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AFFIDAVIT OF NATHANIEL E FRANK-WHITE

1. Iam a Records Request Processor at the Internet Archive. I make this declaration
of my own personal knowledge.

2. The Internet Archive is a website that provides access to a digital library of Internet
sites and other cultural artifacts in digital form. Like a paper library, we provide
free access to researchers, historians, scholars, and the general public. The Internet
Archive has partnered with and receives support from various institutions,
including the Library of Congress.

3. The Internet Archive has created a service known as the Wayback Machine. The
Wayback Machine makes it possible to browse more than 450 billion pages stored
in the Internet Archive's web archive. Visitors to the Wayback Machine can search
archives by URL (i.e., a website address). If archived records for a URL are
available, the visitor will be presented with a display of available dates. The visitor
may select one of those dates, and begin browsing an archived version of the Web.
Links on archived files in the Wayback Machine point to other archived files
(whether HTML pages or other file types), if any are found for the URL indicated
by a given link. For instance, the Wayback Machine is designed such that when a
visitor clicks on a hyperlink on an archived page that points to another URL, the
visitor will be served the archived file found for the hyperlink’s URL with the
closest available date to the initial file containing the hyperlink.

4. The archived data made viewable and browsable by the Wayback Machine is
obtained by use of web archiving software that automatically stores copies of files
available via the Internet, each file preserved as it existed at a particular point in
time.

5. The Internet Archive assigns a URL on its site to the archived files in the format
http://web.archive.org/web/[Year in yyyyl[Month in mm][Day in dd][Time code in
hh:mm:ss]/[Archived URL] aka an “extended URL”. Thus, the extended URL
http://web.archive.org/web/19970126045828/http://www.archive.org/ would be the
URL for the record of the Internet Archive home page HTML file
(http://www.archive.org/) archived on January 26, 1997 at 4:58 a.m. and 28
seconds (1997/01/26 at 04:58:28). The date indicated by an extended URL applies
to a preserved instance of a file for a given URL, but not necessarily to any other
files linked therein. Thus, in the case of a page constituted by a primary HTML file
and other separate files (e.g., files with images, audio, multimedia, design
elements, or other embedded content) linked within that primary HTML file, the
primary HTML file and the other files will each have their own respective extended
URLs and may not have been archived on the same dates.

6. Attached hereto as Exhibit A are true and accurate copies of screenshots of the
Internet Archive's records of the archived files for the URLs and the dates specified
in the attached coversheet of each printout.
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Attached hereto as Exhibit B are true and accurate copies of the Internet Archive's
records of the archived files for the URLSs and the dates specified in the attached
coversheet of each file.

I declare under penalty of perjury that the foregoing is true and correct.

Nethemiel Frank-UWhite
10/12/2022

Nathaniel E Frank-White

Please see attached
All Purpose
Jurat form
for additional
Notary Events
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OnlineNolary.net
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JURAT ATTACHMENT

A notary public or other officer completing this certificate verifies only the identity of the individual who signed
the document to which this certificate is attached, and not the truthfulness, accuracy, or validity of that

document.

STATE OF _ Texas }

COUNTY OF __ Harris }

‘ The foregoing instrument was subscribed and sworn before me this date of

| _10/12/2022 , by Nathaniel Frank-White

This notarial act was an online notarization.

Y Py ANALAURA SALAZAR URIBE

%
™1 ELECTRONIC NOTARY PUBLIC
=t STATE OF TEXAS
% - NOTARY ID: 131757026
Tty 5r €5 COMISSION EXP: OCT 11, 2028

(Notary Seal)

=N

)

Notary’s Signature

131757026

Registration No.:

Commission Expiration Date: October 11, 2026

Document Id: 380543B0-4A85-11ED-B45C-EDOEE3B39699
OnlineNotary. nat
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A BACK-ILLUMINATED MEGAPIXEL CMOS IMAGE SENSOR

Bedabrata Pain, Thomas Cunningham, Shouleh Nikzad,
Michael Hoenk, Todd Jones, Bruce Hancock, Chris Wrigley
Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive, Pasadena, CA 91109
Phone: 818-354-8765; Fax: 818-393-0045; Email: bpain@jpl.nasa.gov

Imaging with a back-illuminated CMOS imager provides a number of advantages, especially as the pixel size
is reduced. These advantages include high (100%) fill-factor and increased quantum efficiency, efficient
implementation of antireflection coatings, improved angular response, availability of the traditional “frontside”
of the pixel to incorporate in-pixel processing circuits, and increased compatibility with the next generation
metals (e.g Cu) and low-k dielectrics.

