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ABSTRACT

An assessment of solid-state UV/visible image sensor technology for future NASA 1issions is presented. The paper will
attempt to summatize the state of the artinimage sensor tech nology in the United States, Canada, Japan, and Europe, The
state of the artand future trends will be compared to a forecast of future NASA needs in scientific image sensors for
planctary exploration, carth science, astrophysics, aud spacecrafi systems such aSstar trackers and optical communications.

1. INTRODUCTION

The National Acronautics and Space Administration utilizes a wide varicty of image scnsors in its manned and unmanned
space missions, In 1993, a small study was performed by the Office of Advanced Concepts and Technology t0 better
understand the state of the art in industry for advanced image scnsors and to better understand future mission needs and
requirements for new technology rescarch, development and inscrtion. The scope of the study was limited to visible and
UV/visible image sensors, and particularly clmrgc-coupled devices (CCI)s) and active pixel sensor IS (APS), with particular
attention to remole, scientific sensing applications.

The study was performed by interviewing science investigators, NASA Headquarters personnel, industry technologists, and
by visiting numicrous companies and laboratorics in the US,, Canada, and Japan. Additional sources included conferences
such as the 1993 Spit i CChs and Solid-State optical Sensors |11 conference held in February 1993 in San Jose, California,
the 1993 11k Workshop 011 CCDs and Advanced Image Sensors held inJune 1993 in Watesloo, Ontario, Canada, and the
1993 1k:EE Inter national Electron Devices Meeting held in December 1993 in Washington DC. Mater iat from previous
NASA Workshops were also used, such asthe 1991 Astrotech 21[1]and the 1992 Space Microtechnolog ics 2] Workshops.

"T'he purpose Of this paper is to provide a framework for discussing apossible investment strategy for NASA in the arca of
scientific sensors for UV/visible imaging.  Background material 011 CCD and APS technology is provided. A short
summary Of the state of the. artincach of the major manufacturcrs is then reported. User requirements and desires are
addressed. A short section on the likely areas of tech nology push (without NASA investiment) is given. Finally, a byicf
section 011 asttawman investment strategy for NASA is presented.

2. BACKGROUND

To provide context for description Of the state of the ast and futwre technology needs, ashort background 011 C Ch and APS
technology is presented.

2.1 CHARGE-COUPLED DEVICES (CCDS)

CCD technology has been developed for scientific use since its inventionin 1970, The CCD has several advantages over its
vidicon-tube and photodiode an ay predecessors.  Photodiode arrays, in the Jate 1 960's, 13.4] used switches to connect
individual photodiode clements to a common output line, The high capacitance of the photodiode output lines combined
with large switch feedthrough and small photosignals created an opportunity for improved imaging deteclor ai rays. The
CCD, which physically transporicd the photosignal to @ common output amplifict solved many of the difficultics associated
with the per formance of photodiode arrays.  The principle of charge transfer using fiinging clecti ic fields from adjacent
clectrodes is inherent in the CCD concept. Charge IS transfersed from under one elect rode to the next, in Shift register
fashion, by varving the voltages 011 the overlying MOS clectrodes. Compared to the photodiode arrays, uniformity improved
through the use of the common output amplificr and noise was g reatly reduced with the usc of a small floating, diffusion

17 Proceedings of the SPIE, vol. 2172, Charge-Coupled Devices and Solid-State Optical Sensors 117 (1994)




capacitance and the introduction Of coniclated double sampling.  With the concurrent development of metal-oxide-
scrmiconductor (MOS) technology in the early 1970's for integrated circuit @pplications, CCD performance continued to
improve. NASA Code R (now Code C), recognizing the potential for replacing low-1cliability vidicon vacuum tubes with a
solict-state imaging device, supported the development of scientific CCDs, while industry dcJ eloped comietcial CCDs for
video applications [5]-1n thc 1980, the advent of the consumer camcorder helped bootstrap Japancse investment in CCI
technology to improve yield, performance and reduce manufacturing costs. Scientific CCD development in the US lost its
syncrgism with commercial CCD development as camcorder CCD manufacturing moved to Asia. Only 1)01) and NASA

support helped maintain a technology base in the US., though clectronic imaging, as @ replaceinent for photographic film,

has also driverl cent inued development of CCD technology. Today, scientific CCDs represent a market niche for several

companics in the US, but Asian interest in producing, scicntific CCDs grows.

As a first gencration solid-state imaging, device technology, scientific CCDs have numcrous performance advantages ovel
most competing technologics for UVAvisible imaging, These include small pixel size, high fill-fac{ or, large format, low
read noise and low dark current. A second gencration of solid-slate image sensors, though, would include on-chip timing,
and control clectronics, signal processing and analog-to-digital conversion, in addition 10 high performance image

acquisition. Duc to the limitations discussed below, the CCI may not be aviable candidate for such a second generation
imaging technology.

