e haowledge of & By and
oxlE B} A vertioal dine 53 Ry ghves By, oy, anvi] o4 ne shawy
23{a}, wnd permits uy b construct the ssergy distribu.
How af dnrdrmEdine reuge showd 8 g 838} The alues of
By asd 8¢ ms;u,n:i for the rectangulas dssmhution are sismiply
chiained {rom the lutersection of the vertival line with the
uppermost and lowest eurves in Fig 33},

In this sectivn we will use the reciangular srergy distriba-
tion to estimaie (N{X 1 for bdven in stlivos, and will fades
rompare the results with other methads of perlorming the

15
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Fig. 3 Hivstrating st developraent of Lhe ansrgy dlatribuiion funcilon
{rom tunge statistiy, (o) Conmtruvtioe givihig interawsdinte vagge and
enargy stasiston. {B Dasssar nbrawdizvncange dlsoibadon, {6
Energy Satrfbution @b istersediate detanes v Rali-Gansdansd.

(%S
B % o pedy ¥
§ fi: 2% ST .4
\\\ oy ISEROR
-
™, ) PR 2B 02
kY
kN
i »:,\\Q\\\ Y 2 i don
; TR
Ve""‘* &
Fled M”‘Mij T m.‘.m_«mj fs {53

3 8T Y [y
5 3 a0 86 M 70 A5 80 Wi

(&

Fig, 3% Detrraisation of (S{E) ) for 3%V R
for gntammg {8{X03

mtc Bl {a) Canstruction
1Y F Salabde versus ¢ for avaluating {303,

cateniation, The companieon showy that the method gves a

surprisiogly aconratn estmate of the spatial dsiribution of
ensrgy degosited nto atpmic processes for light jons in silivon
and bas the advantage over other pethods that it can bhe
casily extendsd to 3ny fon-substrate comiduaton for which
iangeenergy computations have been previcusly perfermed.
& Temputation of (SO0 To treat a case of practicsd

Intereat, we show in Fig 2443} the peneralized rauge-energy
plot for o $0-ke¥ B implant lnto dlicon, in whish we have

wsed the Firsov formuls to desuribe slectronde stopping {$
The vormalized distance sod energy units infroducsd &
LIRS are used to slmplify the computations. Towd tangs i
used in this plag, fnsteasd of projscied range, becanse we are

4
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interested i erergy loss rates aloog the sctual track., Tore
yeoiions can be intradueed 3v the end to convers the sesuliing
dstributivas from ramge to projevied range scales,

To compnte &8 %}:M from the plot given in Fig 24, we
first %vzs'in&te (17} using the rectanguler eneegy distvibudog.

The result i
R &
f Salde =~ f Safhe
3 i

& "

w

e,

Rines & and 5y are kaown, the evalitation san bacarrled aut by
frst oo ﬂbtms.img 2 amversal gurve of theintegeal 5§ Soleide
and then dmply reading off the values that are approprigee
for the given values of & and & The required cueve of
£ 3 00de I shown fn Fig, 2455 Usng this corve 8 a non-
verdent set of » wvaluesa we »"rwz the {5,001} curve showsn
in Fig 28{a) wver the p utarval 0<lp < [0, aa) ~en(9, %t ]
where p{0, s} and w50, ¢ tﬁe Hovmalized Sral radge and
standard deviation.

To compute {(Flod) bevend this lnterval sequlves s to
make 2 minor adivstment in our computational provedure
The vature of the adjustavent Is boot explained by recopnlaing
that {(Se) arises frone the averaged effecrs of & large oum-
ber of Injectad jons Becanse we ars assuming the su-
ergy distridntiod to by restangular, afl of the injected lons
costribuie 1o (8o = long ab g i3 in the interval (s

< o0, ey~ oaid e ] However, a9 we procend hevend this
itervalosome of the fons have stopped and, theraiore, cans
mat bedncheledin z'c«*sa;mtmg, {Sad Fe}r example, 3t o= ol e}
anly half of the fajected fong see a8l contributing to anergy

depagition.

We can dnglude thiz affect {n one of Ywy ways. The sim-
piest i shorwn is Figo 3d{ad, where a new unitdength distanes
scafe i aet pp boocover the inteyval {pe~og) <p<{ite-bos)

3t
\
Soi B

{{ distance slong this seale s de W}te'i }»y hiph they the valge
of (S} fox g vadues drothie fnterval 4
f Seleide

(3.3

As an Wrernativey; we caa extend the o and pveraus £ 2UTVRR €0
segative vahues of & and then sompute 48 from the formula

#
f Fale)de
o

s~ w {extended)

e

However the compttation is made, the

tz; triace the bebavior «of {3p} {Ev«:mgh the
-

ﬂ‘zﬂt

vesult permits us
full p rasge. The
Ty ourve for ¢ 40-keV boron lon, showa i Fig 248,

way gherched by determining (S.{XD st she prak [which

ways seouss @b appronimstely e pll, e) ~wpll, €} sad
fve other eguaily epaced poiats,

I we wish o plot (8 sgeingt normalized projected
ragge, rather than toral range then we naust firat defernine

a fuoottoral relation bevwesn g, and @,

p = f{gl

and use I forescale the harizental axis,

&

For a firet appeaxima-
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18 PROCREDINGS F THE IREE, PEPVEMBER 1972
TARLE 133
COPARINS OF (Fadony AU {Hphones POR B 15 B2
{5 eViA, Mplase 07 &3
Boergy, ReY A &0 %8 plue
Paraskater “E > X ) K3 X3 XE ¥ {4y AR %o b {X0}
T & wex & ax v max nomax o max v P max
Beien 36,8 88l ®2 1886 8.3 28D 7.8 KRGT
Tals woek §.8 RES 8.8 [P 7.8 LN 7.3 4748
TABLE IV width at hall maximum {(FPWHM) computed fromm the two
Brrrg oF PEAX l'{smwsa ror O Igeasrogs INTo St methads ave also within about 10 pervsat of sach sther, a0
Fat e TN ot 3 ' ; ¢ <« P
(¥als Quated i ) the approdmate methed developed stove gives s surprisisgly
‘ realietic saddmaté of Baoe's mors socurate turve.
Ernergy Paldwes Keice This N X . [ .
Tt axsid —— Far a further comparison, we show In Table IV the peal
fogaen damage depth obiained experimentally Wy Feldmsw ang
_ Rodgers {34 Lo € fmplanted into $, together with the dor
e #,800 300 5,380 responding vahues of the position of the prak as computed Yy
550 PR R, 168 §,309 Brice and the prossut pronsss, LSS elscirenie stopping ls
500 11,300 not L 500 waed for both ralnuiations, As the table shows, the agreement
spatad s very satisfagtory.
B. Brice {31]
A stk more gtoarate computation of the disreibution of
o8, We Ry v energy deposiied lnte atemic prosesses has bees pubilished
R0, B b Brice who, fodlowing Lindhard et el [33] defines the guin-
Ry = It et {23b)  wiy v aw the total erergy spent in atomic prooesses Wy dalh

T PR, Ea

whers B0 & sad B, B are obtained from tables &

more stcurate analyticsl formule s developed in {331,
We mast alee divide sach ordineie of the curee

(i ). 1 (230) fs weed to define the petop relation, then

3y . R0, &}

ds - R(D, Eo)

s
H
3

Altervately the functional relation hetwesn &, and & de
veloped fn {38] cun be used 1o find (d5/de)

The mathematical effect of these transformations s to
preservy the ares uudar the {8 curve. Thers remsing o
guestion is o the physival significance of 48 when pibtted
onoa projected distanve wale, since eetrygy is Jost along the
actual track, net the projected teack. The projectad distance
aeale woudd Be the appropeiate one 1o nee if the averags energy
degosited per undt volume s required, The plot of {8, versus
2 {or B} would be the appropriate oue for Ruy damage wocess
that depaneds on 3 threshold vabhwe of (&)

Inoany case, 18I ovcessary fo make the patop, oorrectinns
1o venapars the revalts of this work with the much more
peecisr calevdations of Beieer [31] o be desoribed in the next
section. This i dene in Table L whers {Saiees aad i3
wajected location are compared for B injected into N at 5
vange of initial evergies. ¥t shonld be mentioned thal seme
diserepancy between the two calenlations s enovcted {rom
the et that Brice vses Bises's expetimental electoonic giop-
pling trose sootion. while the present work used Fitsov slee-
teprde stopping, which is about 310 peroent smmaller

It fsseen foaxs Trble 1Y that all corresponding values axe
withan sbout 18 percent of each other, Furthermore, the fali

.. N

the projectile and s varioud secoll stoms, and then derives
generalized L38S:oyrpe eguatinns from which be is ahie o
sompute {d9/dyx), the sate st whick the arerages energy de-
posited into stomic progesses varies with disteace, His sola-
Hon o these synatione Iz based on the assumplos that
revotls do not move very far from thelr points of oreation
This fs & réasoaxble asnuneption for lght lons bt beodmes
cather poay for heavy vags.

Brice’s resulte are prosented in the form of damage density
guntours, A representstive sample of whick s shown in Fig.
35y {for Bin 81} The initial energy of the B geopsctile g
lovated on the vertivsl axiz of the fgure, and & horlgontal Hne
theough this point thew gives the carve of {8/ verane %,
where wy 38 pesd to represent distance inty the target ag
projécied outo the direction of Sncidanes of the bean, Several
horlzontal sections through this contony plot are gived ix
g 230 o show bow {@ds) vades for B at several §if-
ferant snergley of interest in praciical lon baplasntative wark.

As mentoned pravionsly, Brioe's ssswmption that reocil
stoms do not move oo far from their original positions 32
reasonalie for light lons, acd therslore his plots of (¥dx)
VErRUS X 0B e oompared 0 ariual damage distributions for
these clises, especially when the anncsling is inhibfed: Come
parison of Brice's rasuits with experimental data obiained by
Sisen gal [33] show that for B in 85, Brice's {dr/dx) plots
glve reasonuble satimates of the peak and FWHM, of the
aore-Gangsian damage disgibutions: and furthen his come
pukation of {de/dx} for heavy s i wefnl for estimating
conditions tay lesd o 2 orystaiiine - te-amor phous tranaition,
even thengh the details of the actual spatial distribution of
damage are sot ancursiely predicied frons the {(99/d%) veosus
¥ cuxve for heavy o, We will olaborate on this brisfly in
Sectlon 1V,

7
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Fig. 25,

O, Sigemrend and Senders {36]

The most comprehensive attempt to prodese s damage
thesey that will apply e & wide variety of len implantagon
conditions i« that of Sipmund and Rasders. To make the
probiem tactable, they Hndted thelr attention to s gonme
putation of the towl ensrgy deposited In atomis provesses in
a given volime of spase by both the projectild ond its recoll
atome. They formudated L38tvpe Integro-differential squa-
ons thay describe this spadal distritagion of deposited
grergy, sud wers abls to igd moments of the damags dise

(8 day varsus Xe a8 wompused by Kebre [H L () GO aontodve, (0 Ttepth disttibutions of (67 dz) ohtained fram ().

rribution in pertals special cases {eg powsy law atomie ine
teraction potendal with nueglent of slectronie stepping). Yo
wintmize the efents of thest simplifying dssumptions, how-
sver, they sipressad thelr damage distribotios parameters in
torms of the LES projevted sange distribution perasmters,
sompited from the power Jaw lunteraction potestial, with the
suggestion that proportiony betwesn the dawmage distribution
and the range disteiburien might be rexlistle aven B the iae
reeaction potential need for the separate caloulations was ot
It is. therefore, possibie to sathoate the distdbution of energy

8
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FROCERDINGA OF THA (E8%; s8vrnmuey 1073

TABLE ¥
RANGE aN®y. T aatany DIsTaanirnien Panawurdas ag
DOaeuTRe 1y SHUSD MR Sanssrs

N

2y 3 PR

Biarpet {xd {hm R {aye By
108 By {x?‘ﬁ =} $xhie™) i
31440 2 848 O, 358 $.018 1.07 Gy
154 Q877 $,325% 0,044 R D888
158 &, 353 $.158 {088 1,20 D.U4%
1 8,558 DL2YS .78 180 G, 87%
2 $,38Y DLA0E Qo343 1,38 L1338
4 3,388 R PR et] DETE 31,32 L6338
o o, 352 1884 3.871 3.0% o348
{8} Baope Nistribution Parameters
FIRY L TSR r 33
gx&rg&st Sl A8 }g {3,2} ey {da Yy
¥ BN s 02 PIE Ry ]
3 A ‘)} X X % ; X j
Tow i Ty {2 B EYRC N ST
LA &, 882 24338 2,182 580 8. 58%
374 8, 48% L RAR 2,181 1.7% 8433
e 9376 0,389 G258 147 o318
& G288 Q280 B.387 .41 R AT
2 Q.R4% G487 DURST 1.8 LR72
£ Cogaaek D525 0,488 1.8 0.39%
36 3,143 1215 3.153 1.38 DI TS
{BY  Dassgs Ristribution FParsmetars
deposited Into slomic processes by using the Sigmoad and  fabde as
Raeuders tabbes of proportions together with, for sxamyple, the {axde D05 (AR {24

range duta given in the tables of Johnson and Gibboas.

The Ngmind and Banders tables 1hat see avent usédad for
esthmuting damage disiributions in dcon are reproduced in
Table ¥, The Best columo of the tables pives the mass of the
ancident fop relative to that of & substrate atom, while the
remsining coluans give the pess sod standand deviation of
the ronge distribution, The 2 dinensdos owed by Sigmand
and Sxaders iy messured adong the patl, while the ¥ dimen
e ds perpendicular th the path Becguse higher avder wmos
ments ars difficult to oalouiate acurately, it s customary 10
use anly the firet and second toments of the damage distribu-
tion, and thessfore the values v Table Voare ased to provids
& Gaxastas etimade of the damage disteiburion, whoss pargme.
ferg ave vielated o the Gavsslan LEE range distrbation Foo
example; taking rativs feom the seeond column of the whies,
we find that B implanted fxto 8 shoald produce a damage dis-
wibation with a mean at

where (xhs {sthe projected depth for masinnm dumage {withe
osut aonealing). The standard deviation in the damage dis-
wibution Is glven from satos in the thivd cobuman of the

whinh can be ysed gether with (23) to construct & Gaussian
satimate of the actuxd damage disteibaiion,

Se we will see later, the Nignmund sod Sanders falldes pon.
vide reasnaable estimates of the mean and standard deviation
of the antual damsge disteibuding when annealing Ixinbibitad,
However, measured damage decibutionsg are requently wot
Ceangelan, and fu these cases the firstand sscosd mionaents
may give & rather misleadiog reprosestation of the sctusd
damage distribution:

B Bsttmater of Afemis Ddsplocement Olinined from Spatied
Dispripadtons o Deposied BEvergy

Befare turning to sxpeiimental measuroments of damage
distributions, we make @ fow remarks that will connect the
computations of energy depostiing just described o pratiinal
proablems weatfoned in greviots sectivas,

5 Number of Divplaced Loms: Hiven 3 computation of
&8/ds, or (50X v is dlear that the Kischin-Pease s
timate for the swmbey of atoms displaced by the average”
{opcshouid hevome

s

Ny o= H /2K, (25)

where B, o sioply the arsa wwler the (8/d) o (SN
curve. Snce elentronic stopping has alveady besew included in

9
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SIRBOEN JON IMPLANERTION O SEMISOADUCTORS
ths computation of &/ dy s (S0, the estimate gives in
(35} should be vald for any fon ar auy iatdal energy for
which S, ared S give valld estimates of the stopping powers

Iowe use this ides to compute Ny for 1004V B jon, we
fond By 18 kW oand hence Vw00, which compares very
favorably with the sstimate of Ny~ P00 given dn Section
$I6-B, Further nspection of the {d9/ds) curve shows that 18
keV of srergy ave deposited in the i .;ss 2000 & of path length,
Since ¢ 100-keV B fon han & vange of zbovt 0.4 3, we conchaie
that ~20) assp@acemm%s oo in the feat 83 g and 4090 dise
;:uat.ema‘ ¥ du the last 03 po

2} Froductien of dmorgious Matgriol: Agother very ves-
fub applicasios of the snergy deposition profils i shitained by
combindug it with the vosditon for wreorphivity given by
Steln el ol T3] to estimate when sod where the subetrate
will become wmorphous as the fon dose is increazed. Two
sxamples will outlise the procedurs,

gy Heavy dfomes An “av esage“ 100-keV 3b lon exhibits

EaN S,,t}’}, of about 188 VA or LESNIDT EsViom aver
s entive track, If it iy svsnmed that sl of the f?::wmg? proe
duced by such an lon s stable af roorm femperature, then the
dose B* requived to produce ao amorphous laver should be

X~ W eV e

33

vielding %8 2 108 forslom®, which i in very reasonable
agrepment whth measured valuss.