In this paper, we present the test and characterization results for a back-illuminated megapixel CMOS
imager. The imager pixel consists of a standard junction photodiode coupled to a three transistor-per-pixel
switched source-follower readout [1]. The imager also consists of integrated timing and control and bias
generation circuits, and provides analog output. The analog column-scan circuits were implemented in such
a way that the imager could be configured to run in off-chip correlated double-sampling (CDS) mode. The
imager was originally designed for normal front-illuminated operation, and was fabricated in a commercially
available 0.5 um triple-metal CMOS-imager compatible process. For backside illumination, the imager was
thinned by etching away the substrate was etched away in a post-fabrication processing step.

Figure 1 shows the schematic cross-section of the back-illuminated CMOS APS. The device structure
consists of a low-doped (~ 3x10'*/cm®) epitaxial p-type silicon, with the photo-detecting junction formed by a
front-implanted n-well and the p-type epitaxial silicon. Photons enter the detector from the backside, and the
resultant photo-electrons are collected in the front-side p-nwell junction.

The imager was thinned at an individual

Light in die level using a frame-thinning

Unthinned approach. Only the pixel area was

thinned down to ~ 7-10 pum thickness

(corresponding to epitaxial silicon

(P4 thickness), leaving a thick peripheral

region {~ 1 mm wide). A surface

passivation step was then applied to the
thinned silicon layer.

Surface
passivation

Substrate

{p-) L~ Pixels The resultant structure provides

- - Other increased mechanical stability, a
significant ease of die handling, and
protection against wrinkling of the

" Electronics

e thinned die. This approach is well-

) . \ Chip pads suited for a CMOS imager, since the

Dielectric Metal imager consists not only of the pixels,
layers CannEciors but the support and signal chain

electronics along the periphery of the
Figure 1: Schematic cross-section of the back-illuminated imager pixel array.

Backside thinning was carried out as follows. First, the front-side of the die is attached to a protective wax.
Then a protective frame on the backside was created through deposition and patterning of a SisN, mask.
The unmasked p* silicon substrate (with doping ~ 1x10'%cm®) was then etched using hot KOH down to
within ~ 10 um of the final silicon thickness. The remainder of the etching was carried out in
HF:HNO;:CH;COOH solution (HNA etch) [2]. HNA etches silicon through a redox reaction where the silicon
oxidation rate is dependent on the doping concentration. Due to its doping concentration dependence, the
etch-rate significantly slows down when the silicon substrate is etched, leaving an optically flat thin (~ 10 um
thick) epitaxial silicon layer. Following thinning, the front-side wax was removed, and the die was packaged
in a standard pin-grid array (PGA) package (with its central portion removed to let light in) using a standard
wire-bonding technique.
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Passivation of the etched silicon presents a unique challenge. After thinning, the interface trap density at the
unterminated silicon surface is unacceptably high, while a naturally formed native oxide (~20 °A thickness)
causes the surface to become positively charged. Unwanted band-bending
and the presence of dangling bonds result in a loss of QE and abnormally
high dark currents, necessitating the use of post-metallization surface-
passivation steps. Unfortunately, any post-metallization process step
challenging, since due to the presence of front-side metal with low melting
point (~ 400°C), no high temperature step can be used. Thus, boron
implantation and high-temperature furnace anneal is ruled out.

Self-passivation can achieved by controlling the HF concentration during the
final stages of etching that leaves behind a 30-50°A oxide. However, the
lack of a well-defined end-point of the etching process makes it difficult to
carry out reliable self-passivation of the etched silicon surface. To get
around this problem, some CCDs have used alternate passivation
techniques that include UV-flooding, flash gates (MBE deposited mono-fayer
of metal), boron-doping followed by high-energy pulsed-laser anneal, and
low-pressure oxide deposition [3,4,5,6].

Figﬁre 2: P btograph the
thinned megapixel imager

We have used a delta-doping technique for surface passivation [7]. The technique consists of a Iow-
temperature molecular beam epitaxy (MBE) that places an extremely high density of dopant atoms (> 10"
Boron/cm?) within a few atomic layers of the surface with no observable crystal defects and no reqmrement
for post-growth annealing, making it compatlble with post-metallization processing. Delta-doping is carried
out under ultra-high vacuum conditions (10" torr) using electron-beam evaporation of elemental silicon and
thermal evaporation of elemental boron. The process steps are as follows. A 1 nm-thick p+ silicon layer was
grown first, followed by depositing ~30% of a monolayer of boron atoms. 1.5 nm-thick capping layer of
epitaxial silicon was then grown. After removal from the MBE system, oxidation of the silicon capping layer
protects the buried delta-doped layer. Finally, the resultant optically flat surface allows easy deposition of
anti-reflection coating using deposited oxides and plasma-enhanced silicon nitrides.

