Declaration of Rachel J. Watters on Authentication of Publication

I, Rachel J. Watters, am a librarian, and the Director of Wisconsin TechSearch
(“WTS”), located at 728 State Street, Madison, Wisconsin, 53706. WTS is an
interlibrary loan department at the University of Wisconsin-Madison. I have worked as
a librarian at the University of Wisconsin library system since 1998. I have been
employed at WTS since 2002, first as a librarian and, beginning in 2011, as the Director.
Through the course of my employment, I have become well informed about the
operations of the University of Wisconsin library system, which follows standard library
practices.

This Declaration relates to the dates of receipt and availability of the following:

Fossum, E.R. (June 1993) Active-pixel sensors challenge CCDs.
Laser Focus World 29(6), p. 83-87.

Standard operating procedures for materials at the University of Wisconsin-

Madison Libraries. When a volume was received by the Library, it would be checked

in, stamped with the date of receipt, added to library holdings records, and made
available to readers as soon after its arrival as possible. The procedure normally took a
few days or at most 2 to 3 weeks.

Exhibit A to this Declaration is true and accurate copy of Laser Focus World,
June 1993 issue from the University of Wisconsin-Madison Library collection. Exhibit
A includes a scan of the issue’s cover, showing the library date received stamp. Exhibit

A also includes an excerpt of pages 83 to 87 of that issue, showing the article entitled
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Declaration of Rachel J. Watters on Authentication of Publication

Active-pixel sensors challenge CCDs (June 1993). Based on this information, the date
stamp on the journal title page indicates Active-pixel sensors challenge CCDs (June
1993) was received by the Kurt F. Wendt Library, University of Wisconsin-Madison on
June 15, 1993.

Based on the information in Exhibit A, it is clear that the volume was received by
the library on or before June 15, 1993, catalogued and available to library patrons within
a few days or at most 2 to 3 weeks after June 15, 1993.

I declare that all statements made herein of my own knowledge are true and that
all statements made on information and belief are believed to be true; and further that
these statements were made with the knowledge that willful false statements and the like

so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18

of the United States Code.

Date: December 6, 2019 7@“%:__ .

Rachel J. Watters
Wisconsin TechSearch Director
Memorial Library
728 State Street
Madison, Wisconsin 53706
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Fﬁ;q NOLOGY GUIDE: DETECTOR HANDBOOK

Active-pixel sensors
lchallenge CCDs

with random access, non-
destructive readout, and easy
integration with on-chip
electronics, active-pixel sensors
may supplant CCDs in imaging
applications.

Eric R. Fossuum

[ie active-pixel sensor (APS) is a new
of sensor device emerging from the
most advanced image-sensor research
5-\and development laboratories in Japan.
These sensors may one day supplant
charge-coupled devices (CCDs) in many
imaging applications. A CCD relies on
the shifting of charge to read out the
image. [n contrast, an APS acts similarly
lo a random access memory (RAM)
“device, wherein each pixel contains its
~own selection and readout transistors.
 The signal readout then take place over
\, metallic wires rather than by shifting
| tharge, giving the APS advantages such
'8 rancdlom access, nondestructive read-
-out, and integrability with on-chip elec-
Tonics,
| This article looks at active-pixel sen-
Sors within the framework of current
:_ CD operating characteristics. [t sum-
‘Marizes activities in various laboratories
{ind describes applications for APS
f&Vices, such as high-definition televi-
Slon (HDTV) and imaging systems for

'hishmdiatiun environments.

;ECD versus non-CCD image sensors

arge-coupled devices were invented
“ound 1970 at AT&T Bell Telephone
‘@boratories (Murray Hill, NJ). Since
0, CCDs have become the primary
“ology ysed in scientific image sen-
'S The technology is complex, even

&

: Ellt R FOSSUM is a research technologist and

:pm;‘ua":i manager, Imaging Systems Section, Jet
lsion Laboratory, Pasadena, CA 91109,
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FIGURE 1. Logarithmic chart of device feature size versus pixel size tracks the advance of microlith-
ographic technology. Future miniaturization trends call for higher resolution from APS devices.

for students of semiconductor device
physics. Readers interested in CCD
operation are referred to texts by Yang!
or Tompsett.2

Various non-CCD-based image sen-
sor technologies are also on the market,
including the photodiode array, the
charge-injection device (CID), and
hybrid infrared image sensors. The first
two have large input-referred noise
floors, typically several hundred elec-
trons (rms) for a single read; they are
not covered in this article.