By Zaght fowyr I we atteimpt e appdy this eriterion tooa
{ight ton auch as borew, wWe must recagnize that many.of the
defects produred nan diffuse away §m'ﬂ thedr poings of orea-
Hon gnless the Implantation i dong at low temperaiurs
Hence we attempt to pradict oudy the siesmage distribating o

king again 3 100keV B ifon, we ﬁnu that d@ride {or
¥

331 has & peak ‘e‘ah.e of about 8.5 eV/A at & projectsd

depth of about 2200 A, Hencr wduse of

P HPRS WO~ 17 XOI0Y jonsfom?

xmauad be just sufidient to oreate @ thin bueled laver of
resephous materist at o depth of 3200 &, I the daw is ine

cmased 0 &8 X 0% fune/om?®, the requived value of { Al dx} for
amorphoussess shonld decrease 1o abogt 4.2 oV/A&, 5o the

buried aeeplous faver shaudd start b sbout 1K A asnd

procesd to & depthof shogt 3200°A. The smorphons laver will

extend fo the anrface when the dose Iy increased o the polnt
where

v

FF o] e MR

dxksasseﬁ
o, for 18{3«3&«%" B, Bead 30108 (o
ars inre

ear®. These predictons
ssostable Rgrsement with the experimental dat

5

&, Experimensel Benddls on Domage I

a 111, there are many expers
merdal techaiques that can be isss;zci oy messure damage diss
tributions, iocludiay prominently backecatiscing, slectron
spin resonancg, snd indrared abeorption: To addition to these,
damage distributions have beew messured ¥ decorating the
damage wUd copper and then belng radlo tracer techniques
to measure the copper distribution (Masters ot a0 {3711 and
by taking advantage of contrest patterny that devalop when
a scanning slevhron micvoscope 5 ased o ohserve sm e
plasted erystab {Ravidaos d Souker {38]). For 2 ccmplete

sxiyfvdion

*

A was pointed out In Sectin

1081
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Fig, 26 Damage distcibrios measureneny for 18k Bb fmgdanted

xt random fsvidence into 8

sursmary of technigues sod results, we vafer the reades ea
pecially o the Froceedisge of the I Interaational Confesesscs
ex Fow. Implantasien [38]. Here we summarize oaly typieal
results for cur two vepresentative casss of light and beavy ioos
and compare them with the theoretioal predictines presented
ahove,

& Heavy fone: Using the He® basksrattering techorlyue
Beigh o al {%&}} fave mersured the damage conventration for
100-keV $b fmplants into room temperstwrs silivon with the
restite shown 1o Fig 36 Rs the §iure shows, the damage hes
a-peak 8t spproximately 336 4 and 3 hatf widti‘s of approxi-
wmately 250 &, Bemause the danage produced by reguils will
conyr ak points that way e some dstanne fron the projectile
track for this case, v moet use the Sigmund-Sanders reanita
o develop & comparizen: bebween theory and experiment
From Yabde ¥V we Bod that the damage disteibution should
have its peak at a profested rangs of 380 X snd's standard
deviation of about 250 A, Experiment and thewry are thys in
quite reaspuable spreement thougl the measuced dsomage
distrifution s notOGrusstan

S LAght fems: One of the sewsst and mest neefnl teche
siques for rapidly axsessing the damage produced during lon
mplaatation is based on the fant that electron “chasnaling
patterns™ are praduced when a spanaing clectron misvostops
i nsed to investigate a crystaline target. Thess patteres have
heas ased by Davidson and Bouker {aS} to study both the
dose end depth deperidence of Irnplantation-produced damage
in sificorn The technigue promises to be very ussful for the
rapid measurenient of Jatnage In other materials as well,

Ir this section we will pive @ brie! description of the
pronessey which produse cordrast {n an elgoteon channeling
patters and thes use these Ideas o discnss the datr obtained
ty Davideon sod Bockers ?

@) Basic charackeristios of the eleciven channeling putlern
(ECFY: Bleotras chamneBog {or Coates-Kikuchi) putterns
arfse from the fact thay as an slectron beamy scans & orysal-
e surfase, itowill (o can be made ) sweep through aa
sagle whish i large cmpxreti ree the Bragy ‘mgizm for *he
orystal, The comditions for transndsston and refiectl
eisetron eam are s {uncgon ol the angle & rhat the bean
makey with the sryvstallice sueface, showing bighly frreguiar
behavior when & iz swept throngh a Hesge angle. Consge-
aueatly, ¥ an SEM ioage i obsined by collecting high-

oy

¥ The desuription of sisctrom chansiling paiievss g‘iw‘z hare 18 ins
tomsded o provide 3 concise summaty of necessrry faoly with which the
reader may Pe pafonilisg [rstiowhd ot be risroed fren the sfaoy ghatied
wesartond chasoeling patinras shat shey are moos buparsast thas other
rachnigues {or ny daveags distsibios,
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Fig X7, Dlussting thetoe Block wevns reguised by deseribe siw
motion i g orystal when ao setoas Yoy Is indident st of e
Bragy angle.

energy huckacattered eloctidns, it will show & sharp changs in
contrast each thwe the besm Is swept through & Bragg angle.

To be somewhat oore speciic abows the characier of this
vontrast, it is peomssary o congider the hehavlar of the Black
waves that are reguired to describe electron motion is a
erystal. For this purpese, we fest recal] that & Blook wave ds
& traveling wave whose smplitnde s spatially modulated with
% pesfodivity that is defermined by atomic spaoings in the
Lryatal.

From ¢ guantyn thearetioal trantinent of slectron nioros-
copy iu crystailiue fodls, ¥t i bumows that oaly twe Blesh
waves ave required to desoribe slectensic mation in 8 oryatal
whee the exteenal slevtros bepm i fnpident 8t or near @
Bragy segle. These twoe waves are shown fs Fig 27 slong
with & set of orvetsl plases. Botk waves wre visualized as
treveling along the o axds, with the relevsal madulation oo
rarring slong the v axda &As shows in Fig. 37, one sf thess
waves, say ¥y, has s relative paxima oo the atomic plases
and nodes i between, while the other wave (Fy) has it nodes
oy the siomic planes and relutive maxima in &etwm‘x.

The amount of gach wave that Ik requived to mest the
boundary vonditions at the ovvetal surface depends o the
aogle # botween the axternal eleatren bears and the coysta
planss. More specifinally,. the spacing between the orystal
plaxes & definey 8 Bragy angle fu according to the usual
formnle

X

Rin fp D By =
) ) )

{26}
where A ¢ the wavelength associnted with the slectrons
motesntony A8 I we denote the differency betwesn §
and 8g by

w §o B 3Ty
then
1} when =0, the twe waves ghown In Fig. 27 we equadly
sxcited, piviag dse to o uniform infection of elsctrons
atong the crystal surface;
2 when < Bt pralerentially sxaited;
3Y whena >0, % ik prelerentially encited

The «fert of this preferentist excitation fe o prodice
tands of contrast exch tme & s swept past 8. Tosee why this
is a0, we show i Fig 38{a) a scanning Slestron sioroscops
with asolid-atate deteotor positioned o a8 to collert elentrons
that ave seattered theough & large sagle! The phystaal process
that predoces lavge sagle scattering {Rotherford scattering)
raquires that the slectron be locident near the center of an
atom (o, 8 aaaalliaepact prrameterda t*etg\meﬂ\ "Hm wamber
of sunh electrons i gzmg\omnm. to 181 awd is ther
greater for o8 than it s fur e > B Conseguently, i.im. RU i

of lestrons eollected Ty the detector will have o leal maxds

21
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ta1
SOMTRRET RRGHTER THAN BRCKSAOUND
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TORRRER Y BACHERIND
(%5 w19 -

Plg, 80 Rlue \tmtsm; wunirast obtained whas an SRR s used to svan a
fsmsk Al {a) IHustrsting the SEM with: detesor axvanged {o
monitor dlestrons hackeontrersd through a largeany ghe, (b} Hivstenting
the differential contrast that soturs whas § is swept theough 3 Brage
Jrrgd

’;

Fig, 3% Condee-Nikwdd pettorne oo Nedmplantad 8L

a ol miuimum where
Fig. 3805, and will give
bright bands with dark

mam o the region wery @ <0 and
@ This behawior i 12111&"1‘2&@& in
rise to beightta-dark conprasy; i
edges,

Kawe, i the eledtvon heam {8 swepd over & safficiently large
sngle 11 will pass through several sivections of high symmetey
§t g 110, 230, 440 oo, ] as it seaus the vrvstal surfane. Bach
such dxrwmn @il mw. a Brage aﬁgm sssoviated with the
relevant spacing between atamic planss, Brighttnsiark con-
trant will be obtalned each time thy electron boans sweeps
past one of these Rrage angles, so the pattern displayed on
the wesn of the acanning sleciven misroscope will ponsist «f
a secies of Interwcting Hooywnd babds, & patternfrom s single
crysial silicon spevimen iy nsh»sm: i Fip 38 for flpetradis
{ofl photogeaplt :ﬂ}\&‘éd G doese),

By fhependence
Parfectton: As wx ‘ceH
nneliog patiern seises fr»
Bloch waves Ty apd ¥ T

e

siterns ax eyadnd
i sn elegtran

3 # & of the twe spental
e \vste' v of these twg Blaek
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waves are raphdly attensated o luslastic soattering provesses
{2og., vloectron excitation within the atoms), and 3s # result
the main contrast in the patterns coraes from muteried thay
g within the fivst few hundred angstrome of the surines,

Furthermore, material that fs amorphous does net glve
Bloch waves, and therefors does not contributs to sontesst
an electron chanseling pettern. In addition, maverial that s
of poor guality widl show contrast slong the rasior (most
open) divections In the erystal, but Betle o no condrast along
dirsctions of Iower svrmetry.

v follows frond these faots that the yuality of an electron
channeliog patters (Lo, Intensity of conteast and numbsr of
distinguishable bands) isa diregs measure of cryvatalling per-
feotion within the Sest few hundred sngstrame of the surface.

5 Domogs swassrements o ton-dmflasied siliconr These
ideas lewd naturally to the technigune uwed by Davideon and
Booker o reasure both the dese dependenice and the depth
dlatribution of the damage produced by MWe fous implanted at
54 ks lato stlicom

£} Rose degendencd: Firgh, slebtron channeling patierng
were taben from the surface of spidineng that had beew
bomtbarded with 80%keV Ne jons to doses betwesn (0¥ and
2 fons/om® The patiersy ohtained by these authors are
shown in Fig. 3%, from which it Is apparent that

1} wery Btde vhasgs io sonteast onctes for fon doses less
than T XIS om®

2 bevond this dose, the number of Boes that can be ree
solved deoressss guite rapldly, and the pattern Rually
dizappears at a duse of 4 X I0%¥ fong/om®

A Depid Jetedlntlon: To measure the depth distrthution
of the damage, Davidsos and Bocker employed the fact that
contrast by osn Ydecicen chanmsling patters™ (BUP) arises
frome the hest few hundred anpstroms of the sample. By
anodinally strippiug the silicon, they wers able to measure
pattern quality as ¢ funcilon of depth dnte the lmplasted
Iayer

Fig. 3¢ shows the reatlts of such sn caperiment, neing a
dose of TIGH Kejons frnplanted 33 80 ke to produce ths
damage. The pittersiis very good at the surfane, sonesistent
fram 500 o 1300 A, and then neardy perfecs at 1800 & ang
bevond, The sbsenve of any patiorn ap the inrmediate
depthy is evidence of a baried amprphous ayer.

To be somewhat more squantitative about the depth
Aistribation, Davidson and Bocker measured the nuraber of
Haes visible In the elsciron chanusling patterns after suoces-
sive removal of 470:& layers of the target. The results are
showx in Fig 34, and give an sxcellent summary of the depth
distribution of damtage asa funotivn ol das

&) Compariroy wilh theore: Since we nve dealing Bere
witha relatively Hgdvlon, recctls are relativaly unbreportantis
deteraindng the duraage Serihutiony, so wenas use the Brice
surves of {8974y} to estimate the coharacteristics of the
damage. Acvording to Brive, an 30-keV Ne fos has & peak
{80 dx) of appradmatady 248 oV A at & projerted depth of
~A00 &, falling to 30 6V /8 a1 300 & and 1300 &L (85 d) wt
the sucface s about 18 #V/4, sod oo the desply penetrating
side the (d9/d8) ewrve falls %o abiont TaVi& at ¢ depth of
~1800 A, From these mumbers we expost & (iin buried leyer
to form first at a depth of 900 & for a dose of ~LIX I
msfem® The tawied laver shoudd extersd from 505 & o
1200 & when the dose fs lnpreased to ANIB lang/em?: and
the amarpheus laver abowld roueh the surface when the dose
sraches 7 X0 {onsfom® For larger doses, the amarphous

1083
Fig, 3¢  SEM detection of depsh distribution of Gamage
in Nedmpdanted S
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Fig, 31, Demsge depth dismibution ohtained from Fig, 3.

3%

haver will slaiply procesd lnto the target, Seing at s depth of
1300 & fora dose of ~3 X 1 omsdo®

Thess predictions f the sxperimental resuits seasoasbly
well, though the predivied width of the amorghous layer is
sreater than the experimentally obeerved width. The agree:
ment oak probally be improved by performing the fme
plantations 8t low temperatires where the damage wouwld be
stable,

V. Awsranss URAzaCrenisyos or Ny
Tusanrrn Brieon

Tt will be sbunduntly glegr from the foregoing sections that
jon-dmplanted oryetalz will normally contale » greas deal of
damage in the sedmplanted state. I the purpese of the fon
implantation. i5 o infroduce dogiog Ompurities, shew this
drinags sush be snovaled In sueh’ & wak thar 1§ implanted
ions will be locurponited Inic slectrivally sctive {usually
substintional} sites in the crystal fattdce and ) residugl de-
fecis gre reduved vy o fovel where carvier mebilities aad Bl
timen are werfully large. In this seption we take up the tepie
of asnssiteg, sur first concern being 1o study the crystalios
sraphin perfection obinfnalle 1o aonealed samples, as judged
prizearity by fransmission slectron mivroscopy. We will then
review the slecideal properties of apuealed matedal gad av
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Figo 30 fHostratieg the Braege sondition for a pair of stoms mpwvated

by wodistenosdn

et to relate them to the ervstallographic defouts that res
madn after annealing,
A, Borie Charasteristios of Transmission Kleclron Microzcogy

One of the frst techuiques that was used to study damage
i fon-implasted sewilconductors and s anusaliog bebavior
was transmission slactros mivroscopy, This technigue permits
ong o stady the natnee of the crya*aﬁinewmamwpﬁs
transition that may oonur duriag bomtardreest, and to idens
tify {at feaat b wome cawes) residual defecty that are present
after various annesling treatments, In this sectios we will
disvuss the type of information that is obiained {rom trans-
mizsion slectron nicrosvopy snd spwmaries the wain chae
acteristios of sxpedmental patterns that are obizbwd from
fondniplanted saraples.

The somplete interpretation of trassmission aleciron
microsenpy i, of course, @ very sophisticaied topic, Howevern
some of the most Importast chavacienisoy of the slaotron
diffraction patterns that are obtained from swfondmplanted
sample can be wnderstond s & superposition of twe *hmiting
casss™: the amorphovs fhw and the parfent oryataiiing 8lm
Gur appeosch iy therefors o present sxperimental patierns
for these two cases, vsing the Reage fas 1o understand and
interpret thelr genersl festures. We then discuss Intermediate
sases tn terme of these pwg¥

1y TEY on dwerphens Pdms Two tvpes of experimens
eally sheerved pattecns wre usually presented fo desoribe the
charactedeiios of 4 specimen: The Dest fs culled & diffraction
pattern {or someplimes cofferdng Paffern), 1t cermsponds to
fow-power magnifiostion 1o a Ught miccoseope aud is obtained
v projecting all of the olectrons that Ermerge from the apeni
men sato the ohservation soreen of the misroscope. The ather
type Sf patters Is called a Bright (o dork} &wc, agrapk, and
s obiadued by prrpditing oaly those elestross that form 2
acteoted area of the dilfraction pattens to reas;i\ the projection

system of the microstope.

@) The daffraction patiors: A diffrac
amarphous il of silicon Is shawa in }\g k.
consists of & ventral spot and & series of conganteie
Dobve-Scherrer vings. The il from which this g

ton pattern for an
’“‘w patisrn
gn, called

d“&! N WAy

3 The description of tronsmirslon slecivos microsoopsy given here s
osly intendad tn provide facts e sm ReQuasiey Lo undnrstand wxperis
mestal resuins abiaided sa lostasplantad samploe. & thorough discussion
of the prindples of TEM and the thevry of duterpretation s > fotand
in R, Hedanrsioh, Fumd dods of Pravsmiission Metran Moroscopy
New York, Interssionos, 1964,

PROSKEDINGS OF TRE 008, szernsasy 1§73

obtained was preparad by evaporating sifoss onte s rock
saly orystal ab room femperaturs, and thes dissciving the
salt cryatal in water.