Figure 3: Captured 1mage with two back-thinned megapixel imagers

Figure 2 shows the die level picture of the back-thinned imager. The unthinned frame is clearly visible in the
picture. One of the advantages of the thinning approach described above is that the back-illuminated imager
is packaged using conventional packaging technigues only.

Figure 3 shows captured images with two back-illuminated CMOS imagers. The problem with the first imager
is clearly visible in figure 3 (left). Following thinning, the imager developed crystallographic defects resulting
in the loss of one column and multiple imager rows. The second imager showed no such problems, resulting
in an excellent quality image as shown in figure 3 (right). The circular aperture shown in the images
correspond to the opening that was cut in the PGA package to let light in.

Without delta-doping, the imager showed very high dark currents, and was virtually inoperable. After delta-
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We have compared the measured back-illuminated QE against existing back-illuminated imager QE models
[8,9]. Figure 6 shows the measured QE before and
after the application of anti-reflection coating. The
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A relatively fast drop off of the QE with increasing
wavelength is indicative of the limited silicon
thickness (~ 7 um) in the imaging area. In addition, Figyre 5: Measured QE of the megapixel imager —
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Figure 6: Modeled QE — before and after AR coating
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Figure 7: 1-D model of doping concentration variation
from the backside surface to the front

As a result of high-temperature steps that a
wafer undergoes during a typical CMOS
fabrication process, an abrupt boundary
between the p'-substrate and the p-epitaxial
region no longer exists. It can be seen from
figure 7 that the doping concentration gradient
extends as much as 4 um into the epitaxial
region from the backside. On the other hand,
the depletion region between the n-well and the
p-epitaxial region extends ~ 2 um below the n-
well junction. The presence of the depletion
region and the doping gradient creates an
electric field to drive the electrons from the
backside to the collecting n-well junction.
Therefore, the imager is be expected o provide
low diffusion cross-talk even to photoelectrons
created by short wavelength (blue) light.

For measuring noise, the megapixel imager was operated in CDS mode. Off-chip CDS was implemented by

using a 4-point sampling method, where both reset
and signal levels were acquired differentially. A low
modal noise of ~ 8 electrons was measured at
room temperature, both before and after thinning,
with no noticeable degradation in the spatial
distribution of noise.

Table 1 shows the summary of performance for the
megapixel imager operated both under front- and
back-illumination. It indicates that thinning and
back-illumination has expectedly increased the QE
without introducing any unwanted performance
degradation.

In conclusion, we have demonstrated a back-
illuminated CMOS Imager with high QE by using a
successful backside thinning and MBE-based
surface  passivation  process. The  main

10000

Frequency.

— before-thin
-- -<after-thin

1000

100

i — 1

0 5 g 15 20 25

Noise (e)

30

Figure 8: Measured noise histogram

disadvantages of the thinning process are the absence of proper etch-stop required for accurate and reliable
thinning, and the use of MBE for surface passivation, posing problems for wafer-level thinning and

Table 1: Performance comparison

manufacturable back-illuminated imager

implementation. Our on-going work will

Characteristics Front-illum. Back- :
(no thinning) | ilumination solve these two problems soon.
Frlarmat‘ 1024x1024 | 1024x1024 Acknowledgments:
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Imaging with a back-illuminated CMOS imager provides a number of advantages, especially as the pixel size
is reduced. These advantages include high (100%) fill-factor and increased quantum efficiency, efficient
implementation of antireflection coatings, improved angular response, availability of the traditional “frontside”
of the pixel to incorporate in-pixel processing circuits, and increased compatibility with the next generation
metals (e.g Cu) and low-k dielectrics.

In this paper, we present the test and characterization results for a back-illuminated megapixel CMOS
imager. The imager pixel consists of a standard junction photodiode coupled to a three transistor-per-pixel
switched source-follower readout [1]. The imager also consists of integrated timing and control and bias
generation circuits, and provides analog output. The analog column-scan circuits were implemented in such
a way that the imager could be configured to run in off-chip correlated double-sampling (CDS) mode. The
imager was originally designed for normal front-illuminated operation, and was fabricated in a commercially
available 0.5 um triple-metal CMOS-imager compatible process. For backside illumination, the imager was
thinned by etching away the substrate was etched away in a post-fabrication processing step.

