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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.
Therefore, by reversing the direction of flow of the electrical current, the direction 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 optoelectronic device 160. For example, 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
structure by forming a substantially intrinsic lower semiconductor 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-
dopcd semiconductor portion (131, 132) and the n-doped semiconductor 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
manner as in the second embodiment. Within the collective volume of the at least one
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) maybe
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. 1 8, 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 photoresi st 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-lcvcl dielectric 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 dielectric 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 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 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
structure by omitting formation of at least one compound semiconductor 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.e., 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 dielectric material portion 150.

Referring to FIG. 21, processing steps corresponding to FIGS. 15A - 7B of the second
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 conducti vity 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
regulate the performance of the optoelectronic device 160.

Referring to FIG. 22, a seventh exemplary semiconductor structure according to a seventh
embodiment of the present invention is shown. FIG. Ill 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-
sectional view along the plane Z - Z’ is the same 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
temperature control devices (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.

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 recessed semiconductor portion, said p-doped semiconductor 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
waveguide comprises substantially undoped silicon or substantially undoped 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 semiconductor region;

another n-doped semiconductor region laterally abutting said other substantial ly
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
semiconductor region, said p-doped semiconductor region, said n-doped semiconductor
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-doped semiconductor region in said top semiconductor 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.
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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
semiconductor regions of integral construction with said semiconductor waveguide 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 area including the other 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 surface and sidewalls of said semiconductor waveguide and a dielectric 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
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

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 optoelectronic device
includes at least one of a laser, optical amplifier, an optical sensor, a waveguide, and a
quantum well.

13. The semiconductor structure of Claim 11 or Claim 12, wherein said optoelectronic
device includes a III-V compound semiconductor material.

14. The semiconductor structure of any of Claims 11 to 13, further comprising a
dielectric material portion comprising a dielectric 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 15, 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
semiconductor 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
semiconductor portion and said n-doped semiconductor 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.

SIONYX1403000037.0140

SAMSUNG EX. 1002 - 3822/4148



30
A 30AWO 2011/003871 PCT/EP2010/059571

1/27

51

I
I
J

m

“J

►>>>>>>/►>>!•>>>

mW:

&>>>>)& I

tW:W&WSg&

7HM
^w&^^*^*****? 
»S%SS»SSS5SSSSSSS88aHHH

SIONYX1403000037.0141

SAMSUNG EX. 1002 - 3823/4148



WO 2011/003871 PCT/EP2010/059571

2/27

SI
CM CM

cn
CO I

' "2

colcol

col

031
mimi

s
J

I

co|\

m|
j

o|
t-~ ■co| as

$&>$$£$$$$$$$$$

2_
SI

•MS
:&!

sco

cm

o| °l^CMI

?

oeo

C- c? if

SIONYX1403000037.0142

SAMSUNG EX. 1002 - 3824/4148



WO 2011/003871 PCT/EP2010/059571

3/27

CQ

XV$svSv

&<l

r

X
33C

co
»SS5jSSSSSlSS:SSSSS«<$SSSSSj:SSSSS?>$SS:

m *

SIONYX1403000037.0143

FI
G

. 3
A

SAMSUNG EX. 1002 - 3825/4148



WO 2011/003871 PCT/EP2010/059571

4/27

CD

CM

CO]

kXXXXVSX*

.CMco

mco

m <

i S|

SIONYX1403000037.0144

FI
G

. 4
A

SAMSUNG EX. 1002 - 3826/4148



WO 2011/003871 PCT/EP2010/059571

34
 46

A • 46A 34 46
B 32 20

 32 46B J? 5*
Z ✓ X

z

£□

8

4
i
J

1

i

j
i

4

I

4
’S
I

1
8
J
i

i
4
i

3

4

SIONYX1403000037.0145

FI
G

. 5
A

SAMSUNG EX. 1002 - 3827/4148



WO 2011/003871 PCT/EP2010/059571

6/27

cosSSSSa

&&&&&&&&&&
►»>>»>»>»»>;

SIONYX1403000037.0146

IG
.6

A

SAMSUNG EX. 1002 - 3828/4148



WO 2011/003871 PCT/EP2010/059571

7/27

4-

SIONYX1403000038.0001

FI
G

. 7
A

SAMSUNG EX. 1002 - 3829/4148



WO 2011/003871 PCT/EP2010/059571

8/27

CM

S|

3 

w

CM!
CD!

■"J"co

CD
■03

CM
■co

03
-co

CM

CM«
co
•$

.CM
co

CD

s?

CD

«l
co

col

CM

SIONYX1403000033.0002

FI
G

. 8
A

SAMSUNG EX. 1002 - 3830/4148



WO 2011/003871 PCT/EP2010/059571

9/27

3|g31
CD

CMCM

CM
•co

CM.CM

CMCM CMCM

sCO

co
co

m <

co

! 31

’W'

1131
00|

g

03
00CO

■CD

CfiCD
.CM

QQ

SIONYX1403000038.0003

SAMSUNG EX. 1002 - 3831/4148



WO 2011/003871 PCT/EP2010/059571

10/27

SIONYX1403000038.0004

FI
G

. 1
0

SAMSUNG EX. 1002 - 3832/4148



WO 2011/003871 PCT/EP2010/059571

11/27

co

CM

CM

jsl

Si®

SIONYX1403000038.0005

SAMSUNG EX. 1002 - 3833/4148



WO 2011/003871 PCT/EP2010/059571

12/27

CM

CO

SIONYX1403000038.0006

SAMSUNG EX. 1002 - 3834/4148



WO 2011/003871 PCT/EP2010/059571

13/27

ss^

N

SIONYX1403000038.0007

FI
G

. 1
2B

SAMSUNG EX. 1002 - 3835/4148



WO 2011/003871 PCT/EP2010/059571

14/27

CM

eo

i

co

SIONYX1403000038.0008

IG
. 1

3A

SAMSUNG EX. 1002 - 3836/4148



WO 2011/003871 PCT/EP2010/059571

15/27

5 CM

CM

CM

■! ci! i! i

CM
co

SIONYX1403000038.0009

FI
G

. 1
3B

SAMSUNG EX. 1002 - 3837/4148



WO 2011/003871 PCT/EP2010/059571

16/27

SIONYX1403000038.0010

FI
G

. 1
4A

SAMSUNG EX. 1002 - 3838/4148



WO 2011/003871 PCT/EP2010/059571

17/27

N

i

N

t-*
'■i

1

SIONYX1403000038.0011

FI
G

. 1
4B

SAMSUNG EX. 1002 - 3839/4148



WO 2011/003871 PCT/EP2010/059571

18/27

CM

10

col

!

CM

£

Ui

SIONYX1403000038.0012

FI
G

. 1
5A

SAMSUNG EX. 1002 - 3840/4148



WO 2011/003871 PCT/EP2010/059571

19/27

N

CM

CM

CM

bJ

CMCO

’< os

lilit

SIONYX1403000038.0013

FI
G

. 1
5B

SAMSUNG EX. 1002 - 3841/4148



WO 2011/003871 PCT/EP2010/059571

20/27

CM

3

ID
00

O
ID

$ O|
£

SIONYX1403000038.0014

FI
G

. 1
6A

SAMSUNG EX. 1002 - 3842/4148



WO 2011/003871 PCT/EP2010/059571

21/27

N

CM
I

W.

Jco
Lt-

CM

i 05

Nl

CM
05

CM
05

SIONYX1403000038.0015

FI
G

. 1
6B

SAMSUNG EX. 1002 - 3843/4148



WO 2011/003871 PCT/EP2010/059571

22/27

CM

CO

>*
m<

00

! CM

CM

co

SIONYX1403000038.0016

SAMSUNG EX. 1002 - 3844/4148



WO 2011/003871 PCT/EP2010/059571

23/27

CM

F

81

to

£

CM

CO

J<O|
< CO

SIONYX1403000038.0017

IG
. 1

8

SAMSUNG EX. 1002 - 3845/4148



WO 2011/003871 PCT/EP2010/059571

24/27

SIONYX1403000038.0018

FI
G

. 1
9

SAMSUNG EX. 1002 - 3846/4148



WO 2011/003871 PCT/EP2010/059571

25/27

CM

ID 

i COI

CM

SIONYX1403000038.0019

FI
G

. 2
0

SAMSUNG EX. 1002 - 3847/4148



WO 2011/003871 PCT/EP2010/059571

26/27

CM

sa

J co
To

CM|SO;< oi
k<CO

SIONYX1403000038.0020

SAMSUNG EX. 1002 - 3848/4148



WO 2011/003871 PCT/EP2010/059571

27/27

i 8
CD

CM

CO

CD

co 2 i H

CD

CD
I CD

CM
CD

CM
CD

CM
CD

CM
CD

CM
CD

CM
CD

CM
CD

NJ

SIONYX1403000038.0021

SAMSUNG EX. 1002 - 3849/4148



INTERNATIONAL SEARCH REPORT
International application No

PCT/EP2010/059571

Form PCT/ISA/2W (second sheet) (April 2005)

A. CLASSIFICATION OF SUBJECT MATTER
INV. H01L31/105 H01L31/18 H01L35/30 H01L23/38 G02B6/42

G02F1/01 G02F1/025
ADD.
According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED
Minimum documentation searched (classification system followed by classification symbols)
H01L G02B G02F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X

X

A

US 6 970 611 Bl (VAN DER VLIET FREDERIK
MARCEL [US] ET AL)
29 November 2005 (2005-11-29)
column 3, line 18 - column 11, line 64;
figures 1A-8F

GB 2 332 284 A (BOOKHAM TECHNOLOGY LTD
[GB]) 16 June 1999 (1999-06-16)
page 9, line 11 - page 11, line 25;
figures 1-4

US 7 340 709 Bl (MASINI GIANLORENZO [US]
ET AL) 4 March 2008 (2008-03-04)
column 4, line 4 - column 8, line 34;
figures l-8b

1-20

1-20

1-20

| X | Further documents are listed in the continuation of Box C. |X | See patent family annex.

* Special categories of cited documents :
"T" later document published after the international filing date

aiO 4 . .. . , 4 4 . 4. . 4 or priority date and not in conflict with the application but
A document defining the general state of the art which is not cited to understand the principle or theory underlying the

considered to be of particular relevance invention
eariier document but published on or after the international ux" document of particular relevance; the claimed Invention
tiling date cannot be considered novel or cannot be considered to

"L“ document which may throw doubts on priority claim(s) or involve an inventive step when the document is taken alone
which is cited to establish the publication date of another .y. of particular relevance; the claimed invention
citation or other special reason (as specified) cannot be considered to involve an inventive step when the

"O" document referring to an oral disclosure, use, exhibition or document is combined with one or more other such docu-
other means ments, such combination being obvious to a person skilled

“P" document published prior to the international filing date but in the art.
later than the priority date claimed document member of the same patent family

Date of the actual completion of the international search

12 October 2010

Date of mailing of the international search report

21/10/2010
Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel, (+31-70) 340-2040,
Fax: (+31-70) 340-3016

Authorized officer

Albrecht, Claus

SIONYX1403000038.0022

SAMSUNG EX. 1002 - 3850/4148



Form PCT/ISA/210 (continuation of second sheet) (April 2005)

INTERNATIONAL SEARCH REPORT
International application No

PCT/EP2010/059571
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category" Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2005/207704 Al (KEYSER THOMAS [US] ET
AL) 22 September 2005 (2005-09-22)
paragraph [0033] - paragraph [0050];
figures 1-8

1-20

SIONYX1403000038.0023

SAMSUNG EX. 1002 - 3851/4148



International application No

PCT/EP2010/059571

INTERNATIONAL SEARCH REPORT
Information on patent family members

Patent document
cited in search report

Publication
date

Patent family
member(s)

Publication
date

US 6970611 Bl 29-11-2005 NONE

GB 2332284 A 16-06-1999 AU 745594 B2 21-03-2002
AU 3718599 A 23-11-1999
CA 2331069 Al 11-11-1999
CN 1307691 A 08-08-2001
EP 1073929 Al 07-02-2001
WO 9957600 Al 11-11-1999
JP 2002513952 T 14-05-2002
US 6278822 Bl 21-08-2001

US 7340709 Bl 04-03-2008 NONE

US 2005207704 Al 22-09-2005 NONE

Form PCT/lSA/210 (patent family annex) (April 2005)

SIONYX1403000038.0024

SAMSUNG EX. 1002 - 3852/4148



W
O

 2
01

1/
03

51
88

 A
2 II

I ||
||||
||||
 H

IM
 H
ill
 M

il 
III
 II
I H

ill
 ll
lll
lll
ll 
lll
lll
lll
lll
lll
lll
lll
 ll
lll
lll
ll

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

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
24 March 2011 (24.03.2011)

llllllllllllllllllllllllllllllllllllll^
(10) International Publication Number

WO 2011/035188 A2

(51) International Patent Classification:
H01L 27/146 (2006.01) H01L 27/148 (2006.01)

(21) International Application Number:
PCT/US2010/049375

(22) International Filing Date:
17 September 2010 (17.09.2010)

(25) Filing Language: English

(26) Publication language: English

(30) Priority Data:
61/243,434 17 September 2009 (17.09.2009) US
61/311,004 5 March 2010 (05.03.2010) US
61/311,107 5 March 2010 (05.03.2010) US

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

(72) Inventors; and
(75) Inventors/Applicants (for US only): HADDAD, Homay-

oon [ /US]; 16460 Sanderling CT., Beaverton, OR
97007 (US). JIANG, Jutao [CN/US]; 15121 Sw Kenton
Dr., Tigard, OR 97224 (US). MCKEE, Jeffrey [US/US];
22850 Sw Eno PL., Tualatin, OR 97224 (US). MILLER,
Drake [US/US]; 13052 Sw Jacob CT., Tigard, OR 97224
(US). FORBES, Leonard [US/US]; 7340 Nw Mountain
View Drive, Corvallis, OR 97330 (US). PALSULE,
Chintamani [US/US]; 100 Cummings CTR., Suite 243-F,
Beverly, MA 01915-6506 (US).

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

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AO, 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, NT,
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.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GII,
GM, KE, 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, SE, SI, SK,
SM, TR), OAP1 (BF, BJ, CF, CG, Cl, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:
— without international search report and to be republished

upon receipt of that report (Rule 48.2(g))

(54) Title: PHOTOSENSITIVE IMAGING DEVICES AND ASSOCIATED METHODS

FIG. 1

(57) Abstract: Photosensitive devices and associated methods are provided. In one aspect, for example, a photosensitive imager
device can include a semiconductor substrate having multiple doped regions forming at least one junction, a textured region cou­
pled to the semiconductor substrate and positioned to interact with electromagnetic radiation, and an electrical transfer element
coupled to the semiconductor substrate and operable to transfer an electrical signal from the at least one junction. In one aspect,
the textured region is operable to facilitate generation of an electrical signal from the detection of infrared electromagnetic radia­
tion. In another aspect, interacting with electromagnetic radiation further includes increasing the semiconductor substrate's effec­
tive absorption wavelength as compared to a semiconductor substrate lacking a textured region.

SIONYX1403000038.0025

SAMSUNG EX. 1002 - 3853/4148



5

10

15

20

25

30

WO 2011/035188 PCT/US2010/049375

PHOTOSENSITIVE IMAGING DEVICES AND ASSOCIATED METHODS

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

Serial No. 61/243,434, filed on September 17, 2009, U.S. Provisional Patent
Application Serial No. 61/311,004 filed on March 5, 2010, and U.S. Provisional

Patent Application Serial No. 61/311,107, filed on March 5, 2010, each of which is

incorporated herein by reference.

BACKGROUND
The interaction of light with semiconductor materials has been a significant

innovation. Silicon imaging devices are used in various technologies, such as digital

cameras, optical mice, video cameras, cell phones, and the like. Charge-coupled

devices (CCDs) were widely used in digital imaging, and were later improved upon
by complementary metal-oxide-semiconductor (CMOS) imagers having increased

performance. CMOS sensors are typically manufactured from silicon and can covert
visible incident light into a photocurrent and ultimately into a digital image. Silicon­

based technologies for detecting infrared incident electromagnetic radiation have been
problematic, however, because silicon is an indirect bandgap semiconductor having a

bandgap of about 1.1 eV. 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 fro m the detection of infrared electromagnetic radiation. In

another aspect, interacting with electromagnetic radiation further includes increasing
the semiconductor substrate’s effective absorption length as compared to a
semiconductor substrate lacking a textured region. In one specific aspect, the transfer
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element is selected from the group consisting of a transistor, a sensing node, a transfer
gate, and combinations thereof.

The textured region can be positioned in a variety oflocations relative to the

doped regions. In one aspect, for example, the textured region is positioned on a
surface of the semiconductor substrate that is opposite the multiple doped regions. In
one specific aspect, the textured region has a surface morphology operable to direct

electromagnetic radiation into or out of the semiconductor substrate. The surface

morphology of the textured region relative to the semiconductor substrate can include
a variety of configurations, including, without limitation, sloping, pyramidal, inverted

pyramidal, spherical, parabolic, asymmetric, symmetric, 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), nano imprinting, 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 electromagnetic radiation into the semiconductor substrate.

SIONYX1403000038.0027
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In another aspect of the present disclosure, a method of making a
photosensitive imager device is provided. Such a method can include forming a

textured region on a semiconductor substrate having multiple doped regions forming a

least one junction, wherein the textured region is formed in a position to interact with
electromagnetic radiation and coupling an electrical transfer element to the
semiconductor substrate such that the electrical transfer element is operable to transfer

an electrical signal from the at least one junction.

In one aspect, the photosensitive imager device can be tuned to be selected to
filter out specific electromagnetic radiation wavelengths. In one specific aspect,

tuning includes forming surface features to have dimensions that selectively diffuse 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 photosensitive device in accordance with yet a

further aspect of the present disclosure;

-3 -
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FIG. 6 is a schematic view of a photosensitive device m 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 aspect of the present disclosure;

FIG. 11 is a schematic view of a photosensitive pixel device in accordance
with yet another aspect of the present disclosure;

FIG. 12 is a schematic view of a photosensitive pixel device in accordance

with a further aspect of the present disclosure;

FIG. 13 is a schematic view of a photosensitive pixel device in accordance

with another aspect of the present disclosure;

FIG. 14 is a schematic view of a photosensitive imager device in accordance
with yet another aspect of the present disclosure;

FIG. 15 is a schematic view of a photosensitive pixel device in accordance

with a further aspect of the present disclosure;

FIG. 16 is a schematic view of a photosensitive pixel device in accordance
with another aspect of the present disclosure; and

FIG. 17 is a depiction of a method of making a photosensitive imager device

in accordance with yet another aspect of the present disclosure.

DETAILED DESCRIPTION
Before the present disclosure is described herein, it is to be understood that

this disclosure is not limited to the particular structures, process steps, or materials
disclosed herein, but is extended to equivalents thereof as would be recognized by
those ordinarily skilled in the relevant arts. It should also be understood that

terminology employed herein is used for the purpose of describing particular

embodiments only and is not intended to be limiting.
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Definitions

The following terminology will be used in accordance with the definitions set

forth below.

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 term “low oxygen content” refers to any material having

an interstitial oxygen content that is less than or equal 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. Tn 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 from about 5 nm and about 500 pm.

As used herein, the term “fluence” refers to the amount of energy from a

single pulse of laser radiation that passes through a unit area. In other w ords,

“fluence” can be described as the energy density of one laser pulse.
As used herein, the terms “surface modifying” and “surface modification”

refer to the altering of a surface of a semiconductor material using laser radiation. In

one specific aspect, surface modification can include processes using primarily laser
radiation or laser radiation in combination with a dopant, whereby the laser radiation

facilitates the incorporation of the dopant into a surface of the semiconductor
material. Accordingly, in one aspect surface modification includes doping of a

semiconductor material.
As used herein, the term “target region” refers to an area of a semiconductor

material that is intended to be doped or surface modified using laser radiation. The

target region of a semiconductor material can vary as the surface modifying process

progresses. For example, after a first target region is doped or surface modified, a
second target region maybe selected on the same semiconductor material.

-5 -
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As used herein, the term “detection” refers to the sensing, absorption, and/or
collection of electromagnetic radiation.

As used herein, the term “substantially” refers to the complete or nearly

complete extent or degree of an action, characteristic, property, state, structure, item,
or result. For example, an object that is “substantially” enclosed would mean that the
object is either completely enclosed or nearly completely enclosed. The
exact allowable degree of deviation from absolute completeness may in some cases

depend on the specific context. However, generally speaking the nearness of
completion will be so as to have the same overall result as if absolute and total

completion were obtained. The use of “substantially” is equally applicable when used

in a negative connotation to refer to the complete or near complete lack of an action,

characteristic, property, state, structure, item, or result. For example, a composition

that is “substantially free of’ particles would either completely lack particles, or so

nearly completely lack particles that the effect would be the same as if it completely
lacked particles. In other words, a composition that is “substantially free of’ an
ingredient or element may still actually contain such item as long as there is no

measurable effect thereof.
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 maybe presented in a common list for convenience.
However, these lists should be construed as though each member of the list is

individually identified as a separate and unique member. Thus, no individual member

of such list should be construed as a de facto equivalent of any other member of the
same list solely based on their presentation in a common group without indications to
the contrary.

Concentrations, amounts, and other numerical data may be expressed or

presented herein in a range format. It is to be understood that such a range format is
used merely for convenience and brevity and thus should be interpreted flexibly to
include not only the numerical values explicitly recited as the limits of the range, but

also to include all the individual numerical values or sub-ranges encompassed within
that range as if each numerical value and sub-range is explicitly recited. As an

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

-6-
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not only the explicitly recited values of about 1 to about 5, but also include individual
values and sub-ranges within the indicated range. Thus, included in this numerical

range are individual values such as 2, 3, and 4 and sub-ranges such as from 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
Electromagnetic radiation can be present across a broad wavelength range,

including visible range wavelengths (approximately 350nm to 800nm) and non-
visible wavelengths (longer than about 800nm or shorter than 350 nm). The infrared
spectrum is often described as including a near infrared portion of the spectrum

including wavelengths of approximately 800 to 1300 nm, a short wave infrared
portion of the spectrum including wavelengths of approximately 1300 nm to 3

micrometers, and a mid to long wave infrared (or thermal infrared) portion of the
spectrum including wavelengths greater than about 3 micrometers up to about 30

micrometers. These are generally and collectively referred to herein as “infrared”

portions of the electromagnetic spectrum unless otherwise noted.
Traditional silicon photodetecting imagers have limited light

absorption/detection properties. For example, infrared light is mostly transparent to

such silicon based detectors. While other materials (e.g. InGaAs) can be used to detect
infrared electromagnetic radiation having wavelengths greater than about 1000 nm,

silicon 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 pm) is poor if at all. The devices of the present disclosure increase the absorption
of semiconductor materials by decreasing the effective absorption length to longer

wavelengths as compared to traditional materials. For example, the absorption depth
of silicon can be reduced such that these longer wavelengths can be absorbed at
depths of less than or equal to about 850 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
increased using thinner semiconductor materials.

The present disclosure additionally provides broadband photosensitive diodes,
pixels, and imagers capable of detecting visible as well as infrared electromagnetic

radiation, including associated methods of making such devices. A photosensitive

diode can include a semiconductor substrate having multiple doped regions forming at
least one junction, and at least one textured region coupled to the semiconductor

substrate and positioned to interact with electromagnetic radiation. In one aspect the
multiple doped regions can include at least one cathode region and at least one anode
region. Tn some 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 present scope.

-8-
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Photosensitive imagers can be front side illumination (FSI) or back side
illumination (BSI) devices, and there are advantages and disadvantages to both
architecture types. In a typical FSI imager, incident light enters the semiconductor

device by first passing by transistors and metal circuitry. The light, however, can

scatter off of the transistors and circuitry prior to entering the light sensing portion of
the imager, thus causing optical loss and noise. A lens can be disposed on the topside
of a FSI pixel to direct and focus the incident light to the light sensing active region of

the device, thus partially avoiding the circuitry. In one aspect the lens can be a ulens.

BSI imagers, one the other hand, are configured to have the depletion region of the
junction extending to the opposite side of the device. In one aspect, for example,
incident light enters the device via the light sensing portion and is mostly absorbed
prior to reaching the circuitry. BSI designs allow for smaller pixel architecture and a
high fill factor for the imager. As mentioned, the present disclosure can be adapted

for either configuration. It should also be understood that devices according to
aspects of the present disclosure can be incorporated into complimentary metal-oxide-
semiconductor (CMOS) imager architectures or charge-coupled device (CCD) imager
architectures.

In one aspect, as is shown in FIG. I, 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 efficiency makes a large difference in the signal to noise ratio. More

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
pm thick.

Photosensitive imagers can be maintained under constant conditions (fixed
voltage or current) to provide enhanced linearity and uniformity. Connections

between the imager and the underlying device layers can be achieved using vias
fabricated from a refractory metal, such as tungsten or tantalum. Placing storage

elements under the imager may provide various photonic benefits. For example, the
entire pixel array may be dedicated to signal processing. This may enable higher

performance by permitting access to low level pixel signals. Furthermore, massively

parallel operations can be performed by pixel processors. For example, analog to

digital conversion, noise reduction (ie., true correlated double sampling), power
conditioning, nearest neighbor pixel processing, compression, fusion, and color

multiplexing operations can be performed.
A variety of semiconductor materials are contemplated for use with the

devices and methods according to aspects of the present disclosure. Non-limiting

examples of such semiconductor materials can include group IV materials,
compounds and alloys comprised of materials from groups II and VI, compounds and

alloys comprised of materials from groups 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 II-VI materials can include cadmium

selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide
(ZnO), zinc selenide (ZnSc), zinc 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 III-V materials can include aluminum

antimonide (AlSb), aluminum arsenide (AlAs), aluminum nitride (AIN), aluminum
phosphide (A1P), 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, AlxGai.xAs),

indium gallium arsenide (InGaAs, InxGai_xAs), indium gallium phosphide (InGaP),
aluminum indium arsenide (AlInAs), aluminum indium antimonide (AllnSb), 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 (AlInAsP), 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

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. Tn

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 thickness of from about 5 pm to about 750 pm. In yet a further aspect, the
semiconductor material can have a thickness of from about 5 pm to about 100 pm.
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Additionally, various types of semiconductor material are contemplated, and
any such material that can be incorporated into an electromagnetic radiation detection

device is considered to be within the present scope. In one aspect, for example, the
semiconductor material is monocrystalline. In another aspect, the semiconductor
material is multicrystalline. In yet another aspect, the semiconductor material is
microcrystalline. It is also contemplated that the semiconductor material can be
amorphous. Specific nonlimiting examples include amorphous silicon or amorphous

selenium.

The semiconductor materials of the present disclosure can also be made using
a variety of manufacturing processes. In some cases the manufacturing procedures

can affect the efficiency of the device, and maybe 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
semiconductor 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 maybe performed. Nucleating sites for precipitates are

formed during the nucleating step, and the precipitates are grown from the nucleating

sites during a growing step. The precipitates are formed from interstitial oxygen
within the bulk of the semiconductor material and beneath the denuded zone. The
precipitation of oxygen in the bulk of the semiconductor material can be desired

because such precipitates can act as gettering sites. Such precipitate formation can

also be performed to “lock up” interstitial oxygen into the precipitates and reduce the
likelihood that such oxygen can migrates from the bulk of the semiconductor material

into the denuded zone.

In those aspects where low oxygen content of the device is desired, further
processing of the semiconductor material can be performed so as to minimize the
introduction of oxygen. Oxygen can exist in different states or at different sites (for

example, interstitially or substitutionally) within a semiconductor such as silicon,
dependent upon the thermal processing the semiconductor has received. If the

semiconductor is subjected to temperatures higher than, for example, about 1000° C,
oxygen can form aggregates or clusters that serve as defect sites in the crystal lattice.
These sites may result in trap states and a reduction in carrier lifetime within the
semiconductor material and device can occur. At lower temperatures (for example,

around 400° C to 700° C), oxygen can behave as electrically active thermal donors.

Thus, oxygen can have a negative impact on carrier lifetime and on carrier mobility.

In a device fabricated to have photoconductive gain, the presence of oxygen causing
reduced carrier lifetime may result in reduced levels of photoconductive gain.

It may be beneficial, therefore, to produce semiconductor devices such that a

low oxygen content is obtained or maintained. This can be accomplished in a variety
of ways, including using semiconductor materials having low levels of oxygen

contained therein to begin with, processing these materials in a manner that minimizes

the uptake of oxygen into the semiconductor lattice, and utilizing techniques that
eliminate or reduce oxygen that may be present in the semiconductor. Such processes

and techniques can include, for example, annealing the semiconductor material and

any laser treated region to lower temperatures as compared to previous annealing

procedures. Annealing processes are discussed more fully below.
Additionally, texture processing of the semiconductor 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 apractical

matter, the term “oxygen-depleted environment” can be used to describe an
environment with low levels of oxygen, provided a semiconductor 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, hi

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 photosensitive pixel. The surface features can be cones, 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
wavelength specific photosensing pixel can differ from one pixel to the next, and can
be incorporated into an imaging array. For example a 4 x 4 array can include a blue
pixel, a green pixel, a red pixel, and infrared light absorbing pixel, or a blue pixel, two
green pixels, and a red pixel.

Textured regions according to aspects of the present disclosure can allow a
photosensitive device to experience multiple passes of incident electromagnetic

radiation within the device, particularly at longer wavelengths (i.e. infrared). Such
internal reflection increases the effective absorption length to be greater than the

thickness of the semiconductor substrate. This increase in absorption length increases

the quantum efficiency of the device, leading to an improved signal to noise ratio.

The textured region can be formed by various techniques, including lasing,

chemical etching (e.g. anisotropic etching, isotropic etching), nanoimprinting,
additional material deposition, and the like. For example, pillar features can be
incorporated into pixels by thinning or removing material from the backside of a FSI
semiconductor substrate by using deep trench isolation and etching techniques. In

one aspect material can be removed to a thickness of about 20 pm. 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 photosensitive element 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 surface nearest the impinging electromagnetic 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 semiconductor material 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 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 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

disclosure. There arc 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 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 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
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 1 0 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/m2 to about 20 kJ/m2, or in a range of from about

3 kJ/m2 to about 8 kJ/m2.