To explain the characteristios of thia patt@m, it is useful to
sgalize au qm«mmuq filem as one dnowkich there is ao dis
cernibis perlodicity in the srvangement of the atoms. Evendn
sush & flw, howewver, atoms will have searsst selghbers,
nexi-nesrést neighbors, and so oni and certaln {nteratomic
dstances will ccour with greater fregueucy than others. The
Diebove-Scherrer ring siructure 15 o divest conssguence of this
fact

The principal characteristics of the ring strueture cas be
developed from ao applivation of Brage's law. For this pur«
poge we show In Fig 3% a padr of atome sepavated by » dls
tares &y and Mludnated with a parallel beam of slectrons,
Construcuive Interforence of the eleciran diffraction patirns
from the individoel atoms will ‘vecor on the image plane
when the condition

Xy oin # {28a}
5 santisfind, whers § I the sogle ot which constructlve inters
ferencs Hrel cocurs arsd X §s the wavelength associated with
the slectron’s monentam,

A giver ring on the Debye-Scherrer pattarn is obtsined
by superposing the $ffrection patterne obtalved from o
paies of ateeas with an stomic spacing ). Beoaoss the axes
of these palrs arg orisnted st random with resgect to gach
other, the Bragg condition will be satished at every point on
the ring Jor at least sowse of the atom palrs,

For quantitathve purposes it 18 oustomary &
bensuse A&, the Bragg condition reduces m

chserve that,

X el (28
Furthermore, because & in smaall, we can alss write
tan f @ = R/L 3%

where B is the distange from the center of the Image plans to
the polnt at which comstrpctye interfereance oocurss Uarg-
Yaning (280 and (39) we find

L
B oo -
e {3

which shows that distas:
Ly abiaravies in the ohiect.

The quantitanive refating between object and fmage dis
tancey given i (38 can be nsed to estimaie awrags‘ ine
teratomie waurg, nrysiaflite dzes, and other Imporfsat
groperties of the #lm ander ebservattvn For 'dm( purpose,
a pint of fntensity s o3 he made by wovaauding
the optical density of the diffrsction vatters. An deabized
remt Is $lustrated in Fig. 33 for purposss of discussion, The
distepees 1o the lutenslty madms Ou, Ko B o 0} giw‘
sverags interatormte spaotegs (& da » v 1o each of which i
found by using (3.

I the Gl constets of & wmusate of amall readomiy oriented
crvatallites, a Debye EYYRT T ‘ne: paviers iy sl obtained in
which the radial width of s ving (&K} in Fig. 33} s related 1o

S0 the image wlane are reciproval

VETEES T

# Aeenaity, s Fouche sualysis for swast esfoudation of iBtee

atomin sp‘m gr sand :*rvsiai ite Lhyn pAtiETR. THstancey
entimsited  divectly from o w T perser gpiievs for owe forms oo

amyphicus soen are praperty (‘cm‘);m% to shose obtrinsd for other
serrgmaskions sl amerphons sttions,
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E \f\ s
R Ry
T

R Mmatn. ustration of optics! dawelty g

Tk yo-Biherved puilers,

TABLE W3
Avenaos TRITRaToME Sramney o Bvarcraren $ Fuos
"}zv‘ wah Faon Depre-Soumares Rive Pirrses
Biug: I g 2 Apg &
Rivkiay & K ] %
B2 A SRR LIS A
Braitliag | A0S 278
Crgstallisel g qaf .02 L3gd
filivon
the crystaliite sizs & by the equation
{AR) = e« {31
&

From. this relotion it is clear thar the width of the ving des
creases with incrsssiug c:ryzsmﬂi’% size. Apnedled sifiven
crystals exbubiting thin weildefined risgs suggest thas iEm
aonesied wateriat has s nuraber of grain boundarivs within i

It fedlows from this discussion that §} fn 2 troly amoe
phozes stracture (Le, &) it will be very difioult to disila-
guisk the dage from sach other; and 2} ntoms in the eveg
prated silican Sl reprasented 1o Fig 1B} must sl possess
sowie short-feage order, ooy the fing strudturs {8 réasoaably
well deBard,

& careful study of the Debye-Scherrer ring pattern o
tained feom pvaporated X flms has been made by Richter
and Breitling [44] who o the patiorns 1 sompute bath
average wtomis spacings and orystallite sizes {n their i fins
Thele resulte on atomic spacing are shown in Table VI 1o
gother with the spacing between several prominent lstties
planes in silicon for comparisen, Richise and Besithing alsa
conclnded that the aversge orvetalline alze o the svap
orated fiwd was 104

¥} The brighi fold mivrographs The fuct that elecirons are
scatiered {rom the maln beas inio toneeninie tings, spots, o
ather features of the ditfracdon paplern, sugpesis that the
pentral spot in the pattern will st be of yniform Intessity,
To stndy this possibilivy, I3 fs customary fo present a highly
raagrified portios of the central spot or bright Gold mivagragh
Fiag-seale Suctnationy i the Sutensity of the ventral spot can
then be studied in this highly nuignified fmage,

A bright Beld micrograph trken from the sextral spotin
Pigl 1) e shownin Fig 34 aod exbibite o genorsily speckied
appearance with no evident structure, This ks 1o be sxpected
since the electrons that are scattered into the rings come from
all parts of the main beam.

The dark-te-white contrast in ssch o figure van be e
versed, and consdderably greater sepsitivity In measurement
obtatned, by smploving what fs celfed the dord feld ssch-

Bright Gaid iovags wmken frove centrad apat of
the Dlebye-Saliaresr pritern.

Fig, 34

1
¢

¢
% <RREQIMER
o
RIS

L IAGE MLANE FOR SEAELTIVE
LERSOF STROSTGHL

{5 sc"«‘ Y AYETES

Fig 3% Mwstrating the amangenant fov Sark field miernmeopy
ORISR, &
RUAKE | iRt RtaM
Y
L
L T T B S
¥ % % 3
AYOMgEer *a-/ 3
MANER & w8 &
LI
S0

e IFFRAQYRD SE2M

IMRGE

BEAM .
FLARE e £ /
\\w y ——

 OPSRACTION AROTE T

Rig. 38, Bragy condition for atrong diffracton from stosic planes fa s

eryvuraliine sdid,

wigue, For thds purpose, the aperture which sdaoiits lectengs
inty the projection system of the microscope s postidonsd so
that ouly those dlectrons which ars dcuttered Into w apeifie
aren of ons of 1he donceatrie vings are wed to foroy the mage
The arrangement Is shown schematioalby in Fig. 35 In this
confignration, the nage «ill conslst of 2 secies of beight areas
on a dack backgrousd, the bright reglons lecating thoss areas
of the oblent fraan which the seattered slectrons have come

2 TEM v Orystallive Fidme: To turn to the other Hmis
ing vase, we pow cousider the types of aiffraction paiteras
that arg obiainsd for a thin orystailine specimen®® Th present
the Bragg consdition fivet, we show in Fig. 38 & schemats ar-
rangement of vevstal plases with spucing &, with g paralel

B n additha o e pariera dreoribed ey ¢ thick wpecimes wiff also
exhikit Kienchi ooy 'vad basds
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Fig. 37, THustratiny the depandence of Bragg owdivion on

st spardng.

electron basro Incident &b an angle with respect o the prystal
axde dafined by the plaves &s the fgure suggests, slecirons
will be Bragg-difvacted from atoms in the varions planes, with
ponsirustive interfersnes cooyirring when

g = Jdowin & {33

The miost évident festures of the diffraction puttern for such
& case will be a contral sped together with o roain diffrasted

spot {or spots). Bubddisey spots of loss intendlty may alse

appesr, Indicating that for the given § 8 Bragy condiden §s
also satished for higher axder crystal planes

Buch g difvantion pattern iy shows Jor & single oryatal
afifenn specimen In Fig. 40 {region B). The corresponding
selected aved pattern foken fromg either the poutral sput o
the diffracted epot shows a completely wniform elegivon ine
tensity across the extire feid of vlew,

Qo w2 oconrse scale, the appearsnce of such  spot pattern
gives & Bra¥ indication that the spedimes fo ooystalline. On g
fingr xomde, the changes i the spot patbery that oocdr when
the slectron beam is swept throngh the Bragy angle are of
sonstderabls interest. For example, when & e fdorenged be-
yond the Bragy sagle 8, & of the spoty except the rentral
one should dissppear 3o a perfect copatal, However, 3f ga fro-
perfection is preseat in the wrystal, the Bragg condition may
be sattsfed for the Inpesfection, aven though it 15 not satisSed
for the crystal as a whols.

& case of this type Is the dslvestion loap shown in Fig.
7. Hers, the angle betwssn the incident beam and e
seysisl wls Ivessimed to be smaller thai that reguivad by the
Bragy codition. However, the Bragy condition le satiafied at
a parfitular position along the disloestind, o some of the
alectrony that are dlpminsting the dislooxtion will be scats
tered opt of the main heam I the dishocation loop fssuls
Botently large {Hameter ~58 &) o boight fisld ricrograph
taken from the appropriate section of the central spot will
then exhitit dark contrast along ‘the ing where the Heagg
condition s aaitsfied.

B, Analysic of Tan-Faplentation Damage Using Transsission
Elpetron. Micrographs

Uslng the kosgoing ideas as a goide, we now brielly sums
raurize the information on implantation-produced damage and
axneating that has been obiained from TEM, beglaning with
the plonsering work of Mauzey, Nelson, and Barses.

£y Mazey, Nelesy, sund Barsex § ég}: The superimental
techanique used by these authars was a8 follows: croulae disks
8.3 v in diameter and 300 u thick were sltvasonically cut
finm polished single orystal dlives of 3Q-em w- or petype
sificen. The lapped slives were oriented ao that a chowsn
oryatad wane (F130] FH11 or (100 was within £318% of the

8
i

FROOEBEDINGS GF TUE Be, seprewnen 1892

Fig. 3¢ Small mplods of dark conttast sppeating v Netmplasted

mamiple alte & dose of ~30W jonefamd,

norraal to the ervsinl surfice. The samples were thinged fur
electron microscopy by deilling a savcetsshaped depression in
the center of the disk and then cheminally thinniag the specis
men from hoth sides with an HE-HNG mivturs, Thinning
was carried out wotl perforation coowrred in the central arce.

The thinuad samiples were they bombarded at sormal fos
cidence with magretically anabyred beams of vardous fons,
incdufing B9, B, Ne™, 819 and XeP Yarous beam sne
ergiss between 10 aud 88 keV were srployed, the tasget belag
held at coom temperates Ju most cases,

&) Qigptical appearance of bomburded sumples) Durlng fae
paniation, the part of the silicon belag bombarded exbibted
4 continuous change iu color, Snally cutnivg to a charses
teristic Ymiky™ appearance for suficiestly large doses ™ The
willey reglons were fvund to be alightly solnble o HF aad
conld be removed. The smount of metesial removed for a
dose of 382108 PB joas/om® o 40 keV was fonnd by optical
intorfersuce techniques to be 11004 (soe alse Dibbons, Hankil,
and Teurushina {5415

& Dffrection polterss onmd Might feld susrographs for
&FFe VT Ve bomburdmenty Observations of both diffvaction pat-
terng and height feld mivrographs weree when after progres

sive bombardment with 80-keV Ne fons soveriag a dose

range of ¥ o 1% foms/on? and encompassing the grystab
Gnetp-amorphous frangdtion, Seleeted diffvaction patteras
fromn these experimsnts are shown in Figs, 38 and 40,

Fig. 38 iz a celected aves pattery taken after a dose of
18 N does/om® The fgure shows small regloss of dark cone
tragt, having g averspe dlameter of about S8 A, The nwabay
of dark spoty is =X 18 cn?, which b much fess thas
the lon dpse. The diffraction pattern for this dose shows dxtia
diffraction spots at low intensity, bt mo rlogs.

Inereasy of the dose to 10% fovs/en® produces the changes
spmmarized 3o Fig 40 In Flg 3 we dhuatrate the geometry
of the thinned samply, including o mask provided by one of
the hars of as overlying specimen suppart geld, In Fig. 40
we show an slestron microgragh with diffraction patterns for
sreh feglon {mest in the Sgues,

Looking Best st regios O we see that the diffraedon pat-
tarn vonsists of three diffuse. Debye-Beherrer rings, indicating
that the material i this reglon i amorphous, Messurements

B & vpry dlenn mmple bombarded fa an oll-fremrvaowing of stieass
158 oy will ppear mony weesly dlver Wi milly,
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Fig 3% Spedimen groanstry for dectron mbnrosmpe
Investigations of image.

Fig 40 Blagres zz‘zs'crag*aw‘* obtained frem varinas dafined i Pig. 3¢
fellowing eplantaion of 109 Nelousfom? 3t 80 ket inde & reuwms
erpperstivs 8 darges.

meade o these rings glve interatonic spaniagy that wre wdentds
of Richter and Breliling guoted a2 sZ or. By cone
ion Boshows o diffraction patiers that is charanter

erystal silicos, while reglon 4 shows both s spat
paitern and & supsrpossd singatruemre. The maturs of reglon
A was further glusidated by loverting the specimer so thas
the electron betm was tncident on the nonbombarded muface.
The result Is shown in Fig. 41, where concentric rings appear
arovnd both the eentral beams and 2 the swrongly diffcantsd
beasas, This Sgure is cledrly g siperposition of the pattedng
abtaingd iIn reglons B aad €0
£} Anneoling behavior of the domaged regdonss After

sty *wg the asdmplanted samy{es Mazey o ol perfarmed &
series of adnealing sxperiments; atmed primarily st glucidar-
ing the axture of the revovery of a sample which had been
Hbmbarded with suffictent dose to delvie the surfate laveraof
the sqmple amt»rg:hmxs.

Their roswits may Desummarized @y follaws

1 The indiviz‘h*a‘i zones {dark regions in Fig. 38, that
are sheerved fn 8 low sdose Implant, dissppsar when the

sificon s anneated tn g tempersture in the the range 400~

SBUPC, More revent work by Masthews [26] suggests that the
indivisingd sones glve dislocation loops upon sanegling

i) Reorystallisation of a laver that is driven @marpi& L

by ‘.‘m bombardmaent ddes hot secur untll about §30°C
Hiy ifihe an}usg}hvnmﬁv et in formed ou slagle-orvatal ma-
"Wsai as o oreginn & of Flg 33, the r&;rv%ahz sakion conurs

epitaxially un the pnderdying substrate, with a kege nwwber
of didlocation Ioops and dipoles being formed during the
recrystailization. The epitanisl character of the recrystals
Baation i inferved from the fact that the diffvaciion pattern
veturas o a orpstaliioe spot paimm, but some of the spots
are a0l and fsint streabing is present, similar to that ob-

Hateibution d

108%

Fig. &1, unbombsrdsl dde of

cx iy,

served in the diffeaction pattern of & conventiosal vapors

3

deposited spitaxdal byver,

iv} The dislocation foops become larger-ay the annealing
temperature s progressively ralsed fo 3300, Sueh leops
chapactecized all samples aweatigateﬁ Bv Mazey o ol after
ion doses of 2331 em?, 2t all energies between 10 and 0
eV, hrespev L"v" of the o spacies nsed, A representative nop
s akownin ?ﬁ; 42 for bombardment of 3 WS B
wonsdomtat 4& ¥, followed by 3 $-h anveal gt SO°C.

w} Inoregion O where the fon range i& greatsy than the
sample thickness, reeryetaBization of the amorphons ma~
tertal produces a laege sumber of mtadmn % ariantt:e:‘\ oxys
tadkives, The difranticn pattern fof this case shows numerous
spots in welldefined rings, the lattice upzscxsxgﬁ of which are
the sams as thass of covstaliine sllicon.

&) Fméwmﬁmm studize: Mazey ¢ ol also reparted on ong
surlen of experiments performed to stwdy the vature of te
Samage prodused when the siffoos target was held at bigh
temperatury during the implantation. Twoe sample tempiras
fores, K xad JUEC, were chossy, and samp?m held at tlwse
temperatures were Sombarded with Neo It was fousd that a
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P $2,
following irplantados of IXHE B fony v [$11
pEratuee, Sampie sunedlad for ¢k as MRV

Brighv febd wicrograph showisg Sloontion sops and Sipaiss

2% OO teyny

dose of ~d W I dons/on® ruplanted a0 80 ke wes not wufé
fivlent to drive the silicon aerphous, at sither taraperainre.
However, 4 dense dislocation entanglement wea abaerved In
Beeth ases

) Bledaall (O] and Biknell end d¥en 151} Thess
authors emploved clestron micrcesopy o stwdy the defest
strustures that are fermed in annealed borendmplanted wili:
co: Studies were performed on silicen implanted at room
remperature with between 1% a0d 1" bhoren lons/em? at
srargies of 20,35, T and 108 keV. Eloctron smwz«gmphs
were takien on both as-dmplanted sdrmpdles axd alter annealing
ayy femperature o the range S8E-T8OYC for hall an howur,

In general, the sxperbueatal vesadis of Bicknell gnd Allen
agres with those «f Mazey ¢f ol with the Dllowing new fea-
Tnres:

2} Dhuring the ansealing, many bep didovations Iyviag on
$111 7 danes form in the fmplanted layey, aud in spechmens
ii")ﬁiﬁﬁgﬁd at roowm {emperniure thegs foops are alse agsom-
pasied by long stralghtedge dislocatdony rusning in sl the
{110} divestions. However, these long roddike striwtures do
not appesr in samples implanted with phospborne sven
though many more thops dre producid.

by Using aoodic stripping, the depthedistribution of loops
wag msasured for a'dose ol 2R ICN Bitigne/om? ugg;imteé at
A0 eV into 8 dilloon target held st 380°C during the bowme
hardment. By this means i was found that the loop delects
were confimed 2 laver lving betwesn 1003 and 2308 & bee
seath the swiace, with the reajority of loops Iving between
1000 gnd 1300 A, For ccwmparisos, computations of the
energy depositad inte atomis processes by Brice ahow that the
sexinum damege shold ooy st ¥ depth of apprasimately

£150 A

oy
Al

¢} The rod-iike defect structyres, which oas be as leng as
1 & extend cuvside this Jayer. Blavtron: micrographs ol these
3&a tuken frore the very ﬁ"uf"*u}ﬁ study of boroa-implantesd

v Chadderton zod Eisen [44], are shown it Fig 43

a; Tharod-Khestructores do untappdar i thalimplantation
is performed 8t ¥ tarpel temperatire of 280°C, though loops
sre atii formed whose charnator was asosrtained o be of bot
the intersiitial pod vacancy type

e} Uoder all implunt sonditdons, the loops decrease in
anmber dnd durreres S sise from shout 8 o 100 &as the
sam‘;sie:, are yoouenled progressively to T80,

3 Davidton (311 A Terther TEM study of dan

PRODEEDINGS OF THE (RER, syernenny (873

Rueddibe defocty oleerved following B lmolsnistier asd

Fig. &8
anneatitg. For derails see Chaddarvan aud Bisen {$1

TABLE Vi

Lo Rogy Shmeaing Semprektiuse
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dused duriag e implantation was carried out by Davideon
with the specific objectives of determining huw the residnad
defes angealed samaples coudd B related to purameters
snch as the irradiating lon, dose, and axnealing treatment.