Hybrid infrared sensors could, in
principle, be adapted for visible use.
The hybrid approach, in which a detec-
tor is bump-bonded, pixel by pixel, to a
readout multiplexer is an expensive
technology and is limited in size to
approximately 512 X 512 formats. Typi-
cal noise floors of such hybrid focal-
plane arrays are in the 30 electrons rms
range.

In the active-pixel sensor, several
active transistors are monolithically

integrated in the pixel for readout pur-
poses. These transistors are used for
pixel readout selection and for amplify-
ing or butfering the pixel output signal.
Twenty years ago, an active-pixel sensor
with a practical pixel size was not possi-
ble because of microlithography limita-
tions. The technological push of the
semiconductor industry has since dri-
ven microlithography to the submicron
regime, and 1.25-um CMOS is prac-
tically an industry standard.

In the 1970s, CCDs were attractive
because only three electrodes/pixel
were required for operation and a
30-pm pixel was possible. Today, the
fundamental advantage CCDs had over
any other imaging technology has been
eclipsed by the shadow of microlithog-
raphy fabrication. Pixel size is now
determined more by scientific imaging
optics than by microlithography con-
straints. Thus, a new window of oppor-
tunity exists to take advantage of
microlithography advances because the

LASER FOCUS WORLD JUNE 1993 83
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TECHNOLOGY GUIDE: DETECTOR HANDEOOK

digital microelectronics industry, driven
by needs for speed and miniaturization,
continues its inevitable evolution (see
Fig. 1).

CCD strengths and weaknesses

The virtues of the CCD include its high
sensitivity, high fill-factor, and large-
format capability. High sensitivity fol-

lows from a net quantum efficiency of
around 40%, the high fidelity of CCD
readout, the low-noise-output amplifier
(typically, five electrons rms). The high
fill factor of a CCD pixel (80%-100%)
arises because the metal-oxide-semicon-
ductor (MOS) photodetector is also
used for signal readout. The large for-
mat of CCDs—typically 1024 X 1024,

FOR EVERY DETECTOR.

A HIGH VOLTAGE POWER SUPPLY
THAT MATCHES PERFECTLY.

Bertan is the world leader in detector
high voltage power supplies and can meet
virtually every detector requirement, from
lab to OEM. We can give you everything
from regulated modules that are as
inexpensive as unregulated supplies, to
highly regulated instruments. Whichever you
choose, you can be sure you're using the
industry’s standard for performance and
reliability. In fact, we have MTBF success
stories that others only dream about.
What's your application?
Photomultiplier tubes, propor tional
counters, avalanche photo diodes?
Microchannel plates, channel electron
multipliers or image intensifiers?
Call Bertan because nobody knows
high voltage power supplies like
Bertan. Our units are being used
across the board in research and
industry. This unparalleled
experience means that our people
can help you get the best match of
power supply to detector application.
Ask for our free 102 page reference
manual and catalog, “High Voltage
Power Supply Solutions” Call or
write. Toll free: 800-966-2776.
In NY: 516-433-3110. Fax:
516-935-1766. Bertan High Voltage,
Hicksville, NY 11801.

THE
MATCH
MAKERS.

Sl P |

The HicHVourace PEorLE™

84 CIRCLE NO.73

but it can be as large as 5120 X 512¢__;
possible because of the concurrent dri\::
of semiconductor memory-chip map,.
facturers to improve silicon wafer qualic
ty and fabrication yield.

The need for nearly perfect chy, e
transfer is the Achilles’ heel of Cch
technology; it is also fundamental fo the
device operating principle. The CCp
relies on the transfer of charge (usyay;
electrons) from under one MOS elec-
trode to the next through sequencing of
voltages on the electrodes. The electrons
are transported through the bulk silicop
material over macroscopic distances—
up to centimeters—before reaching the
output sense node. A typical CCD has
three electrodes/pixel, so in a 1024 X
1024 imager, the electrons may be shift-
ed, on the average, several thousand
times. The ratio of electrons successfully
transferred to the number left behind
per electrode is the charge-transfer effic-
ciency (CTE). The CTE of a CCD needs
to be as close to 100% as possible for
acceptable scientific performance. A sin-
gle defect in bulk silicon can trap elec-
trons and degrade the efficiency.