A variety of dopant materials are contemplated, and any such material that can
be used in the laser treatment process to surface modify a semiconductor material

according to aspects of the present disclosure is considered to be within the present
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scope. It should be noted that the particular dopant utilized can vary depending on the
semiconductor material being laser treated, as well as the intended use of the resulting

semiconductor material. For example, the selection of potential dopants may differ

depending on whether or not tuning of the photosensitive device is desired.
A dopant can be either electron donating or hole donating. In one aspect, non­

limiting examples of dopant materials can include S, F, B, P, N, As, Se, Te, Ge, Ar,
Ga, In, Sb, and combinations thereof. It should be noted that the scope of dopant

materials should include, not only the dopant materials themselves, but also materials
in forms that deliver such dopants (i.e. dopant carriers). For example, S dopant
materials includes not only S, but also any material capable being used to dope S into

the target region, such as, for example, H2S, SFe, SO2, and the like, including
combinations thereof. Tn one specific aspect, the dopant can be S. Sulfur can be
present at an ion dosage level ofbetween about 5 x 1014 and about 1 x 1016 ions/cm2.

Non-limiting examples of fluorine-containing compounds can include C1F3, PF5, F2
SF6, BF3, GeF4, WFf), SiF4, HF, CF4, CHF3, CH2F2, CH3F, C2F6, C2HF5, C3F8, C4F8,

NF3, and the like, including combinations thereof. Non-limiting examples of boron-
containing compounds can include B(CH3)3, BF3, BC13, BN, C2B10H12, borosilica,
BjHg, and the like, including combinations thereof. Non-limiting examples of
phosphorous-containing compounds can include PF5, PH3, and the like, including

combinations thereof. Non-limiting examples of chlorine-containing compounds can

include Cl2, SiH2Cl2, HC1, SiCU, and the like, including combinations thereof.

Dopants can also include arsenic-containing compounds such as AsH3 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, H2S, SFg, or mixtures thereof. In yet another specific aspect, the dopant

can be SFg and can have a predetermined concentration range of about 5.0 x 1 0"8

mol/cm5 to about 5.0 x 10~4 mol/cmJ. SF6 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 orp-type dopant materials dissolved in a
solution such as water, alcohol, or an acid or basic solution. Dopants can also be solid

materials applied as a powder or as a suspension dried onto the wafer.
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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 useful. Such a “low temperature” anneal can greatly enhance 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
anneal may be shorter as compared to other techniques. Various rapid thermal anneal
techniques are known, all of which should be considered to be within the present

scope. In one aspect, the semiconductor material can be annealed by a rapid
annealing process for a duration of greater than or equal to about 1 ps. hi another

aspect, the duration of the rapid annealing process can be from about 1 ps to about 1

ms. As another example, a baking or furnace anneal process can be used having

durations that may be longer compared to a rapid anneal. 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 maybe beneficial to anneal such

materials in a substantially oxygen-depleted environment.
As has been described, annealing 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 = rLAt (I)

where “tl” is the lifetime of an excess carrier and “rt” is the transit time of the carriers
across the device. It is understood that the lifetime of an excess carrier can be
increased by trapping a carrier species and reducing the recombination rate. An

increase in gain can be achieved by trapping centers in the semiconductor that have
millisecond trapping times at room temperature and short transit times in thinned

lightly doped wafers. These trapping locations can decrease the recombination of
carriers and therefore improve or increase the photoconductive gain of the device by
allowing more electrons to traverse the different regions without being recombined.

Turning to FIG. 2, a reflecting layer 20 can be coupled to the semiconductor

substrate 12. The reflecting layer can be coupled to any side or portion of the
semiconductor substrate in order to reflect electromagnetic radiation back into the
device. Accordingly, in one aspect the reflecting layer can be located on the
semiconductor substrate opposite the incoming electromagnetic radiation. Thus, as is

shown in FIG. 2, electromagnetic radiation passing though the semiconductor

substrate and the textured region 16 can be reflected back into the semiconductor
substrate. Additionally, a passivation layer 22 can be coupled to the semiconductor

substrate. The passivation layer is shown coupled to the side of the semiconductor
substrate facing the incoming electromagnetic radiation, however a passivation layer

can be located anywhere on the device and still be within the present scope.

As has been described, location of the textured region can be used to provide
enhancement and/or filtering of the incoming electromagnetic radiation. For example,

a textured region located at the point of entry of the electromagnetic radiation into the
photosensitive device tends to bend the electromagnetic 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
wavelength absorption. The fourth pixel can be used for an IR or other wavelength

selective pixel depending on the desired application of the imager.
FTG. 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.
FTG. 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 text ured 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 textured region 60 is located on the semiconductor

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. FTG. 7 show’s 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

region 74 that can be doped with an electron donating or hole donating species 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 one aspect, for example, the carrier substrate can be disposed on the

semiconductor substrate (not shown). The carrier substrate can be coupled to the

-22 -

SIONYX1403000038.0047

SAMSUNG EX. 1002 - 3875/4148



5

10

15

20

25

30

WO 2011/035188 PCT/US2010/049375

photosensmg 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

substrate 72 opposite the doped regions 74,76. Thus light entering from the direction
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 variety of methods including, without limitation, etching,

chemical mechanical polishing, ion implanting (i.e. smart cut), and the like.
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Various types of trench isolation are contemplated, and any such isolation is
considered to be within the present scope. As has been described, trench isolation can
be shallow (FIG. 7, 84) or deep (FIG. 12, 120) trench isolation. The trench isolation

can also include depths between shallow and deep, depending on the device design.
Trench isolation can include dielectric materials, reflective materials, conductive
materials, and combinations thereof, including textured regions and other light

diffusing features. Thus the trench isolation layer can be configured to reflect

incident electromagnetic radiation, in some cases until it is absorbed, thereby
increasing the effective absorption length of the device. Additionally, in some aspects

pillar features can be incorporated into pixels 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 substrate 72 opposite the lens in order to provide
diffusive scattering and reflection of the incident electromagnetic radiation that passes
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through to the front side of the pixel. Thus the electromagnetic radiation can be
focused within the semiconductor substrate to the combined action of the textured

region and the trench isolation 120

Fig. 16 shows a front side illuminated (FSI) imager according to another
aspect of the present disclosure. A lens 160 and an antireflecting passivation layer on
62 are coupled to the front side of the pixel. A textured region 90 and a reflecting

layer 102 are coupled to the semiconductor substrate 72 opposite the lens to provide
diffusive scattering and reflection of the incident electromagnetic radiation that passes
through the semiconductor substrate. An aperture 164 formed in a metal or other

reflective material layer 166 can increase the effectiveness of the optical cavity. Thus

the lens focuses electromagnetic radiation through the aperture.
Tn other aspects of the present disclosure, various methods of making

photosensitive diodes, pixels, and imagers, are contemplated. In one aspect, as is

shown in FIG. 17, a method of making a photosensitive imager device can include
forming a textured region on a semiconductor substrate having multiple doped regions
forming a least one junction, wherein the textured region is formed in a position to
interact with electromagnetic radiation 170. The method also includes coupling an
electrical transfer element to the semiconductor substrate such that the electrical
transfer element is operable to transfer an electrical signal from the at least one

junction 172. In one aspect, multiple pixels can be associated together to form an

imager. A passivation layer can also be disposed on the photosensitive imager device

to protect and/or reduce the dark current of the device.
In another aspect of the present disclosure, a method for making a

photosensitive diode is provided. Such a method can include forming at least one
cathode and at least one anode on a surface of a semiconductor substrate, coupling a
textured region to the semiconductor substrate, and coupling a support substrate to the

semiconductor substrate. The textured region can be located adjacent to the anode

and cathode, opposite the anode and cathode, or both adjacent and opposite the anode
and cathode. An electrical transfer on the can be electrically coupled to at least one of
the anode and cathode to form a photosensitive pixel. In another aspect, the
semiconductor substrate can be thinned to improve the response rate and/or speed of

the device. A passivation layer can also be disposed on the photosensitive diode to
protect and/or reduce the dark current of the device. An additional support substrate

can be attached to the device to provide additional support. In one aspect, the

-25 -

SIONYX1403000038.0050

SAMSUNG EX. 1002 - 3878/4148



WO 2011/035188 PCT/US2010/049375

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
5 only illustrative of the application of the principles of the present disclosure.

Numerous modifications and alternative arrangements maybe 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
10 detail in connection with what is presently deemed to be the most practical

embodiments of the disclosure, it will be apparent to those of ordinary skill in the art
that numerous modifications, including, but not limited to, variations in size,
materials, shape, form, function and maimer of operation, assembly and use maybe

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 electrical transfer element coupled to the semiconductor substrate and
operable to transfer an electrical signal from the at least one junction.

2. The device of claim 1, wherein the textured region is operable to facilitate

generation of an electrical signal from the detection of infrared electromagnetic
radiation.

3. The device of claim 1, wherein interacting with electromagnetic radiation further

includes increasing the semiconductor substrate’s effective absorption length as
compared to a semiconductor substrate lacking a textured region.

4. The device of claim 1, wherein the transfer element is selected from the group
consisting of a transistor, a sensing node, a transfer gate, and combinations thereof.

5. The device of claim 1, further comprising a reflective layer coupled to the

semiconductor substrate and positioned to maintain the electromagnetic radiation in
the semiconductor substrate.

6. The device of claim 1, wherein the textured region is positioned on a surface of the
semiconductor substrate that is opposite the multiple doped regions.

7. The device of claim 6, wherein the textured region has a surface morphology

operable to direct electromagnetic radiation into or out of the semiconductor substrate.
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8. The device of claim 7, wherein the surface morphology of the textured region
relative to the semiconductor substrate is a member selected from the group consisting

of sloping, pyramidal, inverted pyramidal, spherical, parabolic, asymmetric,

symmetric, and combinations thereof.

9. The device of claim 1, wherein the textured region is positioned on a surface of the
semiconductor substrate that is adjacent the multiple doped regions.

10. The device of claim 9, further comprising an additional textured region

positioned on a surface of the semiconductor substrate that is opposite the multiple

doped regions.

11. The device of claim 1, wherein the textured region is coupled directly to at least

one of the multiple doped regions.

12. The device of claim 1, wherein the textured region includes surface features
having a size selected from the group consisting of micron-sized, nano-sized, and
combinations thereof.

13. The device of claim 12, wherein surface features include a member selected from

the group consisting of cones, pillars, pyramids, micolenses, quantum dots, inverted

features, and combinations thereof.

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

selected from the group consisting of lazing, chemical etching, nano imprinting,

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 electrical transfer element is operable to transfer an electrical 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, nano imprinting,
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 selectively diffuse or selectively absorb a desired wavelength of
electromagnetic radiation.
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25. The method of claim 23, wherein tuning is accomplished through a factor

selected from the group consisting of placement of the textured region, material type

of the textured region, thickness of the textured region, dopant type of the textured
region, doping profile of the texture region, doping profile of the semiconductor
substrate, thickness of the substrate, and combinations thereof.

26. The method of claim 18, wherein the transfer element is selected from the group
consisting of a transistor, a sensing node, a transfer gate, and combinations thereof.

27. The method of claim 18, further comprising annealing the semiconductor

substrate to a temperature of from about 300° C to about 1100° C.

28. A photosensitive imager device, comprising:
a semiconductor substrate having multiple doped regions forming a least one

junction;
a textured region coupled to the semiconductor substrate and positioned to

interact with electromagnetic radiation; and

at least 4 transistors coupled to the semiconductor substrate and with at least

one of the transistors electrically coupled to the at least one junction.
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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

MicroElcctroMcchanical Systems (MEMS) technologies. An SOI wafer is a stacked

wafer substrate where a device wafer (typically silicon) is bonded to a dielectric layer

that is bonded to a support wafer, otherwise known as a handle wafer. A typical

process flow for the fabrication of SOI wafers can be as follows: two wafers are

polished and coated with an oxide or other dielectric material. The wafers are

mounted polished side face to face and bonded under high temperature and pressure.

Then one of the two wafers is ground down using mechanical grinding and chemical

mechanical polishing to a specific thickness. In this way it is possible to generate

semiconductor wafers that are electrically isolated from the underlying substrate.

SUMMARY
The present disclosure provides semiconductor structures and devices that can

exhibit various enhanced properties, such as, for example, enhanced light detection

properties. In one aspect, a semiconductor device is provided. Such a device can

include a semiconductor substrate and a semiconductor layer coupled to the

semiconductor substrate, where the semiconductor layer has a device surface opposite

the semiconductor substrate. The device also includes at least one textured region

coupled between the semiconductor substrate and the semiconductor layer. In another

aspect, the device further includes at least one dielectric layer coupled between the

semiconductor 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 configuration s 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 betw een 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 dielectric layer. As another aspect of positional arrangement,

the textured region is disposed between the semiconductor substrate and the dielectric

layer, and the dielectric layer is disposed between the textured 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. Tn 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 plurali ty 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 further

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

2
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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 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 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 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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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 dielectric 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

disclosure, reference is being made to the following detailed description of

embodiments and in connection with the accompanying drawings, in which:

FIG. 1 is a cross-sectional view of 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 is 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 o f the present discl osure;

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 of 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 discl osure;

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. 1 IB 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. 11C 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. 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

manufacture 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

those ordinarily skilled in the relevant arts. It should also be understood that

terminology employed herein is used for the purpose of describing particular

embodiments only and is not intended to be limiting.

Definitions
The following terminology will be used in accordance with the definitions set

forth below.

It should be noted that, as used in this specification and the appended claims,

the singular forms “a,” and, “the” include plural referents unless the context clearly

dictates otherwise. Thus, for example, reference to “a dopant” includes one or more

of such dopants and reference to “the layer” includes reference to one or more of such

layers.

As used herein, the terms “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. from 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 from about 5

nm and about 500 pm.

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

second target region may be selected on the same semiconductor material.

As used herein, the term “absorptance” refers to the fraction of incident

electromagnetic radiation absorbed by a material or device.

As used herein, the term “substantially” refers to the complete or nearly

complete extent or degree of an action, characteristic, property, state, structure, item,

or result. For example, an object that is “substantially” enclosed would mean that the

object is either completely enclosed or nearly completely enclosed. The

exact allowable degree of deviation from absolute completeness may in some cases

depend on the specific context. However, generally speaking the nearness of

completion will be so as to have the same overall result as if absolute and total

completion were obtained. The use of “substantially” is equally applicable when used

in a negative connotation to refer to the complete or near complete lack of an action,

characteristic, property, state, structure, item, or result. For example, a composition

that is “substantially free of” particles would either completely lack particles, or so

nearly completely lack particles that the effect would be the same as if it completely

lacked particles. In other words, a composition that is “substantially free of’ an

ingredient or element may still actually contain such item as long as there is no

measurable effect thereof.

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.
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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

include not only the numerical values explicitly recited as the limits of the range, but

also to include all the individual numerical values or sub-ranges encompassed within

that range as if each numerical value and sub-range is explicitly recited. As an

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

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

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

range are individual values such as 2, 3, and 4 and sub-ranges such as from 1-3, from

2-4, and from 3-5, 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

semiconductor texturing can enhance the spectral bandwidth, absorption, and

quantum efficiency of 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.
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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

devi ce. By physically locating the textured on the back surface of the device, a

pristine surface is provided for the collection of short wavelengths on the top surface

(i.e. the light incident surface), and 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 backside illuminated, front side illuminated architectures arc also

contemplated to be within the present scope. In addition, enhanced performance and

case of manufacture can also be accomplished by locating a textured 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, for example, the formation of structures on the device

surface, does not affect 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
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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

utilities arc contemplated for the dielectric layer, in one aspect such a layer can be

used to wafer bond the semiconductor layer to the semiconductor substrate. In one

aspect, the dielectric layer 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. It 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 dielectric layer and the second dielectric layer arc heated and

pressed together, with or without the aid of further pressure, temperature, or plasma

surface activation, to cause the dielectric layers to bond to one 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 wafer-bonding that lacks such dielectric 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 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.
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Exemplary combinations of group II-VI materials can include cadmium

selenide (CdSe), cadmium sulfide (CdS), cadmium telluride (CdTe), zinc oxide

(ZnO), 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 (AlSb), aluminum arsenide (AlAs), aluminum nitride (AIN), aluminum

phosphide (A1P), boron nitride (BN), boron phosphide (BP), boron arsenide (B As),

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, AlxGai_xAs),

indium gallium arsenide (InGaAs, InxGai.xAs), indium gallium phosphide (InGaP),

aluminum indium arsenide (AlInAs), aluminum indium antimonide (AllnSb), 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 devic e, and thus any such thickness of

semiconductor material is considered to be within the present scope. The textured

region can increase the efficiency of the device such that, in some aspects, the

semiconductor material can be thinner than has previously been possible. Decreasing

the thickness reduces the amount of semiconductor material used to make such a

device. In one aspect, for example, a semiconductor material such as the

semiconductor layer has a thickness of from about 500 nm to about 50 pm. 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

12

SIONYX1403000038.0082

SAMSUNG EX. 1002 - 3910/4148



5

10

15

20

25

30

WO 2011/119618 PCT/US2011/029447

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

semiconductor material can have a thickness of from about 5 pm to about 100 pm,

Additionally, various configurations of semiconductor materials are

contemplated, and any such material configuration that can be incorporated into a

semiconductor device is considered to be within the present scope. In one aspect, for

example, the semiconductor material can include monocrystalline materials. In

another aspect, the semiconductor material can include multicrystalline materials. In

yet another aspect, the semiconductor material can include microcrystalline materials.

It is also contemplated that the semiconductor material can include amorphous

materials.

As has been described, the semiconductor substrate can be of any size, shape,

and material capable of supporting the semiconductor layer and associated

components during manufacture and/or use. The semiconductor substrate can be

made from various materials, including the semiconductor materials described above,

as well as non-semiconductor materials. Non-limiting examples of such materials can

include metals, polymeric materials, ceramics, glass, and the like. In some aspects,

the semiconductor substrate and the semiconductor layer have the same or

substantially the same thermal expansion properties.

Furthermore, the semiconductor material according to aspects of the present

disclosure can comprise multiple layers. In some aspects, layers can vary in majority

carrier polarity (i.e, donor or acceptor impurities). The donor or acceptor impurities

are typically determined by the type of dopant/impurities introduced into the device

either through a growth process, deposition process, epitaxial process, implant

process, lasing process or other known process to those skilled in the art. In some

aspects such semiconductor materials can include an n-type layer, an intrinsic (i-type)

layer, and a p-type layer, thus forming a p-i-n semiconductor material stack that

creates a junction and/or depletion region. A semiconductor material devoid of an i-

type layer is also contemplated in accordance with the present disclosure. In other

aspects the semiconductor material may include multiple junctions. Additionally, in

some aspects, variations of n(—), n(-), n(+), n(++), p(—), p(-), p(+), or p(++) type

semiconductor layers can be used. The minus and positive signs are indicators of the

relative magnitude of the doping of the semiconductor material.

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 pm. In another aspect, the textured region has a

thickness of from about 500 nm to about 15 pm. 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 pm. In another

aspect, the textured region has a thickness of from about 200 nm to about 2 pm.

The textured region can function to diffuse electromagnetic radiation, to

redirect electromagnetic radiation, and/or to absorb electromagnetic radiation, thus

increasing the quantum efficiency of the device. The textured region can include

surface features to further increase the effective absorption length of the device. Non­

limiting examples of shapes and configurations of surface features include cones,

pillars, pyramids, 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

example, cones, pyramids, protrusions, and the like can have an average height within

this range. In one aspect, the average height would be from the base of the feature to

the distal tip of the feature. 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 features upon which is deposited. In

the case of cones, for 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, SiC>2, SiaN^ 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

specific material, such as a portion of the semiconductor layer or the semiconductor

substrate. If the texture layer is to be associated with the semiconductor layer, for

example, 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. Tn 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 features, the textured region can have a surface

morphology that is designed to focus or otherwise direct electromagnetic radiation.

For example, in one aspect the textured region has a surface morphology operable to

direct electromagnetic radiation into the semiconductor layer. Non-limiting examples

of various surface morphologies include sloping, pyramidal, inverted pyramidal,

spherical, square, rectangular, parabolic, asymmetric, symmetric, and the like,

including combinations thereof.
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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 areas of a substrate to be

textured, as well as entire surfaces. A variety of techniques of laser processing to

form a textured region are contemplated, and any technique capable of forming such a

region should be considered to be within the present scope. Laser treatment or

processing can allow, among other things, enhanced absorption properties and thus

increased electromagnetic radiation focusing and detection.

In one aspect, for example, a target region of the substrate to be textured can

be irradiated with laser radiation to form a textured region. Examples of such

processing have been described in further detail in U.S. Patents 7,057,256, 7,354,792

and 7,442,629, which are incorporated herein by reference in their entireties. Briefly,

a surface of a substrate material is irradiated with laser radiation to form a textured or

surface modified region. Such laser processing can occur with or without a dopant

material. Tn 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 substra te material. Such a region

incorporated into a substrate material can have various benefits in accordance with

aspects of the present disclosure. For example, the textured region typically has a

textured surface that increases the surface area and increases the probability of

radiation absorption. In one aspect, such a textured region is a substantially textured

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

generated by the laser texturing. In another aspect, irradiating the surface of a

substrate material includes exposing the laser radiation to a dopant such that

irradiation incorporates the dopant into the substrate. Various dopant materials are

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

Thus the surface of the substrate at the target region is thus chemically and/or

structurally altered by the laser treatment, which may, in some aspects, result in the

formation of surface features appearing as structures or patterned areas on the surface

and, if a dopant is used, the incorporation of such dopants into the substrate material.
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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

laser can be configured to provide pulsatile lasing of a 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 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. Tn 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 pf lz, 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/m2 to about 20 kJ/m2, or in a range of from about 3 kJ/ni2 to about 8 kJ/m2.

A variety of dopant materials are contemplated for both the formation of

doped regions in the semiconductor layer and for doping of the textured region, and

any dopant that can be used in such processes to modify a material is considered to be

within the present scope. It should be noted that the particular dopant utilized can

vary depending on the material being doped, as well as the intended use of the

resulting material.
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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 example, H2S, SFg, SO2, and

the like, including combinations thereof. In one specific aspect, the dopant can be S.

Sulfur can be present at an ion dosage level of from about 5 x 1014 to about 3 x IO20

ions/cm2. Non-limiting examples of fluorine-containing compounds can include C1F3,

PF5, F2 SF6, BF3, GeF4, WFg, SiF4, HF, CF4, CHF3, CH2F2, CH3F, C2Fg, C2HF5, C3FS,

C4Fs, NF3, and the like, including combinations thereof. Non-limiting examples of

boron-containing compounds can include B(CH3)3, BF3, BC13, BN, C2B10II12,

borosilica, B2Hg, and the like, including combinations thereof. Non-limiting

examples of phosphorous-containing compounds can include PFg, PH3, POC13, P2O5,

and the like, including combinations thereof. Non-limiting examples of chlorine-

containing compounds can include Cl2, SiH2Cl2, HC1, SiCl4, and the like, including

combinations thereof. Dopants can also include arsenic-containing compounds such

as AsH3 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, H2S, SFg, or mixtures thereof. In yet

another specific aspect, the dopant can be SFg and can have a predetermined

concentration range of about 5.0 x 1 O'8 mol/cm3 to about 5.0 x ICT4 mol/cm3. As one

non-limiting example, SFg gas is a good carrier for the incorporation of sulfur into a

substrate via a laser process without significant adverse effects on the material.

Additionally, it is noted that dopants can also be liquid solutions of n-type or p-type

dopant materials dissolved in a solution such as water, alcohol, or an acid or basic
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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

energy 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

near or within the textured region can be used. Non-limiting examples of such

methods can include shifting the Fermi level energy, bending the minority carrier

band, inserting a material 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 p++ 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 thereof. 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

semiconductor substrate. In some cases, wafer bonding can be used as a coupling

technique. The dielectric layer can thus facilitate the attachment of these materials

together, as has been described. The dielectric layer 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

dielectric 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 from about 500 nm to about 2 microns. In yet another aspect, the

dielectric layer has a thickness of from 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 coupl ed between the semiconductor

substrate and the semiconductor layer, and at least one dielectric layer 3 8 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

compared to the textured region. The reflecting region can be positioned to reflect

electromagnetic radiation that has passed through the texture region back through the

textured region toward the semiconductor layer. In other words, as electromagnetic

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

dielectric 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 for the incident electromagnetic

radiation from the backside.

Additionally, the textured surface of 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 specific aspect, a Bragg reflector can be utilized as a reflective

region. A Bragg reflector is a structure formed from multiple layers of alternating

materials with varying refractive indexes, 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 forward scattering 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 polysi licon 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 depositi ng 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 dielectric

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 yet another aspect, the polysilicon layer can be a monosilicon layer. In

one specific aspect, the polysilicon layer is a monosilicon layer and the semiconductor

layer is an epitaxial layer that has been etched 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

is provided. The CMOS image sensor includes photodiode junctions 64 and circuitry

62 formed on the semiconductor layer 34. It 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 specific 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 photodetectors arc separated by a plurality of isolation

features, in this case extending through the semiconductor layer 34 and the textured

region 36. In one aspect, the isolation features 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 poly silicon 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. from 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

electromagnetic 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 semi con ductor

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 extent of the features.

In some aspects, the textured region can be arranged in a discontinuous

pattern. As is shown in FIG. 8, for example, a semiconductor 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).

Tn 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

cavity 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 wafer 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 filled.

Additionally, a cavity region can be formed before or after formation 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 fomied 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 from

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

textured region 142, 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 144, and wafer bonding the first dielectric layer to a second dielectric

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

dielectric 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. 11 A, 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. 1 IB, 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

semiconductor device. As is shown in FIG. 12A, a semiconductor material 124 can

be textured to create a textured region 122, and a dielectric layer 125 can be deposited

over the textured region. In one aspect, the semiconductor 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 is deposited over the textured region as is shown in FIG. 13B. Following

polishing, the dielectric layer is wafer 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

5 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

10 detail in connection with what is presently deemed to be the most practical

embodiments of the disclosure, it will be apparent to those of ordinary skill in the art

that numerous modifications, including, but not limited to, variations 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.

15
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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 least one dielectric layer coupled

between the semiconductor substrate and the semiconductor layer.

3. The device of claim 2, wherein 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, further 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 dielectric 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 from 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, wherein the device forms at least one photodetector.

23. The device of claim 22, wherein the at least one photodetector 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 semiconductor device, comprising:

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

31

SIONYX1403000038.0101

SAMSUNG EX. 1002 - 3929/4148



5

10

15

20

25

30

WO 2011/119618 PCT/US2011/029447

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 least a portion of a surface of the epitaxially grown semiconductor

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

dielectric 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 of 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 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 dielectric 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.
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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

1
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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 Pl 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. (I.e., 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. 11 A, 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.

2
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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. 15 A 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

5” - 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 fabricated 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 l ight

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.

3
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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.

4
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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.

5
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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 - 8, 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 Pl - 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. 1 IB 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 f2.0 lens, spaced 3.85mm from the

sensor array, and provides a focus range of six inches to infinity.)
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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-sc ale 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. It

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
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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 Pl - 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 P8.

10

SIONYX1403000039.0030

SAMSUNG EX. 1002 - 4016/4148



5

10

15

20

25

30

WO 2014/110484 PCT/US2014/011236

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 maybe 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 f2 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 modem

smart phone cameras even with 10 to 20 micron out-of-focus conditions. 10 to 20

microns matter.
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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 (lack 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, 1’2 or 1’2.8). 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. (Tn 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.

15 A 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, after 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.

Image 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, e.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 UI 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. Tn 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 CMOS

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, different

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

Pi - PN 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 Pi - Pn in the stack is at least 20 microns.

Another such sensor includes four or more light-detecting volumes P1? P2, P3 - PN

arranged so that light detected in volume P2 has first passed through volume Pi, light

detected in volume P3 has first passed through volumes Pj and P2, etc.. A distance

between volumes Pi - Pn 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 body, 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. 1 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 201 10212717, 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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5

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.

26

SIONYX1403000039.0046

SAMSUNG EX. 1002 - 4032/4148



5

10

15

20

25

30

WO 2014/110484 PCT/US2014/011236

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 generati ng

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 Pi - Pn

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 Pi - PN in said stack being at least 20 microns.

17. A sensor comprising four or more light-detecting volumes Pi, P2, P3 - Pn

arranged so that light detected in volume P2 has first passed through volume Pi, light

detected in volume P3 has first passed through volumes Pi and P2, etc., wherein a distance

between volumes Pi - PN 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.
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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 along a Z axis in an 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 Tow 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, %j, two problems will result: (i) the junc­
tion encroachment under the gate will become
more significant, and (ii) 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

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

Short Channel NMOS Device

Source y Gate^ Drain

n+ J Q n+ j xi

—H l' I*-
p-type

]1 00] Si

Fig. 1. Long channel and short channel NMOS devices. As L
decreases for an constant Xj, 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 Xj so the two devices maintain the same electric field

pattern.

0169-4332/89/503.50 © Elsevier Science Publishers B.V.
(North-Holland)
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and logic swings. Il is. therefore, clear why small
geometry devices require shallow junctions with
low sheet resistance values.