Thie sapaples veed by this anthor were (111} polished silicon
slives, both a- awd petvpe; with rmx\:rwmm in the range 3148
Reom, These samples were hradiated at rousm tempersiurs
with B, &L N, P, 8b, Ne, 2iid 5i fony, neing srergiss in the
t’angc 40100 ke¥, Disks suitatde for the elentyoun nitrosnope
spaciomen holder were then sut from the frradiated arses, an-
wealed In wn stwosphers of Sewing nitrogen at temperatues
ap to JO00°C, and jet thinped to transparency in the central
reging,

Various typey of defects ware obssrved, wsing both bright
aud durk-field techaiques to slucidste thelr structurs. Tablp
WIT gives & reswrse of the results obiained, relating defeet
wrructure o lon type, dose, and aswsaliog tempersture. o
spection of the table leads 1o the f&?“'cswi B8 conctuaions:

a3 In noeement wich Bicknell, lung (3 roddike defants
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SIRBORS: IOV INTLANTATION IN SEMICORDUCTORS

B poen m b(if""{*&}‘ﬁ\} soted sarmples implanted at ronm tem-
perature. 'V be new {eature hereds that the sods $sap ppess when
sither 1} the dose i iently mgh or 2} az\mﬂmnb in carried
kst PN, Se comparad to Bicknells maxinmurm reporved
xﬁﬁ‘ip"’"&tlli'f‘ of TRUPC.

3 Bod-lke defeoty wers sh obtaingd for implants
RN 'i r,‘ 3 the dose remained below &I jans/omt
o) Hoddike stractures do aotappesy sxcept Tor the lower
dosn Ne and Bingl Davidson suggests 1hat the relative
cheraigal faactivity of these fone inoan ovdersd siicon lattles
may be resporsible foe the formation of the mé E:Le strugtures.
{n arwgqt of ms g re ;t i » Sme ‘,h 1 & It SErVe 3%

:::

AN

m P

;.\h qp 1GrRE} as}d in SGIR Casts dﬂ"ii‘)
c;isimmm ng &8 the annéaling thmperatwy

e} Foravery ion except boros, the highest d fi
mdnwd 2 \n\‘r“i‘: fryegular stmxmf'v m ‘m*ta?aiac{ croatals,

The neyst i%rapmc character of the highly ireagular
atructure §s duckdated lo Figs. 44 and 45, Fig 94 showy a
diffraction pa i‘ 1containiog a lnrge number 0? thin brokes

vings. Thiy iadicatey the presence of & number of relatively
barge crystatlites, suggesting that the regrowth of the ﬁamm
aged layer oo the underlying subsirate was not epltaxial §

the usual sense. The dork Seld misvograph shown in Rig, ¢ 3
shows white paiches distributed over the sathre wrea of the
saxapie, indicating that the grystaliftes rosponsiths for the ving
pattern are fistributed © ‘a:cmgj‘s\u che reervatalifzed raatesial

Taken together with the resalts of Maway ef ol wlo ol
served sssentdally cornpivte vavovery of the rrasmitted inage
for sammewhat fower doses (but stilf suffcent to produce an
amorphons fayerd, sus s lsad to conclude that there are ¥des
gress of amor phw,mz " insolar as epitaxial vegrowtk of the
Jamaged dayer Inonuge eé When too mueh diserder s intree
Juesd. the regrow Li‘ mare nearly polyoryataliine:

This sesult fs ,\\f practical signffcunce for the following
peasont we will see i the next ;Mmémgx‘x that & high peecenty
age of g fmplatad species n Incorporated fnto slectricalty
sctive sites i the target & deiven amorphous beforse It i an-
sealed. The HI% result suggests that sther properties of the
reorystaiBzed layer, perhapsinciuding even electeinal aodvity
0' t?se imgz}"z,}tm a{}f‘-cis‘ 'wiii be oritlealiy sffected by the dose

2

(. Elsetrisal Choractoristics of Aunenled Wolerddd

By now a great deal of sxperirental data Hay bess pobe
fished converning the electrical chsravteriatics of  well
asnealed fon-implaated siicon. Mostof thess date bave been
ahtaiged E‘;“g studying the saaferdy corrier proporiies of ag
for-broglanted layer with & view toward determining the an-
nealing ronditons uoder which 13 a large frantion of the im.
planted. species an be Incorpurated into elvetrioally setive
Cumnatly substitutionsl) sitesand ) values of majoritycartiar
mobility that are nomparable 1o thewe o sppropriately doped
balk inatecied can be shisined.

Briefly stared, the resudts of gll of these experiments lead
e the m‘iwma conalusioas:

a) If the i i oo i 's driven amorphons from the surface to
EY duﬁpt!}\ I} byfors annealing {eithes by the implanted fons them

v borrhavde ﬁ @

annenied for 4 &
& winsing in THETON

owih of amar

Trark fadd sdorogmpd mhen from mafor ting of Fig. 44,

selves of by @ suitable dose of 81 or viher inert lon), then &

S Eﬁnrn}p anngal will recryataliise the amarphous layer
epitanially (though the regrown Jayer may perhaps exkibiz

mdorotwing sad stasking fanlts). Measuranenie of differential
carsfer conventration and Hall mability velng anodie sectiba-
ing tochuigues show that for B, P, &s, 5b, and B ¢ large pro-
portion of the lons within the reprown aver e locorporated
Inte substitutonal elentdleally active sites, even for pask
eoucentrations in excess ()f EL -t Furthermore, vary litte
motion of the inplanted species sicurs during vegrowth, so i
the allivon s made adorphous before the Impusity fons are
tmplawted {by ;gfz‘,~§i}1}:t§arxtirzg for exampﬁe‘;. the rangs
i be close to thad predineed by LAS

disteibption will

by I the silivos ds not deiver amorphous before anuealing,
less electricad actbvity nuurlly resudts. Theexacvefect dogends
on the fou and the annealing conditions, with horon being gne
of the most woieriogs~betwesn 50 and 100 peroent activity
i the smorphots eoadition fv reached prior to ansealing and
freguently lese than 19 percent otherwise -tég(sisiw awszz,éng‘
{i.8., & decrease in oavrier cohosntratian with an loorenie in
annesling termperature] Is fracuenibye observed in the 30~
TROC temperaiure rangs though reassuable slestrical ac

’.1
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080

gty can atil de obsained M sseeating is pesformed at veps
peratures in the 8P range »

¢} Even when the sificon by driven semorphous to g depth
X3, theye will be a porifon of the coystal beyonsd the amarphons
fayer that is heavily demaged buet nut amcrphous In this
wransition region, the majerity carviay electrics! praperties will
he trap domivated uniil aw annealing temperature of 800~
QUGS s reached. Important minority carsier trapping efects
may peralst o even higher annealing temperaturss.

In what follows wo concenteste primarily on the experi-
menial evidence that supports these confusions, giving duly
& brlef disoussion of proposed sxplarations for low elctricd
achivity at the end of the sertion,

3y Influsnce of e Amorpboys Fhagel The frst work tw
clearly point out the importance of the amorphous phase in
clisaininy high slecteingl activity appears ©© b that of
Blambres & ol (48], @il the modt thovtough experiméntal
trentment avalable i thay of Crowder [46]0 A key paper Has
alse been publisked by Davies. (53] whe pointed sut the
advaniape that could be oshiained by implanting boves lons
at a low temperature {~198°C), where lghidon damage ia
stable and the long themselves can mabke the allicon amor-
phous We reviaw these papers fest o fustify conchusinss a)
and ¢} above,

&) Blamires, Motthews, snd Nelvon (881 Thest authers
Best studied the effect of varluns annealidg treatients on
sampies that had all been tmplanted with boron ton dose of
0% fonsfom? gt an energy of 48 ke¥, The boplant was peie
formed o room termperaturs, sffer wiich separate sumples
were they aonealed for 30 sin v 305, 300%, aad 1000%C Fig.
& shows the cacrter density profile resyliing sfter eank of
thess anaealing steps, {rom which U ia clese that jesy than
4 pecentof the implanted fons are eleatrically active efter the
§30°C annealing step. The percentage of boros dons that 8ad
thede way toslectrioally gotive sites {ncreanes s the anncaling
remiperature i¢ inoreased, nlimately reaching about 60 pees
cont after 2 30 min, WHEC anneal, though there ts alsa very
vonsderably imprity redistnibution nocutring dus to thermal
HiFngon,

The tmportanee of the amorphous rendivdos sshown ln a
seecnd expediment, which conslsted of bmplanting Ne at 2
Jose of 0% fomafom? and energy of B0 eV inte a roums
temperature sample that bad alrsady heen inpdaated with
I0%¥ Gtoron jonwfom® st 40 ke {ss previousbyl. The mesns
implanted sample was then annesled st €30°C for 30 i,
after witinh anodic sectinning measurements gave the parsier
density profile shown by the heavy soltd Hoe v Figl 6, The
perosntags activity has deen fo about 20 pereent fropn the
previous vaiue of 4 peroent, sud the carvier denalty Is approsi-
mately Gaussing with parameters that sve pradivied by the
theory ¥

The data of Ravidson and Rooker {Fig: 34) show that the
nean fmplant bag driven the silions amorphous 1 g depth that
will fnclude wmoat of the borss foas i the anunphous laver;
fulinwing this steg, epitaxial vegrow th hag locorporated & large
praportion of these lony in slectrically sotive sitew
{0 This suther tmplanted 2R commondy
wsed Group [ and ¥V slements jato both crvstalline and
amerphous sifcon targets, sanealkd the Implaoted samplesat
SHO°T for 30 min, and thew measursd careler sdepsity and
mohifity profiles by di¥erentnd sonductivisy and Hall-effect

81 Croweder

B Mare rocent sxperiments suggest that ar even higher perosniage
sinetriral sontvive wounld have resuited had the &rn<3s3)hix§n§ implantation
B poriormed with B fons, Bes Sor exsagde Bawer {361
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Fig 48, Hale saosatsriion profiisg obsaiosd following various wodaaling
freatments, For datails consy  Blansfres, Mwtihows, and Nalsen
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Figo 4% Ny and g versus sosealing teespersture fue A8-keV It
vlanted o grmorpheie B (fiflod oirclsg; (009 jowe doms snd g e
ralline B1 i6 a raadwyn direction {open tteggien: 0¥ foneomd), The
impdanted 8 dos fof aped drcles was 108 long/fem?d Al Bapdantss
sions werg tomductsd an room JEmpEeRiTE

techoiques, Forintermadivte to heavy fons sush as By, As, 8%
and B, the lon doses wead were themselves suficient to drive
the crvstal amarphons o 8 depth that fnchuded most of the
implanted ious Forlight lons, 86 smorphous ghase was pre
pared oo orystailing silicon by mpdaating 109 8 fupsfom® at
g onergy of 300 keV, this freatment renderiog $he silivos
amorphons o s depth of 048 g,

The effect of the amorphous layer is again wost clearly
apparent.in the case of boren, as shows fu Fig. 45 Here the
heet oarrier doosity {suwmber of holes per squurs ceatimeter)
iotted against annewd tomperaturs for dozes of 1D and 10
oron oes/on® nplaated gt an endrgy of 138 heV. Hasens
fatly 100-percens ebectrical antivivy is obtained for implants

Intn e amorphous target following & 8300 30-nin wsnassd,
white & SOC acsnesl iy uscessary o obtaln 100-purcent
sctivity # the boron s Poplantel it & romm-temperaturs
erpstaliing targst These resulta also agree well with those of
Davies {851 who 35 able to obtain an stmorphous plase peise
tn anuexling: by Implanting 19% B longfom® dnke 2 slicon
ervstal bebd sp - IWEC, after which 2 80D 3min anseal is
suffivient to achinve essentisliy 10G-pereent electrioal sativity.

A secnnd polnt of isterest; feading to conglusion o} shated
above, Is seen in the careler contentration profife sbisined by
Crowder for ¥ ions implasted Into amorpbogs stlicen 8t 38
energy of 288 keW (Fig. 48). At this cusrgy about § peresnt of
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Fig, 48 Depth vaslaston of e warrier soncentantion and Ml rashility
for smorpbous St impdanted 37 HE 8GRV PR famsfom?. The
Sepin of the asmorphons J yer wis dotervgdoat by laterface Tiages
i opticnl abewpdion specten py ghown §y the areow, After Implastas
o, the wadsrs wery gnrealud ar S0 for 30 syin. The dashad Boe
mepronesis & s fsn s ppvoariwadisr b the los profiie, The sobid lasx
reprerenty the modility canpitad for hatk Mof comparable resistivivy.

the implanted tone shoudd coms 16 rest heyvond the amorphous
faver, The variztion of vonductivity and Hall coeffivient after
& S0 3lhwmin anoeal show that all implanted. phogphorus
fons are in slectrically setive sites bn the regrown amerphous
Iaver {0 0.6 1) bt hevond this point thery s 3 reglog of
Bégh resietivity in whish gheet resistance avd Hall coefickmt
remained constant e lavers were removed. Alter passing
through s frazsition ceglos, soermal behavior was agals
shtaived, Crowder Interprety the transition regivs a8 belug &
heavily disordered laver o which defects that have not fully
angealed after 2 $PC 30-min treatment compensate the im-
anted phospharus jons. Normal electvival acivity s ob-
smdned in the transition region after s BOOYD 3min an~
acal {471

For pragticsl applivations of fon implantation, thy {ellow-
ing conslusions draws by Crowder are espadally gseful:

it For Bh, By Al and Hac sl of wikch have g Jow solid
siebility at slevated lemperatures, the mainnm slectrically
suiive fraciion ds obtadaed by annealing at lemperatures wear
ST, where epitaxial regrowth of the amdrpheus layer vo-
curs. Higher asneslisg temperavures seduee the slectrisally
setive fraction.

3y For B, &s Sh, and B essendally 100percent electricsd
activity is obtalned for jons bying In the ragrown reglon up to
peak noncentratons of IO em® {4 X 10 omt for B, As,
sad Bhi.

Hid 0 all Gronp T slemeats fmplanted, ooy B could be
obtained slectrically active and uncompensated at high cone
cestratings (-3 XI0 e, following implastatien st
amsorphony ¥ and armealing at S60%C,

2y Blecteical Loty S0 Twmplentsd Layers that are nal
Drivers Amerplous Prioe fo dunealing: We Turs now 1o 3 te-
viawe of studies that Hnstrate sad analyvze both the low slen-
trical actvity and the reverse annealing effects thatoan occor
when the silleen i3 not diives amorphons. We coneern our-
selves with horon, plosphorus, and arssoile tmplasts faes
rons-temperatary wiicon terghts na acoonnt of the Importands
of thess dons in practical applicatinas.

o} Sefdel and MasRee (48] The sffents to be deseribed
are west sppsrent for boros<mplanted sificon, which has
heen thoreughly studied by Seidel and MaoRas Their ex-

b3 2t

THIGH TERS
ATER”

PP

FRAUTION DF FREY
CARRIERE ¥8 ARNEALRE

¥
§ § TERPERATURE 1
N . EmONRY BORON
Heegon ¥ Q%Wu‘gﬁﬁm&ﬁx RhxaV UDROM
§ TS'S" 3285
§ i
1y ¥ 30 min
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AGQ G s e BRSO
T, 1%¢)

Fig. 4% lscchrows! aunewiing datz of Seidsl and MacRze YL In-
ssnted species: 150-kaV B Aagesding time is 3 oia.

perirmests were perfovmed by Guplanting 1804 horon {ous
stdames of §XERR, 189, and 1 fonv/ore® Inlor s rovmm-tame
perature silionn terget and thenssarrying out both fsuehronal
and jscthermal annealing expesiments. The resulis of the
fdochroun! experiments are shown in Fig, 4%, whees the wisl
fractional anlivity {(F/P=number of holes/cm¥idoss) Is
pivtted as s fuscion of temperatuwes. Mmin annealing e
tervals weve smployed ateach termnperature.