For example, if the CTE is given by,
the net fraction of signal transferred
after m transfers is simply 0. Thus, ifa
CCD is operating with a CTE of 0.99%
(1 electron lost out of 10,000), thena
typical pixel signal in a 1024 X 1024
image sensor undergoes a fidelity
degradation of nearly 20% by the timeit
reaches the output amplifier.

Because this performance is unac
ceptable in most applications, large-
format CCDs have been developed
within CTEs ranging from 0.99999 1
0.999999. For a CCD charge packel_ufz'
1000 electrons, a CTE of 0.99999 implies|
that only one electron is lost for every.
100 transfers, It is remarkable that
CCDs have been developed with suchd.
high level of transfer efficiency and ﬂ“ |
the number of defects in a silicon Wi "-""I
has dropped to essentially zero. .

The need for nearly perfect Charg%
transfer leads to a number of Perfor-'ﬂ
mance weaknesses in CCD tcchI}O}Ug%
For example, CCDs are mascuptlblBﬁé
bulk radiation damage. In spac¢ app™’
cations, CCD image sensors are ¢of ot
uously bombarded by energetic P47
cles and photons, which can cause =
nificant bulk displacement dama&
Damaged silicon traps electrona ant
reduces transfer efficiency. Typical ik
tolerance for a scientific CCD is arotl
10 krads, depending somewhat o
source. Radiation softness of L_LDS g
significant issue for long-duration pias
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[FGURE 2. Schematic of asimple CMOS-com-
| tible APS shows the charge integration rela-
Hjonship between the photoga'ge, the selection
siansistor 5, and the reset transistor R. The out-
tsignal from each pixel is the change in volt-
age levels at the output node.

etary instruments and certain earth
arbits, as well as in many terrestrial
-applicarinns such as x-ray and electron
imaging _

To get high transfer efficiency, CCDs
are often driven with relatively large
yoltages (by microelectronics stan-
dards). They also represent high-
enough capacitance loads to driving
glectronics to make on-chip integration
of clocks and drivers nearly impractical.
Yet, on-chip integration is the key to
achieving future camera miniatur-
ization.

The CCD fabrication process is quite
different from the complementary
metal-oxide-semiconductor (CMOS)
process—the preferred technology for
mplementation-of on-chip signal pro-
essing—creating a further impediment
o miniaturization. Although some inte-
grated CMOS/CCD processes have
been demonstrated, undesirable com-
pomises in the performance of CMOS
0tCCD technology must be made.

Other weaknesses that stem from
iearly perfect CTE requirements
| Nelude the limited spectral sensitivity
finge (that of silicon), the difficulty of
iithmvin g targc array sizes (because
| i fequirements increase with array
1 %), the difficulty of implementing

: g R S OIS S S =
ERE EX Microlenses placed directly above an APS direct more incoming photons (hv) to the
NSitive areas, thereby increasing the signal fill factor.

CCDs with large pixel sizes at high data
rates, and limited readout rates.

Developing APS technology

An example of a simple active-pixel
sensor that resembles a short CCD is
shown in Fig. 2. Charge is integrated
under the photogate PG. To read out
the signal, the pixel is selected using
transistor S. The output node is reset
using transistor R. The signal charge is
then transferred from under the PG into
the oufput node.

The change in the source-follower
voltage between the reset level and final
level is the output signal from the pixel.
The source follower might drive a col-
umn line terminated with clamp
and/or sample-hold circuits. These col-
umn-parallel circuits could then be
scanned for serial readout of the sensor,
Because the illustrated APS requires
only a single intra-pixel charge transfer,
many of the problems associated with
charge transter in CCDs are eliminated.

If implemented in 0.8-pm CMQOS, a
16 X 16-pum pixel could have an intrinsic
fill factor of more than 50%. To improve
the fill factor to the levels typically asso-
ciated with CCDs, the emerging
microlens technology must be used (see
Fig. 3). At Jet Propulsion Laboratory
(JPL, Pasadena, CA), this approach is
being pursued in conjunction with on-
chip analog-to-digital conversion to
explore cameras-on-a-chip for future
microspacecraft applications.