Shallow n4 junctions for NMOS devices are
routinely fabricated using low energy 7:,As im­
plants into Si. Unfortunately, for CMOS circuits a
problem exists in fabricating shallow p 4 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

^shee< =PAr (1)

where p is the resistivity given by:

p=--------- 1--------- . (2)
+ MpP)

Here n is the active electron concentration in the
layer, p is the active hole concentration, and p.n
and jip are the electron and hole mobilities. It is
clear that in order to make p and therefore Rshcel
small for very shallow junctions, the electron con­
centration in the n 4 layers and the hole concentra­
tion in the p4 layers must be very high. An
example of this is shown in fig. 2 where 7?sheel
versus A'a is plotted for different values of ay
ranging from 0.05 to 0.2 gm. The data for this
plot assumes that NA = p, box-like profiles, and
negligible electron concentration so that p ==
(p ) 1. The values of are taken from
Masetti et al. [3]. This plot show's that in order to
achieve sheet resistance values below 100 Q/O. 

which is considered an upper limit for ULS1 ap­
plications, it is necessary to have box-like profiles
with peak active boron concentrations greater than
1 X 102" cm 4 for junction depths less than 0.14
/rm.

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 ref.
[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 X 1020 cm ?) p '/n and 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.

2.7. 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, (iii) 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"6 Torr to
be obtained, and the various doping gases, B2H6
and BF3 for p+ and AsH3 for n4. 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.

2

SIONYX1403000039.0064

Fig. 2. /thheel versus 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.
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Monitor

CCD Camera III

f HeNe Laser

O
Optics

XY Stage

Computer

Fast Digitizing
Oscilloscope

Turning
Mirror

308nm XeCI
Excimer Laser

Gas Cell
with Wafer

PIN
Detector

Fig. 3. Schematic of laser doping apparatus. Shown are the main doping related components: (i) 308 nm XeCI 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 < +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 is 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 (X = 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 

3
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time. Since the HeNe and XeCI lasers are incident
onto the same wafer location, the HeNe beam
reflectivity change caused by the silicon melting
due to the XeCI 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 is necessary in order to
adequately characterize the process. Both the
HeNe laser intensity and the time-resolved laser
pulse FWHM are stored on a fast HP 5411 ID
digitizing oscilloscope.

2.2. The LA SERMF2LT 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 w'idth, 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 XeCI 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 (100) 3" silicon
wafers doped to ~ 8 X 10’“ cm ’ n-type (for the
p+/n layer formation) and ~ 3 x 1015 cm ' p-
type (for then n */p  layer 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 solution, the wafer is 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 N2 purges, the cell
is pumped down to below 10 5 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 XeCI 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 

4
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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 < < 1800 A) in doping
ambients of 1% and 10% BF3 in He at 500 and 700
Torr for p+ doping, and 0.1% and 1.0% AsH3 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 pulse 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

Fig. 4. Plot of XeCl laser pulse and reflected intensity of HeNe
beam versus time front 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 O2
beam is not only 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 O2
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 nB SIMS profiles formed
using 50 doping pulses in 1% BF3 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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«16oL
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 t = 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 2, 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 2. The melt front position proceeds into the

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 L0 J cm'“ is predicted to be about

1400 A and the melt time is about 49 ns.

2000
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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.

f

— Lasermelt simulation
27.5 FWHM

Data Points from RBS, SIMS,
& Spreading Resistance

silicon until the maximum melt depth for the laser
energy occurs. For the 1.0 J cm ~ case, this maxi­
mum occurs at about 1400 A as marked on fig. 6.
After this maximum melt depth is reached, the
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-1 for the 1.0 J
cm 2 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 2 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 meh 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'
E
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DB=4x1Q’cm wc1§ □
10 a

□

10

%
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□
□
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o
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■f

□
Experimental

junction depths

io21 

1 pulse @ 43ns

200 400 600 800 1000 1200 1400 1600 1800 2000

Depth (A)

Dose/pulse = 9.75x10 cm*
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□ 50 pulses © 22ns in 1 %BF,

Fig. 8. LASERMELT and SIMS boron profiles. By using
£>b = 4 X10 4 cm2 s 1 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% BF3 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
IO20 and 6 X 1019 cm'3, 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 1012 cm'2 atoms
incorporated per laser pulse from earlier Hall
measurements, and a previously determined value
of Z>a = 4xl0”4 cm2 s”1, 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

a

f

10
1000

100

10 100
Number of Doping Pulses

1000

— Lasermelt simulation :
Experiment - 1%ASH3
■ Melt Time = 22ns

- c Mell Time = 43ns

□ \

Fig. 9. Simulated and Hall sheet resistance versus the number
of laser doping pulses for 0.1 and 1.0% AsH3 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 1.25 X 10n atoms cm 2 per pulse, and the
bottom points are for 43 ns (3.0 X1013 atoms
cm 2 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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Ion Implantation in Semiconductor,-Part II: Damage

Production and Annealing

JAMES F. GIBBONS, fellow; ieee

fm’ii-ed P«^er

Absfrore—Ssdiatioo damage is produced te a arystsfime target
whenever s moving ion transfers sufficient energy to a tssJgei atesn
t» sfisplsce it from its lattice site, For conditioias of ci'tcj’ca; impor­
tance is km imjphuttatkm, the radi&ttoa damage produced by the
injected sons is severe, smd the crystal must be carefrtlly smeahsd h
the chemical eSects of the its.plsstsd lass are to dammate the ressd-
tml damage. The purpose of this paper is to review work that has
been performed over the past several years ia sm effort to nnderstand
implantatton-ptodtsced damaga and its annexing characteristics,
especially is silicon.

The snbject is developed as follows. A qualitative descrsptsnisi of
the damage produced by an implanted ioa is presested in Section I,
followed by a partial mveatory of the basic defects that are fanad in
ion-implanted siiicca (Sectioa II), The atructsrs of individual dam­
age dusters produced by both heavy sad light tons is then described
In Section III, where theoretical predictions are compared to a
variety rf OKpsrimeatsd data. This is followed with a section ots the
depth distrfbistipa of defects sad damage clusters (Section IV) 5 sad
the paper is then concluded with a section oa the axmealing charac-
terisdes of irnpiantatioa-prodaced damage (Section V), The develop-
lasat w organised to give primary emphasis to those facts aad ideas
that are essential for applications of too insplantafem la the fabrica­
tion of MOS end jcmetfcsi devices its si&an, A ftstitre paper wffl review
the state of the art in oompotmd semi«mdtKdots.

Msrsascript received June 12, 1972; revised June 29, $973. Tfctr snshs<i
peper fr <»ss 0/ « 4«rte >te»cd o« topics or" iateest-—TTw Editor.

The author is with Stanford University. Stented, Calif. 9439$.

Introxsuctios

I
K PART I of this series [1 ], we presented a review of the
Lindhard, Scharff, and Schidtt (LSS) theory 12] for the
range distribution of ions implanted into amorphous

targets, together with a description of the channeling process
and some semiquancitative remarks concerning its effect on
range distributions for ions implanted into crystalline targets.
We also presented selected experimental results to provide
some idea of the quality of agreement that one could expect
between actual and theoretical range distributions.

The bask conclusions presented in that paper were 1) the
LSS theory provides an adequate basis for predicting experi­
mental range distributions in amorphous targets and la cor­
rectly misoriented angle-crystal targets, and 2) the simple
model proposed by Lindhard [3], which divides the incident
beam into a random fraction and a channeled fraction, is at
least qualitatively correct for single-crystal targets that are
aligned with the incident ion beam parallel to a major
crystal axis.

In the four years that have elapsed since Part I was pub­
lished, the field of ion implantation in silicon has grown to
maturity, and a large number of additional experiments on
range distributions have been performed. These experiments
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have juBtsSed the conciusions stated above sufficiently well to
warrant the use of the .general LSS theory for the design of
impurity profiles -in a variety of semicoadnctor devices- [<};
and range tables have been published (5] that can reduce
the fitst-order design of: a required- imparity profile «s a few
simple calculation©,1

Dating this same period of time, a great deal of effort has
been devoted to the study of implantatipri-produced damage
and its annealing characteristics, especially in riiloon. Our
purpose to this paper Is to review this work and to present
those roaclurions from it that- are essential for the applica­
tion of io© implantation to-the fabrication of silicon devices.

Ctor development of this subject will be as fellows. We-
first give a qualitative description of the manner in which
■an implanted ion produces damage in a crystalline target,
following this with an inventory of some of the basic types'of
defects that are fdund in ion-implanted silicon. Next we pre­
sent some basic theoretical ideas if a may be used to predict
(er estimate) the structural characteristics of damage clusters
and then compare these- predictions with a variety of different
experimental. data. We follow this wi th a section on the depth
distribution of defects .and damage dusters and then conclude
with a Section on the amiealmg characteristics of implanta­
tion -prod u eed da m age,

As the subject unfolds, it will be dear that 'our knowledge
of damage theory is much .more elementary tha© oar k«owl-
edge.-of .range theory, However, experimental progress on all
aspects -of- the problem has been very impressive, and art­
pealing -schedules have bees developed that will reduce resid­
ual .damage to levels that are satisfactory-for the fabrication
of both MOS and junction devices in rilicen.

■Since our review will cover a wide range of theoretical-
ideas tod experimental results, it will perhaps be useful to
start by providing a .listing of the major topics covered by
the paper, to which the reader may -wish to refer for orienta­
tion- ;as the subject develops. The separate sections are as
follows:

Section I: The Concept of a Damage Cluster
Section H; Partial Inventory of Basic Defects in Silicon
Section DI: Structural Characteristics of Implantation-

Prodnced Damage tit Siifeoo
Section IV: Damage Distribution Theory and Experi­

ments
Section V: -Annealing Characteristic of Implantaticm-

Fradueed Damage.

I. T»® Co:scsFt of a Damage Cwram

Aa ion implanted into a target with an initial energy ffe
will ultimately come to rest, losstig its energy in a series of
collisions with the atoms and electrons of the target. Both
of these energy-loss mechanism are important in determining
the range of the ion, but only the atomic, (or nuclear) col­
lisions can transfer, enough energy to target atoms to produce
radiation damage.*  Furthermore, if the target is crysialline.
the target atoms will be 'bound to their lattice positions with a
certain energy, so that collisions of the projectile with the

‘An Mnotoant rotrectfon to the range tab,eg & dfomssed sa the
Appendix to this psper,

s lasoifidtiBt. snei-gy is hnparted to electrons under typical eornjitfons
for them to produce damage to’ a-subsequent coBlsfon with a lattice ston.

mcBEMr Ptoee-N. Ji*  p-D'

Fsg. 1. itowtratiag; the formation of a damage duster
by eoitoissa .cascades.

atoms of the target will only: produce damage when- .the
energy transferred to a target atom exceeds its d&pforewn*"
f &r&ke&l roergy Zfe.

Collisions is which the energy transferred to a target atom,
say £■',-is greater than -JSi will displace that atom.from its
lattice site, and thus produce damage within the crystal. The
displaced target atom 'may then be treated as a secondary
projectile of energy (£* —fi$, and it too will be brought to
rest through a series of nuclear and electronic stopping events.
In the coarse of its trajectory, the secondary projectile may
have sufficiently energetic interactions with other target
atoms to produce further displacements and a second gen­
eration of resulting- target atoms. The production of damage
is therefore a cascade process In which the incident projectile
is simply the primary damage-producing ©article.

We can represent these various events qualitatively by a
diagram such as the- one shown. I© Fig. 1, where the uack of
the incident projectile serves as a tree trunk with branches
that represent the trajectories of displaced target atom. The
envelope of Jill these displacements is referred to qualitatively
as a “damage duster,’' and will have a sfcre and character that
depends on a Urge number of factors, including especially the
mass of the incident ion. a©d.its energy, the mass of a target
atom, aud the temperature of -Use target- It is. also .wportimt
to remember -that the stopping processes are. statistical in
character, so two Identical- ions- implanted under identical
conditions will almost certainly produce riiSermttiy shaped
damage clusters.

Both the type and the amotmt of crystalline damage to be
found within a given damage cluster are ©tatters- of great
practical importance, since they determine the annealing
mechanisms that can operate, and therefore, the anaealfsg
temperatures and times that must he used to retard the
crystal to a relati vely undamaged state in which the eheatica!
ejects- of the implanted atom can dominate the residual
damage, in she next section we present a partial inventory of
the types of defects that can be generated in «m4mp!snted
silicon, together with their annealing characteristics. We then
proceed to a more exact-picture of the implantation-produced
damage to be expected for the extreme cases of very heavy
arid very light ions.

It. Pawoak. lMvssyo«x of Basic Defects .rss Silicon

It is uael'al to begin with a brief list of sdtne of the Hiost
.important defects that have beep observed, in silicon, together
with a sumrnary of their physical characteristics. This -will-
help ns formulate a reatouabfe picture of the types of damage
that we might expect- to accompany the implantation of
energetic ions.

2
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/L FtfoatJcy-.I'Sfor.cfofoi P®fo (J^rgniel- ffgfgct).
A Frenkel defect sb in principle forced by removing a

Sihc^’j Atom from its lattice site and placing it fo a nearby
iTierstUtml s asitfon. as suggested in Fig. 2. Roth the otuw.'Y
end to-’ tnUrstidal atom may play important ro!»-> tn the
forma' t>'t< i<f other defects, depending et- rhe er>«ta' tem-
wrdiure,

Tt>» ta'srcy has the crystallographic structure shown in
Fig. 3, assd stars ba identified by either its characteristic elec­
tron paramagnetic resonance (ERR) spectrum ssr infrared
optical absorption. The vacac.'.y can exist la several charge
states, usually being doubly negative fo n-type material
(F") and neutral in p-type. {F’).

Using infrared absorption teehmques, Vooh and Stein
show that the charge stare of the vacancy affects its annealing
characteristics sigcihcanily, and hence the annealing rate
for vacancies can be stimulated by light or electron injection.
The vacancy annealing temperature is in the. vicinity of 70 K
for the double-negative state and 150 K tor the neutral stare.
Vook and Srein attribute the growth of more complicated
defects each as vacancy-oxygen pairs and vacancy-vacancy
pairs (to be described shortly) to the liberation of vacancies
from defect clusters and their subsequent re-combs nation with
themselves (for prodncdott of a divacancy) or other defects
already present its rhe silicon. A vacancy can, of ecmrse, also
recombfoe with an interstitial silicon arorti to perfect the
crystal structure on a focal basis.

Much less is known about the detailed motion of inter­
stitial atoms, though EPR studies also suggest, that the inter­
stitial atom is mobile, and that at tempera tores as low as 4 I<
it can in some way migrate through the lattice, until it ea-
counters an impurity atom, which is then displaced into as
interstitial site (see Fig. 2). The substitutional imparity is
therefore converted to sn interstitial imparity, a process
which has beets observed by Watkins pj in p-type materials
doped with B. Al. and Ga. The conversion process is called
the Rfofofos rsyisfocemesi 'wk)b#«i».

B. 1focaacy--Im^Kn(y Pairs
In both o- and p-type silicon, vacancy-impurity pairs,

including especially \ V-f- As. VA-Sb. V-f-O. and V-f~Al,
have been identified by both EPR techniques and fofsared
optical absorption measurements. These defects may form
by diffusion of a simple vacancy to a lattice site adjacent to
the impurity atom, and are therefore first observed at tem­
peratures of about 7D K. Vacancy-group V defects asmeal
at temperatures in the vfoisiity of 400 tn SOO K, while vacancy-
group III delects anneal at approximately 5&0 K. The qualita­
tive plot shown in Fig. -I taken from Corbett |8], summarises
the situation for the common n-type dopants in silicon.

C, Pwcascy
From the point of view -;>l ion implant 3. tiers, perhaps the

most important dr-pie defect is the divacancy, listed V+V
in Fig. 4. The crystallographic form tsf the divacancy, as de­
duced from EPR measurements (81, is shown .in Fig, 5.

DivacSTivies rrsav form directly if an foeident ion succeeds
in displacing adjacent silicon atoms; and simple Vacancies
may also combine to form ditacandes. These facts are sug­
gested in Fig, 4, which also indicates that the dlvacanry is
stable to temperatures of approximately 550 K. or 23O°C.
Si nee the divacancy is stable ar temperatures fo excess of

Fig, X dlastmdng foe formatioa of a vacaaey-fotar-stitfos 'pair or
Frersfel defect {and < Watktass replaeesueat nseebaufon).

Fsg. 3, CmuHctgrapMe struct w d a vacancy.

Fig. 4, Schematic illustration of Sosa of vacancies irr s*-tyjs«  Si, fsririatfon
of di vacancies aad vacancy-impurity pairs, esc their sufoegitent
annerding (after Corbett (S|n

Fig. S, Cryetailograpsic stmeinte of the dsvaeaacy (after- Corbett SS1.).
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worn’ temperature, it is a prominent defect. its silicon that has
been implanted- at room temperature,

p. IMMeat-w Hues omf
Dislocation lines and loops are also especially important io

.um-ijnphmted. silicon because they can grow by either the
aggiomteftttos of ritepie defects or as a result of strain fields
that accompany, unannealed damage.

On interesting type of dislocation line, called a Frank-
Read [9] source; can be visualised as a Sae of simple defects
(vacaftries, for example) along a row in the crystal, with the
Lifts being strongly pinned at its two end points F'apd P*  by
impurity atoms or .perhaps defect clusters [see Fig. 6(a)]. The
application of stress to rhe crystal will cause the .lipe io bow
ns suggested in Fig. 6(b). Under some conditions, the stress
required for continued bowing decreases as the bowing id-
creases, so that eventually the dislocation loop will curl back
on. itself and surround the-pinning points. The two ends may
then uaite so that a -closed dislocation loop is formed; and the
segment between the pinning points, may straighten -but to its
original condition,. The dislocation loop thus formed will cob-
tinue to grow under applied stf-ess; and the pinned segment
will continue to generate successive loops, ion imp} an ration
provides a possible mechanism for promoting the growth of
a Frank-Read source if w simply replace the word “stress*
its the -description above by "lattice vacancies generated by
an incident ion as it comes to rest.“■ Strain produced by the
volume expandon- that accompanies heavily disordered re­
gions [10] provides another possible mechanism tfi promote
the growth of a- Frank-Read source.

The special .-importance of dislocation loops and lines arises
from the fact that, while they may change their length,
shape, and location as the .crystal is annealed, they do- not
generally disappear unless the crystal Is subjected-, to a pro-
longed ww anneal at. high temperatures (e,g., several
hours at IWCFC) [51]. Dislocation lines of some type ar® es­
sentially a-.pett^anent defect in ion-implanted silicon that is
annealed' in flowing nitrogen (or other inert gas).

ri. -Vacancy and PlaJririft-
A forther type of defect that can be formed by the -cUater-

in'g of vacancies or interstitials is the vacancy platelet shown
in Fig. 7. Fig. :B gives a cross-sectional view of the platelet sad
also suggests that intersitial atoms can agglomerate to form
platelets.

Once formed, these types- of defects can grow in- ion-
implanted materials because.'they set up strafe fields in the.
crystal that can be relieved by attracting the type of defect-
that was already used to form the platelet. Hence the platelet
may grow- by accumulation of implantation-generated va­
cancies or interstitials.

The strain. held surrounding a platelet can also be reduced
by the preferential adsorption of foreign.'atoms. For example,
an atom that is smaller than a host atom wifi preferentially
locate in a position such as the one shown in Fig. 9(a), while
an impurity 'that is large;- than a host atom will .preferentially
locate in a position such as the one shown in Fig. 9(b).
Platelets and dislocation loops may therefore serve as effec­
tive sites for the adsorption of “wrong-med*  atoms, including
es-perislty common dopants such as boron and antimony in
silicon.

Vacancy' platelets are thought to anneal into .dislocation
loops at temperatures in the vicinity of 300-6&D*C,

Fig. ft. tefwwsftteg me mechanism of dlRocstion. geremioa by a
Frante-ResU scarce.

jc.

<W
Fsg- T. tetewfor UlwUtathm of the crjnsuiUogram&ic nature of a iS*-

tocathm loop, (a) Planar didacaffoa W Of radius R, Atestfc
arrangement at a tWoeaiian fes>g.

Fig. ft. CrtosMectiattai view of vacancy asd lateradiial pfateste
(a) V.iesacy pssteief. fotE'S-odu <i

® « ©

o » p a e G

Oft

Fig. 9, <a) teBsttetiBg. the prefetemial afesoJteioss oi large atrna oa «
sSs5ocsKte» 3oop. (W JHaatradeg the jjreteimss’ tesos-jjte®; of 'raaatl
s tosstt .®a a (Ssteatioa Soosj.
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K sf &rimy Pwrder a«4 Zangs
Most of the preceding types of damage can be charac­

terised as “simple defects’* in the sense that they have well-
defined lattice geometries, and formation. kinetics that can
be explained in terms of the motion of simple vacancies and
interstitials. A different approach to the problem of radiation
damage has been made by Brinkman [11], who argons that,
when the cross section for displacement collisions becomes
sufficiently large far a moving ion to displace one target atom
per lattice plane, the volume affected is melted for a short
period of time and then rapidly quenched. Such volumes are
called “displacement spikes” and are presumed to aancsi
into small dislocation loops pins clusters of interstitials and
vacancies as a result, of the rapid quenching. Since the cross
section for displacement collisions increases as a moving atom
slows’down, these displacement spikes will tend to form to­
ward the end of the trajectory of an implanted ion,

Whether this particular mechanism cars be invoked to ex­
plain damage in ion-implanted silicon is a matter of debate
[52]. However, there is Kttie doubt that large numbers of
atoms can be displaced by a given projectile, and chat when
this occurs in a sufficiently small volume of space, the char­
acteristics of the material will definitely change fswrd those
of the amorphous state. It is, therefore, useful to car.sider the
conditions under which a transformation from cysteiiine to
amorphous material may occur.

The transformation process has been studied by Swanson
sf al. [12], who suppose that a defect-rich region of a crystal
wifi transform spontaneously to a stable to metastabie
amorphous phase when the free energy of the amorphous re­
gion becomes equal to that of the defect-rich region. The de­
fect concentration at which this transformation will occur can
be estimated if a model of the amorphous material Is .assumed.
Swanson el si. [12 ] show that, if rhe model of amorphous Ge
developed by Richter and Breitling is used, in which tetra­
hedral bonding, between individual atoms Is maintained but
one bond is stretched by 0.27A, then the difference in energy
of the amorphous state over the crystalline state is approxi­
mately 0.23 eV per elongated bond- This energy corresponds
to a defect concentration of 0.04 of the atomic density, if
each defect has an energy of 3 eV, When entropy changes are
also included. Swanson et al estimate that a Ge crystal con­
taining a defect concentration to 0.02-0.04 atomic fraction
will be unstable with, respect to the amorphous state; and
they suggest that a similar result should apply to Si.

From the point of view of ion implantation, the critical
defect concentration computed by Swanson si al. should be
taken as the lower limit at which the crysteilfae-to-amorphous
transition might occur, since the derivation assumes that
thermodynamic equilibrium has been achieved (in effect, the
critical defect density is assumed to exist throughout the
crystal), The defect concentration required to promote the
crystaliine-to-amorphous transition in an isolated damage
duster will most probably be higher than 9.04, perhaps by as
much as an order of magnitude (cf. Vook and Stein [&]).

With regard to the annealing of amorphous aoues, it is
found that reasonably complete annealing of a cantiwuows
amorphous layer can occur at a temperature of approximately
tiOfriC if the annealing is carried out for a period of approxi­
mately 30 min. Iso&fed amorphous regions will anneal at
lower temperatures, as suggested by the computations of
Nelson [13] shown in Fig. 10. Electron microscopy experi­
ments suggest that isolated amorphous regions anneal by she

$

g § «ouF
« ?: aocto /

O ?;• -SO SO so ;O>i

KWS to i'itototo swoRtoSUS MCiWi, *

Fig. to lllit&ratieg the tbeosettotl reerystahisatiou temperature of
isolated amorphous regions embedded in a crystalline solid.

liberation of va carte les, and yield dislocation lines arid loops
after annealing.

The manner in which divacaacies, heavily disordered re­
gions, and amorphous sones might be formed in the course of
Ion implantation will be described in the next section.

III. SravcTPKAt Charactbristics of Implantation-
Psgooceo Damage

In. oversimplified terms, there are two baric types of dam­
age dusters, corresponding to the implantation of very heavy
and very light ions. Ions of intermediate mass generate dam­
age clusters with structural characteristics that are inter­
mediate between these two limiting cases. In what follows
we will take the implantation of Sb into Si as representative
of the heavy ion case; B, C, and O into Si as representative
of the light ion case; and Si, P, and Ar into Si as representative
of the intermediate case. In all cases we will be concerned
with both the structural characteristics of individual damage
clusters and the probable manner in which damage dusters
interact to promote the crystalline-to-amorphous transition.

.4, He Number of Displaced Alams
It is appropriate its begin with a resume of the theoretical

work of Kinchin and Pease [14], who obtained formulas from
which one can estimate th® number of atoms that will be dis­
placed by a projectile as it comes to rest. Their estimate is
based on the assumption that displacements result from a
sufficiently strong Coulomb interaction between the pro­
jectile and the target atom. The effect of screening electrons
is to cut off tills interaction sharply at a radius of about
aefZN*,  where a« ig the Bohr radius and Z is the atomic num­
ber. A less restrictive analysis has been published by Sig­
mund [15], though the baric results are unchanged.

According to Kinchin and Pease, hard sphere collisions
take place between the projectile and the target atoms when
the fenergy of the moving atom is sufficiently tow. An upper
energy limit £4 for validity of this approximation can be
computed by requiring the energy of the projectile to equal
the Coulomb interaction potential of the two .nuclei separated
by the sum of the radii of their screening clouds. The result is

+ 23«*)V«(M x + Ms)/Ms (I)

where fij? »> 13.6 eV; Z and M are atomic numbers and masses,
respectively; and the subscripts 1 and 2 refer to projectile
and target atoms, respectively. Values of £4 for Sb, Si, and
B projectiles its a Si target are given in Table I.

When the projectile energy is less than £4, Kinchin and
Pease show that the number of target atoms displaced by a
primary recoil should be

Afa- - £/2£^ (2)
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■The KlrschiftePease formulas'permit us to estimate the
rmmber of atoms displaced- by a projectile as it comes to rest,
and the LSS range theory car. give us at least an approximate-

where S is the -energy of the primary recoil aqd & is the dis­
placement energy for a target atom, which we .tai a t - 1 *.
about. 15 eV. We mention here that, since (2) is line.- it »
the total number of atoms displaced by a projectile can be
estimated by inserting the total energy it deposits i.» nuclear
collisions into (2) (provided, of pour.se; that its total-en­
ergy

When £>£a». Kinchin and Pease show that Only same of
the nuclear collisions will result in atomic displacements;
and they dentse an energy Eb above which approximately half
of the energy lost in Rutherford collisions is dissipated in
lattice vibrarior,® without produnirlg displacements. The
energy S,® has the value

£pS ““ •—
4E®

(3)

where 7 “4 Values of IS® are listed for the
projectiles of interest in Table I.

When it is appropriate to do so, the number af atoms
dieplseed by a projectile with can. be estimated to be
half the Cumber given by (2).. Under normal" implantation
conditions, however, this estimate: is raitel? useful because
electronic excitation. usually dominates the stopping process
when .8 > cfo. To treat this ease, Kinchin; and Pease define
Eo as the energy above which energy loss to electrons ex­
ceeds -nuclear energy loss and show that, when the energy of
the projectile is large compared to both £c and -E.s» the Maf
nitmber of atoms-displaced by the projectile is approximately

M ~ - &) ■+■ E&l/E® (4):

where .E® is initial energy of the projectile, p is ^IQ"S, * * * S, * * * 9, and
& is | if E4 > Ec< i if •£» < Ec- If E4 :44fo< the result is valid far
Ea> /•<-, Independent of E®.

For oar purposes, E® can be taken as the energy at which
the nuclear stopping power 5s». is ecfori to. the electronic stop­
ping power 3S. The values of .Ee entered in Table I were ob­
tained -directly from the Johnson and Gibbous tables [$] tor
the-tons of interest In the following paragraphs, we will use-
the Kinchin-Pease formulas to study implantation-produced
damage.

Fig. 11. Tmsmabs&a aiectros miovgray hs of its planted sSiicou salaries,
(a) Lighiiy itaplasted, (b) Heavily'tomiahted and/or amorptes®.

indication qf the volume in which w can expect these dis­
placements to occur; We therefore have enough theoretical
tn formation to estimate ths average defect density ia a gives
damage cluster. If this density reaches the level required for a
crystallsne-to-a.morpfiou® transirfoti, we -expect, to. find that the
final damage duster will be substantially amorphaas. If the
density does not reach the required level, we expect the .silicon
to be rich, in simple defects (perhaps even heavily disordered),
but not amorphous.

To assist us in comparing these expectations with expert-
ment, it is Useful to list several criteria which csta be used to
distinguish disordered crystalling silicon from amorphous
silicon.. The following ate especially tiotewotthy.

J) Ttenirssssfors E&otren .Iffcrasimpy.' A .transmission
electron micrograph of crystalline; silicon shows & pattern of
spots whose intensity and spacing depend on- Bragg ndtecttou
condirions. In lightly damaged silicon, these spots will ex­
hibit faint streaking, as shown in the electron- micrograph
of Fig. 11(a). As the silicon is driven toward the amorphous
condition, toe spot, pattern will disappear and, to truly
amarphoaa aliicon, it will. Ire replaced by a pattern of three
concentric rings, called Debye~-Sc.her.ter rings. A Debye-
Scberrer ring pattern for amorphous silicon m shown in Fig-
11(b) and will be discussed farther to Section V.

.2) Oprftol 4ta>rprints' CrystolKne sillcots has a sharp
optical absorption edge at a waveleogth of 1,1 p, .whereas
Xioorphous silicon prepared at er below roasts temperature
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has a ?»ox® gradual optica! absorption edge starting at about
1.25 p, Disordered sdicos that is not completely amorphous
will. also show a dlvacaacy absorption band nt a wavelength
of 1.8 |», though this band disappears when the matma! is
truly .amorphous. These features are exhibited in the optical
transmission spectrum show in Fig, 12, the curve befog taken
from the paper of Stefa el al. [is],

3) BasfofeterfogThe yield of energetic (1.2 MeV) He*
tots's backscattored into a given solid angle '.is essentially the
same for amorphous silicon' rind crystalline silicon that, to
oriented in a nonchanneling direction with respect to the He
beam; but channeling 'directions can be found in crystalline
material tor which a large decrease t'n the feackscatteriag
yield is obtained.