Figure 1 shows the schematic cross-section of the back-illuminated CMOS APS. The device structure
consists of a low-doped (~ 3x10'%/cm?®) epitaxial p-type silicon, with the photo-detecting junction formed by a
front-implanted n-well and the p-type epitaxial silicon. Photons enter the detector from the backside, and the
resultant photo-electrons are collected in the front-side p-nwell junction.

The imager was thinned at an individua!

Light in die level wusing a frame-thinning

Unthinned approach. Only the pixel area was

Substrate thinned down to ~ 7-10 um thickness

— (p+) (c_orrespondlng to eplFaXIal _SIIlcon

thickness), leaving a thick peripheral

region (~ 1 mm wide). A surface

passivation step was then applied to the
thinned silicon layer.

Surface
passivation

Pixels The resultant structure provides
Olfer increased mechanical stability, a
significant ease of die handling, and
protection against wrinkling of the

Electronics

thinned die. This approach is well-

. . \ Chip pads suited for a CMOS imager, since the

Dielectric Metal imager consisis not only of the pixels,
layers SO G but the support and signal chain

electronics along the periphery of the
Figure 1: Schematic cross-section of the back-illuminated imager pixel array.

Backside thinning was carried out as follows. First, the front-side of the die is attached to a protective wax.
Then a protective frame on the backside was created through deposition and patterning of a Si;N, mask.
The unmasked p* silicon substrate (with doping ~ 1x10'%cm®) was then etched using hot KOH down to
within ~ 10 pm of the final silicon thickness. The remainder of the etching was carried out in
HF:HNO;:CH;COOH solution (HNA etch) [2]. HNA etches silicon through a redox reaction where the silicon
oxidation rate is dependent on the doping concentration. Due to its doping concentration dependence, the
efch-rate significantly slows down when the silicon substrate is etched, leaving an optically flat thin (~ 10 um
thick) epitaxial silicon layer. Following thinning, the front-side wax was removed, and the die was packaged
in a standard pin-grid array (PGA) package (with its central portion removed to let light in) using a standard
wire-bonding technique.
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Passivation of the etched silicon presents a unigue challenge. After thinning, the interface trap density at the
unterminated silicon surface is unacceptably high, while a naturally formed native oxide (~20 °A thickness)
causes the surface to become positively charged. Unwanted band-bending
and the presence of dangling bonds result in a loss of QE and abnormally
high dark currents, necessitating the use of post-metallization surface-
passivation steps. Unfortunately, any post-metallization process step
challenging, since due to the presence of front-side metal with low melting
point (~ 400°C), no high temperature step can be used. Thus, boron
implantation and high-temperature furnace anneal is ruled out.

Self-passivation can achieved by controlling the HF concentration during the
final stages of etching that leaves behind a 30-50°A oxide. However, the
lack of a well-defined end-point of the etching process makes it difficult to
carry out reliable self-passivation of the etched silicon surface. To get
around this problem, some CCDs have used alternate passivation
techniques that include UV-flooding, flash gates (MBE deposited mono-layer
of metal), boron-doping followed by high-energy pulsed-laser anneal, and
low-pressure oxide deposition [3,4,5,6].

Fxgure 2: Photograph of the
thinned megapixel imager

We have used a delta-doping technique for surface passivation [7]. The technique consists of a low-
temperature molecular beam epitaxy (MBE) that places an extremely high density of dopant atoms (> 10™
Boron/cm®?) within a few atomic layers of the surface with no observable crystal defects and no requnrement
for post-growth annealing, making it compatlble with post-metallization processing. Delta-doping is carried
out under ultra-high vacuum conditions (10™° torr) using electron-beam evaporation of elemental silicon and
thermal evaporation of elemental boron. The process steps are as follows. A 1 nm-thick p+ silicon layer was
grown first, followed by depositing ~30% of a monolayer of boron atoms. 1.5 nm-thick capping layer of
epitaxial silicon was then grown. After removal from the MBE system, oxidation of the silicon capping layer
protects the buried delta-doped layer. Finally, the resultant optically flat surface allows easy deposition of
anti-reflection coating using deposited oxides and plasma-enhanced silicon nitrides.