Much more sophisticated APS struc-
tures are being developed elsewhere in
order to achieve small pixel size and
high fill factors (see table). Toshiba
(Kawasaki, Japan) uses a double-gate
floating-surface transistor to increase
the sensitivity of the output amplifier to
200 pV/electron.? To reduce the pixel
size, the charge storage area can be
located vertically under or over the
readout fransistor.

The presence or absence of photogen-
erated charge can be used to modulate
the readout transistor output signal of

Microlens array

B 'Dead’ region
[ Photosensitive
region

INFRARED VIEWERS

For a Better View -
of the Work You Do/

If you use IR lasers and laser
diodes from 700nm to 25um
(e.g. GaAs, Nd:YAG, CO),
Electrophysics can supply the
devices that meet your
viewing requirements.

In the lab or in the field,
Electrophysics offers superior
quality and performance in
the widest selection of IR
Viewing Devices available
today. From the hand-held
Electro Viewer IR Viewers, the
long-wave MicronViewer and
Pyro Viewer Systems, IR
Cards, Filters and other
Accessories, Electrophysics is
prepared to meet your needs
for alignment and analysis.

Call today and discover the
advantages of our IR viewing

devices . . . for a better view
of the work you do!

(800)759-9577

373 Route 46 West, Fairfield NJ 07004
(201)882-0211 * (201)882-0997 FAX
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Since 1946, Servo Corporation
of America has been designing
and manufacturing standard
and custom |R thermistor,
pyroelectric and laser detec-
tors and arrays to meet an
ever changing broad spectrum
of commercial, industrial,
military and space applications,
including:

¢ Environmental

* Research

® Military Recon

* Space Tracking

© Position Sensing

* Process Gontrol

State-of-the-art, microelec-
tronic (hybrid) capabilities
enable Servo’s designers to be
responsive to the stringent
engineering and severe
packaging demands of today’s
Hi-Rel military and rugged,
space-born applications. If
required, all IR detectors and
EO systems can be supplied
to MIL-Q-9858A and
MIL-STD-2000A,

Gall today for EO
applications information
and assistance.

(@)
SERVO CORPORATION OF AMERICA
111 New South Rd., P.O. Box 1490

Hicksville, NY 11802-1490
(516} 938-9700 - Fax: (516) 938-9644
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TECHNOLOGY GUIDE: DETECTOR HANDBOOK : ‘

Attributes of various APS technologies
DGFSPT CMD BCMD BASIS SIT CMOS Aps

Developer Toshiba Olympus  Texas Instr. Canon Olympus  JPU/Caltech

APS Type Lateral Vertical Vertical Vertical Lateral Lateral

Output  Lateral Lateral Lateral Vertical ~ Vertical  Lateral

Pixelsize 13x13 13%x76 10 x 10* 135X 13.5 17x135 40x40

{um)

Sensitivity 200 puVie- 250 pAfer  154uVie-  35uVie+  3.0uVie+ 4.0uvie-

Input- 08e-rms 20e+mms  15e-rms  B0e+rms 69e+rms 22c ms

referred |

noise

Dynamic  75dB 70 dB 72 dB 76 dB 86.5dB 76 dB

range

Fixed- 10% 5% 2% 0.03% 1.1% 2%

pattern

noise (p-p)

Anti- Vertical Vertical Vertical none* none* Lateral

blooming

1

Lag 0 0 0 <0.1% 10% 0

Comments FPNmaybe Noisedo-  *Hexagonal *Canbe  *SITturns Uses2-.um
reducibleby minatedby  layout reduced  on CMOS |
readireset/  dark current. using design rules. w
resample improved by clipping 4

cooling. operatian.
an APS. This technique is used by  APS applications

Olympus (Nagano, Japan) in its charge-
modulation-device (CMD) approach to
APS.# Texas Instruments (Tokyo, Japan)
created a bulk charge-modulated device
(BCMD) in a hexagonal packing
format.”