These features are brought nut especially clearly in the
work of Chou (1? ] shown in Fig, 13. His sample consisted of a
1W1-A thick layer of amorphous silicon on a crystal sub-
atrate,; which was prepared by bombarding a st-lieOn crystal
with a large dose of energetic siKcoit tons. As Fig, 13 shows,
the backscattertog yield is the same for the amorphous layer
as for a crystalline target when the He beam'. Is tilted 9*  off
the axis.

When the amorphous layer ss removed, the yield of back-
scattered He ions drops significantly as the alignment of the
He team to changed from .9*  off ( WO) to the <100> axis. Hence-
from ;a bsukseattering viewpoint, damaged silicon appears to
be amorphous -when the hackstattering yield .is independent
of the direction of toe probing beam and has a magnitude
equal -to toe yield obtained from a tingle crystal oriented fo
■a nonehsnueling direction, (A much more thorough explana­
tion of 'both the process and the experimental technique is
given, in Mayer st al, [18],)

4} .g&sfow 5pis» A<xwwssre.- The electron spin resosanre
signal for amorphous silicon assists of a .symmetrical Lafonfa-
ian isotropic line with a y value of 2.006 [19]. The magnitude
of the spin signal corresponds to a spin density of 2X:1G* S
apins/cm*.  Undoped crystalline silicon shows- no such line,
though divacancies and other crystalline defects have readily
Identifiable .spin resonance 'signals.

These features are clearly exhibitedin the work of deWit
and Amiperian [20 ] shown In Fig, 14. For this-experiment;
silicon was bombarded with '50-fceV P ions-to a. dose of 2 XW-*
ions/cm*  at a dose rate of W pA/em!. The resulting spin

»i StSU8SW«

«x».
o5

»ots /

80 2© 30 40 60 ® ®

Fig. 13. Energy sjw-am'« H--- fa,ci.s<-«it«.re>S fmjn a Si sample whose
surfarehasbrea damaged by fan i tapis sts ooix sfeowing'the.cto&ges.te
aligned spectra foslni cwves) after tits raxtrnVai of-tocmadve layers of
Si. The sorerexsTi for s aasctotos&ng feesnt direciirm remalsss esste-
Pally toe same for aK esses (breteo curve).

ms

Fig, 14. EPR spectre is dispersion at 3£ito GHs far Hl! {jji}. fa) tn
pitas® with fffagaetfefisaldmoduiatfoa. fb) fo*  out of phase. 2''-“>4,2i£
fairer rfeWii and.Amtnerfau |20j).

resonance signal shows both the. amorphous line and the
characteristic divacancy spectrum. Both the' di vacancy line
■and toe amorphous fee disappear when the 'd&mdged ma­
terial has been carefully annealed.

With these criteria in mind, we now consider the types of
damage dusters to ha expected for heavy and light sou -Im-
plantation into allicon.

C .Ifreev Aks

In a perfectly elastic head-on cnllitiau, an Sb projectile.
can transfer roughly 68 percent of its energy to a silicon atom.
Hence in toe course of its stopping, a 100-keV Sb atom itn-
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1~!§. IS, Tltestratteg the dawxg® claater produced by a hea«.y wn.

planted into a silicon target can create primary slfieon recetis
with energies postibily as high as 60 keV. These recoiling
ate will then travel a significant distance in the crystal
and can themselves produce significant damage, However,
head-on collisions are unlikely events, so the damage produced
by very energetic silicon recalls will be only a small part of
the total.

The more typical situation is understood by observing
that the -nuclear stopping power of a 100-keV Sb projectile
is a silicon target is about 0.2 keV/A. over the entire trajec­
tory [51. Since the spacing between lattice planes In silicon
is about 2.5 A, this means that the Sb projectile loses about
500 eV per lattice plane on the average. We can expect the
majority of this energy to be given to one primary silicon
recoil atom, so the average recoil will have an energy- ap­
proaching 500 eV. It would then have a range of .roughly
25 A. For comparison, the range oi the 108-keV Sb ion is
SOO A, which is not stsbstants&iiy larger than the possible
range of the average primary recoil atoms it creates.

Since we are dealing here with a case in which the pro­
jectile energy we can use (2) t» obtain the number of
target atoms displaced by each primary recoil, nod Snd
&MS.*  In other words, the cdlirioa p&sc^dF of each pri­
mary recoil will contain roughly .15 displaced target atoms.
Each collision cascade most likely contains only Frenkel
defects and possibly divacancies; but if there is significant
Mritjl of .recoil trajectories. divacancies and te com­
plicated defect structures may. form spontaneously in the
region of the overlap. If ilje overlap Is sufficiently extensive.
the majority of the damage can tlieo be cpnsidetod to lie
within one large disordered, region, as Suggested in- Fig- 15.
Within this-region, many of the target .atoms will have been
displaced from their original lattice- sites, and if the defect
density reaches a critical value, the. cluster may become sub­
stantially amorphous.

To estimate the likelihood of this possibility, we observe
that'the volume of material that is initially disordered by a
ifXi-keV Sb projectile is roughly

7~(2S Ap X W A.

Within this volume 'there are. roughly IS displacement, pet
lattice plane, or 3Q00 total displacements. The average initial
vacancy density will therefore be about iQS!/c.m*,  or about
0.2 atomic fraction. Since this is close to the displacetahat
fraction required, by Vook and Stein, and well above the
lower limit given by Swpasoa ,et it?-.-, a spo.ntenaous crystalliae-
to-amorphuus transition is likely to occur over a substantial
portion of the cluster (especially since there is a strung ten­
dency .for low -angle forward scattering of the primary recoils,
and therefore the cluster volume is-smaller than that just, es­
timated). In any case, the density of displaced atoms and 

vacancies in the heavily disordered region is suffieleprfy high
.that we -pan certainly aspect defect clusters that are stable
at room temperature fo.g„ divacaades, 4 vacancy’ complexes,
etc.) to form within the disordered zone.

Of course, apt all of the displaced atoms are dually con­
tained within the heavily disordered region, since both the
displaced atoms and lattice vacancies. produced at the ex­
tremity of the cluster can escape by diffusing Into the lattice.-
Relaxation effects will also occur within the heavily disor­
dered region along the ion track, so the final dimensions of
the damage cluster will depend sensitively on the target tem­
perature,

T<s compare these predictions with experimental data we
consider the following results;

/) DasirfsoK [21]: This author used -transmission electron
microscopy -to -study' the .acystalline-to-amorphous transition
obtained when. Sb forte were implanted into Si over the energy
range from '40—100 keV, with fon doses covering the r&age
from 5 X ICPMti**  ions/cm1. At the lower tend of this dose
range, the- electron 'micrograph shows a spot pattern similar
to that of crystallise silicon, but some streaking is'apparent
in the spots and the Debye-Scherrer ring pattern associated
with amorphous material is faintly visible around-the central
spot. As the dose is increased to IO1* Sb fotts/cm*,  the spot
pattern gives way to the Debye-Scherrer .pattern and the
crystalline silicon Is transformed to an amorphous -layer ex­
tending from the surface to a depth that depends on the
radge of the Sb fou.

2!) Jfoyer et al. [18 [.'These authors used the He back-
scdttering technique, to obtain a curve of relative “lattice dis­
order9' versus dose for 40-keV Sb foas implanted into a ■room­
temperature Si crystal,*  Their results are shown in Fig, 16(a),
in which it Is .seed that the lattice disorder appears to build up
linearly -with dose until the disorder saturates. Disorder
saturation occurs' for a dose of about l(lw ioas/cm*,  and can
easily be discerned -by the-fact that the bombarded area will
have a -hazy, or “milky” appearance when compared to ad­
jacent' unirradiated silicon.

Since.: the saturation of lattice disorder occurs at exactly
the- dose where transmlsrion electron ralcroreopy shows the
material to be amorphous, it is reasonable to conclude that
individual damage clusters are substantially amorphous and
that disorder saturation .occurs -when Individual clusters
overlap. Unfortunately the backscattering experiment mea­
sures an unknown combination of “true*  lattice disorder
permanently- displaced atoms) and lattice strain., and the con-
da tins above is therefore uncertain.

,?) s# si. [ifij- A-partial resolution of this question
is contained in- the optical absorption experiments of Stein
ei tri. These authors implanted 400-keV Sb ions into Si at room
'temperature, and then used optical absorption- techniques to
monitor the production of divacancies and the emergence of
baud edge absorption at the 1.25-,a wavelength. Their results
are shown in Fig. 16(b), with the dose scale drawn to corre­
spond to that of Mayer st ci. The relatively abrupt Increase in
'band-edge 'absorption for doses approaching IT*  ioas/cm*
clearly signals the development of an amorphous layer, as
does the fact that the divacancy density decreases to zero at
these same doses. At doses of 10,s ioas/cm*,  however, the
band-edge absorption is small and the-divacducy drnmy is
both nonzero and Increasing with -increering dose A- maximum

s The esrnmkswpttblishim tey Sijgmuste It 51 win reduce by 20 per-
rent,, ; which We -negitot for purposes M estimation.

* Sxreps where noted, alt vf the experixaeats fees be described.emjdayed
now&mneling directions fw Imptimta-tiatt
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in amorphous ESS Sine for ifo-keV Sb implants.

in the divacxucy density can be seen to ocear at a total dose
of Sb iotis/cms.

The number of divacaneies measured is about 190 per ion
at a dose of 10® mns/cm\ which accounts for a total of only
200 of the vacancies produced by each ion. To compare this
with theory we note that each 46frkeV Sb atom loses a total
energy of about 229 keV isi nuclear processes.5 Hence the
Kinchin-Pease estimate for the number of vacancies initially
produced is rV^'—TGOO, which is clearly much greater than the
final number that can be attributed to divacaacles. Evi-
dentiy, most of the vacancies have either been annihilated
through recombination with interstitials; or, more likely, they
have agglomerated into defect clusters that are stable at
room temperature (such as 4-vacancy complexes,, vacancy
platelets, etc.}.

The relatively sharp change in band-edge absorption to­
gether with the fact that isms differing in mass by a factor of
100 all produce the same number of divacancies for the same
total energy into atomic processes led Stein el al. to conclude
that individual damage clusters produced by Sb atoms are
most probably heavily disordered regions, not amorphous
zones. On this mew, amorphous zones would develop oafy
as a result of cluster overlap.

d) Ifasu-'&s ei al. [22]: The final piece of experimental
evidence we quote is the electron spin resonance work of
Masuda si al. These authors measured the spin resonance
signal following implantation of 80-fceV Sb ions over a dose
range from 105S to 10JS ions/cms. For these corsditions they
observed only the isotropic Lorentzian line associated with 

amorphous material, obtaining a spin density that increased
with dose in the manner shown in Fig. Ifo’c), Since the 80-keV
Sb ion has a range of approximately 460 A, the spirt density at
the peak of their curve corresponds to about 1X10**  spins/
era*,  which is in good agreement with the spin density for
amorphous material. The fact that these authors do not see
a divacanay spin resonance signal suggests that most of the
divacaades in their material are m a neutral charge state,
where they would exhibit no spin resonance.

Conclusion: Considering all of the data contained in Fig.
16 together with the quoted theoretical estimates, it seems
reasonable to suppose that a given Sb ion will most likely
produce a cluster containing both simple defects and regions
with a substantial amorphous content, especially if the im­
plantation is carried out at sufficiently low energies,*  At
higher energies the data perhaps allow a model in which
most individual clusters are heavily disordered and cluster
overlap produces amorphous zones. Electron spin resonance
experiments on samples implanted with 101* Sb sons/cm*  at
490 keV could perhaps resolve this uncertainty, but such ex­
periments have not yet been performed.

,<Z Light Ions

To compare light and heavy ions an a roughly equal basis,
we now consider the likely character of the damage produced
by a ,100-keV B ion implanted into a silicon target at room
temperature. At the beginning of its trajectory, the electronic
stopping power for a boron ion in a silicon target is about
0.02 keV/A, while its nuclear stepping power A, is only 0.002
keV/A. Electronic, stopping therefore' dominates the stopping
process until the energy of the projectile has been reduced to
about 20 keV. (Hence £e« 20 keV in Table I.)

Near the end of its range, the nuclear stopping power for
the B projectile finally rises to about 0.01 keV/A, and domi­
nates the stoppi ag process; however, the nuclear stopping
power is still more than an order of magnitude less than the
nuclear stopping power for Sb in St

The results of these facts are 1) the fsoron projectile will
lose a substantial fraction of Its total energy in electronic
stopping processes, winch do not produce damage*,  2) pri­
mary recoil atoms are produced with much teas energy on the
average and therefore create much less damage; and 3) the
range of the boron tos (Ml.4p for 100 keV of initial energy}
is much greater than the size of even the largest cailitian
cascade produced by a primary recoil.

To make a quantitative estimate of the damage isutialiy
produced by the 109-keV B ion, we note that we are dealing
here with a case, in which xE>Be aver mast of the trajectory.
Hence the appropriate Kinchin-Pease estimate for the total
nnmber of displaced ions is given in (4) and yields $t«-70&
The majority of these displacements are produced near the
end of the track after the projectile energy has been reduced
to about Es (see Fig- 17). To be specific, for a lOQ-keV boron
ion, calculations to be presented in Section IV show that about
500 displacements will occur in the last 2900 A of path length,
leaving roughly 200 displacements to be distributed over the
first 2090 A. The damage cluster therefore consists primarily
of simple Frenkel defects whose density increases to sub­
stantial values only near the end of the track. Its snch a case
damage that is stable at room temperature is rarely pro­
duced dfrectly by the projectile but only by subsequent dsf-

»Additfaaal ompatatai fa support of this view will be given fa
Section ill-F.
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fusion of vacancies to damage riucteaticsB sites. Such a process
is called ks-sshgatihoas dswgs wfolm as opposed to the
.heterogetseous nucleation that takes place spontaneously in a
heavily damaged region.

The experimental cfsaracteristics of boron-produced
damage are similar to those of other light ions, so w con­
sider B, C, and 0 together t<s develop a full experimental
:chaj-acteris&tioft of the damage produced by light tons,

./} Jriri’tWK ei 'al, [23]; We begin by showing in Fig. 18(a)
a curve: of the relative lattice disorder produced by Imptaata-
titre .of fofokeY C ions into a room-temperature Si target, the
disorder befog measured by backscattertag. of 1.6-raeV He4"
ions. The measured lattice- disorder is seen to increase-with
the square rota of the ion dose until the dose reaches --2 X 10“
tans/cm4, after which the damage rises to -.saturation for a
dose of Iff18 fons/cm'*..  The: dose nt which the curve departs
ire® its square-root behavior turns: out to be a function of
the dose rate, changing from 2 X lfos fons/em*  to about 5 X Ww
ions/cm*  as the beam current is increased from Q.2 pA/cm*  fo

SpA/crrri, A similar dpse rate dependence and sublinear build
up of disorder has been observed by Eisen- ta «(■ [83] for
boron implants -performed -at room temperature, with the
critical dose levels being somewhat higher.

By using a double alignment technique for their back-
scattering. measurements, in which the probing He beam en­
ters the crystal along One channelfog axis and the detector is
mounted along another, Hirt’buen ei >ri- were able to show t hat
a- signsScarit. fraction of the. disorder measured at. low doses
could be attributed to lattice strain rather than major dis­
placements. Using their data, we' show fo Fig. 18 a dashed
curve giving the relative disorder after the effects of lattice
strain have been -removed: and we take this curve to be
representative of the number of Si atoms that are displaced
significantly from their lattice sites. For later purposes we
note that the disorder as measured by double alignment (DA)
increases approximately with the square, of-'the dose.

Both the doge rate dependence atid. the nonlinear buildup
of disorder with dose are cnswteat with the prediction that
the tairial damage cluster consists of species that are mobile
at room temperature- and: must diffuse to audeatitm sites
before they recorabiae to form damage that is stable at room
temperature. A farther indication of the importance of
vacancy and interstitial atom diffuefon is reducing residual
damage- in-a light-fon room-temperature implant is contained
in ths Work of Westmoreland' ef af. [24], who showed that
lattice disorder -saturated St a boron, dose of .1(|‘s ions/cm*  if
the implantation is performed at —1508€, whert: the simple
defects are much less'mobile. In effect,, a dose of 10ls .fons/cm*
is snfhdent to produce an amorphous layer at — I5G*C,
whereas doses ©f.-**-10 ir io«s/cta*  are required fo produce an
amorphous layer if a low-current (8.2 pA/cm*)  B implanta­
tion is performed at room temperature.

2') Slein ta al. [13],' To!compare- the foregoing results with
optical absorption:, date, we shbw 1» Fig.: IS(b) diyacancy
density and absorption edge measurements for 400-keV
boron implants into, .ropm-temperature .tilicon. Here again,
up to .a'total dose-of 2 XWa (at a dose rate of 0.1 jiA./cm’), w«
see no saturation, in the divacancy density and no abrupt
change in the band-edge absorption, which suggests that the
defect dusters that.-form as a result of the vacancy diffusion
have liitie if any amorphous content,

3) Bfwyr afid Bseskvld [23].' Electron spin resonance
experiments further confitm the picture previously developed,
though the most thorough data have been, obtained for
oxygen implants rather than either carbon or bpron. The
work is that, of Brower and Beezhdfd, -who.measured..the type
and density of paramagnetic defects produced .in degerate
n-type (phosphorua-doped) silicon as- the dose of 168-keV
Cti- ions .was increased from .IO11’ ious/cms-to2-XiOM'ious/csn*;
'These authors find- [»ee: Fig. ISfc)] that fo: the- dose range
from 10K‘ to 10is 0*  ions/enti the main effect .of the damage .is
to decrease, the P* x hyperfine and free- tonduetidn electron
spectra as these donor electron^ ate trapped nt -deeper foveis.
In. the -doge ran go from 10* ’ to 101*  Q"t fop.s/cm*,  spectra for
the negative-dlvapancy^ the neutral phosphorus-vacancy, the
neutral vacancy-osygen, and' a possible four-:vacancy com­
plex appear, and. the ttaal number of. defects measured fo.
these complexes agrees quite, well with the number of va­
cancies computed from a Kinthfo-Poase estimate. Further­
more, an apsot'phptis spin resonance signal is observed until
the dose, reaches, a level of. about 5 X 10w O*  iona/c-ra*?  but
beyond this doee the amorphous signal grows yWer than
lineurly, suggesting: that, 'the- production of amorphous at-

10

SIONYX1403000039.0080

SAMSUNG EX. 1002 - 4066/4148



PKOCTEXSESOS OF THE SKBK, SKtmQtBtt J.9721072

teriai occurs as a result of overlap of damage from several
ion tracks (see Section III-G). The amorphous spin, resonance
signal finally saturates for finances In excess of 3XWW
ions/cm*.

Csw&rid*.'  It is dear from both the Kinchin-Pease es­
timate: and the proceeding experiments that individual light
ions meat probably produce only Frenkel defects. The resid­
ual damage will then depend on a number of factors includ­
ing prominently the target temperature and the types and
densities of centers that are available for nucleation of stable
damage. The production of a continuous amorphous layer at
room temperature is possible, but it requires either a 'high
dose or a high-dose rate (i.e., at a dose rate of 15 pA/cm®, a
dose of only 10M boron ions/ctn8 will form an amorphous
layer at room tem£er«tinre is silicon; whereas a dose of about
W!! boron ions/cm*  is required if the dose rate ss reduced to
0.2 jtA/ctn*.  See Eisen ri of. [53]).

£. J»SsrsM<fefe Zens
As we indicated previously, the damage produced by Ions

of intermediate mass has characteristics that are inter­
mediate between the two limiting cases just discussed. Briefly:

2) Kwrhfs-Psfiss [15].- Few a 100-keVSi atom implanted
into Si, the total energy deposited in nuclear processes is
about 50 keV, giving rise to about 2000 initial displacements.
The range of the silicon atom is about 1700.4, corresponding
to the average displacement of about 2 atoms per lattice
plane. On this basis we except the damage as initially pro­
duced to be stable but not amorphous.

3) fiZayvr <sf al, (18).• Lattice disorder as measured by He
back-scattering is found to increase linearly with dose for P
implants into Si, and to saturate at a dose of about 5X10**
ions/cm*.  Other measurements reveal little if any dose rate
or temperature dependence at implantation temperatures
below room temperature.

3} .Whittant [2d].- Electron microscope studies of Si im­
planted into Si at 40 keV suggest that at doses below about
5X1014, the damage clusters are highly disordered as ex­
pected, but there is little evidence of amorphousness. How­
ever, the amorphous ring pattern begins to appear as the ion
mass is increased, being faintly visible at doses of l.SX10M
argon atoms implanted at 100-keV energy into a rilieem target.

4) delFff and Atmneriau [20] .  Electron spin resonance*
experiments on a silicon sample impasted with 2X1O3S phos­
phorus ions at an energy at 30 keV and a dose rate of 10
pA/cms show both the characteristic di vacancy spectrum and
the amorphous spin resonance line. The divacancy introduc­
tion rate is found to be well below that measured by Stein ri al,
from which it is concluded that the Fermi level will be fees
than 0.55 eV from the valence baud in damaged material, this
bring the position required to render most of the divacanciee
in a neutral charge state (and therefore unresponsive to the
spin resonance excitation).

K Electrical Ertimat'ra a/ Chester Size

We have seen that, from a structural viewpoint, the general
effect of implanting an ism into a room-temperature silicon
target is to create a defect-rich cluster that may either spon­
taneously transform to an amorphous phase or relax by defect
diffusion to yield a variety of delects that may lie some dis­
tance from the ion track. From an electrical standpoint, the
defects produced act as carrier trapping centers its either case,

O
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Fig, 19. Msasnrensaat of the electrics) site of damage dusters (after
Johsscss). (a) Schematic Htostraboa of sample need far .ateasuriag
change of conductivity with sen dose. (b) Experimental data. yielding
an electrical duster djassater af — 51 A.
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with the result that, prior to annealing, there is a monotonic
decrease in the conductivity of a doped sample with ion dose.

If the implanted ions are of intermediate (or higher) mass,
the implantation-produced defects are more nearly confined
to a region of space surrounding the ion track. Within this
region (or duster), the trap density may become quite high,
and rite resistivity of the material within the cluster will ap­
proach that of intrinsic silicon, while material outside the
cluster retains its original electrical properties. This effect
offers the possibility of measuring what we will call the “elec­
trical cluster diameter,9 an experiment that has been per­
formed by Johnson [27], We review his results here to develop
an appreciation for the typical electrical sire of damage dus­
ters produced by intermediate ions of moderate energy.

A schematic illustration of Johnson’s experiment is shown
in Fig, 19(a), and consists of a conducting channel of thickness
IF into which Si atoms were implanted at room temperature,
The energy of the Si atoms was chosen so shat their penetra­
tion depth Xjf was less thas the channel thickness TF. The total
channel conductance therefore consists of a sum of contribu­
tions from damaged and undamaged portions of the channel.

Assuming the damage clusters to be right circular cylinders
[see Fig. 19(a)), Johnson shows that the conductivity of the
damaged portion of the channel may be writtea as

v -

where »e is the initial conductivity, A; is the cross-sectional
area of the cluster, and # is the Ion dose per unit anrari A plot
of the total channel conductance versus dose should therefore

! The mathematical derivation of this msult follows tiw gimeral
principhs outlined in Section Ill-G of the preseat paper-
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cottrist of. a constant terra plus an exponentially decaying
term.

The experimental data obtained by Johnson are shown in
Fig. l!?ib). where it is seen that the channel conductance fol­
lows this expected form exactly with an experimentally deter-
mined eleclrical duster diameter of •-• 50 A, Anticipating a
Infer comparison we note here that the electrical duster diam­
eter should be larger than the str?icii:rai duster diameter be­
cause a depletion layer >ill form around the structural duster
(as a result of band-bending rtscessary to accommodate the
change kt resistivity ■

G< The .Preehictifftt sf rime^P&tms Msferfoi
The preceding wetfons of this paper show that both foe

Structural and the efeciricai characteristics of implaatarinn-
damaged silicon will approach those ■;.•! amorphous materia' if
the ion dose, acd with it the damage dimriry, are sutHmentiy
high, in particular, the results of the last section suggest that.
prior to annealing, any impurity condnctjon effects arising
from rhe doping characteristics of rhe implanted ion will be
completely masked by implantation-pradueed damage.
Hence, to obtain the desired impurity effects, we must anneal
the crystcj ro repair the todiariou damage.

It might be assumed that the difficulty of annealing would
be roughly proportional to the amount of damage introduced
by the bombardment; and c-n this basis it would be preferable
to implant into heated targets nt low dose rates so as to repair
the damage introduced by individual dusters before the dam­
age density builds up to large values. However., the opposite
is usually the case; experimental results to be presented in the
next secriors show that in silicon the production of a.n amor­
phous layer is generally desirable if high post-annealing elec­
trical activity rd the implanted species is to be guaranteed.
Anticipating ;be importance of this result, we consider here
the dose and temperature conditions that insure rhe produc­
tion of an amorphous -aver, relating these to the structural
characteristics of damage dusters produced by lunacy and
light ions. Specifically, we assume that heavy feus create a
sufficiently large defect density around rhe track of the ion to
insure that individual damage dusters are amorphous, while
for light fens we assume thar significant overlap of individual
clusters is necessary to achieve the amorphous condition. In
what follows we present some simple mathematical models
that, describe these two cases. A more complete analysis has
been published by Gibbons |23j.

/feevy four.' We consider first the idealised case where
every implanted ion produces an amorphous duster. If we
assume that each cluster is a right circular cylinder with a
fixed length /?., and an area .-I- I projected on the surface of the
crystal}. then the rate of growth of amorphous material with
do.se can he written, as

O a
7F

where .¥ is the total cose, .1,; the total surface .area covered by
amorphous clusters, and ,4 c the total area bring implanted.
The factor withits parentheses Is iusr the probability that a
given I oil will hit ir;> the undamaged area. The solution ol 15) is

- AO —«
where * is the total dose pet unit area.

afe
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20, Illustrating the growth os' amorphous area for v-stoms degrees
of cluster ofes-iap.

A pint of (6), using Ibg-log coordinates, is shown in Fig, 20,
If this figure is compared with rhe disorder measurements of
Mayer et rd. givers in Fig. I6{a) it is seen that this simple
theory provides a good fit for the data; and in fact a projected
cluster area rix~;19 A)5 will cause theory to match experi­
ment almost perfectly.

Given rhe simple exponential buildup of the damage, it is
convenient to define the dose**  required to produce an amor­
phous layer by Aa«0.9 4«, which .implies

~ 2,2, (?)

The amorphtring dose thus depends inversely on riy.
Of course, we know that the entire cluster is sot amorphous,

a fact which Morehead and Crowder (.291 have taken into
account by assuming that the highly disordered region sal-
bally formed by a heavy ion will relax to a stable phage con-
sisting of an amorphous core surrounded by a sheath of lightly
dansaged crystalline material They ralce. the radius A ot the
cylindrical amorphous core to be

«(T) - ,Ss - SS(T) (8)

where fej is the radius the cluster would have i f al l of the ini­
tially displaced atoms were included .in the disordered region.
&R(T) accounts for the decrease in .5! dm' to diffusion of simple
defects from the extremities of rhe duster into rhe surrounding
crystalline material.

Using (8) to define the radius of the idealised cylindrical
amorphous duster produced by each ion, we have Ar5® w???(T)
and, from Gy

2 2
<<*  «■ -™ — (ife -- fiM'A (9)

To obtain values for **,.. Morehead, and Crowder assume that
eA should be on the order of the vacancy diffusion ie?sgth

<5J? (Ar) s''s (10)

and then substltiste a standard, exponential temperature
dependence for P, to obtain a final amorphlxing dose rsf
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■Fig. 21. Amorphteiag w®s» T from tfie theory oif .MtoSfeasi and
tewter., Experimental poiats teskec fr»m SSlt tea.
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TABLE II

B P | Aas ??b Bi

308 430 | 80-3 '-■SC s;;r

[f- rCO"^ exp (- £W)]V*
where K and- If are adjustable constants, and 3s->
is the miergy-indepeadent nuclear etsetgy loss per unit path
length [3|. X and (J are chm to be 115 (fceVZA)lfs and 0.06
eV, respectively.} and -£>s can be further expressed as

2?v ~ rfeAo/&a (O)

where Ep is the atomic displacement energy and <V» the nuns-
ber-of sificcm atoms per Cubic centimeter.

The St between this model and experimental data taken
from EPR measurements is shown in Fig. 21 and is teen to .be
quite reasonable, especially -considering the extreme simplicity
of the model. It is also interesting to note that for each Ion ill)
predicts a temperature;-Tw at which it would be impossible to
form an amorphous laver. A list of values for is given in
Table 11.

3) Efgto lows: The difficulty in applying the previous model
to light ions Is that, as derived, it assumes individual clusters
to have an smorphmss Core. Morehead and Crowder argue
that the model will -nonetheless provide a reasonable estimate
<si the amorphbfitig dose for ions that cannot produce individ­
ual amorphous clusters without predamage, even ;tough the
approach to saturation aS a function of dose will be dhTerent
for such Ions. Indeed .the agreement bet ween their model and
the experimentally observed boron dose required for amor-
phmation- gives reasonable support to this view. However, it
is useful to consider other -mathematical models that can pre­
dict .both the approach to the. saturation and the amorphi.wg
dose, to see how they compare with experimental data.

For this purpose we again assume that an incident Ion will
■produce a cylindrical cluster of length it and area Abut that
overlap of clusters is required to produce an amorphous aohe. 