To dfaciues the Jaty, Seidel and MucRae divids the e
peture axis tnte three distingt reglony & indicated on Fig.
49 aad make the follywiog remacks sbont the separate re
sions:

i} Yo oregion  the lsgresse in @ with tewmperaiurs arises
from the snnesling of compensating damage clusters. Thia
conclngion follows fromy the fact that the horon substitetional
density ay owasuwred by chasssling rechniques decreanss
shighily, aoad the carvier mobility as wmeasured by Halt effect is
weryt ow,

#) Tn oreginn B0, the reglon of negative amnealisg, the
mobility dlegs o bulk values, asd the substitpiional boron
concenteation desreases markedly {48] An foteresting fes-
turs reveglon T s that, after an anseal of S8U0%Y, the oserler
mobitity corresponds o the valee expeated for the fonieed

i) In region S allof the horon lone hepeme elegtrically
acxive and #%->1 for snasaiing temperatures on the order

of BHO-HRXPC,

{t dmalso interesting to nobe that both the amonnt of pegas
tive anuealiog aud the femperature for Plh-percent electrical
save fusctines of the doge. In partiontar, &t g deose of
=1 favisem?, au pegaiive annesling Scenrs, g fast that iy
usaful for applications of Jowsdoss boros tmplants

Fram thelr fothermal data, Seidel aad MacRae sxtrant
an activation anergy of § oV for the annealing provess and
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also deteeming the time reguired for the annealing to advancs
1o g stage wheve 80 percent of the injected ionn are lectrically
aotive, & wvery uselud plot of these latter data is shown in
Fig. 50, where the time for $0-porpent sleotnioad sopivity i
plotted agalest dose with asneal temperature a8 parametar,
A horizontal Hae reprossuting 30-min annealing time cant he
superimposed on thelr Biure to {acilitate comparison with the
ssachronsl dats given in Fig 45,

Seidel and MacRae ace able to laterpret thele daty by
sssuraing that Sestorder anoealing Snetics spphy, but that
the annouiing time constant Is & function of the damags level;
ie, the annsaling Yme for a fxed-percentage slectrical ao-
Hyvity in 3 region of Hgh damage is longer than that for g
repine of ker damegs Suppors for this viewpnint 18 fest by
the fact that the best ft for thelr data ia obtalned with a
spatial distribution of znuealicg tims conganss thav has it
masiraunt Jdispiaced toward the surface by an souount that
ix ounsistent with the damage distribution theéory presenied
in Section IV.

51 Crowder and Morehend [811 Turniag vur attention
aoew o phosphorps tmplants, we frst veview the wourk of
Crowder and Morehead, who stndisd the anseal behavior of
-30keY P implants into 3 soachasveling divection &
roometemprrature siicon tavget, with doses sovering the
viage from 33 10% 16 X0 jonsfoem® At the lower end of
this dose range, the dumage prodived by the phosphorus long
s iusuflintent areate 2 continaonw amorphous layer (el
Sectinn HIEL sud results simlar to those of Beidel and
MacHae arve obabred, T particular:

1 For doses fosd than 3018 P owmnsiem?, Crowder and
Morehead ohtaln “snbstantiaily complete glectrical avtivity”
following & $0-min anseal at $80°L, (Compars this vesnit with
che duts of Sisdel end MacRae, who obtain Shpercenyelun.
frival gotivity for @ dose of §241012 B jousdom?, ollowing o
Hremin S0 sonesl)

) For doses botween 3109 and 3xI0% Filonsiom? a
30-win 3MC sunes! produces gnby abovt $10.perosnt glees
frical activity, However, the clectrizally antive fraction in-
creases ay the anneal enperature s incrensed, wih the figal
resslt that B perceny of the bupdanted wus wre alectrionlly
active after & Memin grneal gt & temperature beiween 80

B

PROCERIIHGE DF RN YEER, SERTRReRg 1572

sl 50T, Generally speaking, in this dose vangs, the Jower
the dose the lower the asnes! temperature that is requiesd o
obtadn 3 given pedosntege slecteioal activity.

i) For doses greater than shont 109 P loasfond at feast
80 percent of the implasted tons are slectrinally antive fol-
fowing a 30amis SO0°C annesl, as is expected feom the fant
that these soses are suificient to doive the silicon smaorphons.

Crowder snd Morehead ohtadned completely shmilar results
with As lmplants, with the dose for 3 ghven efect being lower
for &s implants thas for P impdants due to the fact that the
damsge produced by individus! As fons s gregter than that
sroduced by lndividual P lons Briefly, thele vesults for &sim.
plants were as follows. For doses in the range of 310 w
AN Ag tongfom?, the stlicon fs wot deiven amorphous wd
jow fractional electrical activity is obtained wntd relatively
high annesling terperatures are used. As & cuse {n paoint
Lrowder and Morehestl obtade shout Ihpercent elactrival
activity for & doss of I As fousfem® following

3 J-min
anusal a3t 3300 The slestrical sctivity Innrsases 1o about 3¢
peroent at an saneal temperature of 800°0 sad reaches about
T3 peroent &t wn saneal temperature of 8O0 For doses
greater than 3NI0M As fons/om’ 3 rostinuous arsorphons
laver s produced and kigh slectrical sotivity vesults whes the
sample fv annealed ar $0°C for 30 min,

) Awdersson and Suwenson (821 Experirssnts that gen-
eralfy confirm the results of Trowder and Movehead, and o
addition shed some fight os the physinal progssses taking
olace doring asnealing, kave hesn porformed by Anderseon
and Swenson, These authors stwdind the annealing behavier
of St-keV P implants into a room-temperature silicon target
sy a dose range of 10¥ to (0% P loasfon smploayiag ane
nealing temperatures in the range of $30° 1o T3P0, Following
a 30amtn SOPC wwneal, they fnd & fracticval slectrical as-
tiviiy of ~80 percent far a dose of 1 fons/om?) 41X percent
for 3 dose of 35 long/omt and 40 percent fora dose of 0¥
innadom {This last pereentage doos not dizagrse with she 8-
percent Sigore shisdned by Crowsder sad Morshead, since the
aueniity measured by Sodersson and Swenson s sheet car
rrer density. Foe g 108 om? 30keV P obmplany, 40-perosat
shaet carrivr activity actually correaponds 1o about 8-prrcent
of the fmpianted fons in substitutitnal powsisus, sinee the
smplanted stlicon will be heavily degenerate under these {me
plantation conditieasd

Andersson and Sweuson alse messured sheot carrler dens
ity and carcier peobility as s fosction of tempersiers from
& K to room temperaturs; aod on the basds of these messwrse
menty they conluded the following.

i} Seattering certers with & compensating slectrival go-
sivity are annealed In the temperatore range from 480 o
53090, bwcanse hoth the roobility and the shesr carsler den-
gt are found o ineresss i this rangs.

H) At annealing terpsratures above 3O87C, phosphorns
atgrea are Deing tanorporsted inte elecirieally sotive sltey,

W

~3

singe the sheet carrier deosity vises
crenses significaaty,

These cheervations are i gersral agreement with those of
Seidel and MucKay, though thers Is no syvidense of nagative

aunealing in the work of Andersson and Swenson.
e

s {and sherefore lowovalume concenivations of the
injeciad iow), betwers S0 and 70 persest of the implansed
fons cay nearporated fnte substitutonal wees following 8
Aemin asneal 2 terwperaturs ol AN, Weparoant sles-
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trizad antivity can he obtalned by locressing the apnsaling
temperaiucs to B0-300°C. As the dose is lnvreased; the elec
wically active fraction 8t any given anneal umperalure dae
wrenzer, though $Q-percent wntivity can still Be obtadned i the
anneahing iy carried out ot & saffictently High temperature for
an wdequately loug pesind of Hme {(of Fig 5304 Flually, § the
implantation conditions ave such 85 to produce ¢ eontiaucus
savorphous Tayer, high slectrical antoity ixobimtned followiag
2 600 I0xuin aaxeal, &t least for thuse inna that Se within
the regrows jayer

& Characterdutios of damvaled Lavers ot ars Subjoted o
Fusther Rowbdardment: losight inte the sosdittons that
produce segative supealing and the annesling mechasisms
that operate during the Jow-temperature reonvary of & darangs
layer has been provided by the expediments of Johuson (371
whick we summarize here 1o round oud cur pinture of aaneal
ing pheaomens, Jolinsen's axpedinent, shown schematicalty
i Fig 1% condsted of Intraduding Samege (by § bombarg-
meaty e o previously implanted layer that had been wall
annesled. by sddivion to the estimade of cluster slze deseribed
sarlizr, Jobnson had an established startiag polnt from whink
Be was able o follow the courss of the anvesling a8 low e
woaiores; and e was also able trdwleopendently adiust the
poesition of peal dumage relative to the position «f peab ine
purity dessity by so appropeiste selection of energies. The
resultd of his experimments with regard fo damage ansealing
may be stromarized as follnws,

2} Ao snncaling slep ooours at & texperatee of 158+
3I00°C, which can be identificd with the anuesling of & va-
ancy-impurity pair {of. Fig. 4} This result was obtained for
By Poposnd Asimplanted layers

L} Megative anvesling is obtained when there {8 % reas
senaldy olose maich of the damage and doplug prefiles,
not stherwise, Ta gl canes where nepative radealing wasob-
served, the negative sanealing was fwought fo completion
by & 3%anin anneal at g temperature b the range of 400~
[P,

£} In addition to the negative ancead, them s swoeth
sansal that is appsrent thronghout the 3067000 tempera-
ture range. eading to g fnal reepvery of conductivity that
s ahout ) percent complete At an sanssl temperature of
FORUT e, 60 percent of the toss uf coxtuctivity following B
bombardeent s feopverad following 8 3eade 7O anvsall

Jobamon Interprets the smpoth asnsal a2 reorystadliss
ton of damapy clusters that lave » disteiboton 3o size, 40
Itergretation that s in gqualitative agrecoment with the ree
erystaliization fomperature estimates of Nelson shown in
Fig. 1.

4 Poreidle Bxplonations for Negaiive Snunecling: Wenon.
vlade this sectinvg with a brief speculstion as to why & mateh
between damage ss‘ar} impurity profiles should beoa wause of
aegative apnealing: Two wechanisos have so fur bess pro-
posad. Fromy thele abservations of chaages in the intarsuitin
B sud B concentrations made by channsling measuvements,
Morth asd Gibson 48] suggest thay reverse annealing is due
to a Watkins replacement merhasism, fo which the =i§i<‘:m‘3
tnterstitial jons that promate the replscemsat {see g ¥
are obitalned frowm the aunealing of damaged olustera® This
5 s atfrdotive explanation, but does not dhearly soconnt for
the poncenivations dependenns of the phenomenon.

Ax altersate cxplavation. has been. propesed hy the
swthor [0}, who supgests thet divosstios Hues amt loops

¥ A smliar exptasetion has Wew prapowst by Fiadds of o [$71

1083

formed duriag annealing way wovide sltes oy the preferantial
sdsorption of implanted ions, zepecially when there is & sige
nifcant sve mismateh between the zmpﬁ‘mwé jox and the
host atom The physical bads for the mods! s suggested in
Fig & where § 3s seen that wrong-dloed atome #il be pra-
ferentially adsorbed o distecstion loops to mindmise the
strain energy.

Toghvr 8 remiguantitative sstimate of the probalde due
portaoce of this effect, we spploy » formnly derived by
Hivth {38} foom which one can sstimste the number of fme
purity atoms A that will be adsorbed on & dalocaton loop
of fength & I thermal squilibeiun, the formuls bedng

(G @

& radine of the dislocation lsep;

v eauilibricm distanes between bost atoms;
& average concentration of Impurity;
&

wherg

.6 533‘.3
# = ;w = ).

{34}
Tre {34), o 3 the volume of 2 solate ¥lom, 7y is the volumenl's
host stonn, & In & Burgers veotor whose magsitude ds ap-
progimately squal o the interatomic spacing ia the orystal
and g Is 5 shear constant. Some especially interesting features
of (3% are that the number of adsorbed Impurity atome da
progortional fo the hmpurity concentration, faversely pro-
portionat fo the square of the abslute temperatuve, sod
proportional to the squiare of the differense ta valimes of the
two atomio gpecies,

I we sssume that damaiy closters do ot wveriap, aad
that sach imgdanted don peoduces a J00-A-dinm dislocation
Inup after anuealing, then the fractional sumber of Tmpucity
atoms adsorbed perwnit velume s

x

{35)

o0 -
o 16 X O - fag}[ }
- K}

where v, and £, are the realil of the Impurity and g@liicow atorms,
rospectively. The assempiion of nonovedlapping damage
chisters wakes the remdt applicabde primanly o wmoderate
dose implantsy to Hot irsplants; or fo the hexvlly damaged
trausition region betwees an amorphous laver and an uader.
Iving covstaliine subsbrate, However, within these Heitations
theory §ts experiment reasonably well In partiodar, the re-
sults of Blamires of af. guoted sarlier show that the slecteivadly
inactive fraction deoresses from 0.96 to Q.81 to €43 as the
temperatuce s inoesased from 600w RBF to HRET, Accur-
ing o {33), the product of the insctive fractivn sad the
{ahsolute temperature)® should be ponetant, a pradiction that
fits the daty reasongbly well, The soncentration depesdencs
also fils the wochronal data of Seidel and MacBas at aeoesd
temperatures {n the tange of ~800-B00° when the spetial
distribution of fmplanted fons I8 tucluded in the sstimate. &
correlaticn with thelr dsothermal date i nowe difcalt o
wiake, buvsuse i fo ificult fu inclide changes fn woisd dise
focation loop length that will ooy for org anncal times:

Soplineiion of the adwrption theory te otler foas isoon-
tabned iw {@)
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The state of our knowledge regarding damage production
in jon-implanted silicos is approvimately «s follows

1} Both theory and sxperiment suggest tHar nlvidng!
heavy fous implarted ot roons temperatare 86 g nonchag-
neling divertion b silicon prodise heavity disordersd damage
clusters that contain both sdmple defects aud regions with
propecties that approsch those of amarphons material

2y Boath theory and experiment suggest that hwlividual
Hght fong Implanted ot voorg temgeraturs into' g nonchannsh
ing divection in siliven produce damage clusters that sontaln
;e.svms’zis strnpde defects, some of which are unstable 2t room

tomperRinre. As 2 result thess roay b constideralie rooms
temperatnre annealing, and chister overlay {s vequived forthe
fés’maticm of amorphoes reghons.
3 A spatial distribution of damags arises from the fant
ﬂ‘o‘." s}*w 5 @ spatial Satribation of o stopping podots, The
charseterivtivs of the damsge disiribution can be cotiraated
with fade acourany for any ion-substrate combination from
the theory of Bigraund avd Barslers, and with betier sconrany
for Bght fons from the theory of Belce The primary energy-
deposition profils provides o frst approximation to the dame
age distribution and ran bo singly estimated directly from
rangs tabiee

§) Lrystallive silicon can be deiven amorphous by & syl
ficienily large fox dose. The eritical dose depeasds on the fon,
the substrate tomperature, and the doss rate, the latter pa-
cametery tning pardionlaly Hnportant fora ghtion: & cone
vesient sritecins for the production of amurphous material
fn sltuations whers sseentially all of the dumage fv stable &5
that the nuslear energy depugted per wnit vedurne should be
308 e Vi on,

With regard tossoeafing:

1} Tsolated damage clusiery wnaval ot dslovation loops
and lipoles 8t temperatures betwean 200 and $M0°C in Yme
pericds on the order to 3 adn. Dislecation networks are still
present alter high-temperature {~~100PC) annealing. wniess
1%3& mx*sezaim;s is oaected put inw high vacwu and the sample

urface da very clean

21 Crystalline sliivon that fs dviven amorphous by fen im-
plastation oan be vegrown spitaxially on the underiving
crystailine substrate at temperdturss of about ST in 2
e period on the order of 30 rmin

With regard to the slectricyd properties of kndmplanted
sificon:

1) Under typleal implantation conditiony; defests vvere

ride nny possife chemical effeoty of the implanved fong entdl
s aonsuling temperatorg of about 303AWC §s reached.
Type vonversion fs frst observed at ansealing tomperituees
in this rangd

2} I vhe eilicon ds deiven apprphows priee to aoovallog, 8
farge proportion of the tons iy the amﬁrg}\aus tayer will he
incorporsted into substitotional sitee fellewing 8 S00°C 30
min goneal, even {or prak conventrationsin pxoess of 0% nmd
Howsver, & heavily damaged tranvidon reglon will sxist be-
tween the amorphons aver and the oryvstalling silicon in which
majority currier properties will b2 tap dominated until an
aunealing tempeeature of SN0 is renched. Minority
carviny properites may continge to be trag dombiated beyrond
this point

& 1 the silfcon s not drives morphous prine th anneal-
fog, a varlety of effects may onvur, indluding negative 2o

PROOREDINGS OF THEIRER, sRrrstseen 1872

sogling in the J00-800°C temperature rangs H the dar
ard {mpaity peofiles match pmyasex and 8 fraetionsl
rival getivity that s dose dependent. For fow doses, or mare
exaathy {owwolume concenirstions m the implanted spagies,
SQ-Fihpercent fractional electileal agtivity can be abtained
following w Q70 %0 -~ axneals Ph-percent aotleity oan be
shiained by increasing the annealing tomperature 1o B~
BO0%C. For larger doses, the slepteital avtivlie followiag a
SOC" Wemdo anncal decrewses and may reach valoes as low
as § peroent; but PG-percent achivity wan st be obdalsed ¥ &
suficiently: high sansaling temperature I employed.