A further reduction in pixel size is
possible if the current flow in the output
transistor is vertical rather than hori-
zontal, so the substrate acts as one of the
transistor terminals. Olympus uses this
technique in its static induction transis-
tor (SIT) active-pixel-sensor device.” A
vertical bipolar approach is used by
Canon in its base-stored image sensor
(BASIS).”

Each of the these technologies has
advantages and disadvantages. Fixed-
pattern noise is generally a common
concern but can be eliminated through
on-chip signal processing. The fixed
pattern noise arises due to threshold-
voltage nonuniformities across a large-
area image sensor. Because output
amplifiers track the threshold voltage of
the output transistor, an APS is sensi-
tive to this offset pattern, but clamp cir-
cuits can be used to nearly eliminate
this phenomenon.

Numerous applications for active-pixel
sensors are being explored. Some AR
work is driven by HDTV; .‘v’i-:"[‘liﬂ gain
prior to readout is desirable in high-
bandwidth HDTV applications. Elec-
tronic still cameras are another area of
interest because the APS is m?ﬂ’-
amenable to camera miniaturization
and power minimization than the CCL
Imaging systems operating in hi
radiation environments rupl‘E-‘?‘f“'_t
another application area of APS IEC"E
nology. These include laboratory an.’ t
spaceborne scientific APS-based C'ﬂmr
eras, medical instrumentation, nlicf‘a-
instrumentation and space-b«lSEd suk
veillance systems. ..
Because APS technology :‘vi”"i’hf.'e:
region-of-interest readout, mlr'tfl‘.lnrl
vision and guidance and nav 18’1“03'
sensors are another application ared:
Imaging devices operating in exten®e
spectral ranges may also benefit TOE
the active-pixel concept. Because il
are notoriously hard to implemen b
nonsilicon materials, near-infraré .i-’ :
short-wavelength infrared APS dﬂ"r;l,;
may be easy to develop. Ultraviolet 25
sensors made from materials suc

has o
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CUSTOM InGaAs
DETECTOR ARRAYS

- on carbide (SiC) might also be possi-

ple with the APS approach. Linear and 2D Focal Plane Arrays
Admittedly, it is difficult to displace .
ccD technology, which has had nearly For SPectroscopy and I m ag in g

25 years to mature, and any incumbent
jechnology has its ardent supporters.

me operations, such as time-delay-
and-integration (TDI) and pixel binning
will be harder to achieve with APS
devices than with CCDs.

1 to 3 pym: >70% QE
Room-temperature or TE-cooled
2D arrays: 128 x 128 to 512 x 512 pixels
Linear arrays: up to 1024 pixels

: pixel heights to 2mm
Non-standard aspect ratios
Quick turnaround on custom designs

L ]

; anm-leady _
is highly likely that
- pixel sensors will have a

profound impact e ————————
on imaging systems SENSORS UNLIMITED, INC.
of the future. 3490 U.S. ROUTE 1+ Princeton, NJ 08540

Tel: 609+520+0610 Fax: 609+520+0638

The APS concept has, however, gen-
erated much discussion among domes-
tic image sensor manufacturers. Several CIRCLE NO. 76
have already indicated an interest in
exploring this emerging technology.
Therefore, given the relative immaturity
of APS technology and the high level of
(performance it has already achieved, it
s highly likely that active-pixel sensors
‘will have a profound impact on imag-
ing systems of the future, a

Integrated Photonic Technolo

[ SILICON PHOTODIODES |

PRODUCTS
* Avalanche photodiodes (APDs)
* Position Sensing (PSDs)
* True PIN architecture
* Epitaxy
* Wavelength Selective
» UV/Blue enhanced
(Alpha/Beta/Gamma)
* Pre-amps & Photonic sub-assemblies
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_ FEATURES

0 lon-deposition process assures highly
_ uniform sensitivity across entire radiation
. active area. O Very low dark current levels,
0 Minimal noise levels. ¢ Fast rise-times. 0
200V breakdown voltage. ¢ Extraordinary
. spectral sensitivity. 0 Reflection reduction
by Silicon-Nitride passivation. ¢ Custom
modifications. ¢ OEM development
rograms, integrating optical design,
gptigcal, mech:%::ca] agndpelectmnicg
- manufacture and sub-assembly. ¢ QA and
_ customer defined testing.
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