The differential equations describing the production of amor­
phous material are- then

Oa A&........... ---
«EV A

/A» Aj>'— - A “

d4» A *_ .. 4-“

(13a)

(13b)

(13c)

where Aa represents the amorphous area, A s the area that is
damaged, but not amorphous! and A» the - nndama^d area.
The sdutioq'which these equations yield for zfo is

Aa - 44.1 ™- (1 + (14)
which is plotted in Fig. 20. OuaBtativtiy this solution provides
a much more rapid approach to saturation once the conditions
for production of amorphous sones have become dominant
(1.6., As small and A..» large). A straightforward exteasfos of
thia model cats be developed for cases hi which a-tuple -cluster
overlap is required for the production »t amorphous aaqes and
yields

f / A (A-,4)4 \1
A..#. - A:.. 1 ™ S -™~~ *" 4<* ) ' CWL X T /J

To compare (14) and (13) with experimental data, we return.
to Fig. IS. where we see that both the atomic displacement as
measured by double alignment channeling wad the isotropic
resonance as measured by EPR- (under essentially identical
implant conditions) increase■'somewhat faster than the square-:
of the dose, which lies between (14) and (13). We take this to
be in -reasonable agreement with, the ample cluster overlap
theory. Furthermore., using A*®  04.Ate to define saturation,
we obtain from (14) the condition

(1 + 4 4H* -"*** ’'88 C<*  (W

or

A.^.^'4. (16b)

If it is assumed that diStenn effects still reduce in the-
manner suggested by Morehead and Crowder, then the -simple
duster overlap model gives aa amorphlting dose that is ap­
proximately 1.8 times that of the equivalent amorphous clus­
ter model. By applying this factor to the data in Fig. 21, it
can be seen that the cluster overlap model fits the date for
boron better than the amorphous duster dodel. However, one
can argue that for lightly damaged dusters, -diffusion might
actually increase ds- if defects .diffuse away from their points
of creation before forming a-stable, defect cluster • The varia­
tion of A it with temperature might .then be considerably more
complicated than that assumed.

3) Energy .Drpssiifos Afedtifar Prodwcifes of .4 m«fphoux
SfofatejJ.' A si.rn.pter criteriou for the formation of amorphous
material that does not require any specific view of the struc­
ture- and,/or overlap of individual el asters has been proposed
by Stem ei to. [13] and follows directly from as examination
of Fig. 21- It is apparent in this figure that for any given .ion
the- dose required to form an amorphous layer is essentially
indepdndenr of temperature at low -temperatures. We-expect
this to be the case since at low temperatures nearly all -of ths

13
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(17)

14

(91 X 10W*  ~ S> X 10*»keV/cm»

IV. Damaqe DrsTsiBiS'nos Theory an& ExffExntxsrts.
In the .previous section wt have described the damage

produced by individual tons in terms of individual clusters,
and we have visua&ed damage accumulation as resulting
from an interaction of iefex-sfori individual damage clusters.
This approach provides a simple basis for understanding
fund omental aspects of damage production, but it fads to
account for one. major feature-, since all ions of a given type
and initial energy do apt have the same range, the individual
damage dusters-will not all have the same shape. In the sim­
plest terms, we. .might expect heavy ions to produce “damage
cylinders” with a Gaussian distribution of cylinder .length that
corresponds roughly to the Gaussian distribution 1st projected
range for the given ion. Furthermore, the interaction of Indi­
vidual dusters to form amorphous material will be somewhat
more complicated than we have been'assuming. Is this sec­
tion, we will present a sequence of mathematical models and
experimental results-that cap assist .us in understanding the
damage distribution problem and its practical consequences.

(1800 X 10*)  X 6 X .10” 10.8 X 10s6 keV/W;

.4. br.'irl J'd&i s

With respect to a given damage cluster,, the- foregoing
sections indicate that the total amount of energy which an
incident fre transfers to target atoms will be an important
quantity in determining how much damage caa be produced-
We also know that the rate of energy transfer with distance
may influence both the type of damage that is produced and
the final shape of the cluster. The target temperature will
clearly be an important factor in determining final damage;
and the efscirenss energy-loss of both the projectile atsd Its
.recoils may be Important because ionisation of electrons from
target atoms will'increase the density of free electrons and can 

«Is feet, the only UfKewswe tetween tea primary energy Oejswitioa
-:vs she qaantKj.' -IsAis eos3.pir,e<I by Ssk-' s3i] is that eawgy

given recqHs is divided itsta sto-smie sad etectsonfc fractions in ths eom-
pntaUvn to r, HOwtwer, steoe the average tes&U has a relatively tos.a.i$
energy, this reftwesnem si aiss relatively unirsspor:aa:. as !««• for I’ght

Hence if the target temperature is such that essentially ail of
the damage produced by a projectile Is stable, an energy
deposition -per unit volume .of "-riO* ’ keV/cm*  should produce
amorphous silicon. We will use this criterion in Section IV to
.discuss damage distribution experiments.

With regard to a possible qualitative interpretation of this
criterion, we note that ths heat of fusion of a silicon crystal is
180B J/g or about 0,7 X KJ* 8 keV/cm’, suggesting that a phe-
no’wnvn .-tete te raising occurs in ths termotiou X ar.
phons layer, Of coarse, we expect the energy deposition for
“melting*  to be .greater for implantation than for a thermal
equilibrium process because the energy required to produce a
Frenkel pair is greater lor implantation. In fact rhe Frenkel
formation energies are about IS eV for collision displacement
and about 2 eV for thermal displacement, so the ratio of
“melting*  energies might also be expected to be in the ratio
of roughly 7:1, as they--are.

therefore affect the charge state and annealing characteristics
of defects that were produced by either the ion under consid­
eration or & previously implanted ion.

It Is clear that the interplay of there factors- is much too
complicated to be Included in a tingle comprehenrive theory,.
so attempts to- estimate the distribution of damage in fors-
implanted material are usually limited to computations of
how the total nuclear energy loss (or energy deposited ic
atomic processes) will be distributed in space, when the. target
is implanted with a total dose of $ tons/cm”.

The simplest (and definitely most approximate) treatment
is-that of Gibbons [30], which we review primarily to-fix baric
ideas, though we also note that the-technique-provides a .sim­
ple means of rapidly estimating the energy deposition, profile
for any ion-substrate combination for which range calculations
have already been made.

The quantity to be computed will be called the ,primary
rs-regy dspasili&K profile This term is chosen'to call attention
to the fact that we will only be concerned with how the statis­
tical characteristics of the range distribution will affect the
energy deposited by- projectiles as they come to rest. No con­
sideration is given-to the question of what the host, atoms do
with the energy they receive (i.e., how their energy is divided
between atomic and electronic processes, whether they are
permanently displaced, mid if so how much additional damage
they produce). 'The primary energy distribution is thus only
one .of the quantities that must be known to develop a com-
prchensKe theory cd implantation-produced damage; though
far light ions in a heavy substrate, some of the si mpler features
ot the damage distribution might be expected to conform
approximately to the primary energy deposition profile.*-

The computation of the- primary energy deposition profile
would he relatively simple if all the injected ions had exactly
the same -range. The average nuclear energy loss rate would
then be amply a plot of the Thomas-Fermi nuclear stopping
power 5», with the abscissa changed to -read in terms of dis­
tance traveled rather than energy. Of course. ail ions do net
have the same range, so we must use separate curves for
each ion and -add their effects together. To do this, we must
first compute the energy distribution function F(£i X
where PdE denotes the probability that an ion has energy
between -<E and .STffE, given that it was injected into a target
at E»£■> and has reached a position X along its track. When
P is known, the average nuclear energy lose rate at the peti­
tion X can -be found from

(AV.X)?» I \{S)E(Ei .¥,£.,)
ri e

In what follows we use the tabulated "Thomas-Fermi nuclear
stopping power for S»(S). In the application of the- method
preseated here, the computation is carried out is the normal­
ised units («) of Lind hard si ai. [2], and aa especially simple
form for P(SU, is employed.

I) Procedure /or EsEm&ling The energy
distribution function, can be found from a knowledge of the
range statistics at intermediate energy £. The manner in
which this is done is indicated qualitatively in Fig, 22. Here we

damage produced by a projectile will be retained as stable
damage. Ou this basis, amorphousness at low temperatures
should be predicted directly from a knowledge of depo­
sition per unit volume. Following this clue, we observe that
the standard nuclear stopping power [Sj for B, .P, and Sb
projectiles is 9-1, 440, and 18Q0lte%?/X respectively, arid there­
fore the energy deposition per amt volume required to produce
amorphous material (i.e., product of and dose) is

for ri :
for P: (W X 10*)  X 2 X 10” -- 8 X 1(F« keV/cm:
for Sb:
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show the geaera&ed range distribution function F(Z, A| Ab);
i,e., a sketch of the probability that an ion has traveled a
distaste Jf and has an energy A, given that It was injected.
with energy & into a target whose surface id at »«■& The
distance tr^.yeied by the son is measured along the a axis, as
in Fig- 22, and its energy is measured 'along- the A axis.

At the surface 'of the target, all sons have, an-energy E& sa
.F(X, E|Ea) reduces to thedrfta function S(A —A?, st) at'x'»0<
As the te penetrate the target, however, it tees energy by
nudeftt and electronic interactions, and finally comes -ta rest
at some position on the x axis. From the LSS theory, we know
that the probability of coming to rest at -a final position xft is
described to a good approximation by a Gaussian probability
distribution, in which #»baaa mean value A(®, E*}  and stan­
dard devsatido va(&, B#) (called (AR) in the LSS theory), This
is indicated its Fig. 22 by shotring the generalised range dis­
tribution function to have .a Gaustian. cross section along the
line ,b-0.

We ate expect the range distribution at intermediate
energies to be approximately Gaussian, so that it can be c6sn-
pieteJy -characterised by quoting a mean R(Et £$) and stan­
dard deviation: <r&(Ei, EL)<

The exact way in which J?(E, A«) find &)■ depend on-
A ton be computed by numerical integration of generalised
LSS equations as done by Brice 1311 arid Tteushinm and

?_rf, >'r appnoTW -rs ' t- >rirx - v> toe
analytical solutions -for R(£( £«) and cn(A> E*}  [33 1, For most
purposes, the approximate formulas

. / £\A(^ Efi) -■ A(0, Ab) ( 1 - -to
\ As/
/ E"\re(At A») »»«w(Q> A«) 11. —• — |s £?/ 

(13a)

(Wb)

are sufficiently accurate apd have the advantage that A and
e»- may be obtained from tabulated final -values of the range
statistics, which makes the procedure to be developed directly
applicable to a wide variety, of tetebstrate combinations. In
any case, a knowledge of R' and vp, plus the assumptica that
the intermediate range -distributions are -Gausrikm will, pmrn.it
us-, to construct the generalised range distribution function-

Once the rfinge distribution surface has. been constructed,
we cars use it to determine, at least in principle, the energy
distribution function for ions that have traveled a .distance
Xj. To do this we simply pass a plane perpendicular to the x
aids through the point As.. Such a plane will intersect the range
distribution function, in the required energy distribution
curve, as suggested in Fig, 23(b),

The energy distributihu curve will not in general be
Ga.usrian, as is apparent by sketching the curve that is «-b»
tfiined when a test plane is passed through Fig, 22(a) at Xi
~ E(0, As), If ffi ftVar the -origin, hOwoW, then to & first
approximation the energy distribution carve is Gaussian,
having' a mean and st&ud&rd deviation that can be easily
determined from A(A, E») and -u-jrfA, As), .As Xi approaches
Ab, a single Gaussian becomes a rather poor apptoximatte,
and it Is then necessary to use two half-Gaussian distributions
that join at Ai, having standard deviations n and. to- The
half-Gaussian applying over the range 6<A<Aj may also
have to be truncated at A»0.

A seufowbat poorer but conceptually' wy useful approx'i-
matipn Is to assume that the energy distribution function is
wtegate; i,e.,

if-£
P(E)d£ ~ —I—, At < £ < A«

.£.< — At
®= 0, elsewhere. (IF)

where A*  and At are suitably chosen energies. Physically this
distribution means that after traveling a distance AL, the ion
has an equal probability of being st any energy in the range
At<A<Ex, We w^H show late that-if-comparison with ex­
periment is used as the yardstick, the probability distribution
given by (4) is in ffi.es quite satisfactory for estimating (SKi’X))
[because F*  appears in the integrand, and the integration is
carried over all energies. P would clearly be 'useless for esti­
mating: rhe' contribution to {&). of ions having A>£x when
they pass the plane fo question],

To find appropriate values-of A -and os for the Gasssste
energy distribu tions, or Ax and Bi for the rectangular distribu­
tions, we refer to Fig, 23. Here -we have sketched A(E, A<s). and

.$»(£, Es).on E~x coordinates, which san be visualised as sim­
ply a projection of R and from the generalhed range distri­
bution curve Onto the A-x plane. A borisontal 'line through
the curves in Fig, 23(a) gi ves, ths values R(E< Bis) and Cs(£, Ab)
required to construct the- fatemedtee range distribution
shown in Fig. 23(b). [in practice,, of eonrse, the curves sn
Fig. 23(a) are constructed from o knowledge of .R(.S, Ea) and

Ao), j A vertical linear Ft gives As, tr*,  and «■< as-riiown
in Fig. 23(a), and permits us to construct the eaergy didiristi--
ifo» at' tmemriffofe rwgs shown is .Fig. 23(c), The Values of
.As add E>. required for the. rectangular distribution are simply
obtained from the iuteteette. of the vertical line wtith the
uppermost aad lowest, curves in Fig- 23(a).

In this section we will use the rectangular energy distribu­
tion to estimate te(-T)} for boron in silicon, and will later
compare the results- with other methods of performing the
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for obtaining •;,S»(k'‘} j. fo) yjS',(s}& versus « for evaluating fto).

interested in energy I&ss rates along the actoal track. Cor-
retrifons can be introduced at the etjd to convert the resulting
distributions from range to projected range scales.

'To compute i-Srijri) from the plot given in Fig, 24. we
first evaluate (17) using the rectangular energy diatrfbntioti.
The result is

.ev /*«!
I 5R(«)ds — I

<J ft ft
(Sn(p)) ~------------------------------------ - (20)

es - f}

Since«_% and «tare knows, the evaluation can be carried out by
Srst constructing a universal curve of the integral /J .$»(«)&
and then simply reading off the values that are appropriate
for the given values sri c.% and «j. The required curve of
Ju 5s(«)de is shown 1st Fig. 24(b). I’risig this carve at a cor-
venient set of p values we obtain the (Trip)) curve, shown
in. Fig, 24(a) over the p interval 0<p<|p(0< ty)—ep(Q, *«)}
where pl'O, «s) and rg(0, «»)■ are. the normalised final range and
standard deviation.

To compute (5nfo)J beyond this interval requires us to
make a mipor adjustment; in our computational procedure.
The nature of the adjustment is beat explained by recognising
that frfr' arises from the averaged effects of a large -num­
ber of injected Ions. Because we are assuming the en­
ergy distribution. to be rectangular. all of the injected ions
contribute to (5tl(p)) so long as p is in the -interval 0<p
<(pCO« <«)—u»(8, eo)]>- However. as we proceed, beyond this
interval, some of the inns have stopped and, therefore, -can­
not be included in computing (>§s'), For example, &tp«»*»p(O,.es) i
only half of the injected sons are. still contributing to 'energy
deposition.

We 'can include this effect in one of two ways.. The sim­
plest is shown in Fig. 24(a) , where a new um-tdeng-th distance-
scale -is set'up to-cover the interval «*)  <p<.(ps+«'p)-
If distance along this scale-is denoted by X(p), then the value
of (rin.) for p values in this interval is'

|*  6r.(ri>««

(5«) ™ [1 - X(p)] ---------------- - (21§.)
«A

As an alternative, we cam extend the «,> and p versus e curves to
siegaiive values of «, -and than compute (ffr) from the formula

F '*
*/ £

a) --------------—— - (2ib)
■”■ «j (extended)

calculation. The comparison shows that the method gives a
stttpri&mgjy accurate .estimate '.of the spatial distribution of
energy deposited into atomic processes fqr light .ion's in silicon
and has the advantage over other methods that it can be
easily extended to any ion-substrate comfortaritm for which
range-energy computations have been previously performed.

d) »/ (SriAyfr To-treat a case of practical
interest, we show in Fig, 24(a) the -.generalised .range-energy
plot for a 40-keV B implant into silleoa, in which -we have
used the Firsov formula to describe electronic stopping
The nurnsalfeed distance and energy emits introduced by
LSS are-, used to -simplify the computations. Total range is
used in this plot, instead of projected range, because -we are

However the computation is made, the result permits us
to trace the behavior of (5,s) through the full p range. ‘The
(X(.T)} curve for a 40-keV boron ton, shown -in Fig. 24(a%
was' sketched by determining f5n(.T)) at toe peak (which
rd ways occurs at approximately p~,c(O. ee)”“«r«(O, ««)] and
five other equally spaced points.

If we wish to plot (F,<) against tjorsnalised projected
range, rather than total range, then we must first determine
a functional relation between and p.

Pr ««/(>) (22a)

and use it to rescale the horizontal axis. Far a first appraxinsa--
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keV
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to toe to to
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200 4,800 S,1DO 3,850

tto 8,Mi8 Sx300

to? XI,300 w 11,500

tion, we can use

(22 b)

where. J^(0» As) and A(0, £«) ate obtained from tables. A
more accurate analytical formaia Is developed. in (33 j.

We saast also divide each ordinate of the curve fay
(dp^/dp), |f (23b) is used to define theps.-f.o-s relation,-then

dpj, A$>)

<fo- " A:(fo •&•)

Alternately the functional relation between ass A sfe-
veteped in [33] can he used to find (■&%//<&).

The mathematical effect of these transformations is .to
preserve the area under the (S„) curve. There remains a
question as to the physical significance of fefe). whito plotted
on a projected distance scale, since energy is lost along the
actual teach, not the projected track- Thp projected distance
scale wuld be the appropriate one to use if the average ener gy
deposited. per unit volume is required. The plot of (SK> versus.
p (or M) would be the appropriate one for any damage process
that depends on a threshold value of (dh).

In. any ease, it is necessary to make they-to-pj, corrections
to .compare the results of this work with the much more
precise calculations of Brice [3t] to be described in the next
section. Tfiss is deme in Table Hl, where (<$«>«»■. and. its
projected location are compared' for B injected into Si at a
range of initial energies. It should be mentioned that some
discrepancy between the two calcnlatifere 1® expected from
th® 'fact:- that Brice uses Eisen-s experimental electronic Stop­
ping cross section, while the present work qred Firsov elec-
teomc stopping, which is about 10 percent smaller.

It is seen from Table 1II that all corresponding values are
within about .W percent of each -other. Furthermore; the full 

width at half maximum (FWHM) computed from the two
methods are also within about 10 .percent of each other, so
the approximate method developed -te.ove gives a ssrprisiagly
realistic estimate of .Brice’s more accurate- curve.

For a. further eomimisoa, we -show in Table IV the peak
damage depth obtained experimentally by Feldmats and
Rodgers [34] *?  implanted fete Si, together with the cor­
responding values of the peti tion of the peak as computed by
Brice and the present process, LSS: riectronie stopping is
.used for both calculations. As, the table shows, the agreement
is very satisfactory.

.’3. Ante [31]
A much more accurate -computation of the distribution of

energy deposited into atomic processes has 'beets published
by Brice who, following Lindbard rt dh [35] defines the quan­
tity v as the total energy spent fe atomic processes By fofo
the projectile and its various recoil atoms, .and then derives
generalized ESS-type equations froM which he is able to
compute (dF/dx), the rate at -which ths -swugs energy- de­
posited into atomic processor varies with distance. His srfin-
tion to these equations is based on. ths assumption that
recoils do not move very far from their points of .creation.
This is a reasonable areumption for light ions, but becomes
rather poor for heavy onea

Brice’s results-are presented-in the form of damage density
contours, a representative sample of which is shown in Fig.
25(a) (for B in Si), The initial energy of the B projectile is
located oa the vertical axis of the figure, and a horisoatal line
through this point then ‘gives the curve of (by/cfo) -versus
where xy is used to represent, distance into the target as
projected onto ths direction of incidence of the beam. Several
hnrirentd sections through: this contour plot 'are. given in
Fig; 23(b) to show how (dP/dx) varies for B at several dif­
ferent energies ■of interest in practical ion Implaotatiqn work.

As mentioned previously,' Brice’s assumption that recoil
atoms do not wwe. too far from their original positions is
reasonable for light ions, and therefore his plots of (dT/tix)
versus x can be compared to actual damage distributions for
these cases, especially whan the.'annealing is inhibited. Corn­
parison of Brice's results with experimental date obtained by
Risers rt <fe [35 j'show that for B in Si, Brice’s (rfe/dx) plots
give reasonable estimates of the peak and. :FWHM, of the
nou-Gaustian damage distributions; and further, his com­
putation of foy/ds) lor heavy fons: is useful for estimating
conditions that lead to a orystallfeo-to-a-morphous transition,
even, though the details of the acteal spatial distribution of
damage are not accurately predicted frorrs the (dss/dx) versus
x curve for heavy foe a We will elaborate on this briefly In
Action 1V-D-
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C, Sigmtoftd md Sas&'j [36]
The most comprehensive attempt to .proddcfe o damage

theory that trsh apply its a tvkte variety of ion ioipiantadoa
eosditkms is that of Sigmund and Sanders.. To make the
problem traetahie, they limited their attention to a com*
putation of the total energy deposited in atomic processes its
a given, volume of apace by both the- projectile and its recoil
atoms. They formulated LSS*type.  i'ntegro-diffdrenda! equa­
tions that describe this spatial distribution of deposited
energy, and were able -to bad moments of -the damage dis­

tribution in certain special cases (e.g.> power I aw-atomic m-
teracrion potential with nbglect of electronic'■ stopping). To
minimise the effects of these Amplifying .assumptions, how­
ever, they expressed their'damage distribnriou parameters in
terms of the LSS projected image distribution parameters,
computed from, the power law interaction potential, with the
suggestion that proportions between the- damage distribution
and the range distribution might be realistic even if the in­
teraction potential used for the separate calculations was not.
I t is, therefore, possible to estimate the distribution of energy
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TABLE V

M
^v,\v,w,v:AKXX,
M.

IOS

G)
SZsCj

, 2,
>

(x>a (x)S <x'?<y )

/■A. 3 sto*;
to3)

X.-3.0 0,843 0,058 o.to.8 1.3 7 0..<to?
1/4 0.S77 0.123 0.044 X.16 0,021
to'2 P.4S3 o.,m 8.888 1,20 0,843

1 0,te» 0.5 to 0.176 1,88 8.879
3 toW 0.40S 3.343 i,ie 0.135
4 0.323 <5.710 0.674 1.12 8.221

10 6,i§3 i.S84 1.671 1.0? 8.345

<b> Bas&g© ®.iS'ByihuiJ.oB. Farasetes-s

twrgpt

K.
108

J™2
E/'MJj

<4x2)g

<x.)2b
(?)

to>%
' '8

00d<A
1/18 8,882 0.424 0,102 .1,8-0 8,380
1/4 0.4SS 0,43? o.m i.n 8.433
i,to 8.376 8.368 8.13S 1.47 Otote

:>. 8.295 6,388 8.1S7 1.41 0.178
3 0.241 0.457 0.2S? 1.42 8to?2
4 8,188 0.823 8,4gg 1.31 8.391

38 8.143 1.215 1.153 1,16 0<5«?

deposited into atomic processes by wting the Sigmcud and
Sanders tables of proportions together with, for example, the
range data giVea in the tables of Johnson and Gibbons,

The Sigmund and Sanders tables that foe must-jmful-'for
estimating damage distifbutfons in silicon are reproduced in
Table ¥, The first sofomh of the tables gives the -mass of the
incident son relative to that of a substrate atom, white the
remaining eolumns give the me&» and standard deviation of
the range distribution. The x dirnemtioa used by Sigmund
and S&siders is measured abiog the path, while the y dimen­
sion is perpendicular tn the path, Because higher order mo-
meats are- difficult to calculate accurately, if is customary to
use only the first and second moments: of the damage distribu­
ters, and therefore the values in Table V are Used to provide
a Gwmb wto-mta: of rise damage distribution, whose parame­
ters are related to the Gaussian LSS range -dffodb.utfon, For
example, taking ratios from the second column of the tables,
we find that B implanted into Si should produce a damage dis-
tnbutkm with a mean at

0.318
(«)n -------  Jty " O.S (.23)

0.264

where (x)» is the projected depth.for maximum damage (with­
out annealing). The standard deviation -in foe damage dis-
ttibutfou is given from ratios in. the third column of foe 

table as
{A^h.SO-75 (24)

which can be used, together with (23) to-construct a Gaussian
estimate of th® actual damage distribution.

As we will see -later, the Sigmund and Sanders- tables 'pro?
vide reasonable estimates of foe.mean and .standard deviation
of foe Uctual damage distribution when annealing is inhibited.
However, measured damage distributions me frequently not
Gaussian, .and -*«■  these cases foe first and second moments
may give a rasher misleading representation of foe actual
damage distribution.

IX .Estim&r a/ 4&W .Otiptorrmsf Mfol /rm Gpaftaf
DG'i-rte.slfo>s« <>/ Pcpostifti ,£-»rrgy
Before turning to experimental, measurements of damage

distributions, we make a few remarks that will connect the
computations of energy deposition just described to practical.
problems, mentioned- io previous sections.

f) $fonfor &f ,Z)»'ptete8 .4foms.*  Given a computation of
dF/W, or <5»(X) X it is- clear that foe Klnchim-Pease es­
timate for the number of atoms displaced by the “average”
.ten should become

,?ta » &/2^ (25)

where B» is stasph! the area under foe (ttitofe) or
curve. Since electronic stopping has already Iteen included in
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the computation of «W’<& or foXX)), the estimate- gives fe
(25) should be valid for any fen at any Initial energy for
which «Sss and X. give valid estimates af th® stopping powers.

If-we. use. this idea i« compute dfa for 100-keV -B loss, we
find E,M? keV and hence' AV’-'W, which compares very
favorably with, the estimate to $^700 gives io Section
III-D. Further'inspection of the (riv/Wx) curve-shows that 12
keV of energy are deposited. is the last 2000 A of path length,
-Since a 169--keV B fen has a range of about 0.4 p, we conclude
that ^200 displacements-occUr in the first 0<2 y and -400 dis-
placeaieofo in the last 0.2 p.

2) .Frsffeci-fos of Afsfato®/,- Another very use­
ful application.of the energy deposition profile is obtained by
combining it with the copditton for amcrphicity given by
Stria si al, [13] «s estimate when and wtew the substrate
will become amorphous as the fen dose is increased. Two
examples will outllse the procedure,

a) &at>y fosrr An “average” 100-kaV Sb loo exhibits
an of about 1® oV/A or l.&sXW’ keV/cm over
its entire track. If it is assumed that all of the damage pro­
duced by such an ion is sfobie at room temperature, then the
dose $*  required to produce -an amorphous layer should be

(S4X}}«*  —10« IfeV/W

yielding 4*MX1!D # iohs/cm* s which is in very reasonable
agreement with measured values.

&) Ligfit -sens.' If we attempt is apply this criterion to a
light fen such as boron.,, we must recognize that many -of the
defects produced cats diffuse away from their points of- crea­
tion unless the 'implantation is done at low temperature.
Hence we attempt-to predict-only rite-damage distribution to
be expected for fowrtemperature implants.

Taking again a l(K)-keV B. loss, we find that dp/dx (or
(5S{X) Jj has a peak value of about 8.5 eV/A-at a projected
depth of about 2200 A. Hence a dose of

X 10 s1.2 X 10«tons/cm»

should be jdst- sufficient to create -a thin btiried layer of
amorphous material at a depth of 2200 A. If the dose is in­
creased to 2;5 X 10w feps/cm*<  the required value of (riP/dx) for
amerphousoess sfoafod decrease to about. 4,2 ,.V t. ?■' rhv
buried amorphous layer should start at about lfX)9 A and
proceed to a depth of-about 3200 A, The amorphous layer will'
extend to the -surface when the dose is itscreased to the .point
where

$*  j ion

or, for 100-imV B< ^‘^'^'4X10^ ions/cm*.  These predictions
are in reasonable agreement with,the experimental data,

£. Jgxjter&KSMbf 2?«t tori' ms. Damage Afofordtoto®
As was pointed out in Sectloa 11I, there are many experi­

mental techniques that can be used, to measure damage dis­
tributions,- including prominently back-scattering, electron
spin resonance, and-infrared-absorption. In addition to these,
damage' distributions have been' measured by decorating the
damage with cbpper and then using radio tracer techniques
to measure the copper distribution (Masters et to. [3?]); and
by taking advantage of contraat patterns that develop when
a scanning -electron microscope- is used to observe an im­
planted- crystal (Davidson and 'Booker [38]}, For a complete 

ttw te-Mfeae * s
SiWOOK

Sb. (OKS <’C.«f

-"

<jga

<"”,--5 W!

03:-
g
S. toya

Fig. 2<5. Damage distribmioa <neasm*<nen«s  for l&fakeV Sb imfifented
at random-iaridence into St.

summary of techniques and results, we refer the reader es­
pecially to the Proreedfegr a/ Ife M Os/erewcs
ex Zm». 1391- Here we summarize only typical
results for our two representative .cases of light and heavy ions
and compare them with the theoretical predictions presented
above,

/) £fto*y  Aw.' Using the He*  backscattering technique,
Bdgh ri tri. [4b] have- measured the damage concentration for
tOO-keV Sb implants into room temperature- silicon with the
results shown'ia Fig. 26, Aa the figure shows, the damage has
a peak at approximately S2b A and a half width of approxi­
mately 250 A, Because the damage produced by recoils'will
occur at pointe that may lie- some distance from the projectile
track for this-ca.se, wb muss use the Sigmuad-Saaders results
to develop a- comparison between theory and experiment
From Table V we Sad that the damage distribution, should
have its peak-at a projected range of --"380 A and'a standard'
-deviation of about 210 A. Exjserinteat and theory-are thus in
quite resotonabfe agreement though' the measured damage
distribiitfofi is not 'Gaussian.