We refor the reader to the feratare 53], {84] for dis
cussions on the sffects of shaansllng oo damage produciion
and annsaling.

APERNHIX

{n this appewdiy we wish to el Ritenting W an sppeoxing-
Hon that was used in the selution of the 188 equstions for
penjented-range stativivs given i Part [l sad foindicate
how the sreoy inteodunced by the approdimation may be mind
mized in prant:\ai »:ampdta&*nm of projected-range statistivs,

The approcimating arises tn the svalvation of integrals of
the farm

AN E o Re W

where (X™EYY is the meh moment of & range quantity, The
seopad term fn the integrand, (MEST), reay alen appess
multipiied by the posine of sine of » iahmmory SoREETIng
angle &, depending on the range quaniity that iv bsing oome
;}B&Gfé\

TFo evaluate the iotegral, it le castomary 1o sssume thag
ehe energy travsferred to target swoms in pav,sémg through any
thin section of target s emall, &ﬂ s?ma N E~THy can be
erpanded in @ Tﬁyim sertes ta f TEEh it i, 1o first order

i the Tavlor expansiog,
7 F? g vy + 7B e

f = Y} ~ (UNE) L T

\txus WIE LT e
= ?u.(*’{}
f
HXE)
= e S+ S (A.2)

Thus the Tevier sxpansion permity oy to sxpress the dntegral
in terms of the Sra derivaBive of (8% with reapest o &,
together with factors such a9 5y and 8, which are alse expres-
sible i terme of £, the projeciile’s eeergy.

i the firstnrder Tavlor spprooimation soused to straghify

3l integrals required in the computstion of range staiisdics,
obe ohtalng & series of frktorder S{Heoaraial sgeations for
By, (R, and (B3, these being the gnantites reguired to
sompute the mean aod standard devintion of the projected
rangz., The sclutions to these firstorder eguations are glven
i (28~{33} in FPart L sad are sumericelly evalpated by
Johoson and Gibbons [3] ¥ » variery of o-anbstrate vombi-
aticny.

The resnltng racge statistics have proved o be quils
sogurate as ‘m“sr ay the ratio of the mass of » target ator o
that of the projestils b iérge Goon, g My 3001, However,
when w1, as m the case of & heavy lon implast, it s found

2
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that the sisndard deviation in projected rebge 8% computed
from the Srstorder diferential equutions I5 too small. (A
other range quantities sompated by the Bosturder diffevens
ol equations romain resvonabdy accusste.d When this s the
ease,. the Taylor expansion employed iv the. svalustion of
{ATY puet be osecied to second order in T, and second-order
diferential equations fov sY range guantities will resudt,

The efent of thiv comrection bax been stadied by Brinoe {591
and Fusukaws [88], who fod tae the sooondiocder differ-
extial squations give a standard deviation in projested range
that is siguificaantly i&agw than that computed froey the fivss
arder equations whena < L The probleny bas slse bess studied
by the presest avther {331, whe fnds that, for peact,

% % 353
ﬁ‘g:&f(i o ---‘-—»m§ B [ER Y
24 B
while for an arbitrary valee of 2,
R foyp BBy e
o {w M ] (A%
Ry . % & .j

The svmnbols in {4.3) and (8.8 we defivied by

standard devistion in projested. rauge {called
AR, by LIS,

@

¢p  stamderd devisdon in fotal rengs {eulled AR by
JESY
g =My M mass of target stomylon mass,
M8,
T R 3
{8y + 8
FlE  muclear stopping power at fsitiel euergy
By luftsl svergy,
K rowd rangs,
Ry projscted mnge.

Values cormputad from (8.4} pree quite well with numerical
values abtained by Brice [58] and Furekawa [88] for & wide
vadety of jons in silivon. It alse turns oot thad, g suggesied
by (8.3, rpO¢er when p is small That is, for p <l the
standard deviation is projested s”msge ag computed from the
second-order differenial equations is very neardy synal to the
standard devintion o total range {compuied by either firate
ot sesond-order differeniial pguations). Hesce as 8 convenient
rafe of thuody the atandard deviaton fa projecied rasge
shoubd be taken as the rger of the two sumbers lisied by
Johason and Gibbons, that i,

gl mr et W owd »oay
eftomag’ L edf »oad (4.3}

where the superecripts rofer W scdetiony oltainad from the
frate and secondorder difereatid] cguations, respectively.
The guantities beasing a ¥ supersorigt ave the guantities
somputed by Johnson asd Gibbone [3] The spproximation
giver fo (A4S} will give resnits that sre within aboat 330
percent of experiseatyd valuss {481
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Depth from Defocus Using the Hermite Transform

D. Ziou, 5. Wang and J. Vaillancourt
Département de mathématiques et d’informatique
Université de Sherbrooke
Sherbrooke, Q¢, Canada, JIK 2R1

Abstract

This paper presents an algorithm for a dense com-
putation of the difference in blur between two images.
The two images are acquered by varying the intrin-
sic parameters of the camera. The image formation
system ts assumed to be passive. The algorithm is
based on a local image decomposition technique using
the Hermite polynomial basis. We show that any coef-
ficient of the Hermite polynomial computed using the
unfocused image is a function of the partial derivatives
of the focused image and the blur difference. Hence,
the blur difference can be computed by resolving a sys-
tem of equations. An algorithm is presented for esii-
mation of the bliur in 1D and 2D images. The algo-
rithm is tested using synthelic and real images. The
results obtained are very encouraging.

1 Introduction

In this paper, we will present an algorithm for
computing the difference in blur between two images.
These two images are acquired by varying the intrin-
sic parameters of the camera. The image formation
system is assumed to be passive. Specifically, let us
consider a camera which generates grey-level images
of a static 3D scene. Let us assume the perspective
projection of a real world point onto the image. In
the case of the thin lens, the image is formed by con-
volution of the idcal projected image and the cam-
era point spread function (PSF) g(z,y, o(%,y)), where
o(z,y) is the blur parameter at the pixel (z,y). Usu-
ally, o(«,y) is assumed to be constant within a given
window. Many functions are used to approximate the
PSF of the camera. We are interested in the most
common case, where PSF i3 approximated by:

2 2
1 e_z_iz_

9o (@oy) = P

1

The image intensity at a given pixel (z, y) depends on
the distance z between the camera lens and the corre-
sponding point in the scene (Fig. 1). The relationship

0-8186-8821-1/98 $10.00 © 1998 IEEE
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between the distance 2 and the blur o is given by [5]:

|

where u is the distance between the lens and the po-
sition of perfect focus, v the distance between the
lens and the image plane, F' the focal length, f the
f-number, and k the proportionality coeflicient be-
tween the blur circle radius and o. This formula shows
that estimation of depth z requires the estimation of
f, F, v, k, and o, which are independent of pixel loca~
tion (z,y). They can be estimated by calibration [6].
The blur o at a pixel (z,y) is measured by calculating
the PSF function at this pixel.

The work of Pentland [4] was the first research in
computer vision to tcst the use of defocus informa-
tion as a depth cue. Since Pentland’s work, many
other schemes for the computation of blur have been
proposed: inverse filtering [4, 5, 1, 9], depth recovery
from edges [5, 2], and the S-Transform [8].

Our algorithm involves fitting the images by a Her-
mite polynomial basis. We will show that any coeffi-
cient. of the Hermite polynomial computed using the
unfocused image is a function of the partial derivatives
of the focused image and the blur difference. Hence,
the blur difference can he computed by resolving a
system of equations. All computations required are
local and are carried out in the spatial domain. Fur-
thermore, no image model has been used to derive the
algorithm. Consequently, our algorithm yields a dense
estimation of blur. In the next section, we will start
by describing the blur estimation rule for 1D images.
Then we will present the extension of the 1D mathe-
matical model to 2D images. The algorithm for blur
estimation in 2D images is deseribed in scetion 4. Sec-
tion 5 presents the expcrimental results.

ifz>u

Fv
v—F—kfo
£ ifz<u

—Fu
v—F+kfo

2

2 Blur Estimation in a 1D Signal

In this section we present the mathematical devel-
opment behind blur estimation in the case of a 1D
signal. Let us consider a focused image I.(z) and an
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unfocused image Iy(x) of the same scene. The rela-

tionship between these images is:

I(z) = (I * gp)(x) (3)

where gg(z) is a Gaussian of variance 52 and * rep-
resents convolution. The parameter £ is the blur dif-
ference between the two images. The relationship be-
tween § and z can be deduced. For example, let us
consider the image I, (z) obtained by changing the pa-
rameter v by an amount év in (Eq. 2). The depth z is
given by:

} - e+ 1+ D) > F

SN

(1= f14+ Z2ed00) g2y iz < F

4
This equation shows that the depth can be computed
from the intrinsic camera parameters and the blur dif-
ference 2. It should be recalled that the camera pa-
rameters can be obtained by calibration. Now, we arc =
faced with the problem of estimating 4. To this end,
we have developed an image decomposition technique,
called the Hermite polynomial transform, in which the
image is locally approximated by Hermite polynomi-
als. The scheme involves fitting the image, within the
Gaussian window g, (z) in (Eq. 1), by a Hermite poly-
nomial basis. The n** Hermite polynomial P,(z) is
defined by:

Lo _1
F 2v+-6v

E

Po(e) = (-1 2G5 (®)
n\T) = o2 — g o2
a)n

The sequence {P,(x)} is orthonormal with respect to
g-(x) on (—o0, +00). Our choice of the Hermite poly-
nowial is due to the fact that these polynomnials are
associated with the Gaussian function. Hence, they
have interesting properties and their use in image pro-
cessing is increasing [3]. In this mathematical model,
the complete description of an image requires that the
fitting process be repeated at a sufficient number of
pixels within the window. We will consider the case
of equidistant sample spacing T'. The approximation
of image Ij(z) within this window by the polynomial
basis {Pn(z)} is:

T o ok i en(KT) Pu(z — kT)\/9, (@ — K1)
Zf:—-K A4 g,,(a: - kT) ( )
6

where 2K + 1 is the maximum number of samples in
the window and ¢, (kT') is defined by:

en(RT) = (Is * ha)(KT) (&)

In(z) =

where
hn(z) = Po(z)gs(z) = (— 1)"’ (E)n fa e 5T (8)

Substituting (Eq. 3) in (Eq. 7), we obtain:
en(kT) = (L * fu)(KT) ®

where

Falz) = &

dzm \/_ o
and o? = 02+ 2. (Eqs. 7 and 9) show the relationship
between image I, and image I.. We can use these two
equations to estimate the blur. However, we are faced
with solving a non-linear equation. Now we want to
give a simple form of the relationship between these
two images which will make the computation rule of
3 explicit. Let us consider the Taylor expansion of

I (kT — x) at kT

(95 * hu)(@) = (~1))"0™ Lo~ % (10)

LT —2) = E ol L (kD) ),,1 (p)(”) (11)

where IP () denotes the pt* derivative of I.(x). Sub-
stituting this equation in (Eq. 9), we obtain:

+oo
ea(kT) =3 snp I (KT) (12)
p=0
where Y )
_ (—z)P fnl(x
Snap = /_ e (13)

(Eqs. 7 and 12) show the relationship between image
Iy and image I.. In this relation, a coefficient sy, p is
function of the p** moment of f,(z). In other words,
given I.(z), In(z) and f.(z) we are able to estimate 3.
However, in moment-based schemes, calculating the
moment directly entails a high computation cost. To
overcome this difficulty, we propose an efficient com-
putation procedure for s, 5

--n—1)(p—n-38)---3aP""
(__l)no_n(p n(p_)_(.,f)!;p—v).}wa

Snp = f0<n<pandp—niseven (14)
» (=1)ro™ fn=p
0 otherwise

By using (Eqgs. 7, 12, and 14), the relation between
the two images I(x) and I.(z) is now given by:

e2r(KT) = 33752 527217 (KT) = (Iy % oy ) (kT)
cor4r (KI7) = Z;‘)>v 82p41, 2;0+1I( 1) (kT) =
(Zo + hopr) (KT

(15)
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We are now able to compute the blur difference. For
the sake of clarity, let us cxamine the use of cocfficients
¢o and ¢y in (Egs. 15) as an exmple In the case
of co, we assume that 3° ., so2ple 2’)‘(kT) 0 and

for ¢y, we assume that Ep>1 $1,2p41 1(2’]+1)(kT) = 0

ACCOIdlng to (Eq 14) 80,0 = 1 811 = —0, Sp,2 =

and $; 3 = ——O’T. Thus (Eq. 15) becomes:
{ co(KT) = I, (kT) + €I (kT) = (I * ho) (kT)
c1(KT) = —o I (kT) —a——I”'(k;T) Iy # b1 ) (KT)

(16)
By resolving these two equations we obtain respec-
tively:

_ /(Ib*h(,)(kT) L(T)

A= 03 (a7
or
(I x h )(kT) + oI (kT)
A= \/ R— —ot (9

3 Extension to a 2D Image

The extension of the 1D scheme for blur estimation
to the 2D case is straightforward. In fact, a 2D Her-
mite polynomial can be created by taking the tensor
product of two sets of 1D Hermite polynomials; i.e,
{Po(x)Foly),*++, Pn(w)Prm(y), -}, where n is the de-
gree of x and m the degree of y. Since a Gaussian
window g, (z,y) is also separable, it is easy to show
that {Fnm(z,y)} is orthogonal within g,(&,y). Let
us consider that £T;, and IT), are the sample spacings
in the window along the z and y axes. The decom-
position of image Ip(x, y) into localized polynomials is
given by:

Lz, y) = Zn—O _o

Prm(@ — KTayy — 7)) 9o (z—kTp ,y—1Ty)

W(T g

(19)
where ) N
W(@,y) = Do Dty V00 (& — Klpy — IT,),
(2K + 1) x (2L + 1) is the sizc of the sampling lat-
tice and ¢n,m (kT%,1Ty) is defined by:

Cro,m (kT 1Ty) = (Lo * hy ) (KT, 1Ty) (20)

where hn,m(m’ y) an,m (1‘7 y)gu (xz y) Both
P, n(z,y) and g,(x,y) are separable; thus straight-
forward manipulations, a3 in the 1D case, give:

+00 400

Cnm (BT, ITy) = Z Z 3n,p,m,qféu)(a) (KT, 1Ty)
=0 g=0
(21)

b ¢ 2ot g, Cnym (BT, 1Ty

960

where S, 5 m o i8 defined by:

400 m—2p~qnm$,’l
opma= [ [ L )
(22)
From(@,y) is separable, thus Sppmg = SnpdSme =

Rapid calcula-
The

o (-o)f, © (=9)"fm
= L_.E);!IJﬂdx =, (__sl_q{_ﬁﬂidy_
tion of Snpm,q is possible by using (Eq. 14).
coefficient ¢, (T, IT,) in (Eq. 21) becomes:

o0

[ core(BTe, 1Ty) = 37000
IKZP)(QQ) (KT, 1T
c2r2e41 (KT, 1T,) = 3150
ILQP)(9q+l)(kT lI'y)
Carg1,2¢ (KT, ITy) = p>7
IFPHO@D g, 1T,)
cart1,2041 (kT I Ty) = Z§,>, an 827 41,2p41

S2641,2941 ICPFOCHL G T )

+o0
3ot 2208242

4o
Q¢ 5272082641, 20+1

400
>t 827 41,2p+182¢,2¢

@3

We are now able to compute the blur difference be-
tween two 2D images. For clarity, let us take ag an ex-
ample the coefficients ep 9, co,1, and ci0 in (Egs. 23).
Let us assumc that the image is a cubic polynomial;
that is Ip(,p)(q) (kT2 1Ty) = 0, Vo + ¢ > 3. By using
(Eqgs. 14 and 20), we can rewrite the first three equa-
tions in (23):

co,0(kT o, 1Ty) = L (KTe, IT,) + & VI(KT, IT,) =
(Lo * ho o) (KL%, 11T,)
0.1 (KTp, 1Ty = —o IO (kT 1T) -
e I (KT, AT,) = (T, + ho1 ) (KT, IT,)
c1,0(kTy, IT,) = —aI(l)(o)(ka,lTy)
2 _(1)(9
e LIV B KT, 1T,) = (I % ha o) (KT, 1T,)

where V is the Laplacian. The first equation in
(24) is the same as the one implemented by M. Sub-
barao and G. Surya [8]. These authors propose a
spatial approach, called the S-Transform. They as-
sume that the i 1mage is fitted by the cubic polynomial
plz,y) = 322 _, EHJ, n,mx™y™. In this case, they
show that L.(x,y) = Li(z,y) — B°VI,(z,y)/4, where
V is the Laplacian and § the blur difference. Thus,
their model for blur estimation is a particular case of
our blur estimation model.