Figure 3: Captured image with two back-thinned megapixel imagers

Figure 2 shows the die level picture of the back-thinned imager. The unthinned frame is clearly visible in the
picture. One of the advantages of the thinning approach described above is that the back-illuminated imager
is packaged using conventional packaging techniques only.

Figure 3 shows captured images with two back-illuminated CMOS imagers. The problem with the first imager
is clearly visible in figure 3 (left). Following thinning, the imager developed crystallographic defects resulting
in the loss of one column and multiple imager rows. The second imager showed no such problems, resulting
in an excellent quality image as shown in figure 3 (right). The circular aperture shown in the images
correspond to the opening that was cut in the PGA package to let light in.

Without delta-doping, the imager showed very high dark currents, and was virtually inoperable. After delta-
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doping, however, the dark current was reduced
to normal levels. In fact, as shown in figure 4,
the modal dark current dropped below its original
value. The modal dark rate before thinning was
294 pAlcm? and was reduced below 153
pAlcm?, indicating the efficacy of delta-doping
for trap interface trap passivation.

Figure 5 shows the measured quantum
efficiency (QE) of the CMOS imager, before and
after thinning. QE for the back-illuminated
CMOS imager is shown as square dots, while
the QEs for the same imager measured from the
front-side - before (triangles) and after thinning

Dark‘Rate (nA/cmA~2)

Figure 4: Dark current distribution of the meéegapixel

imager before and after thinning
and 2.7x in red.

(diamonds) - are shown in the same figure for
comparison. Figure 5 clearly indicates the
benefits of 100% fill-factor. Without any anti-
reflection coating added to the backside, QE
increased by a factor 2.6x in blue, 2.5x in green,

We have compared the measured back-illuminated QE against existing back-illuminated imager QE models

[8,9]. Figure 6 shows the measured QE before and
after the application of anti-reflection coating. The
measured data is shown in dots, and the modeled
QE is shown as dashed lines. The data fits the
model with a surface recombination velocity of
6x10* cm/s and an epitaxial silicon thickness of 7
pm. With reflection losses limiting the QE, it can be
seen from figure 6 that, except at shorter
wavelengths, the QE data without AR coating
agrees with the modeled QE very well. Figure 6 also
shows that with AR coating, QE increased to ~ 90%
in green, although the variance from the model is
larger, possibly indicating the need for improved AR
coating design.

A relatively fast drop off of the QE with increasing
wavelength is indicative of the limited silicon
thickness {~ 7 um)} in the imaging area. In addition,
since the imager was not originally designed for
back-illumination, it did not have sufficient metal
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Figure 5: Measured QE of the megapixel imager —
comparison between back and front illumination
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Figure 6: Modeled QE — before and after AR coating

epi-doping is 3x10%um?®, and the n-well
doping is ~ 6x10*um®,
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Figure 7: 1-D model of doping concentration variation

from the backside surface to the front

As a result of high-temperature steps that a
wafer undergoes during a typical CMOS
fabrication process, an abrupt boundary
between the p*-substrate and the p-epitaxial
region no longer exists. It can be seen from
figure 7 that the doping concentration gradient
extends as much as 4 pm into the epitaxial
region from the backside. On the other hand,
the depletion region between the n-well and the
p-epitaxial region extends ~ 2 um below the n-
well junction. The presence of the depletion
region and the doping gradient creates an
electric field to drive the electrons from the
backside to the collecting n-well junction.
Therefore, the imager is be expected to provide
low diffusion cross-talk even to photoelectrons
created by short wavelength (blue) light.

For measuring noise, the megapixel imager was operated in CDS mode. Off-chip CDS was implemented by

using a 4-point sampling method, where both reset
and signal levels were acquired differentially. A low
modal noise of ~ 8 electrons was measured at
room temperature, both before and after thinning,
with no noticeable degradation in the spatial
distribution of noise.

Table 1 shows the summary of performance for the
megapixel imager operated both under front- and
back-illumination. It indicates that thinning and
back-illumination has expectedly increased the QE
without introducing any unwanted performance
degradation.

In conclusion, we have demonstrated a back-
illuminated CMOS Imager with high QE by using a
successful backside thinning and MBE-based
surface  passivation  process. The  main
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Figure 8: Measured noise histogram

disadvantages of the thinning process are the absence of proper etch-stop required for accurate and reliable
thinning, and the use of MBE for surface passivation, posing problems for wafer-level thinning and

Table 1: Performance comparison

manufacturable back-illuminated imager

implementation. Our on-going work will

Characteristics Front-illum. Back-
(no thinning) | illumination solve these two problems soon.
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