2) Irigji funs,’ One of the. newest and most useful tech­
niques for rapidly -assessing the damage 'produced during fen
Implantation is based on the fact that electron * channeling
patterns” are produced when a scanning electron microscope
is used to investigate- a crystalline target. These patterns have
been used by Davidsoa-'and.Booker [38] to study both the
dose and depth dependence of' implantation-produced damage
is silicon. The technique: promises to be. very useful for the
rapid meksuretoen't of ..damage in other-materials as well.

In; this -section we will give a brief .description of rhe
processes which produce contrast in an electron channeling
pattern and than use these ideas to discuss the data obtained
by Davitfeon aod Booker?

a) Ba.A alsars-cimsiA of ik# riedrsn ritnnmrifeg psffem
(ECT)'; Electron channeling (or Coates-Kikuchi) patterns
arite'from, the'fact that, as an electron beam scans a crystal­
line surface, it will (or can be made to) sweep through an
angle which is large compared to the Bragg angles for the
crystal- The conditions for-transmission- and reflection of the
electron beam: are a function to the angle 8 that the fseam
-makes with the crystalline-'surface, showing highly irregular
behavior 'when fl is swept- through a Bragg angle. Conse­
quently, if an SEM image is obtained by codec ting high-

.*  The description Of electron ttoinnriing: patterns Xern Is ;;>•
t&ariwS to provide- a costose summary of necessary facts toth which the
reader may tie unfamiliar. It should sot be inferred from t&e spas® eHotten
io ■sto’trou caauiiitosst sxttiaras Shat they ate more aai,»'jU3rit than orRn
-redudeute for mesuumi-g &aagt distributions.
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Fig- 2-7. lllmratisg the tw Sfoeh waves reunited to describe rimremc
morion in a crystal wfeea as electroa beam. Is iaddarst at or near the
Bragg aajJe-:

energy baekscatteted electrons, it wiB show a sharp change in
contrast each time the beam is swept through a Bragg angle.

To be aomewbat more specific about the. character of this
nostrast, it Is necessary to consider th» behsvinr of the Bloch.
waves that are -required to describe electron motion tn a
crystal. For this purpose,, we-first recall that a Bloch wave is
a traveling wave whose amplitude is spatially .uioduiated with
a. periodicity that is. determined by stoBHt spacings in the
crystal.

From a qaaatsm theoretical treatment of electros micros­
copy in crystalsine foils, it is knows that rmly two Bloch
waves are.required to describe electrorfic motion is a ■crystal
whets the external electron bears ss incident at or near a
Bragg angle. These two waves are shown its Fig, 2? along
•whit a set of crystal planes. Both -waves are visualized as
traveling along, the » axis, with the relevant modulation oc­
curring sfong the y asia, As shown in Fig, 27. one cd these
waves, say.'^u has its relative maxima on the atomic planes
and nodes in between, while the other wave (S's) has its nodes
on the. atomic planen and rriative maxima in between.

The amount, of each wave that is required to meet the
boundary conditions at the crystal surface depends on the
angle § between the external electron beam and the crystal
plane® More specifically, the spaeiog: between the: crystal
planes d; defines a Bragg angle fe according to the usual
formal®

X
amfertefe™ ~~ (2d)

ds

where X is the wavelength associated with the electron’s
momentum (X ;®h/p). If we denote the diferehee between §
and by «:

« -~- § — $s (27)
then

1) when a«»8r the twp waves shown In Fig. 27 are equally
excited, giving rise to a uniform injecrian of .electrons
along the crystal surface;

2) when a <Q, frt is preferentially excited;
5 • when a> 9, T*  is preferentially excited.

The effect of this preferential excitation is to produce
bands of contrast each time df» swept past dg. To-gee why this
is so, we show in Fig, 2S(a) a scanning electron microscope
with a solid-state detector (WsSltioned so as to collect electrons
that: are scattered through® large angle; The physical process
that produces large angle scattering (Rutherford scattering)
requires that the. electron he incident, near the center of an
atom (i.e., a small impact pars-nteter is required). The number
of such electrons is proportional to iTip, and is therefore
greater for cs <Q than it is forw>0, Csnsespjeutiy, the number
of electron^ collected by th? detector will have: a local maxi-

WttGKHT SEAM

/ "•‘Sctawiuc wrenoN

| f | y
VU*i

'"'Vjciv- :?{:»-

couwfft jmtwss w*  .aacKteow®

I th»» ■Mdsww

Fig, 28. iumtratfng contrast obmtaed whan ass SBM is used' ta scan a
sfnpie oryrtai, (a) dtestratissg t.to with ..detector arrai^ste to
mens tor dreoons batetotetered tisrosgh a -large angle , ,C») Ilfisstrstisg
the diiSerentiBl resnrsst that orrers wteste is swept tteoagb a Bragg
angte.

Fig, 29, (.’cates-Kiteifiis ptttetes an NtosnpSaated Si.

muni la the region a-ose «<f) and a local minirpam where
o>{}. This -behavior is illustrated is Fig. 28(b), and will give
rise to bright-to-dark contrast; t»e.«- bright bands with dark
edges,

Now, if the- electron beam, is swept over & suffitientiy large
angle, it will pass through sepetal directions of high Symmetry
[e.g.„ llfo 220. 44fo etc,) as it scsins the crystal surface. Each
such direction will have a Bragg angle associated with, the
relevant spacing between atomic, planes, Bright-ta.-rfark con­
trast will be obtained each it me the electron beam -sweeps
past one of these Bragg angles, so the pattern displayed on
the screen of the .scanning electron microscope will consist of
a series .of intersecting lines and bands, A pattern from a tingle
crystal siliccm specimen is shown in Fig. 29 far illustratiao
(e.f. photograph labeled 0 dose),

ft) Dsfsgnda.«ce ef risefron -c&wwwding yoiterer «s reys-te-I
pre/tetioa.' As explained above-, the coatrest In an electron
channeifog pattern arises from the existence of the two special
'Bloch -waves T, and The intepsitieX of these two Bloch
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waves are rapidly atteauated fe feeiastfe scattering processes
fe-g,, eiectroa excitation within the acorns), and as a 'resak
the main contrast in the patterns comes from material that
is within the first few hundred angstroms of the surface,'

Furthermore, .material that, is amorphous dees not give
Bloch waves, apd therefore dees net contribote.to .contrastin
an electron channeling patters. In addition, material that is
c4' poor quality will show contrast along the major (most
open) dsrectiorts in the crystal, but little or no contrast along
directions of lower symmetry.

It fellows from these facts that the quality of an electron
channeling pattern- (i.e., intensity of contrast and number of
distinguishable hands) is a direct measure of crystalline per­
fection wi thin -the first few -.hundred angstroms of the surface,

r) Ifemsges« fea--wspfesW 'These
ideas lead naturally to the technique used by Davidson and
Booker to measure both the dose dependence and the depth
distribution- of the damage produced by Ne ions implanted at
SO keV into ail icon.

1) Xtae dependents: First', electron channeling patterns
were taken from the surface of specimens that had been
bombarded with $0-keV Ne fens to dores between 1® and
4Xi'0B iona/cfet. The pattern-obtained by there authors are
shawm in Fig, 29, from which it is apparent that

1) very tittle 'change, in contrast occurs for ion doses less
than 7 XHFVcm*;

2) beyond .dh dore, the number of lines that can be re­
solved decreases quits rapidly, and the pattens finally
-disappears at. a dose of 4 X-10“ fens/cm’<

ri) £>«p& d-irin&afews.' To measure the depth distrihution
of the damage, Davidson and Bnofar employed the- fact that
contrast hi an. “electron channeling pattern’’ (ECP) arises
from the first few hundred 'angstroms of the' sample. By
anodleal.iy" stripping the siheon, they were able to measure
.pattern quality as a. function of depth into the implanted
layer.

Fig. 30 -shows the results-of such an experiment, using a
dore of 7X1® Na fens Implanted at SO IceV te produce the
damage. The pattern-is very good at the surface, nonexistent
.from SOD to 1500 A, and then nearly perfect at 18® A and
.-beyond- The absence of any pattern at the Intermediate
depths is evidence of a buried amorphous layer,

■To be- somewhat more quantitative- about the depth
distribution, Davidrem arid Booker measured the .number of
lines visible in the -electron cbantteffeg patterns after succes­
sive removal of 4?&A layers- of the target. The -results are
showis in Fig. 31, and give art excellent summary of the depth
distribution Of damage' as a functfed of dose..

d) Ciw^ws. wffc ferery,- Since we are dealing here
with a relatively light ion, recoils are relatively unimportant in
detersninirtg the -damage .distributions, so we-nan use the Si-ice
curves of (dF/'dx) to estimate the characteristics. of the-
damage. According 'to Srire, an 30-keV No. ipn has a .peak
(dp/di) of approximately 23.5 e¥/A at a. projected depth of
■■^900 A, falling to 20 eV/A at 500 A and X200 A. (dP/dx) at
the surface is about 15 eV/.A, apd on the deeply penetrating
■side the (dF/W) curve fall s -to abbot 3 sV/A^t s depth of
-MWO A. From these airmbsr® We -expect a thin buried layer
to form .first at a -depth of 900. A for a dose of 4.3.X1®

■fems/qm*.  The buried layer should extend from 500 A to
1200 A when the dose- is increared to 3 X IO*-fens/pm*;  and
■the amorphous layer should touch the surface when the dose
reaches 7XW*  feus/ctn5. For larger doses, the amorphous'

Ffe. fe, SE-M detecdoa of depth distribution, of damage
fn Nedi-rtrtantsd Si.

SOk¥ fie**

3- >

t-

wKOC-

»S

j«~ ■ :3X!0?*
— reioF
>-.. rests®
— 3X!«’S

rtg, 3:i, Dssiag® rfeptii. n&nrfbutkia r/otrtaad from Hg, 30,

lay er will slfeply proceed into the. target, bring at a depth of
..1800 A for a dose of ■'-'-■ri X1Q“ fees/enri.

These- predictions fit thy experimental respite reasonably
well, though the predicted width of the- amorphous layer is
greater than the experimentally observed width. The agree­
ment can probably be improved by performing the im­
plantations at few temperatures where the damage -would be
stable.

V. AwMEAUSO- CEa-UACTEKlSttCS of los-
Jmmaktep Siueov

It Wil; be abundantly clear from the-foregoing'sections that
fen-implanted crystals will normally contain a great, dea.l of
damage in the as-implanted state. If the purpose of the fee
implantation, is to introduce doping imparities, then this
dafeage must be annealed' in such a way that 1) implanted
fens will be incorporated, into electrically active (usually
"substitutional) sites in the crystal lattice and 2) residual de­
fects'Ere-reduced to a level where- Carrier mpbllitfes apd life­
times are usefully large, in this section we take up the topfc
of annealing, our first concern being to study the crystallo*
■graphic perfection obtainable in annealed sample^ as Judged
primarily by traa.sm^sioU electron microscopy. We will than
review the electrical properties of annealed material aind at-
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Fig. 32. fiissstratiag ths Brssgg emtditfoa far a pair of atoms separated
by s saslassa p'f.

tempt to relate them to the crystallographic. defects that re­
main after annealing.

.4. JSsric C&rmrter&tiiri ef Tnwm&ritm Z&etow J/icrorcoj&y
One of the first techniques that was used to study damage

fa ion-smpLacsted semiconductors and its annealing behavior
was tr&ftsms8sa»ri electros microscopy. This technique permits
one to study the nature of the. crystallme-tn-anaorphous
transition that may-occur during bombardment, and to iden­
tify (at least in some cases) residual defects that are present
after various annealing treatments. In this section we will
discuss the type of Information that is obtained from trans­
mission electron ■microscopy and summaries the main char­
acteristics of 'experimental patterns that are obtained from
ioit-impkoted samples.

The complete interpretation of transmission electron
microscopy is, of .course, a very sophisticated topic. However,
some of lite most important characters tics of the electron
diffraction patterns, that are obtained from an ion-implanted
sample can be understood as a superposition of t*o  “limiting

** The description of transmission risetoa microscopy given here is
only intended te provide facts -teat are necessary to understand experi­
mental- resuH.S obtained on ioss-isnpiaftted ssssspfos, A tfeoroagh diseusritm
o' ,ht >«■ a i lies of I1.M and rte - «?■ re o ref a to t<iosiii

its R, Heteenretch, Aswtetnottelt Jfosjwatofon Stores Mtovwupj1,
Nfow Vock, IftlatiSfiieiscS, lto4.

cases”; the amorphous film and the perfect crystalline him.
Our approach is therefore to present, experimental -patterns
for these two cam, using the Bragg law to understand and
interpret their genera! features. We then discuss intermediate
cases in -terms of these two.w

1} TEM in Am&rpk#tis Films; Two-types of experimen­
tally observed patterns are usually presented to describe the
characteristics of a specimen. The first is called a diffraction
pattern (or sometimes scattering pattern). It corresponds to
low-power magnification in a light microscope and is obtained
by projecting all of the electrons that emerge from the speci­
men Onto the observation screen of the microscope; The other
type df pattern is called a hrig&t for doris) field tptm?gro-pfi, and
is -obtained by permitting only those electrons -that form a
selected area of the diffraction pattens to reach the projection
system of the microscope.

a) TAe difirsetten patternA diffraction pattern, for- an
amorphous film of silicon is shown in Fig. 11(b). The pattern.
-consists of a central spot and a series of concentric rings, called
Debye-Scherrer rings. The film from which thia -pattern was 

obtained was prepared by evaporating silicon onto a rode
salt crystal at roo.m temperature, and then dissolving the
salt -crystal in water.

To explain the -characteristics of this-pattern, it is useful to
visualise an amorphous film as one la-which there is -no dis­
cernible periodicity, in the arrangement of the atoms. Even in
such a film, however, atoms will -have nearest neighbors,
next-neatest, neighbors, and so on; arid certain interatomic
distances will occur with .greater frequency than--others. The
Debye-Scherrer ring structure is a direct censftqnen.ee of this
fact.

The principal characteristics of the ring structure can be
developed from an application of Bragg’s-law >■ For this pur­
pose we show in Fig. 32 a pair of atoms separated by a dis-
tance di and illuminated with a parallel beam of electrons.
Constructive interference of-the electron diffraction patterns
from the individual -atoms will occur on the image plane
when the condition

X «® di sin (28a)

is satisfied, where is the angle at -which constructive inter­
ference first occurs and X is the wavelength associated with
the electron's momentum.

A given ring on the Debye-Scherrer pattern is obtained
by superposing the diffraction -patterns obtained from all
pairs of atoms with an atomic sparing a’,. Because the axes
of these pairs are -oriented at random with respect to each
other, the Bragg condition will be satisfied at every point on
'the ring for at least some ol the atom pairs,

For quantitative purposes it is customary to observe that,
because X<d;, the Bragg condition reduces to

x - d fo. (28b)

Furthermore, because# is small, we caa also write

■tan# ™~ § ■« 2?/X (29)

where J? is the distance from the center of the image plane to
the point at which, constructive -interference occurs, Com-
bifiifsg (28b) and (29) we find 

which shows that distances in the image plane are reciprocal
to distances in the object.

The quantitative relation between'object apd image dis­
tances. giveji in (30) can be used to estimate average in­
teratomic spacings, crystallite sfees, and other important
properties of the film under observation.**  For this purpose,
a plot of intensity versus radius can be made by measuring
the optical density of the diffraction pattern. An idealised
result is illustrated in Fig. 53 for purposes of discussion. The
distances to the intensity maxima (i.e., .Rs. As, - ■ • ) give
average interatomic spacings (d>, ds, - • ■ ), each of which, is
found by using (30).

If ths film consists of a mosaic of small randomly oriented
crystallites, a Debye-Scherrer ring pattern is still obtained in
which the-radial width of a ring (feri?) in Fig. 33] is related to

■5 Acttifjlly, scFoistois' aftsslysis. ss retjirirfo for exact cslcuiatibis of isitere
atetisifc sparing;- sto crystaiiire sssses tosrs a diffractiwa pattern. iSisteaees
esrinssted directly : trona, s ©cbys-Scherrer sateere. for .Oise fores ,-of-
amorphous silicon are properiy compared to those obtainod for other
smeteuatiem ot astcepimus sSlfcon.
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TABLE Vt

Av&uas Wkratoswc Saacnms is Evajos^tsb Si Fuats
DbOVCSO »W MyHOWUS X;W.: PaTTURX

iteng 1 Sing 2 Slag 3

Bichtes*  f>

Sreitllng
3.23 A t. ?8 A 1,18 A

Crystallise
01

S.13A 1,921 1, XS A

the crystallite aiae 4 by the equation

20
(A$) s« — < (31)

4

From. this relation it Is clear that the width of the ring de­
cream with increasing crystaHIne she. Annealed silicon
crystal® exhibiting thin wa'I-defined ritsgs suggest that the
annealed material has a number of grain boundaries within it.

It follows from this discussion that 1) in a truly amor­
phous structure (i.e., A-»0) it will be very difiiedt to distin­
guish the rings from each- other; and 2) atoms m the evap­
orated silicon him represented in. Fig. 11(b) must still possess
sente short-range order, since the-ring structure is reasonably
well defined,

A careful .study of the ■Debye^Schmrer ring pattern ob­
tained ho® .evaporated Si films has been made by Richter
and Breitling [41] who use the patterns to compute both
average atomic spacings and .erystaliite sixes la their Si films.
Their results on atomic spacing are -shown in Table VI, to-
.gather with the spacing between several prominent lattice
piastes irs silicon for comparison, Richter- and Breitling also
concluded that the average crystalline «ise in the evap­
orated film wa."> lOA.

&) r&e bright field ntfrregrdph- The fact, that electrons are
scattered from the malts beam into eonceptric rings, spots, or
other features of the diffraction pattern, -suggests that the
central spot in the pattern will not -be. of uniform Intensity,
To study this possibility, it is customary to present a highly
magnified portion of the central spot or bright field rsforegWA.
Flsie-seale Snctnations in the intensity of the central spot cart
then be studied in this highly magnified image.

A bright held micrograph taken, from the central spot in
Fig.- 11(b) is shown in Fig- 34.and. exhibits a generally speckled
appearance with no evident structure. This, is to be expected
since the electrons that are scattered into the rings come from
all parts of the main beam.

The darlc-'to-white contrast in such a figure can be re­
versed, and considerably greater sensitivity in measurement
obtained, by employing what is called the dark field wh-

Fig. 54. BrixSt field image tefcen fmrrs eentral. spot .of
the Debye-Scherrer pattern.

.SPEC!M£*f

»«?, m,am: ros wecrwe
tess of uKsoswe

.1

■Fig. 33. Itlw.wdsag the arrangment for dark firid -ndcmscopy.
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Rig. 36. Bragg crsnditfoft for stroag diffractfon from atomic planes ia a
crystalline sM

nsque. For this purpose, the aperture which admits electrons
into the projection system of the microscope is- positioned so
that only those electrons which are scattered into a specific
ares, of one of the concentric rings, are used to form the image.
The arrangement Is shown schematically in- Fig, 35. In this
condgaratlbn, the image will consist of a series of. bright areas
on a dark background, the bright regions locating 'those areas
of the object from which the scattered -electrons have come,

2) FA AT fo Crywfogfor Films: To turn to the other limit­
ing case, we now consider the types of diffraction patterns
that are-obtained for a thin crystalline spferimen?’ To present
the Bragg condition, first, wo show in Fig. 3d a schematic ar-
rangemeat of crystal pisses with spacing rfo tvith a parallel

B sdffofe.n ts-thepatternsdtswfixsd here; s thickspsohneo-wS 6ho
exhibit Kikuchi lines sad bands.
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electron beam fuddeut at an angle witfe respect to the crystal
axis deaned by the planes. As the figure suggests, atectrens
will be Bragg-diffracted from atoms in the various planes, with
constructive interference occurring when

»X~.Msmfi, 02)

The most evident festares »f the diffraction pattern tor such
a case will be a central spot together with a main diffracted
spot (or spats), Subsidiary spots of less internty may also
appear, indicating- that for th« given fi a Bragg condition Is
also satisfied for higher order crystal planes.

Such a diffraction pattern is shown for a single crystal
silicon specimen in Fig. 40 (region B), The corressxmtifog
selected area pattern taken froja either the central spot or
the diffracted spot shews a compfetely uniform electron in­
tensity across the entire field of view;

Go a coarse scale, the appearance of such a spot pattern
gives a first indication that the specimen Is crystalline. 0n a.
finer scale, the changes in the spot patters that occur when
tfee: electron beam is swept through the Bragg angle are of
timsiderebte interest. Far example, when § is Increased be­
yond the Bragg angle dS( all of the spots except the central
one should disappear is a perfect crystat Howeyer., if an im­
perfection is present in the crystal, the Bragg condition may
be satisfied for the imperfection, even though it is not satisfied
for the crystal as a whole,

A case of this type is the dislocation loop shown in Fig.
37, Here, the angle between the snddeut beam and the
crystal axis is assumed to be smaller than that required by the
Bragg ccmdltioa. However, the Bragg condition is satisfied at
a particular position along the dislocation, so some, of the
electrons that are llfotnlnatlpg the dislocation will be scat­
tered out of the main beam. If the dislocation loop is suf­
ficiently large (diameter •'^■5(1 A) a bright field micrograph
taken from the appropriate section of the central spot will
then exhibit dark contrast along the line, where the Bragg
condition is satisfied.

B. rfmli'yrfs of few-lMpfeWfofe Wwge Using rraPr?afesm»
.Sfetente ,3-fscregrophx

Using the foregoing ideas as a guide, we- now briefly sum­
marise the information on implantation-produced damage and
annealing that has been obtained from TEM, beginning with
the pioneering wodt of Mazey, FlelsCm, and Barnes..

.?) M<wy, AWny, Pad Barner [42p The experimental
technique used by these authors was as folfows; circular disks
0,3 cm in diameter and SiXl p thick were ultrasonically cut
from polished tingle-crystal slices of 34hcm n- or p-type
silicon. The lapped slices were, oriented so that a chosen
crystal plane [ill], nr (.1®}]) was within i t|” <sf the 

Fig, 3S. Smail regions or rorsirew.ajmeamte in fCe-rtaplamte
sample altera dose of ~»i$» jons/cm5.

normal to the crystal surface. The samples were thinned for
electros microscopy by drilling a saucer-shaped depression la
the center of the disk arid then chemically tfe.nm.ag ths speci­
men from both sides with an HF-HNQj mixture. Thinning
was carried pu t until perforatten occurred in the central area.

The thinned samples were then bombarded at normal In­
cidence -with .rnagrwitically analysed beams of various- ions,
including P**,  B-u, Nri®, Slss, and Xrffe Various beam en­
ergies between 10 and 99 keV were employed, the target being
held at room temperature in most cases.

a) Qptfori appearance s/ fewfoinfef During im­
plantation, the part of the silicon Wag bombarded exhibited
a continuous change In color, finally coming to a charac­
teristic ** millcy” appearance far su.ffictently large doses.® The
milky regions were found to be slightly soluble its HF and
could be removed. The amount of .material removed for a
dose s>f 36X1B® P* x fotis/'em*  at 40 keV was found by optical
interference techniques to be 1 lOOA (see also Gibbons. Hschtl,
and Tsmushim (54]).

i) Dsjfrerifon -psiterns amf fefefii /Id# sxfcregrspfe /er
dfofeK ,<¥e fomWifoteni.' Observations of both diffraction pat­
terns and bright field micrographs were taken after progres­
sive bombardment with fiO-key Ne ions, cbveriag a dose
range of iff® to Wls ioas/cm*  and enrompassing the c.rystaf-
line-to-amorplteua tran&itios, Selected diffraction patterns
from these experiments are shown in Figs, 38 and 40.

Fig. 3S is a selected area pattern, takes after a dose of
IQ® N« iotss/ejn-. The figure shows small regions rtf dark con­
trast, having an average diameter of about SO.A. The uumber
»f dark spots is. •■^.2-~5 X lOfo/cm4, which is much fess than
the Ion dose. The diffraction pattern for this dose shows extra
diffraction Spots at low intensity, but rm rings,

Increase of the dose to l0a iena/esn5 produces the changes
summarized in Fig, 40. la Fig,-39 svs illustrate the geometry
of the thinned sample, indudlng a mask provided by-one of
the bat© of ats overiylng specimen support grid, la Fig. 40
we show an electron micrograph with diff ractieu patterns for
each regtea inset in the figure.

Looking first at regfots C, wfe' see' that the diffraction pat­
tern ccmsifes .of three diffuse-Debye-Scbesrer rings, indicating
that the material in this region is amorphous, Measurements

58 A very dean sample bombarded tn an oil-free vaeirym of at feast.
Hl”* torr will ss>pear mare -rsssriy silver fhan rAi&jc
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Fig, 39, Sjwdme® geometry for elrotroa mscrosrope
tavestigatkm of image.

Fig. 48. Electros atJcrogta^s obtained frets ragitsns deSasrf is Fig. 39
following Imnitmterfou oi Sih5 Xe ioro/cm5 at 80'keV isio a room­
temper stare Si urge.

made oxt these rings give interatomic spacings that are identi­
cal to those of Richter a-ad BreRErig quoted earlier. By eors-
trast, region B shows a diflr&etlon pattern that is character­
istic of sfogfe-crystal silicon, while region 4 shows both a spot
pattern and a superposed rfog structure. Ths uattsce of region
4 was further elucidated by iavertiag the specimen so that:
the electron beam was iudderifoa the nonbombarded surface.
The result is shows m Fig, 41, where eorscestric rings appear
around both the central beams asd all the strongly diffractsd
beams. This figure is clearly a superposition of the .pattern
obtained in regions 3 sad C.

e) Anttesling beiatwr o/ life damged regwms,- After
studying the as-impianted samples,, Mazey ef si, performed a
series of annealing expedmeats, aimed primarily st eiuddat-
fog the nature of the recovery of .a sample which had been
bombarded with sufficient dose to drive the surface layers of
the sample amorphous.

Their results may be summarised as fofiows,
i) The .individual sones (dark regions in Fig, 38), that.

are observed is a low dose implant, disappear when the
sllscoss is annealed to a temperature in the the range 40G-
>01 >4C, hlore recent work by Matthews (26-] suggests that the
individual xoaes give dssloeation loops upon annealing,

ii) Reerystailiaaden »f a layer that is driven amorphous
by the' bombardment does not occur tmtil about 630sC.

ni) I f" the-amorphous layer is formed oti single-crystal ma­
terial, as in region 4 of Fig. 39, the .recrysmlfosatfofs cocurs
epitaxially on the underlying substrate, with a large .number
of dislocatfon loops *ud  dipoles being formed during the
recrystallfoation. The epitaxial character of the recrystal-
lixariow is inferred from the fact that the diffraction pattern
returns tn a crystallfoe Spot pattern, but some of the spots
ate split and feint streaking Is present, similar to that ah- 

Fig. 41. (a) Region „4 in Fig. 39 ill emisated from airtwmbanfcd side ai
speciBaea, (b) Region A Illuminated sssMnaiiy.

served in the diffraction pattern of a conventional vapor-
deposited epitaxial layer.

iv) The dislocation loops become larger as the annealing
temperature is progressively raised to S50®C Such loops
characterised all samples investigated by Matey et af. after
ion doses of >3-~ 10*  cm®, at all energies between 10 and 90
keV, irrespective of the Ion species used. A representative imp
distribution is show in Fig. 43 for bombardment of 3X W1S B
ia.os/cm® at 40 keV, followed by a 4-h anseal at 800*C.

v) In region C, where the ion range is greater than the
sample thickness, recrystallization of the amerphems ma­
terial produces a large number c<f ratsdotnly oriented crys­
tallites. The diffraetkm pattern for this case shows numerous
spots in well-defined rings, the lattice spacings of which are
the same as those of crystalline silicon.

d) ffai-smpforri sfedwr Mazey ef «fi also reported on one
series of experiments performed to study the nature of the
damage produced when the si&oa target was held at high
temperature during the implantatlrm. Two sample tempera­
tures, 21KJ and 51S®C, were chosen, and samples held at these
temperatures were bombarded with Ne. It was found that a
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Fix- 43,. Bright field mscroxra&h showisg dssSeestias loops aod rfiptik-s
s'oUo«iag i'mplaataiiisffi os' 3XW>*  B fcm is«> [I 111 Si a;. roo® .tem­
perature, Sample annealed tor 4 h at SOB^C.

dose of *~4Xt<F*  -ions/cm*  implanted at 30 keV was «»i suf-
Orient to drive the silicon amorphous, at either temperature.
However, a dense dislocation entanglement was observed in
bath cages.

2) J3fd:»sO [43] and jB&.bsrii aW tifte?? (5!];• These
authors employed electron microscopy to study the defect
structures that are formed in annealed boroa-implanted -sili­
con, Studies were performed on silicon implanted at. root®
temperature with between IOW and 10s* boron iuns/cm*  at
ensues of 20, SO, 75, and 180 keV. Electron micrographs
were taken on both as-implanted samples and -after annealing
at a temperature in the rafigfe,5.80-780<!C for 'half an hour,

In general, the experimental results of Bicknell and Allen
agree with those of Matey <ti of-.,. with .the following new fea­
tures:

a) During the annegtipg, many1 loop didocarions lying p®
{1.11}' planes form in the-implanted layer, and in spsclmetis
implanted at row*  fcmpwfnre these .loops are also accom­
panied by long straightedge dislocations running in all the
(110) directions. However, these long rbd-like structures -do
nut appear its samples implanted with phosphorus even
though many more loops, are produced.

b) Using anodic stripping, the 'depth distribution of loops
was measured for a dose of 2X10“ Bn iphs/cm*  'implanted at
50 keV into a silicon target held at 2BIFC during the bom­
bardment, By this means it was fpund that the loop-defects
were confined to a layer lying between. 1000 and 2508 A. be­
neath the surface, with the majority of loops lying between-
IWO and 1500 A. For comparison, entuputariurts •:••: the
energy deposited into atomic processes by Brice show that the
maximum damage should -occur at a depth nf'hpprommstriy'
11S0 A.

c) The rod-like defect structures, which can,be as long.as
I p, ewa-1 ontride this layer.. Electron ■■ micrographs of these.
rods, taken from the very’ thorough study of boron-impfanted.
Si by Chadderton and Eisen [44], are shown in Fig, 43,

d) The rod-like structures do not appear if the i mpldntation
is performed at a target temperature-.of WC, though loops
are still formed whose character was ascertained to be el both
the interstitial and. vacancy type,

e) Under all implant condstions, the loops decrease in-
number nod increase in she from about 100 to 1000 A as the
samples are annealed progressively to 78O°C,

3) HayidssB [21],' A farther TEM study .of dams&e prb-
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duped during ion implantation was carried out by Davidson
with the specific objectives of determining how the residual
defects in annealed, samples could be related to parameters
such-as the irradiating ion. dose, and annealing treatment.