4 Algorithm for Blur Estimation

We have presented the mathematical developments
required for the computation of blur. Our next step is
to specify an algorithm for the estimation of the blur
difference 3, based on these mathematical devclop-
ments. Let us consider a finite summation in (Eq. 23)
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for a given n and m; that is p € [r, P} and ¢ € [¢,Q].
The blur 3 is estimated by using (Eq. 20) and each
equation in (23). In each window W centered at (z, y),
we obtain four values of 3, from which we choose the
one which minimizcs the following crror:

Fay) =3 > Io(z+r,y+s) — (Lexgo)(x + 1,y +9)
T (25)

To summarize, given o, T, Ty, N, M, P, and @Q,
the algorithm involves three steps: 1) the estimation
of ¢, m using (Eq. 20); 2) the estimation of four values
of 3 using (Eq. 23); 3) the selection of the best 8 ac-
cording to the quadratic error in (Eq. 25). The image
derivatives P9 (2,4 can be estimated using differ-
entiation techniques such as Sobel masks, Gaussian
masks, polynomial fitting.

5 Experimental Results

‘We have tested the equations in (24) with two real
images (Fig. 2.a and 2.b) of a toy house taken using
an optical camera with different aperture and expo-
sure time settings. The images have 384 x 320 pixels
and 256 grey levels. They were given to us by Y. Xiong
of the Robotics Institute at Carnegie Mellon Univer-
sity. The toy house is about two meters away from
the camera. It is about 2.5 inches wide, 3 inches long,
and 4.5 inches high. The partial derivatives of the im-
age are computed by convolving the image with the
appropriate derivatives of the Gaussian function. The
scale o is 1, the spacings 1, = 7, = 1. Figures 2.c,
2.d, and 2.e present the blur estimated using co,0 co,1,
and ¢i,0 (Eq. 24) respectively. In Fig. 2.c, the black
regions are areas where the blur cannot be computed.
As we can see in Figs. 2.d and 2.e, the use of ¢y,; and
¢ 0 i8 recommended in the case of vertical and hori-
zontal features respectively. The integration model of
the three blur images (Figs., 2.c, 2.d, and 2.e) is given
in Fig. 2.f. There are few black regions in this image.
This means that the estimation of blur is more dense.
Figs. 2.g and 2.h present the blur of Figs. 2.c and 2.f
as a function of = and y.

It is clear that combination of the blurs estimaled
using equations cg g, Co,1, and c1 o leads to more dense
and accurate estimation of the blur. The algorithm is
fast and allows parallel implementation. We have only
tested a particular case of our algorithm (co, ¢o,1, and
c1,0). In further work, we will test other rules for blur
computation.
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Figure 1. Image formation in a thin lens.
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Figure 2: An ezample for real émages obtained by varying camera parameters. a) and b) Toy house. c¢), d), and
e) describe the blur obtained by egquations cog, co1, and c10 (Eq. 24) respectively. f) Ouiput of the integration
model (Eq. 25). g) and h) The blur of c) and f) within a window, as a function of v and y. The window includes
a part of vertical corner of the toy house.
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.USpLO.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

136549 7590 10/31/2017 | EXAMINER |
Pepper Hamilton LLP/SiOnyx LLC PHAM, LONG
Attn: Boston IP Docketing Department
125 High Street I ART UNIT PAPER NUMBER |
19th Floor 2814

Boston, MA 02110-2736
DATE MAILED: 10/31/2017

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

14/747,875 06/23/2015 Martin U. Pralle 143705.05211 1722
TITLE OF INVENTION: Pixel Isolation Elements, Devices and Associated Methods

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE | PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

nonprovisional SMALL $480 $0 $0 $480 01/31/2018

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION ON THE MERITS IS CLOSED. THIS NOTICE OF ALLOWANCE IS NOT A GRANT OF PATENT RIGHTS.
THIS APPLICATION IS SUBJECT TO WITHDRAWAL FROM ISSUE AT THE INITIATIVE OF THE OFFICE OR UPON
PETITION BY THE APPLICANT. SEE 37 CFR 1.313 AND MPEP 1308.

THE ISSUE FEE AND PUBLICATION FEE (IF REQUIRED) MUST BE PAID WITHIN THREE MONTHS FROM THE
MAILING DATE OF THIS NOTICE OR THIS APPLICATION SHALL BE REGARDED AS ABANDONED. THIS
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.C. 151. THE ISSUE FEE DUE INDICATED ABOVE DOES
NOT REFLECT A CREDIT FOR ANY PREVIOUSLY PAID ISSUE FEE IN THIS APPLICATION. IF AN ISSUE FEE HAS
PREVIOUSLY BEEN PAID IN THIS APPLICATION (AS SHOWN ABOVE), THE RETURN OF PART B OF THIS FORM
WILL BE CONSIDERED A REQUEST TO REAPPLY THE PREVIOUSLY PAID ISSUE FEE TOWARD THE ISSUE FEE NOW
DUE.

HOW TO REPLY TO THIS NOTICE:

L. Review the ENTITY STATUS shown above. If the ENTITY STATUS is shown as SMALL or MICRO, verify whether entitlement to that
entity status still applies.

If the ENTITY STATUS is the same as shown above, pay the TOTAL FEE(S) DUE shown above.

If the ENTITY STATUS is changed from that shown above, on PART B - FEE(S) TRANSMITTAL, complete section number 5 titled
"Change in Entity Status (from status indicated above)".

For purposes of this notice, small entity fees are 1/2 the amount of undiscounted fees, and micro entity fees are 1/2 the amount of small entity
fees.

II. PART B - FEE(S) TRANSMITTAL, or its equivalent, must be completed and returned to the United States Patent and Trademark Office
(USPTO) with your ISSUE FEE and PUBLICATION FEE (if required). If you are charging the fee(s) to your deposit account, section "4b"
of Part B - Fee(s) Transmittal should be completed and an extra copy of the form should be submitted. If an equivalent of Part B is filed, a
request to reapply a previously paid issue fee must be clearly made, and delays in processing may occur due to the difficulty in recognizing
the paper as an equivalent of Part B.

III. All communications regarding this application must give the application number. Please direct all communications prior to issuance to
Mail Stop ISSUE FEE unless advised to the contrary.

IMPORTANT REMINDER: Maintenance fees are due in utility patents issuing on applications filed on or after Dec. 12, 1980. It is
patentee's responsibility to ensure timely payment of maintenance fees when due. More information is available at
www.uspto.gov/PatentMaintenanceFees.
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PART B - FEE(S) TRANSMITTAL
Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE

Commissioner for Patents

P.O. Box 1450

Alexandria, Virginia 22313-1450
or Fax (571)-273-2885

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 5 should be completed where

maintenance fee notifications.

apgropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
indicated unless corrected below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

136549 7590 10/31/2017
Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19th Floor

Note: A certificate of mailing can only be used for domestic mailings of the

Fee(s) Transmittal. This certi%cate cannot be used for any other accompanying

Eapers. Each additional paper, such as an assignment or formal drawing, must
ave its own certificate of mailing or transmission.

Certificate of Mailing or Transmission
I hereby certify that this Fee(s) Transmittal is being deposited with the United
States Postal Service with sufficient postage for first class mail in an envelope
addressed to the Mail Stop ISSUE FEE address above, or being facsimile
transmitted to the USPTO (571) 273-2885, on the date indicated below.

(Depositor's name)

Boston, MA 02110-2736 (Signature)
(Date)
APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.
14/747.875 06/23/2015 Martin U. Pralle 143705.05211 1722

TITLE OF INVENTION: Pixel Isolation Elements, Devices and Associated Methods

I APPLN. TYPE ENTITY STATUS | ISSUE FEE DUE I PUBLICATION FEE DUE l PREV. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE
nonprovisional SMALL $480 30 30 $480 01/31/2018

I EXAMINER | ART UNIT I CLASS-SUBCLASS I

PHAM., LONG 2814 257-432000

1. Change of correspondence address or indication of "Fee Address" (37
CFR 1.363).

[ Change of corress%)ndence address (or Change of Correspondence
Address form PTO/SB/ 122) attached.

[_J "Fee Address" indication (or "Fee Address" Indication form
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer
Number is required.

2. For printing on the patent front page, list

(1) The names of up to 3 registered patent attorneys 1

or agents OR, alternatively,

(2) The name of a single firm (having as a member a 2
registered attorney or agent) and the names of up to

2 registered patent attorneys or agents. If no nameis 3
listed, no name will be printed.

%)

. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON ]

HE PATENT (print or type)

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment.

(A) NAME OF ASSIGNEE

(B) RESIDENCE: (CITY and STATE OR COUNTRY)

Please check the appropriate assignee category or categories (will not be printed on the patent) : [J Individual [J Corporation or other private group entity [ Government

4a. The following fee(s) are submitted: 4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)

[ Issue Fee
[J Publication Fee (No small entity discount permitted)
[ Advance Order - # of Copies

[ A check is enclosed.
J Payment by credit card. Form PTO-2038 is attached.

[J The director is hereby authorized to charge the required fee(s), any deficiency, or credits any
overpayment, to Deposit Account Number (enclose an extra copy of this form).

5. Change in Entity Status (from status indicated above)
J Applicant certifying micro entity status. See 37 CFR 1.29

| Applicant asserting small entity status. See 37 CFR 1.27

| Applicant changing to regular undiscounted fee status.

NOTE: Absent a valid certification of Micro Entity Status (see forms PTO/SB/15A and 15B), issue
fee payment in the micro entity amount will not be accepted at the risk of application abandonment.

NOTE: If the application was previously under micro entity status, checking this box will be taken
to be a notification of loss of entitlement to micro entity status.

NOTE: Checking this box will be taken to be a notification of loss of entitlement to small or micro
entity status, as applicable.

NOTE: This form must be signed in accordance with 37 CFR 1.31 and 1.33. See 37 CER 1.4 for signature requirements and certifications.

Authorized Signature

Date

Typed or printed name

Registration No.

PTOL-85 Part B (10-13) Approved for use through 10/31/2013.

Page 2 of 3
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UNITED STATES PATENT AND TRADEMARK OFFICE

UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

WWW.USpLO.gov

I APPLICATION NO. FILING DATE FIRST NAMED INVENTOR I ATTORNEY DOCKET NO. |  CONFIRMATION NO. |
14/747.875 06/23/2015 Martin U. Pralle 143705.05211 1722
) | EXAMINER |
136549 7590 10/31/2017
Pepper Hamilton LLP/SiOnyx LLC PHAM, LONG
Attn: Boston IP Docketing Department
125 High Street I ART UNIT PAPER NUMBER |
19th Floor 2814

Boston, MA 02110-2736
DATE MAILED: 10/31/2017

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the
requirement that the Office provide a patent term adjustment determination with the notice of allowance. See
Revisions to Patent Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer
providing an initial patent term adjustment determination with the notice of allowance. The Office will continue to
provide a patent term adjustment determination with the Issue Notification Letter that is mailed to applicant
approximately three weeks prior to the issue date of the patent, and will include the patent term adjustment on the
patent. Any request for reconsideration of the patent term adjustment determination (or reinstatement of patent term
adjustment) should follow the process outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.

Page 3 of 3
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and
Budget approval before requesting most types of information from the public. When OMB approves an agency
request to collect information from the public, OMB (i) provides a valid OMB Control Number and expiration
date for the agency to display on the instrument that will be used to collect the information and (ii) requires the
agency to inform the public about the OMB Control Number’s legal significance in accordance with 5 CFR
1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete,
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary
depending upon the individual case. Any comments on the amount of time you require to complete this form
and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT
SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box
1450, Alexandria, Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to
respond to a collection of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the
requirements of the Act, please be advised that: (1) the general authority for the collection of this information is
35 U.S.C. 2(b)(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which
the information is used by the U.S. Patent and Trademark Office is to process and/or examine your submission
related to a patent application or patent. If you do not furnish the requested information, the U.S. Patent and
Trademark Office may not be able to process and/or examine your submission, which may result in termination of
proceedings or abandonment of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5§ U.S.C 552a). Records from this system of records
may be disclosed to the Department of Justice to determine whether disclosure of these records is required
by the Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting a
request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to
comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes
of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C.
218(c)).

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, General
Services, or his/her designee, during an inspection of records conducted by GSA as part of that agency's
responsibility to recommend improvements in records management practices and programs, under authority
of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations
governing inspection of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive.
Such disclosure shall not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication
of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a
record may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the
record was filed in an application which became abandoned or in which the proceedings were terminated
and which application is referenced by either a published application, an application open to public
inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Application No. Applicant(s)
14/747,875 PRALLE ET AL.
Notice of Allowability Eé?q"é"%eﬁm ;\; k’mt Aua (First Inventor to File)
No

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
NOTICE OF ALLOWABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308.

1. X] This communication is responsive to RCE dated 7/26/17.
A declaration(s)/affidavit(s) under 37 CFR 1.130(b) was/were filed on .

; the restriction

2. [[] An election was made by the applicant in response to a restriction requirement set forth during the interview on
requirement and election have been incorporated into this action.

3. X The allowed claim(s) is/are 1-2, 4-6, 10, 12-14,17, 19, 34-58. As a result of the allowed claim(s), you may be eligible to benefit from
the Patent Prosecution Highway program at a participating intellectual property office for the corresponding application. For more
information, please see http://www.uspto.gov/patents/init_events/pph/index.jsp or send an inquiry to PPHfeedback@uspto.gov.

4. [[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
Certified copies:

a)[J Al b)[JSome *c)[] None of the:
1. [] Certified copies of the priotity documents have been received.
2. [[] Certified copies of the priority documents have been received in Application No. ____
3. [ Copies of the certified copies of the priority documents have been received in this national stage application from the

International Bureau (PCT Rule 17.2(a)).
* Certified copies not received:

Applicant has THREE MONTHS FROM THE “MAILING DATE?” of this communication to file a reply complying with the requirements
noted below. Failure to timely comply will result in ABANDONMENT of this application.
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE.

5. [[] CORRECTED DRAWINGS ( as “replacement sheets”) must be submitted.
[ including changes required by the attached Examiner's Amendment / Comment or in the Office action of

Paper No./Mail Date .

Identifying indicia such as the application number (see 37 CFR 1.84(c)) should be written on the drawings in the front (not the back) of
each sheet. Replacement sheei(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6. [J DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the
attached Examiner’'s comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL.

Attachment(s)

1. [] Notice of References Cited (PTO-892) 5. [] Examiner's Amendment/Comment

2. Information Disclosure Statements (PTO/SB/08), 6. [[] Examiner's Statement of Reasons for Allowance
Paper No./Mail Date 7/26/17

3. [[] Examiner's Comment Regarding Requirement for Deposit 7. [] Other .

of Biological Material
4. [] Interview Summary (PTO-413),
Paper No./Mail Date .

/LONG PHAM/
Primary Examiner, Art Unit 2814

U.S. Patent and Trademark Office
PTOL-37 (Rev. 08-13) Notice of Allowability Part of Paper No./Mail Date
20171017
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Application/Control No. Applicant(s)/Patent Under Reexamination
Issue Classification | |,747675 PRALLE ET AL
HNN ”””II“ ‘IIH I“” I“I H “III IH “‘ o o
LONG PHAM 2814
CPC
Symbol Type Version
Ho1L e i 1463 F 2013-01-01
HO1L 14627 | 2013-01-01
HO1L 14629 | 2013-01-01
HO1L 14685 | 2013-01-01
HO1L 14625 | 2013-01-01
HO1L 1462 | 2013-01-01
HO1L 14607 | 2013-01-01
HO1L 14645 | 2013-01-01
HO1L 14689 | 2013-01-01
CPC Combination Sets
Symbol Type Set Ranking Version
NONE
Total Claims Allowed:
36
(Assistant Examiner) (Date)
/LONG PHAM/
Primary Examiner.Art Unit 2814 10/17/2017 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 3,6

U.S. Patent and Trademark Office Part of Paper No. 20171017
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Issue Classification

Application/Control No.