The samples used by this author were (111) polished -silicon
slices, both, a- and p-ivpe. with resistivities in the range 5-10
8-cm. These samples were irradiated at room temperature
with B, Al, N. I.'. Sb. Ne, and Si ions, using energies m the
range. 40-160 keV, Disks suitable for the electron microscope
specimen holder were then cut from the irradiated areas, an­
nealed in an atmosphere of Sowing' nitrogen at temperatures
up to I0008C, and jet thinned to transparency in the central
region.

Various types. Of defects were observed, using both bright-
a«d dark-field techniques to elucidate their structure. Table
VII gives a resume of the results, obtained, relating defect
structure to ion type, dose, and annealing temperature. In­
spection of the table leads to the following conclusions;

,a> In agreement with Bicknell, long. (2-q) rod-like- defects
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are seen in bort.m-hnylxnted samples ftnplanted at room tem­
perature. The new feature here is that ths rods disappear when
either 1} the dose is sufhrieutly high or 2) anneaiing is earned
out at WC, as eompated u.- Bicknell's maximum reported
temperature p{ 7S0°C.

b) Rod-fike defects were also obtained for Ne impUnt«,
so long as the dose remained briow fiXlG1* ions.. v-

c) Rod-like s- tract ares do not appear except for the lower
dose Nr and B implants Davidson suggests that the relative
chemical mactivity of these icrne in an ordered silicon lattice
may :x- responsible for the iormaticn of the -od-Hke structures
On account of their sire it is possible t!w there Inna sene as
effective c.kister.? for dislocation sine pinning.

d) With higher dose tmplants, all iorss ;>how many small
lor>p« ot umden rifted defects, having a size cd SO- WO A except
for phosphor ns) and in some cases annealing mtn idemifOble
dislocations as the annealing temperature is raised to SC-O’C.

e.i For every ion except boron, the highest doses employed
produced a highly irregular structure: in annealed crystals.
denoted in ths table by lh<? symbol HIS. It is to be expected
that a sufhciently high dost; of hot on would also give this
result.

The crystallographic character of the highly irregular
structure is elucidated in Figs. 44 and 43, Fig. 44 shows a
diffraction pattern containing a large number of thin broken
rings. 'This indicates the. presence of a number of relatively
large crystallites, suggesting that she regrowth >:-i the dam­
aged layer m; she underlying substrate was not epitaxial in
the usual ser.se. The dark field micrograph, shown its Fig. 45,
shows white parches distributed o'.er rhe entire area of the
sample, indicating that the crystallites responsilbe for the ring
pattern are distributed throughout the recrystallized material.

Taken together with the results of Marey « tri.. who ob­
served essentially eorap'ele recovery of the transmitted image
for somewhat lower doses ('but still suthdent to produce me
amorphous layer), one is lead to ccsnr'ude that there are "de-
gregs of amorphousness’' insofar as epitaxial regrowth of rhe
.damaged layer is 'concerned When too much disorder is intro­
duced. ’he regrowth is more nearly polymystalliwc.

This result is of practical significance for the following
reason, we will see Its the next paragraph that a high percent­
age of an implanted species is incorporated into electrically
active sites if the target is driven amorphous Wore it, is an­
nealed. The HIS result sugguets ’.her vistr propmde? of the
recrystallised layer, perhaps ittclnd'.ng evers electrical activity
of the implanted species, -.vi-l be critically affected by rhe db.w
(and perhaps dose rare) of the ion that is used to make the
target amorphous.

C, KTcrifetri C&sracierfeifcj of ri assaW Mifcrfal
By now a great deal of experimental data has been pub­

lished concerning the electrical characteristics of well-
annealed itm-lmplanted silicon. Most of these data have beers
obtained by studying the msyerfiy carrier properties of an
iondn.plant.ed layer with a view rowan! determining the an­
nealing ronditjems under which i) a large fraction of ths? im­
planted species can be incorporated into electrically active
(usually subs lite ricmal) sites and 2) values of majority carrier
mobility that are comparable to those in appropriately doped
balk material cats be ohrait-ed.

Bvurfty seated the results of all vf these experiments lead
to rhe following conchssfons'.

u) If the riiienrs is driven nnsorphous from, the surface to
a depth P &e/ore annealing (either by the implanted ions theta-

.Fig. 44, Tmawaiued linage of heavily bombarded Si smamted .for 4 ft
at v;.y ' Tina srossen riadan-vte twsnnmg in ragrowth of stscr-
phims layer,

Fig, 45, Oark field micrograph taken from major ring of Fig. 44.

selves or by a suitable dose of Si or other inert ion), then a
<5WC 30-min amiesl will recrystallise the amorphous layer
epitaxially (though the regrown layer may perhaps exhibit
mierotwins and stacking faults). Measurements of differential
earner concentration and Hall mobility using anodic secrioa-
iag techniques shew that for B. P. As, Sb, and Bi s Urge pro­
portion of the ions within the regrown layer ate incorporated
into substitutional electrically active sites, eves for peak
concentrations in excess of Iff-' ct Furthermore, very little
morion of the irapUnted syer.iss occur? during regrow th, -® if
the silicon is made adorpheus before the impurity’ forts, are
implanted (by pre-implanting Si, for example), ths range
distribution will be close to that predicted by -LSS.

b) If the silican is not driven amorphous before acmeaiing,
less electrical activity usually results. 'The exact effect depends
on the Un and the annealing conditions, with boron being one
of the most notorious ---between 50- and 100-percent activity
if the amorphous condition is reached prior to annealing and
frequently less than. 10 percent otherwise. ATg«rive atssearitsg
(i.e., a decrease in carrier coneestratten with an increase in
annealing temperature) is frequently observed in ths 508-
"OO^C temperature range, though reasonable electrical ac-
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tivity-can atill fee obtained if ahsmling is performed at .tem­
peratures in the 81XMMKFC range.

c) Even when the gifesm is driven aupm'phpus to- a depth
27, tfeere will he a portion -of the crystal beyond- th® amorphous
layer that is heavily damaged bat not amorphous. Its this
iranrition region, the majority carrier etectrical properties will
be trap dominated tin til aa annealing temperature of SOO™
90fi^C is 'reached. Important minority carrier trapping effects
may persist to even higher anneals ng tempera to res.

In what follows we 'concentrate primarily on the experi­
mental evidence that supports these- Coaclusioms, giving,Only
a brief discussion of proposed explarsatfons for lw electrical
activity at the end of the section.

.1) of ifie .Ffoise.' The first.-work to
clearly point ant the importance of the amorphous phase in
obtaining, high electrics! activity appears to be that of
'Bimires el ai'~ [431, while the most thorough experimental
treatment available is that »f C.rowder [4b]. A key paper has
also beexi published by Davies- [55], who pointed out the
advantage that could be obtained by implanting boron forts
at a low temperature (— l^S’C), where IjghHon damage is
stable and the Ions themselves can make the silicon a.mor-
phous. We review these papers first to justify conclustpns a)
and c.i above,

«) .<?fomwss, Motfhew$' and A’eriw [43 These authors
first studied the effect of various 'annealing treatments on.
samples that had all been implanted with baron to'a dose of
10ss lons/cm*  -at an energy of 48 keV. The implant was per­
formed at room temperature, after which separate samples
were then annealed for .30 min at §30°, .SOO®, and iOOO^C, Fig.
44 shows the carrier density profile resulting- after each of
these annealing steps, from which it is clear that less- than
4 percent of the implanted ions are electrically active after the
(j30°C annealing stop. The percentage of boron- ions that.find
their way to electrically active sites increases as the annealing
temperature is increased, ultimately reaching about 60 per­
cent after a 30 min, IfKKFC anneal, though there is also very
considerable impurity redistribution occurring due to thermal
diffusfou.

.-to? OiSffiWJW >e»S iB*  40KW S »W
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Fig. to. Aj and a versus annealing temperature for toh-keV -B». Im-
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ratline Si is a rand-am direction 'fop-n rr.es s er W» Wad, The
Itnx&tntod 8 does'for open circles was s \ to.< All bnplnnta*
-'tiona were totidtieted at soots temp- -a*ur«

The importance of the amorphous condition |s shown fo a
second experiment, which consisted of implanting Ne at a
dose of ID1® hm/cm*  and energy of 80 keV into a room­
temperature sample thar bad already been implanted with
10ls boron iow'em*  at 40 keV (as previously). The aeon-
imp^anted sample was then annealed at 03*0  for 30 nti'a,
after which anodic sectioning measurements gave- the- carrier
density, profile shown by the heavy- soltri fine in Fig. 46. The
percentage- -activity has risen to about 20 percent from the.
previous value of 4 percent, and the carrier density is approxi­
mately Gaussian with parameters that are predicted by the-
LSS theory?*

The data of Davidson and Booker (Fig 34) show that the
neon implant has driven the salients amorphous to a depth thfo
will, include most of the boron ions in the.amorphous layer;
following this step, epitaxial regrowth has in .corpora ted -a large.
proportion of these ions .io electrically active riles.

6) Crowder [46].- Tins author implanted all commonly
used Group III and V elements loto both crystalline and
amorphous silicon targets, annealed the implanted- samples at
fiOCFC for 30 min, and then measured carrier density and
mobility profiles by differential conductivity and Hall-effect

Mare race»t experiments suggest that. a« ever, higher pereentoge
eleeiriml sst-ritoty would have ressltod had the amorphtong implatuatfon

performed with Si tons. See for exs :u;-.c<- Hauer [55;.
29

techniques. For intermediate to heavy ions, such as F, As, Sb,
and Bi, the ion.'doses used were- themselves suddent to drive
the crystal amorphous to a depth that- included most of the
implanted ions, For light .fons. an amorphous phase was pre-
pated on crystalline sisfotoi by implanting 10x? Si ions/cm*  at
an energy pf 300 keV, this treatment, rendering the-silicon
amorphous to a depth of .-Ml.fi j«.

The- effect of the amorphous layer is again most dearly
apparent in the case of boron, as shown in Fig. 47. Here the
■sheet carrier density (number of holes per square centimeter)
is-plotted 'against aade&l temperature for -doses of 10w and 10M
bcro.n ioasZcm*  implanted at an energy Of 120 keV. Essen­
tially KMbperce'Rt electrical activity is obtained for implants
into an .amorphous target, following a SXFC 38-min anneal,
while a FOiFC anneal is necessary to obtain .100-percent
activity if the boron is 'implanted into, a room-temperature
crystsfofoe target These results also agree well with those of
Dairies [35}, who is able io obtain an' amorphous phase prior
to anriealing- by implanting W’* B ions/cm*  into a tilican
crystal held at — IPS'C. after which a feiW'C 3fbmin anneal Is
sufficient to achieve essentially' 100--percent electrical activity.

A. second point Of interest, .leading to conclusion c) stated
above, is seen in the carrier concentration profile, obtained, by
Crowder for P ions, implanted ifsto amorphous silicon at an
energy ef 288..keV (Fig. 4Sj. At this energy about 5 percent of

SIONYX1403000039.0099

SAMSUNG EX. 1002 - 4085/4148



Q.3BBOK8', iOS SS' SlBMiCOSatrCTOSS IW1

©

j® /§
4 »■'

w

«•:<
-#/S‘:
Si

8

t4
19

i

$ >?■z 04 as o.s t.a-

«?<^r

Fig. 48. Tfejith variation of the carrier <x>«te«tistioss.and Hall wsobiisty
asjwrpiioas Si '<<>'■ 3 X 10« 2-8S*-k®V  P;l foos-foa5. The

Fig; 4p; isochronal annealing <fota of Seidel and MasrSae H?)< fm-
p-ssnted specie®.: 150-keV S, Atmcsiing time is 38 mln.

periments were performed by implanting iSO-lceV boron ions
at doses of SXIQ* * 1*, 10w, and 10-’4 ions/era* into a room-tem­
perature silicon target and. then carrying -out both isochronal
and isothermal annealing experiments. The results of the
isochronal experiments are shown in Fig, 49, where the total
fractional activity (,£./$ =® twinber of holes/cm*/dose) is
plotted as a function of temperature. 30-min annealing in­
tervals were employed at each temperature.

To .-discuss the data, Seidel aad MacRae divide the tem­
perature axis into three distinct regions; as indicated on Fig.
49, and make the Mtowitig remarks about the separate re­
gions;

i) In region I, the increase in p with temperature arises
from the annealing of compensating damage- clusters. This
-conclusion follows from the fact that the baron substitutional
density' as measured by channeling techniques decreases
slightly, and the carrier mobility as measured by Hhll effect is
very lose,

it) in region. M, the region of negative annealing, the
mobility rises to bulk values, and the substitutional boron
conumtretk-n decreases' markedly [4d1. Ars interesting fe.--
ture in region II is that, after an anneal of SOlFC, the carrier­
mobility corresponds to the value expected for -the innixed
-impurities only. The inactive boron ions evidently occupy
sites where they are-uncharged and therefore cannot scatter
carriers effectively.

Hi) In region III, all of the boron iona become electrically
active and for annealing temperatures on the order
<sf POO-IQO^C.

I t is .also interesting to note that both the amount of nega­
tive asifieaiifsg and the temperature for 9Q-percent: electrical
activity are functions of the dose. In particular, at a dose of
•■'-“■KS15 fens/cm*, ao negative annealing occurs, a fact that, is
psefnl for applications -of low-dose boron implants.

From their isothermal data, Seidel and MacRae extract
an activation energy- of S eV for the annealing process and

i f'( c tht z, «?.( '«vt; v 4® .fetct'-fj) .ufo <' >« I’.ig ?
in cptieii: a»s»rt,tfoss s-xxxa aa showa ty the arrow. After isKpiaaia-
tion, Use wafers were ensealed at SOC*C  for 3f> »fo. The dashed Sirs®
rejaeeents a Cfotsssfoa .aupraaknat-fon to the ios jvofsirr. The solid hart
represests the mobility competed for bait Ss of corapsrabfo resistivity.

the implanted forts should come to rest 'beyond the amorphsits
layer. The variation of conductivity and Hall eoeffhiesit after
a bOO’C 30-mi.a anneal show that alt implanted, phosphorus
ions are la electrically active sites in the regrewsr amorphous
layer (0 <-s<0.6 p); bat beyond this point there is a region of
high resistivity in which sheet resistance and Hal! coedicient
remained constant as layers were removed. After passing
through this transition region, normal behavior was again
obtained. Crowder interprets the transition, region as being a
heavily disordered layer in which, defects that have not fully
annealed after a ®IQ“C dO-min treatment compensate the im­
planted phosphorus ions. Normai electrical activity is ob­
tained- in the transition region after a 9D04C 36~nsin an-
■seal [47j,

For practical applications of ion impfatstation, the foliow­
ing conclusions drawn by Crowder are especially useful:

i) For Sb, BI. Al, arid foa, all of which have a low solid
solubility at elevated temperatures, the maximum electrically
active fraction is obtained by annexing at temperatures near
■dOO’C, where epitaxial regrowth of the amorphous layer oc­
curs. Higher annealing temperatures reduce the electrically
active fraction.

fi) For P, As, Sb, and Bi, essentially 100-percent electrical
activity is obtained for loos lying in the ragrowts region up to.
peak concentrations of 19^/cm*  (,2~4X10S!!/cm*  for P, As,
ami Sb}.

ill) Of all Group HI elements implanted. only Bcould be
obtained electrfcaliy active and uncompensated. at high con­
centrations (2~4X10w/cm*),  following implantation into
amorphous Si and annealing at 6Q6’C.

.?} Afodrfori rirfoffly *n  Implanted layers &at are sei
Z>rste» AworpAass Prior fo -d-axetdritg.' We turn-now to a re­
view rd studies that illustrate and analyse both the low elec­
trical activity and the .reverse annealing effects that can occur
when the silicon is not driven amorphous. We concern our­
selves with boron, phosphorus, and ar-serdc implants into
room-temperature siiicdn targets o« account of the importance
of these ions in-practical applications.

a) .S'A.fcl and Moscoe 1^9 [.- The effects to be-described
are most' apparent for horon-implantad silicon, which has
been thoroughly studied bv Seidel -and Mac-Rae. Their ex-
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also determine the time required for the annealing to advance
to a. stage where. 90 percent of the injected ions are electrically
active. A very useful plat <d these latter data is shewn in.
Fig. 50, where the time for 90-percent electrical activity is
plotted against dose with anneal temperature as a parameter.
A horizontal line representing 30-min. annealing time can be
superimposed tm their figure to facilitate comparison with the
isochronal data given in Fig. 49.

Seidel and MacRae: are able to interpret their data by
assuming that first-order annealing kinetics apply, but that
the annealing time constant is s function of the damage level;
l.e., the annealing time for a Sxed-pert:entage electrical ac­
tivity in a region of high damage is longer than that for a
region of low damage. Support for this viewpoint is feat by
the fact that the best fit for their data is obtained with a
spatial distribution of annealing time constants that has its
maximum displaced toward the surface by an amount that
is consistent with the damage distribution theory presented
in Section IV.

5) Crwtfo" and Aforritend (61]-. Turning our attention
now to phosphorus implants, we first review the work of
Crowder and Morehead, who studied the anneal behavior of
.2dO~3£KhkaV P implants into a noachanneiing direction in a
room-temperature silicon target, with doses covering the
range from 3X10x* to 5XW8 ions/cm*. At the lower end of
this dose range, the damage produced by the phosphorus ions
is insufficient to create a continuous amorphous layer (cf.
Section ni-E}, and results similar to those, of Seidel and
MacRae are ■obtained. In particular:

i) Fv d> tos 'e^ tt-^n 3 *■ VIs* F svr»- cm? <.:,>vrfor at d
Morehead obtain * substantially complete electrical activity”
following aSfomfo anneal at 5fiO®C, (Compare this -result with
the data of Siedel and MacRae, who obtain 05-percent elec­
trical activity for a dose of 8X-1Q’* BM ious/cm4, foltowing a
30-min MfOKC coneri.)

ii) For doses between 3X1034 and 3 X10S4 F ions/cm*, a
■30-min 55O°C anneal produces only about S-riO-percent elec­
trical activity. However, the electrically active- fraction in­
creases as the anneal temperature is increased, with the final
result that 90 percent of the implanted ions are electrically
active after a,30-min -anneal at a temperature 'between 800

ifoSfr
v.smvteaxaeal 

-.•ri

xW «■

7/

acts! 9G0aC. Generally speaking, set this dose range, rise lower
the dose the lower the anneal temperature that is repaired to
obtain a given percentage electrical activity.

ill) For doses greater than about 10“ F iofis/cm®, at least
80 percent -of the implanted ions are electrically active fol­
lowing -a 30' min 000* 5 * * * 5 * * 8 * * ii) * * * * ii) * *C anneal, as is expected from the fact
that these doses are sufficient to drive the silken amorphous.

Crowder and Morehead obtained completely similar results
with As implants, with the dose for -a- gives effect being lower
for As implants than for F implants due to the fact that the
damage produced by individual As inns is greater than that
produced by indi vidual F tons. Briefly, their results for As im­
plants were as follows. For doses in the range of 3X101* to-
3X10w As. fons/cm*.  the- silicon is not driven amorphous and
few fractional electrical activity is obtained until relatively
high -annealing temperatures are used. As a caw in point,
Crowder and Morehead obtain, about IQ-percent electrical
activity for a dose of 19H As ioas/em*  following a 30-min
anneal at 530*0  The electrical Activity increaiK:5 to ebon'. 20
percent at-an anneal ■ temperature of fiOO’C and reaches about
75 percent at an anneal temperature of gWC. For doses
greater than 5XI0i4 As - ions/enri, a continuous amorphous
layer Is produced and high- electrical activity results when the
sample is annealed at fiQO’C for 30 min.

c) Andersma and Swenson" [62]; Experiments that gen­
erally confirm the results of Crowder and Morehead, and In
addition shed some light on. the physical processes taking
place during .annealing, have been performed by Andersson
and Swenson. These authors studied the annealing behavior
of 50-keV P .implants into a room-temperature silicon target
ow a dose range of 1O.M to 105S P ions/cm^, employing an­
nealing temperatures its the range of 450® to 75O*C.  Following
a 30-min OIXFC anneal, they find a fractional electrical ac­
tivity- of •-<■■30 percent for a dose of Ww iona/cip*;  15 percent
for a dose of 10w ions/cm*;  and 40. percent for a dose of 10tt
ions/cm*.  (This last percentage does not disagree with rise 80-
percent figure obtained by Crowder and Morehead,, since the
quantity measured by Andersson and Swenson is sheet ear­
ner density. For a IOU cm*  50-keV P implant, 40~.pereextt
sheet carrier activity actually corresponds to about 80-percent
Of the implanted toss -in substitutional positions, since the
implanted silicon will be heavily degenerate under-these im-
plan ration co n di tio nS.}

Andersson and Swenson also measured sheet carrier den­
sity and earner mobility as a function of temperature -from
7$ K to room temperature, and cm the basis of these measure­
ments they concluded the following.

i) Scattering centers with a compensating electrical ac­
tivity are annealed in the temperature range from 450 to
550®C, because both the mobility and the sheet carrier den­
sity are found to increase in this range.

it) At anuealfog temperatures above SOIF'C. phosphorus
atoms are being incorporated into electrically active sites,
since the sheet carrier density rises while the mobility de­
creases sign I ficatttly.

These observations are in general agreement with those of
Seidel and MacRae, though there is no evidence of negative
annealing in the work of Andersson and Swenson.

From the standpoint of electrical activity, the pattern that
emerges from all of the foregoing experiments is-as follows. For
iow doses (and therefore loar-vein me coneeutratioas of the
injected tors), between 59 and ?Q percent of the implanted
ions can be ssrcorpwa-ted into substitutional rites following a
30-min anneal at temperature of -MsOfTC. 90-parcent elec-
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trical activity can be obtained by increasing the asne&ling
temperature to SfeT-FOD^G. As the dare is -mcreased, the elec­
trically active-fraction-at any given anneal temperature de-
cream, though 90-pe.rcent activity can still be obtained if the
annealing is carrier! out at a sa.fliciently high temperature for
a» adequately long period of time (cf. Fig. 50). Finally, if the
smphmtatirm conditions are such as to produce a continuous
amorphous layer, high electrical activity is obtained following
a 600*C  30-writs anneal, at feast for those ions that lie 'within
the regrown layer,

J) CWscterriria nf Aasastfef Xnysrs ifesf are Ssh/ecfed te
Fsvtifer Jlos^fiardmeaf; Insight into the conditions shat
produce negative annealing and the annealing meehanfe.ms
that operate during rise low-temperature recovery of a damage
layer has been provided by the experiments of Johrtaon [27],
which we summarise here to round out our picture of anneal­
ing phenomena, Johnson’s experiment, shown schematically
in Fig, 19, consisted of introducing damage (by Si bombard'-
meat) into a previously implanted layer that had beers well
aanested, In addition to the estimate of duster size described
earlier, Johnson had an established Starting point from which
he was able to follow the course of the atmeslfag at tow tern-
peratures; and he was also able to independently adjust the
posirieoj of peak damage relative to the position <sf peak im­
purity density by an appropriate selection of energies. The
resultsof his experiments with regard to damage annealing
may be summarised as follows.-

a) Ats annealing step occurs at a temperature of 158~
31XlftC, which can be identified with the annealing of a va-
cancy-4m purity pair (cf. Fig. 4). Thss result was obtained far
1.1-. F-, and Asdmplanted layers.

b) Negative annealing is obtained when there is- a rea-
ton&bly close match of the damage and dopfag profiles,, but
nert otherwise, la all cases where negative, atineallag was ob­
served, the. negative annealing was brought, to completion
by a 3S-ms» appeal at a temperature in she range of 400-
SOIPC.

c) In addition to the negative anneal, there is a smooth
anneal that is apparent throughout the 3O0"7OO°C tempera­
ture raage, leading to a final recovery of conductivity that
is about 60 percent complete at an anneal temperature of
WC 60 percent of the loss of conductivity following Si
bombardment is recovered following a 30-min 7O0*C  aaseal).

Johnson Interprets the smooth anneal as a recrystalliza­
tion of damage 'dusters that have a distribution la size, an
interpretatiem that is in qualitative agreement with the re-
reystallfostfosi temperature estimates c<f Nelson shown in
Fig. id.

d) Aestfofo jBxpfomsrfoss-/sr A'ego/ire .4 shearing.  We eon* *
chide this section with a brief speculation as to why a match-
between damage and impurity profiles should be a cause of
negative annealing. Two mechanisms have so far been pro­
posed. From their observations of changes in the interstitial
Si and B concentrations made by chanaeling 'measurements,
North and Gibson (48] suggest that reverse annealing is due
to a Watkins replacement mechanism, is which the silicon
interstitial ions that promote the replacement (see Fig. 2)
are obtained from the annealing of damaged dusters.**  This
is an attractive explanation, but does not dearly account far
the concentrations dependence of the phenomenon.

An alternate explanation has been proposed by the
author [49], who suggests that disfoc&ttoa Hues and loops

® A atwlSar reNssaPoa. has teen. proposed by Fladda ci «l. ($? f 
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formed during annealing may provide sites for the preferential
adsorption of implanted ions, especially when these is a rig-
nificant rise mismatch between the implaated fon and the
host atom. The physical buris for the model is suggested in
Fig. 9S where it is seen that wrong-sized atoms will be pre­
ferentially adsorbed oa dislocation loops to mimmise the
strain energy.

To give a semiquantitative estimate of the probable ..im­
portance of tide effect, we employ a formula derived' by
Hlrth [50] from winch one can estimate rite number af im­
purity atoms /V that toll be adsorbed oa a dlslocatism loop

length X In thermal equilibrium, the formula being

/ w \ / F V .Ar ««(-—>( -™ ) CX1& --- (33)
\2/ur/ r

where
A radius of the dssiocation loop;
r equilibrium distance between best atoms;
C average rore.-retratfon of impurity,

s.nd

2A_§ «, ....— (Pj ™ (;J4)
3w

In (34), ry is the volume of a.solute atom, p« is the volume of a
host atom, fo is a Burgers vector whose magnitude is ap­
proximately equal to the foterafomfc spacisg in the crystal,
and p is & shear constant Some especially Interesting features
of (33) are that the number of adsorbed impurity atoms is
proportional to the impurity roneentratiou, fawsely pro-
portional to the square of the absolute temperature, and
proportional to the square »f the difference fa volumes of the
two atomic species.

If we assume th.St damage dusters do not /Overlap, pad
that each implanted ion produces a IpfoA-dfasn disfoeatfasi
loop after annealing, then the frartfaaal number of 'impurity
atoms adsorbed per umt volume is

it F 900 T*
--• « O.lfi X 10-^C’CV “ fe’M 03)
f. L x (J£) J

where r, and rft are the radii of the impurity anti rilieon atoms,
respectively. The assumption of noqowiapping damage
clusters makes the result applicable primarily to moderate
dose implants; to hot implants; str to the heavily damaged
transition, region between an amorphous layer and an u.ader-
lying crystalline substrate. However, within these limiteffoast
theory fits- experiment reasonably well. In particular, the re­
sults of Blamires.ri &l, quoted eariler show that the electrically
inactive fraction. Screws from 0.96 to 0,81 to 0.43 as the
temperature Is 'increased from 600 to 806 to 100G®C. Accor-
iag to (35), the product of the inactive fraction and- the
(absolute temperature)*  should be eonstsat, a prediction that
fits the data reasonably well. The concentration dependence
also fits the isochronal data of Seidel and. MacRae at sMsneal
temperatures in the- range of «M^XF9O0*C  when the spatial
distribution of itnpfonted toss is iaefaded fa the estimate. A
correlation With their isothermal data is more difficnlt to
.make, because'it is difficult to lndti.de changes', in total dis­
location loop length that will occor for long anneal times.

Application of the adsorption theory to other foes is con­
tained fa |M
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VI. SUMMARY

The state of our knowledge regarding damage prodocdoe.
in son-implanted silicon: is approximately as follows.

1) Both, theory and experiment suggest that individual
heavy tons implanted at room temp- -rtre into a nonchan*
neling.directidu. in silicon produce heavily disordered damage
clusters that Contain both simple defects add regfotis with
properties that approach those of amorphous material.

2) Both theory and experiment suggest that individual
light ions Implanted at room temperature into'a nonch&nnel-
ing. direction in silicon produce damage clusters that contain
primarily simple- defects, some of which are unstable at room
temperature,. As -a result there may be considerable room*
temperature an.neali.ng, and cluster overlap is required for the
formation bf amorphous regions.

3} A spatial distribution of damage arises from the fact
that -there Is a Spatial distribution of ion stopping points. The
chameteristics-of the damage distribution can be estimated
with fair accuracy for any . urn-substrate combination from
the theory of Sigmund and Sanders, and with better accuracy
for light fon.s from the theory of Brice. The-primary energy-
deposition profile provides a first approximation to the dam­
age distribution and can be simply estimated directly from
range tables.

4) -Crystalline silicon can be driven amorphous by a suf­
ficiency large ion dose. The critical dose depends on the ion,
the substrate --temperature, and the dose rate, the latter pa­
rameters being particularly important for a light ion. A con­
venient criterion for the production of amorphous material
in rituations where essentially all of the damage is stable is
that -the ouctear energy dep&tited. per unit volume should be
■WbW-

With regard io annealing:
i) Isolated damage clusters anneal into dislocation loops

and dipoles at temperatures between 290 and fi9Q*C  in time
periods on the order, to 30 mlm Dislocation networks are still
present after high-temperature (v~W0(FCj annealing, .unless
the anuealitsg: is -earned -oat in a high vacuum and ths s&mple
sufiace is very clean.

2) Crystalline 'silicon that is driven amorphous by ion .im­
plantation can be -regrown epitaxially on the underlying
crystalline substrate at- temperatures of about -fi60®C in a
time period on the order of 30 rain.

With regard to the -electrical properties of ion-implanted
silicon:

I) Vader typical implantation conditions, defects over­
ride noy possible chemical effects of -the implanted ions until
an-, annealing temperature <sf about 30fr-35G!’C is reached.
Type conversion is first observed at annealing temperatures
in this range.

2) If the rilicOn is driven amorphous prior to'annealing, a
large proportion of the ions In the amorphous layer will be
incorporated in to ^ubsdtnrioual sites following a SOO^C 30-
mi» anneal, even for 'peak concentrations in excess of 19M/'cm*.
However. a heavily damaged, trasssitfors regfos will exist be­
tween the amorphous layer and the crystalline silicon in which
majority carrier properties will be trap dominated until an
annealing temperature of SOfe-WCBC is reached. Minority
carrier properties may continue to be trap dominated beyond
this -point,

3) If the rilicmt.is apt drives amorphous prior to anneal­
ing, a variety of effects .may occur, including negative an­

nealing in the dOG-SQtdC temperature range'if the'damage
and impurity profiles match properly, and a 'fractional riec-
trieal activi ty that is dose dependent- For low .doses,-or more
exactly low-volume concentrations of the implanted species,.
SB--?0-percent, fractional electrical activity can be obtained
following a 690° C 39-mfn anneal; W-percent activity can be.
obtained by increasing' the annealing -temperature to
90G®C. For larger doses, the electrical activity fallowing a
S00C® 3d-min anneal decreases and may teach values as low
as 5 percept; but 90-percenc activity can still be obtained if a
safhciently high annealing temperature is employed.

We refer the reader to the literature [63], [64] for dis-
cassions on the effects of channeling on damage production
and annealing.

Ammwx
In this-appendix we wish to .call attention to'an approxima­

tion that was. used in the solution of the LSS .equations for
projocted-range statistics gives m Fart I [1 . j, and to'indicate
how the error introduced by theapproximation .may be mini­
mised in practical computations of projeeted-range. statistics.

The approximation arises in the evaluation of integrals of
the form

I - I - <>•(£ -- T)>} ifo(T) (A.i)

where is the mth moment -of a range .quantity. The
second term in the integrand, may also appear
multiplied by the cosine of tine of a laboratory scattering
angles, depending on the range quantity that is bring.com­
puted.

To evaluate the integral, it is customary to assume that
the e nergy transferred to target atoms in passing through any
thia section of target fe small, so that T) 1 can be
expanded in a Taylor series in X. The result is, to first order
la the Taylor expansion,

f « I 4 (X-(£J) -- +■ T. -.... -. MT)
J s * .?

f%iP?

Thus the Taylor expansfon permits u'g- to express the integral
in term of the /rsl of with respect to £<
together with factors such as 5» and which are also expres­
sible its terms of B, the projectile’s energy.

If the first-order Taylor approximation i& used to simplify
alt integrals required lo the computation Of .range statistics,
one obtains a series of prsf-erdfo dlfi&nntiai equations for

(As*>,  and these being the Quantities required to
compute ths .mean and standard deviation of ths projected
range. The solutions to these first-order equations:-are given
in (28)-(30) in Part I, and are numerically evaluated by
J ohnson and- Gibbons (3 j for a variety of ion-substrate combi­
nations.

The resulting .range, statistics' have proved to be quite
aceurate as long as the ratio of the ma;.-' of a «orget atom to
that of rhe projectile is large. (»<e., p’w.Vfo .V. >'-f).v However,
when pxSX as its the case of a heavy ion implant, it is found 
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that the standard deviation in projected range as computed
from the Srat-erder differential equations is too small. (AM
other range quantities computed by the first-order differen­
tial equations romaln reasonably accurate.) When this is the
ease, the Taylor expansion employed in the evaluation of
(A.I) must be named to second order in T, and wo»d-order
differential equations for -all range quantities will result.

The effect of this earxeotiou has been stadied by Brice [59)
and Furukawa [80], who had that the second-order differ­
ential equations give a standard deviation in projected range
that is significantly larger than that computed from the first-
order equations when/Kl. The problem has also been studied.
by the present .author [331, who finds that, for p Wl,

/ , B V’s1 — —.— J: (A,3)
\ 2 +

while for an arbitrary .value of p,

<te R + ■> 5»(^) -,'F . .._— gsj.------ -------- — jg (a 4)
/<, ' I 9 Ae J

The symbols i.n (A..?) and (A»4) are defined by
ffj, standard deviation in projected range (called-

4J?„byL8S),
o-g standard deviation, in total range (called Ari bv

LSS),
p mass of target atom/ion mass,

7 ’

.$»(£»} nudfear stopping power at mitiri energy Ao,
ria initial energy,
A total range,'

J?# projected range.

Values computed from (Ari) agree quite well with numerical
values obtained by Brice [59] and Furukawa [40] for a wide
variety of tens its silicon. It also turns out that, as suggested
by (A,3)f ffjftotoB when p is small. That is, for p <l. the
standard deviation in projected, range as. computed from the
second-order differential equations, is very nearly equal to the
standard deviation in total range (computed by richer first-
or second-order .differential equations). Heoce as a convenient
role of .thumb, the standard deviation -in projected range
should be taken as the larger of the- two numbers listed by
Johnses and Gibbons, that is,

if > teg1
»•,(>' sg s.s* if > <?J (A.3)

where the superscripts refer 'to solations obtained from the
first- and second-order differential equations, respectively.
The quantities bearing- a I superscript are the quantities
computed by Johnson-and Gibbons [S|- The approximation
given in (A.S) will give restti-ts-that are-within about 20-36
percent of experimental values [4®].
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Depth from Defocus Using the Hermite Transform

D. Ziou, S. Wang and J. Vaillancourt
Departement de mathematiques et d’informatique
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Sherbrooke, Qc, Canada, J1K 2R1

Abstract
This paper presents an algorithm for a dense com­

putation of the difference in blur between two images.
The two images are acquired by varying the intrin­
sic parameters of the camera. The image formation
system is 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 esti­
mation of the blur in ID and 2D images. The algo­
rithm is tested using synthetic 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 ideal projected image and the cam­
era point spread function (PSF) g(x, y, <r(x, y)). where
cr(x,y) is the blur parameter at the pixel (x,y). Usu­
ally, 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 is approximated by:

, x 1
galx,y) = ----

7T<72 (1)

The image intensity at a given pixel (x, y) depends on
the distance z between the camera lens and the corre­
sponding point in the scene (Fig. 1). The relationship 

between the distance z and the blur cr is given by [5]:

z =
Fv__

v-F~kf<r
Fv

v—F+kf<r

if z > u
if z < u (2)

where u is the distance between the lens a,nd 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 fc the proportionality coefficient be­
tween the blur circle radius and a. This formula shows
that estimation of depth z requires the estimation of
f, F, v, k, and <7, which are independent of pixel loca­
tion (x,y). They can be estimated by calibration [6j.
The blur a at a pixel (x,y) is measured by calculating
the PSF function at this pixel.

The work of Pentland [4] was the first research in
computer vision to test 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 be 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 ID images.
Then we will present the extension of the ID mathe­
matical model to 2D images. The algorithm for blur
estimation in 2D images is described in section 4. Sec­
tion 5 presents the experimental results.

2 Blur Estimation in a ID Signal
In this section we present the mathematical devel­

opment behind blur estimation, in the case of a ID
signal. Let us consider a focused image Ic(x) and an

958
0-8186-8821-1/98 $10.00 © 1998 IEEE

SIONYX1403000039.0116

SAMSUNG EX. 1002 - 4102/4148



unfocused image It>(x) of the same scene. The rela­
tionship between these images is:

I6(a:) = (Ic*fl )3)(a:) (3)

where g^(.r) is a Gaussian of variance fl2 and * rep­
resents convolution. The parameter 0 is the blur dif­
ference between the two images. The relationship be­
tween 0 and 2 can be deduced. For example, let us
consider the image 4(®) obtained by changing the pa­
rameter v by an amount 6v in (Eq. 2). The depth z is
given by:

’ + + ^>F

I - 'iSz<F
(4)

This equation shows that the depth can be computed
from the intrinsic camera parameters and the blur dif­
ference 0. It should be recalled that the camera pa­
rameters can be obtained by calibration. Now, we arc
faced with the problem of estimating 0. 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„(x) in (Eq. 1), by a Hermite poly­
nomial basis. The nth Hermite polynomial P„(a:) is
defined by:

= (5)

The sequence {Pn(x)} is orthonormal with respect to
ga(x) on (—oo, +00). Our choice of the Hermite poly­
nomial is due to the fact that these polynomials 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 It (a:) within this window by the polynomial
basis {P„(x)} is:

4 (a:) =
SXo Ek=-K cn(kT)Pn(x - kT)^a>r(x - kT)

kT)
(6)

where 2K + 1 is the maximum number of samples in
the window and c„(kT) is defined by:

c„(fcT) = (/b*W(m  (7)

where

h„(z) = Pn(x)ga(x) =-- (8)
u(J-) V7rcr

Substituting (Eq. 3) in (Eq. 7), we obtain:

cn(kT) == (4 * fn)(&T) (9)

where
dn 1 x2fn(x) = (^ * hn)(x) = (-1)%,“ « e-^ (10)
axn y 7TQ

and a2 = <r2+/32. (Eqs. 7 and 9) show the relationship
between image 4 and image Ic. 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
/? explicit. Let us consider the Taylor expansion of
Ic(kT - x) at kT:

Ic(kT-x)=^^^l
(11)

where denotes the pth derivative of Ic(x). Sub­
stituting this equation in (Eq. 9), we obtain:

Cn(fcT) = 52 sn,pI^ (kT) (12)
p=o

where
(-xy/n(x)dx

p\ (13)

(Eqs. 7 and 12) show the relationship between image
It, and image Ic. In this relation, a coefficient sniP is
function of the pth moment of fn(x). In other words,
given. Ic(x), Ib(x) and fn(x) we are able to estimate 0.
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 snp:

( — 1 in„n (p-n-l)(p-n-3)--3at’ n( 1) a (p-n)!2(r-’*>/ 2

if 0 < n < p and p — n is even
— l)ncrn if n = p

. 0 otherwise

(14)

By using (Eqs. 7, 12, and 14), the relation between
the two images 4(®) and 4(®) is now given by:

’ c2r(A:T) = 1)+^ S^PI?P\kT) = (4 * h2T)(kT)
< c2r+1 (kT) = ^r+i,2P+1/j2p'X) (kT) =

(4 ♦ h2r+1)(kT)
(15)
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We are now able to compute the blur difference. For
the sake of clarity, let us examine the use of coefficients
co and cj in (Eqs. 15) as an example. In the case
of co, we assume that 22p>i so ,2pZc(2rt(fcT) = 0 and
for ci, we assume that si^p+iI^p+1\kT) = 0.

According to (Eq. 14), «o,o = 1, «i,i = — <r, «o,2 =
and si,3 = Thus (Eq. 15) becomes:

f co (AT) = Ic(kT) + (kT) = {Ib * h0^kT)
( ci{kT) = —<jl'c(kT) ~a^-l'‘‘(kT) = (Z6 * /ii)(AT)

(16)
By resolving these two equations we obtain respec­
tively:

'4 (4 * h0)(k.T) - Ic(kT) _
I'^kT) 1 }

or

-<7Z"W)
l(Ib*h1)(kT) + ffI,c(kT') 24------------------------------- Z (18)

3 Extension to a 2D Image
The extension of the ID 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 ID Hermite polynomials; i.e,
{Po(x)Po(y), • • • > Pn&)Pm(y), ■ ■ ■}, where n is the de­
gree of x and m the degree of y. Since a Gaussian
window ga (x, y) is also separable, it is easy to show
that {Pn.m(x, J/)} is orthogonal within gcr(x,y'). Let
us consider that kTx and lTy are the sample spacings
in the window along the x and y axes. The decom­
position of image I(,{x,y) into localized polynomials is
given by: 

h(x,y) — Sit=O Z?m.=0 Cn,m(kTx,lTy)

Pn,m(z ~ kTx, y - lTv)^(ZkJ^V^
(19)

where
w(x,y) = SL-k SL-i vW® ~ kT^,y- lTy),
(2K -I- 1) x (2L + 1) is the size of the sampling lat­
tice and cn,m(kTx, lTy) is defined by:

c„,,n(kTx,lTv) = (Z, * h„,m)(kTx,lTv) (20)

where hn>m(x,y) = Pn,m(x,y)ga(x,y). Both
Pn,m{x, y) and gtr(x,y) are separable; thus straight­
forward manipulations, as in the ID case, give:

Cn.m(kTx,lTv) =YH2S^^I^W(kTx,lT.!f')
p^Q q~-.O

(21)

where Sn.p.m,, is defined by:
,+oo ,oo (_xr^y)vf M

sn,P,m,q = ]_^ J -------------dxdy

(22)
fn,m^x, y') is separable, thus Sn,p,m,Q ~ 8n,pSm,q —
fZ ^-x p>" dx fZ, Rapid calcula­
tion of Sn.p.m.q is possible by using (Eq. 14). The
coefficient c.n^m(kTx, lTy) in (Eq. 21) becomes:

C2r,'2t(kTx,lTy) = S2r'2l>S2t-2'>

^2p)(2s}(kTx,lTy)
C2r,2t+l(.kTx,lTy) = S2r,2pS2t+l,2, + l

•< C2r + l,2t(kTx,lTy) = S2r + l,2p+lS2t,2y

C2r + l,2t+l (kTx , lTy) = S2’- + l,2p+l

2g+l Zc(2p+1)(2'!+1TfeTcJT„)

(23)

We are now able to compute the blur difference be­
tween two 2D images. For clarity, let us take as an ex­
ample the coefficients cq,o, Cq.i, and ci,o in (Eqs. 23).
Let us assume that the image is a cubic polynomial;
that is IrP^q\kTx,lTv) = 0, Vp + q > 3. By using
(Eqs. 14 and 20), we can rewrite the first three equa­
tions in (23): 

• Co,o(m, ITV) = Ic(kTx, ITV) + VIc(kTx, ITV) =
(Z6 * hafi)(kTx,lTy)

co^kT^lTp) = -aI^(1\kTx,lTy)~

1
a^-I^\kTx,lTy) = (I, ^hOri)(kTx,lTv)

ci,0(kTx,lTv) = -aI^w(kTx ,lTy)~-
a^lZ2\kTx,lTv) = (Ib * hi^kT^lTy}

(24)
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 image is fitted by the cubic polynomial
p(z-, y) = J2m=u SnZj? an^nxmyrl. In this case, they
show that Ic(x, y) — Ib(x,y) — Ib(x,y)/i, where
V is the Laplacian and /3 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 develop­
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 G [t, Q].
The blur (J is estimated by using (Eq. 20) and each
equation in (23). In each window W centered at (a, y),
we obtain four values of 0, from which we choose the
one which minimizes the following error:

e2(a:,!/) = 52 + r’V +s) ~ i1'* + + s))2

(25)

To summarize, given o, T^, Ty, N, M, P, and Q,
the algorithm involves three steps: 1) the estimation
of cn,m using (Eq. 20); 2) the estimation of four values
of 0 using (Eq. 23); 3) the selection of the best 0 ac­
cording to the quadratic error in (Eq. 25). The image
derivatives 1^^ {x,y) 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 a is 1, the spacings Tx — Ty — 1. Figures 2.c,
2.d, and 2.e present the blur estimated using co,o co,i,
and 01,0 (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 cq,i and
01,0 is 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 x and y.

It is clear that combination of the blurs estimated
using equations cq.o, co,i, and ci,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, co.r, and
ci,o)- In further work, we will test other rules for blur
computation.
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Object

Figure 1: Image formation in a thin lens.

Figure 2: An example for real images obtained by varying camera parameters. a) and b) Toy house, c), d), and
e) describe the blur obtained by equations cq.o. cq,i, and ci,o f-F?- 24) respectively, f) Output of the integration
model (Eq. 25). g) and h) The blur of c) and f) within a window, as a function of x 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.uspto.gov

NOTICE OF ALLOWANCE AND FEE(S) DUE

136549 7590 10/31/2017

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19 th Floor
Boston, MA 02110-2736

PHAM, LONG

EXAMINER

ART UNIT PAPER NUMBER

2814

DATE MAILED: 10/31/2017

14/747,875

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

06/23/2015 Martin U. Pralle 143705.05211 1722

TITLE OF INVENTION: Pixel Isolation Elements, Devices and Associated Methods

nonprovisional SMALL $480 $0 $0 $480 01/31/2018

APPLN. TYPE ENTITY STATUS ISSUE FEE DUE PUBLICATION FEE DUE PREY. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE

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:

I. 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.

Page 1 of 3
PTOL-85 (Rev. 02/11)
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PART B - FEE(S) TRANSMITTAL

Complete and send this form, together with applicable fee(s), to: Mail

or Fax

Mail Stop ISSUE FEE
Commissioner for Patents
P.O. Box 1450
Alexandria, Virginia 22313-1450
(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
appropriate. 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
maintenance fee notifications.

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block 1 for any change of address)

Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal. This certificate cannot be used for any other accompanying
papers. Each additional paper, such as an assignment or formal drawing, must
have its own certificate of mailing or transmission.

136549 7590 10/31/2017

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19 th Floor
Boston, MA 02110-2736

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)

(Signature)

(Date)

14/747,875

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

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 $480 01/31/2018

EXAMINER CLASS-SUBCLASS

PHAM, LONG 2814 257-432000

1. Change of correspondence address or indication of "Fee Address" (37
CFR 1.363).

 Change of correspondence address (or Change of Correspondence
Address form PTO/SB/122) attached.
Q "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 - ----------------------------------------------------
registered attorney or agent) and the names of up to
2 registered patent attorneys or agents. If no name is 3 
listed, no name will be printed.

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE 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 category7 or categories (will not be printed on the patent): Q Individual Q Corporation or other private group entity Q Government

4a. The following fee(s) are submitted:
Q Issue Fee
Q Publication Fee (No small entity discount permitted)
Q Advance Order - # of Copies_______________________

4b. Payment of Fee(s): (Please first reapply any previously paid issue fee shown above)
Q A check is enclosed.
Q Payment by credit card. Form PTO-2038 is attached.
Q 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)
Q Applicant certifying micro entity status. See 37 CFR 1.29

Q Applicant asserting small entity status. See 37 CFR 1.27

Q 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 CFR 1.4 for signature requirements and certifications.

Authorized Signature

Typed or printed name

Date

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.uspto.gov

Boston, MA 02110-2736

APPLICATION NO. FILING DATE FIRST NAMED INVENTOR ATTORNEY DOCKET NO. CONFIRMATION NO.

14/747,875 06/23/2015 Martin U. Pralle 14.3705.05211 1722

136549 7590 10/31/2017
EXAMINER

Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street

PHAM, LONG

ART UNIT PAPER NUMBER

19 th Floor 2814

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 l-(888)-786-0101 or (571)-272-4200.

PTOL-85 (Rev. 02/11)

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 tlie 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 tlie 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 tlie 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.
14/747,875

Applicant(s)
PRALLE ET AL.

Notice of Allowability Examiner
LONG PHAM

Art Unit
2814

AIA (First Inventor to File)
Status

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.

1.0 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.

2.D  An election was made by the applicant in response to a restriction requirement set forth during the interview on; the restriction
requirement and election have been incorporated into this action.

3.0 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)  All b)  Some *c)  None of the:

1.  Certified copies of the priority 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 I 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 sheet(s) should be labeled as such in the header according to 37 CFR 1.121(d).

6.  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
2.0 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

SIONYX1403000040.0014
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Issue Classification

Part of Paper No. 20171017

Application/Control No.

14747875

Applicant(s)/Patent Under Reexamination

PRALLE ET AL.

Examiner

LONG PHAM

Art Unit

2814

CPC

Symbol Type Version

H01L 27 / 1463 F 2013-01-01

H01L 27 / 14627 I 2013-01-01

H01L 27 / 14629 I 2013-01-01

H01L 27 / 14685 I 2013-01-01

H01L 27 / 14625 I 2013-01-01

H01L 27 1462 I 2013-01-01

H01L 27 f 14607 I 2013-01-01

H01L 27 } 14645 I 2013-01-01

H01L 27 t 14689 I 2013-01-01

t

f

t

I

/

f

CPC Combination Sets

Symbol Type Set Ranking Version

|| f

U.S. Patent and Trademark Office

NONE
Total Claims Allowed:

(Assistant Examiner) (Date)
36

/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
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Issue Classification
Application/Control No.

14747875

Applicant(s)/Patent Under Reexamination

PRALLE ET AL.

Examiner

LONG PHAM

Art Unit

2814

US ORIGINAL CLASSIFICATION INTERNATIONAL CLASSIFICATION

CLASS SUBCLASS CLAIMED NON-CLAIMED
H 0 1 L 27/ 146 (2006.01.01)

CROSS REFERENCE(S)

CLASS SUBCLASS (ONE SUBCLASS PER BLOCK)

Part of Paper No. 20171017U.S. Patent and Trademark Office

NONE
Total Claims Allowed:

(Assistant Examiner) (Date)
36

/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
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Issue Classification
Application/Control No.

14747875

Applicant(s)/Patent Under Reexamination

PRALLE ET AL.

Examiner

LONG PHAM

Art Unit

2814

□ Claims renumbered in the same order as presented by applicant O CPA O T.D. O R.1.47

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

U.S. Patent and Trademark Office Part of Paper No. 20171017

NONE
Total Claims Allowed:

(Assistant Examiner) (Date)
36

/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

SIONYX1403000040.0017
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Receipt date: 07/26/2017 14/747,875 - GAU: 2814
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A2 8 9 20050134698 Schroeder et al. 6/23/2005
A290 20050150542 Madan 7/14/2005
A291 20050158969 Binnis et al. 7/21/2005
A2 92 20050211996 Krishna, et al. 9/29/2005
A2 93 20050227390 Shtein et al. 10/13/2005
A2 94 20060006482 Rieve, et al. 1/12/2006
A2 95 20060011954 Ueda et al. 1/19/2006
A296 20060011955 Baggenstoss 1/19/2006
A2 97 20060060848 Chang et al. 3/23/2006
A298 20060071254 Rhodes 4/6/2006
A299 20060079062 Mazur et al. 4/13/2006
A300 20060097172 Park 5/11/2006
A301 20060231914 Carey et al. 10/19/2006

Examiner
Signature /LONG PHAM/

Date Considered
07/15/2016
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Receipt date: 07/11/2016 14747875 - GAU: 2814

Substitute for Form 1449/PTO

INFORMATION DISCLOSURE
STATEMENT BY APPLICANT

(use as many sheets as necessary)

Complete if Known
Application No.: 14/747,875
Filing Date: June 23,2015
First Named Inventor: Martin U. Pralle
Group Art Unit: 2814
Examiner Name: Long Pham

Sheet 6 | of 20 Attorney Docket No.: 143705.05211

Cba

to d<

EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through

A214 7741666 Nozaki, et al. 6/22/2010
A215 7745901 McCaffrey et al 6/29/2010
A216 7763913 Fan et al 7/27/2010
A217 7772028 Adkisson et al 8/10/2010
A218 7781856 Mazur et al. 8/24/2010
A219 7800192 Venezia, et al. 9/21/2010
A22 0 7816220 Mazur et al. 10/19/2010
A221 7828983 Weber et al 11/9/2010
A222 7847253 Carey et al. 12/7/2010
A223 7847326 Park, et al. 12/7/2010
A224 7855406 Yamaguchi et al 12/21/2010
A225 7875498 Elbanhawy, et al. 1/25/2011
A22 6 7880168 Lenchenkov 2/1/2011
A227 7884439 Mazur et al. 2/8/2011
A22 8 7884446 Mazur et al. 2/8/2011
A22 9 7910964 Kawahito et al. 3/22/2011
A230 7923801 Tian et al. 4/12/2011
A231 7968834 Veeder 6/28/2011
A2 32 8008205 Fukushima et al. 8/30/2011
A233 8013411 Cole 9/6/2011
A234 8030726 Sumi 10/4/2011
A235 8035343 Seman Jr. 10/11/2011
A236 8058615 McCaffrey 11/15/2011
A237 8080467 Carey et al. 12/20/2011
A238 8088219 Knerer et al. 1/3/2012
A239 8093559 Rajavel 1/10/2012
A240 8164126 Moon, et al. 4/24/2012
A241 8207051 Sickler et al. 6/26/2012
A242 8247259 Grolier et al. 8/21/2012
A243 8259293 Andreou et al. 9/4/2012
A244 8288702 Veeder 10/16/2012
A245 8476681 Haddad et al. 7/2/2013
A246 8564087 Yamamura et al. 10/22/2013
A247 8603902 Mazer et al. 12/10/2013
A248 8629485 Yamamura et al. 1/14/2014
A249 8680591 Haddad et al. 3/25/2014
A250 8742528 Yamamura et al. 6/3/2014
A251 8884226 Miyazaki, et al. 11/11/2014
A2 52 8916945 Sakamoto et al 12/23/2014
A253 8994135 Yamamura et al. 05 *ff/31/2015

1 W oppoecj A254 9190551 Yamamura et al. 11/17/2015
cument, A255 RE43169 Parker 2/7/2012

[V A256 20010017344 Aebi 8/30/2001
'ZOl 7 A257 20010022768 Takahashi 9/20/2001

Examiner
Signature /LONG PHAM/ Date Considered

07/15/2016
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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.uspto.gov

14/747,875

APPLICATION NO. ISSUE DATE PATENT NO. ATTORNEY DOCKET NO. CONFIRMATION NO.

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
19 th 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)

SIONYX1403000040.0034
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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

SIONYX1403000040.0035

SAMSUNG EX. 1002 - 4141/4148

mailto:davisdr@pepperlaw.com
mailto:PAIR_eOfficeAction@uspto.gov
mailto:PAIR_eOfficeAction@uspto.gov
https://sportal.uspto.gov/secure/myportal/privatepair
mailto:EBC@uspto.gov


If you need assistance in completing the form, call 1-800-PTO-9199 and select option 2.

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.

Doc Code: PA..
Document Description: Power of Attorney PTO/AIA/82A (07-13)

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.

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
First Named Inventor

Martin U. PRALLE

Title PIXEL ISOLATION ELEMENTS, DEVICES, AND ASSOCIATED METHODS

Art Unit

Examiner Name

Attorney Docket Number 143705.000332
SIGNATU RE of Applicant or Patent Practitioner

Signature /Gunnar G. Leinberg/ Date (Optional) 2022-09-01
Name Gunnar G. Leinberg Registration

Number
35,584

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_____ j_____  forms are submitted.
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Doc Code: PA..
Document Description: Power of Attorney PTO/AIA/82B (07-13)

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
_______________________________________________________________________________________

I 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.)

— I 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:

11951
OR ____________________________
I 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.)

P
l€

lea
site

se recognize or change the correspondence address for the application identified in the attached transmittal
r or the boxes above to:

The address associated with the above-mentioned Customer Number
OR
The address associated with Customer Number:

OR -----------------------------------------------
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

✓

Inventor or Joint Inventor (title not required below)

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)

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 tijte^si)pplied below) is authorized to act on behalf of the applicant (e.g., where the applicant is a juristic entity).
Signature | Date (Optional) |
Name Stevefi D. Saylor

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.

L*^JTotal 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-PTO-9199 and select option 2.
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Payment information:

Electronic Acknowledgement Receipt

EFS ID: 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)

Submitted with Payment no

File Listing:
Document
Number Document Description File Name File Size(Bytes)/

Message Digest
Multi

Part /.zip
Pages

(if appl.)

1 Power of Attorney
20220901 __Corrected__POA_wit
h_TransmittaLl 43705_000332.

pdf

328413

755dd3cc59ade6d26aa65e2a59087446d63
ce628

no 2

Warnings:
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Information:

Total Files Size (in bytes): 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. Ill
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 Extent and Trademark Office
UNITED STATES DEPARTMENT OE COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450
Alexandria, Virginia 22313-1450
www.uspto.gov

APPLICATION NUMBER

14/747,875
FILING OR 371(C) DATE

06/23/2015
FIRST NAMED APPLICANT

Martin U. Pralle
ATTY. DOCKET NO./TITLE |

143705.05211
CONFIRMATION NO. 1722

136549
Pepper Hamilton LLP/SiOnyx LLC
Attn: Boston IP Docketing Department
125 High Street
19th Floor

POWER OF ATTORNEY NOTICE

........ ................ Il....
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 Extent and Trademark Office
UNITED STATES DEPARTMENT OE COMMERCE
United States Patent and Trademark Office
Address: COMMISSIONER FOR PATENTS

P.O. Box 1450
Alexandria, Virginia 22313-1450
www.uspto.gov

APPLICATION NUMBER

14/747,875
FILING OR 371(C) DATE

06/23/2015
FIRST NAMED APPLICANT

Martin U. Pralle
ATTY. DOCKET NO./TITLE

143705.000332
CONFIRMATION NO. 1722

11951
Troutman Pepper Hamilton Sanders LLP (Rochester)
70 Linden Oaks
Suite 210
Rochester, NY 14625

POA ACCEPTANCE LETTER

.... ......... .................................... . ..........

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.

/ylueng/

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.

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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