Applicant(s)/Patent Under Reexamination

14747875 PRALLE ET AL.
H“l“ ””HII“ ‘II” I“” I“I H “III || m o o
LONG PHAM 2814
US ORIGINAL CLASSIFICATION INTERNATIONAL CLASSIFICATION
CLASS SUBCLASS CLAIMED NON-CLAIMED
H|o L 27 /146 (2006.01.01)
CROSS REFERENCE(S)
CLASS SUBCLASS (ONE SUBCLASS PER BLOCK)
NONE
Total Claims Allowed:
36
(Assistant Examiner) (Date)
/LONG PHAM/
Primary Examiner.Art Unit 2814 10/17/2017 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 3,6

U.S. Patent and Trademark Office

Part of Paper No. 20171017

SIONYX1403000040.0016
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Application/Control No. Applicant(s)/Patent Under Reexamination
Issue Classification | | ;747675 PRALLE ET AL
H”lll ””HII“ |||” I“” I“I H “"I || m o o
LONG PHAM 2814
(| Claims renumbered in the same order as presented by applicant (] CPA O Tb [ R.147
Final Original Final Original Final Original Final Original Final Original Final Original Final Original Final Original
1 1 17 39 33 55
2 2 18 40 34 56
3 4 19 41 35 57
4 5 20 42 36 58
5 6 21 43
6 10 22 44
7 12 23 45
8 13 24 46
9 14 25 47
10 17 26 48
11 19 27 49
12 34 28 50
13 35 29 51
14 36 30 52
15 37 31 53
16 38 32 54
NONE
Total Claims Allowed:
36
(Assistant Examiner) (Date)
/LONG PHAM/
Primary Examiner.Art Unit 2814 10/17/2017 O.G. Print Claim(s) O.G. Print Figure
(Primary Examiner) (Date) 1 3,6
U.S. Patent and Trademark Office Part of Paper No. 20171017
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Receipt date: 07/26/2017 14/7747,875 ~ GAU: 2814
Substitute for Form 1449/PTO Complete if Known
Application No.: 14747875
INFORMATION DISCLOSURE Filing Date: June 23, 2015
STATEMENT BY APPLICANT First Named Inventor: Martin U. Pralle
Group Art Unit: 2814
{use as many sheets as necessary) Examiner Name: Long Pham
Sheet |1 | of [ 2 Attornev Docket No.; 143705.05211
SOCUME
Examiner’s | Cite U.S. Patent Name of Patentee or Date of Pages, Columns, Lines,
Initials No. Document Applicant of Cited Publication of Where Relevant Passages
Number Kind Document Cited Document or Relevant Figures
Code MM-DD-YYYY Appear
(if known)

Al 4886958 Merryman 12/12/1989

A2 5351446 Langsdorf 10/4/1994

A3 5641969 Cooke et al. 6/24/1997

A4 5727096 Ghirardi et al 3/10/1998

A5 6327022 Nishi 12/4/2001

A6 6331885 Nishi 12/18/2001

A7 6340281 Haraguchi 1/22/2002

AB 7800684 Tatani 9/21/2010

A9 7897942 Bereket 3/1/2011

Al0 8470619 Bour 6/1/2013

All 8906670 Gray 12/1/2014

Al2 9419159 Sakamoto et al. 8/16/2016

Al3 9184204 Hu 11/10/2015

Al4 9369641 Hu 6/14/2016

AlS 20010044266 Katsuoka 11/22/2001

Al6 20050040440 Murakami 2/24/2005

Al7 20050088634 Kosugi 4/28/2005

Al8 20090093100 Chen 5/6/2005

AlS 20070103580 Noto 5/10/2007

A20 20080142686 Konno et al. 6/19/2008

A2l 20080173620 Grek 7/24/2008

A22 20090027640 Shibazaki 1/29/2009

A23 20090114630 Hawryluk 5/7/2009

A24 20090101197 Muorikawa 4/23/2009

A25 20100140768 Zafiropoulo 6/10/2010

A26 20110019050 Yamashita 1/27/2011

A27 20130135439 Kakuko et al. 5/30/2013
Examiner’s | Cite Foreign Patent Name of Patentee or Date of Pages, Columns, T

Initials No. Document Applicant of Cited Publication of | Lines, Where Relevant
Number Kind Code Document Cited Document | Passages or Relevant
(if known) MM-DD-YYYY Figures Appear

B1 | CN101404307 Univ. Zhongshan 4/8/2009 | l
Examiner Date Considered
Signature /LONG  PHAM/ 10/17/2017

EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through

citation if not in conformance and not considered. Include copy of this form with next communication to Applicant.
ALIL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /L.P/

SIONYX1403000040.0018
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Receipt date: 07/26/2017 14/747,875 ~ GAU: 2814
Substitute for Form 1449/PTO Complete if Known
Application No.: 14747875
INFORMATION DISCLOSURE Filing Date: June 23, 2015
STATEMENT BY APPLICANT First Named Inventor: Martin U. Pralle
Group Art Unit: 2814
{use as many sheets as necessary) Examiner Name: Long Pham
Sheet |2 | of [ 2 Attornev Docket No.; 143705.05211
B2 | DE 19838439 Fraunhofer-Ges 4/27/2000
Forschung
B3 EP 2509107 Boly Media Comm. 10/10/2012
B4 JP 2003258285 Sharp KK 9/12/2003
B5 JP H07235658 Sony Corp. 5/9/1995
B& JP 2004047682 Toshiba Corp. 2/12/2004
B7 JP 2006210701 Sayno Electric Co. 8/10/2006
B& JP 2006261372 Sony Corp. 9/28/2006
BS JP 2006147991 Canon Inc. 6/8/20086
B10 Matsushita Electric
JP 2006033493 Industrial Co. Ltd. 2/2/2006
BLL | Jp 2009152569 Semiconductor Energy 7/9/2009
B12 | KR 20090077274 LG Electronics Inc. 7/15/2009
B13 | WO 2009147085 Thiel et al. 12/10/2009
Bl4 International Business
WO 2011003871 Machines Corporation 1/13/2011
B15 | WO 2011035188 Sionyx, Inc. 3/24/2011
Bl6 | WO 2011119618 Sionyx, Inc. 3/22/2011
B17 | WO 2012174752 Boly Media Comm. 12/27/2012
B18 | WO 2014110484 Digimarc Corp. 7/17/2014
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UNITED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450

Alexandria, Virginia 22313-1450

www.usplo.gov

| APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.
14/747.875 02/27/2018 9905599 143705.05211 1722
136549 7590 02/07/2018

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street

19th Floor

Boston, MA 02110-2736

ISSUE NOTIFICATION

The projected patent number and issue date are specified above.

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(application filed on or after May 29, 2000)

The Patent Term Adjustment is 0 day(s). Any patent to issue from the above-identified application will include
an indication of the adjustment on the front page.

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that
determines Patent Term Adjustment is the filing date of the most recent CPA.

Applicant will be able to obtain more detailed information by accessing the Patent Application Information
Retrieval (PAIR) WEB site (http://pair.uspto.gov).

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee
payments should be directed to the Application Assistance Unit (AAU) of the Office of Data Management
(ODM) at (571)-272-4200.

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants):

Martin U. Pralle, Wayland, MA;
SiOnyx, Inc., Beverly, MA;
Jeffrey McKee, Tualatin, OR;
Jason Sickler, Arlington, MA;

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 USA offers tremendous
resources and advantages for those who invest and manufacture goods here. Through SelectUSA, our nation
works to encourage and facilitate business investment. To learn more about why the USA is the best country in
the world to develop technology, manufacture products, and grow your business, visit SelectUSA.gov.

IR103 (Rev. 10/09)
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To: docketingbn@pepperlaw.com,davisdr@pepperlaw.com,

From: PAIR_eOfficeAction@uspto.gov
Cc: PAIR_eOfficeAction@uspto.gov
Subject: Private PAIR Correspondence Notification for Customer Number 136549

Feb 08, 2018 03:34:35 AM
Dear PAIR Customer:

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street

19th Floor

Boston, MA 02110-2736

UNITED STATES

The following USPTO patent application(s) associated with your Customer Number, 136549 , have
new outgoing correspondence. This correspondence is now available for viewing in Private PAIR.

The official date of notification of the outgoing correspondence will be indicated on the form PTOL-90
accompanying the correspondence.

Disclaimer:
The list of documents shown below is provided as a courtesy and is not part of the official file
wrapper. The content of the images shown in PAIR is the official record.

Application Document Mailroom Date Attorney Docket No.
14747875 ISSUE.NTF 02/07/2018 143705.05211

To view your correspondence online or update your email addresses, please visit us anytime at
https://sportal.uspto.gov/secure/myportal/privatepair.

If you have any questions, please email the Electronic Business Center (EBC) at EBC@uspto.gov
with 'e-Office Action’ on the subject line or call 1-866-217-9197 during the following hours:

Monday - Friday 6:00 a.m. to 12:00 a.m.
Thank you for prompt attention to this notice,

UNITED STATES PATENT AND TRADEMARK OFFICE
PATENT APPLICATION INFORMATION RETRIEVAL SYSTEM
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Doc Code: PA..
PTO/AIA/82A (07-13)

Document Description: Power of Attorney Approved for use through 03/31/2021. OMB 0651-0035
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number.

o
TRANSMITTAL FOR POWER OF ATTORNEY TO ONE OR MORE
REGISTERED PRACTITIONERS )

NOTE: This form is to be submitted with the Power of Attorney by Applicant form (PTO/AIA/82B) to identify the application to which the
Power of Attorney is directed, in accordance with 37 CFR 1.5, unless the application number and filing date are identified in the Power of
Attorney by Applicant form. If neither form PTO/AIA/82A nor form PTO/AIA82B identifies the application to which the Power of Attorney is
directed, the Power of Attorney will not be recognized in the application.
Application Number 14/747,875
Filing Date 23-Jun-2015

. Martin U. PRALLE
First Named Inventor
Title PIXEL ISOLATION ELEMENTS, DEVICES, AND ASSOCIATED METHODS

Art Unit

Examiner Name

Attorney Docket Number 1 143705.000332

SIGNATURE of Applicant or Patent Practitioner

Signature /Gunnar G. Leinberg/ pate optiona) | 2()22-09-01

Name Gunnar G. Leinberg Registration | 35,584
Number

Title (if Applicant is a
juristic entity)

Applicant Name (if Applicant is a juristic entity)

NOTE: This form must be signed in accordance with 37 CFR 1.33. See 37 CFR 1.4(d) for signature requirements and certifications. If
more than one applicant, use multiple forms.

*Total of l forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. The information is required to obtain or retain a benefit by
the public which is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR
1.11 and 1.14. This collection is estimated to take 3 minutes to complete, including gathering, preparing, and submitting the completed
application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require
to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.
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Doc Code: PA..

o PTO/AIA/82B (07-13)
Document Description: Power of Attorney Approved for use through 03/31/2021. OMB 0651-0035

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number

POWER OF ATTORNEY BY APPLICANT

| hereby revoke all previous powers of attorney given in the application identified in either the attached transmittal letter or
the boxes below.

Application Number Filing Date

(Note: The boxes above may be left blank if information is provided on form PTO/AIA/82A.)

| hereby appoint the Patent Practitioner(s) associated with the following Customer Number as my/our attorney(s) or agent(s), and

to transact all business in the United States Patent and Trademark Office connected therewith for the application referenced in
the attached transmittal letter (form PTO/AIA/82A) or identified above:

OR 11951

D | hereby appoint Practitioner(s) named in the attached list (form PTO/AIA/82C) as my/our attorney(s) or agent(s), and to transact
all business in the United States Patent and Trademark Office connected therewith for the patent application referenced in the
attached transmittal letter (form PTO/AIA/82A) or identified above. (Note: Complete form PTO/AIA/82C.)

Please recognize or change the correspondence address for the application identified in the attached transmittal
letter or the boxes above to:

The address associated with the above-mentioned Customer Number
OR

I:I The address associated with Customer Number:
OR

I:] Firm or
Individual Name

Address

City | State | Zip
Country

Telephone | Email I

| am the Applicant (if the Applicant is a juristic entity, list the Applicant name in the box):

SiOnyx, LLC

I:I Inventor or Joint Inventor (title not required below)

I___J Legal Representative of a Deceased or Legally Incapacitated Inventor (title not required below)
Assignee or Person to Whom the Inventor is Under an Obligation to Assign (provide signer’s title if applicant is a juristic entity)

[:l Person Who Otherwise Shows Sufficient Proprietary Interest (e.g., a petition under 37 CFR 1.46(b)(2) was granted in the
application or is concurrently being filed with this document) (provide signer’s title if applicant is a juristic entity)

SIGNATURE of Applicant for Patent
The undersigned (whose ti}le,}{sapplied below) is authorized to act on behalf of the applicant (e.g., where the applicant is a juristic entity).

Signature | Date (Optional) |
Name Steveh D. Saylo\r
Title President and CEO

NOTE: Signature - This form must be signed by the applicant in accordance with 37 CFR 1.33. See 37 CFR 1.4 for signature requirements
and certifications. If more than one applicant, use multiple forms.

Total of 1 forms are submitted.

This collection of information is required by 37 CFR 1.131, 1.32, and 1.33. The information is required to obtain or retain a benefit by the public which is to file (and by the
USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 3 minutes to complete,
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount
of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S.
Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner
for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2.
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Electronic Acknowledgement Receipt

EFSID: 46532872
Application Number: 14747875
International Application Number:
Confirmation Number: 1722

Title of Invention:

Pixel Isolation Elements, Devices and Associated Methods

First Named Inventor/Applicant Name:

Martin U. Pralle

Customer Number:

136549

Filer:

Gunnar G. Leinberg/Mary Frances Heeks

Filer Authorized By:

Gunnar G. Leinberg

Attorney Docket Number: 143705.05211
Receipt Date: 01-SEP-2022
Filing Date: 23-JUN-2015
Time Stamp: 10:55:17

Application Type:

Utility under 35 USC 111(a)

Payment information:

Submitted with Payment no
File Listing:
Document .. . File Size(Bytes)/ Muiti Pages
Number Document Description File Name Message Digest | Part/.zip| (ifappl.)
328413
20220901_Corrected_POA_wit
1 Power of Attorney h_Transmittal_143705_000332, no 2
pdf 755dd3ccS9ade6d26aa65¢2a59087446d63)
628
Warnings:
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Information:

Total Files Size (in bytes):l 328413

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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UNITED STATES PATENT AND TRADEMARK OFFIGE

\%'
R

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PC. Box 1450

Alexandria, Virginia 22313-1450

WWW.TSpto.20v

| APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
14/747,875 06/23/2015 Martin U. Pralle 143705.05211

CONFIRMATION NO. 1722

136549 POWER OF ATTORNEY NOTICE

Pepper Hamilton LLP/SiOnyx LLC

Attn: Boston IP Docketing Department AR LAV Rr T

125 High Street 000000136285988

19th Floor

Boston, MA 02110-2736
Date Mailed: 09/16/2022

NOTICE REGARDING CHANGE OF POWER OF ATTORNEY
This is in response to the Power of Attorney filed 09/01/2022.

» The Power of Attorney to you in this application has been revoked by the assignee who has intervened as
provided by 37 CFR 3.71. Future correspondence will be mailed to the new address of record(37 CFR 1.33).

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/ylueng/

page 1 of 1
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UNITED STATES PATENT AND TRADEMARK OFFIGE

\%'
R

UNTTED STATES DEPARTMENT OF COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

PC. Box 1450

Alexandria, Virginia 22313-1450

WWW.TSpto.20v

| APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
14/747,875 06/23/2015 Martin U. Pralle 143705.000332
CONFIRMATION NO. 1722
11951 POA ACCEPTANCE LETTER
Troutman Pepper Hamilton Sanders LLP (Rochester)
70 Linden Oaks LR
Suite 210 000000136285992

Rochester, NY 14625
Date Mailed: 09/16/2022

NOTICE OF ACCEPTANCE OF POWER OF ATTORNEY

This is in response to the Power of Attorney filed 09/01/2022.

The Power of Attorney in this application is accepted. Correspondence in this application will be mailed to the
above address as provided by 37 CFR 1.33.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/ylueng/

page 1 of 1
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To: USPTOinboxroc@pepperlaw.com,BadumK@pepperlaw.com,

From: PAIR_eOfficeAction@uspto.gov
Cc: PAIR_eOfficeAction@uspto.gov
Subject: Private PAIR Correspondence Notification for Customer Number 11951

Sep 16, 2022 03:37:22 AM
Dear PAIR Customer:

Troutman Pepper Hamilton Sanders LLP (Rochester)
70 Linden Oaks

Suite 210

Rochester, NY 14625

UNITED STATES

The following USPTO patent application(s) associated with your Customer Number, 11951 , have
new outgoing correspondence. This correspondence is now available for viewing in Private PAIR.

The official date of notification of the outgoing correspondence will be indicated on the form PTOL-90
accompanying the correspondence.

Disclaimer:
The list of documents shown below is provided as a courtesy and is not part of the official file
wrapper. The content of the images shown in PAIR is the official record.

Application Document Mailroom Date Attorney Docket No.
14747875 N570 09/16/2022 143705.000332
N570 09/16/2022 143705.000332

To view your correspondence online or update your email addresses, please visit us anytime at
https://sportal.uspto.gov/secure/myportal/privatepair.

If you have any questions, please email the Electronic Business Center (EBC) at EBC@uspto.gov
with 'e-Office Action’ on the subject line or call 1-866-217-9197 during the following hours:

Monday - Friday 6:00 a.m. to 12:00 a.m.
Thank you for prompt attention to this notice,

UNITED STATES PATENT AND TRADEMARK OFFICE
PATENT APPLICATION INFORMATION RETRIEVAL SYSTEM
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