In the 1980’s, scicentific CCD technology began to significantly diverge from mainstream integrated cireuit technology.
Whilce both employ MOS structutces, complementary MOS ((M(E) has emerged as the dominant technology for
implementation of both analog and digital integrated circuits for mictoprocessors, memory and custom applications (ak.a
application-specific integrated circuits 01 ASICs). *J bus, the usc Of CMOS for digital timing and signal processing 011 the
same chip as the CCD requires one Of two undesirable compromiscs. Either the CCD or CMOS structure must be altered to
conform to @ combi ned process result ing in lower CCLY or CMOS per formance, OF a significant number of additional
fabrication steps must be inscrled to allow both structures to be fabricated a penalty of reduced yield and increased
manufacturing cost. A second and cqually important issue for the integration of CCs and CMOS isthat large arca CCDs
arc inherently highly capacitive devices. To drive such high capacitances at reasonable imaging rates, large current drive
capability with associated high power dissipation mast beincuired.  This is gencratly undesirable for most  applications.
I’bus, CCHs and CMOS arc difficult to integrate for severalrcasons. (1 .incar CCDs for consumet applications often utilize
an-chip CMOS circuits, and some small CCD area arrays have been integrated with CMOS).

There are additional difficultics with CCD technology that arc al traccable to the fundamental principle of operation of a
CCD -- charge transfer. In order to maintain high signal fidelity in a CCD image scusor, charge must be physically
transporied to the output amplificr with nearly pet-fce( charge transfer efficiency (CTE), i.¢., no charge can be 1osi duc to
traps o1 spilling cn route to the amplificr. For a large number of transfers (€.g. 10,000) the transfer efficiency pet transfe
must be very high (c.g. 0.999999) so that the net transfer cfliciency (0.999999' %= (.99) is rcasonable. Thus, CCDs
require large clocking voltages (10-15 volis) to enable high C' J li, CCD performance degrades with increasing array Size
unless CTE is increased, CCD performance degrades with incicasing readout 1ate since CTE drops al higher transfct
speeds, CCI) performance degrades in the presence of trap-inducing radiation (especially protons), CCD perfor mance
degrades at low temperatures due to trapping, and CCDs do not allow random access or simple window-of-interest readout
opcration since al datamust pass through the output amplifici orinto adump drain.

Despite these limitations, scientific CCDs have achicved an imptessive level of performance. Arrays as large as 2K x 2K
arc routinely fabricated with “7. S jun pixels, 50,000 clectron full well capacity, CTE greater (baa 0,99999S, 1oom
temperature dark curr ent less than 25 pA/cm?, 1esponse non-incarity 1€Ss than once percent, unifor mity less than two
percent, sensitivity Of 1.0 pV/electron (kept low to maintain lincarity) and readout noise of less than Sclectrons rans.

2.2 ACTIVEPIXE], SENSORS (APS)

The need to address the limitations of the CCD have led 10 anew image sensor technology, thatin some sensc, iS anatural
evolution of the 01 iginal photodiode imaging detector array combined with some CCD concept s. Inthe active pixel image
sensor, active transistors are located within cach pixel 10 amplify and buffer the signal [6]. Chatge dots not need to be
transpor ted across great distances 1o an output amplificr S0 that all of the drawbacks of the CCD related to chavge transfes
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are climinated. 1 .ow voltages operation is enabled, peiformance docs not degrade with increasing alay Sire, readout rate is
increascd, radiation vulnerability iS decreased, low temperature performance is cnabled, and random access architectures
become possible. Furthermore, compatibility with on-chip CMOS timing and contiol, signal processing and analop-to-
digital conversion is generally increased, though for some high performance Al’S structures, additional fabrication steps arc
still required.

APS detector arrays have the same general detection characteristics as CCDs. Optical quantum efficiency S similar to the
CCD, and techniques used for CCDs such as pinned photodiodes, usc of lumogen wavelength-shifting phosphors, and
backside thinning for UV enhancement arc relevant to Al'S technology as well. Dark curient has similar limitations,
though operation in a pinned surface mode has not yet been demonstrated for the APS. However, the Al'S canbe cooled to
a much lower temperature than the CCD 10 fully suppress dark current and not sufTer performance degradation duc to CTE
limitations. Because the A1’ S can be designed for non-destructive readout, multiple sampling may be used to reduce read
noisc to the sub-clectron level as has been demonstrated for CCDs.

There arc some techinological hurdles still to be crossed by the A1'S before its performance for scicntific applications
becomes competitive to the CCD. These include improvement in optical aperture or fill-factor, possibly through the usc of
microlense technology, reduction of fixed pattern noise due to amplifict -to-a mplifier operating characteristics, and
reduction in dark current, None of these hurdles isfundamental, and given the relative immaturity of APStcchnology, itis
expected that most will be crossed in a few ycars.  Mcanwhile, APS technology iS finding its own niche in low cost, less
demanding commercial applications such as video phones, machine vision and computer input ctm’ices.

23 0'1'1111{ IMAGF. SENSORTECHNOLOGIES

‘There are other image sensor technologics that could be consideied for scientific remote sensing applications. State-of-the-
art photodiode arrays have read noise of the order of 300 C- r.au s. and charge injection devices (CIDs) @S0 have high rcad
noise, Of the order of 200 C- r.m.s. (2S ¢- r.m s. afte1100x oversampling) [7]. * 1 bus, these technologics are not considered
further here, 1 Iybrid devices arc often used for infrared focal -planc at rays but not gencrally for visible wavelengths. Hybr id
arrays arc also gencrally limited to small array sizes (under 512 x 512), lar ger pixel pitches (25 pun), and higher 1 cad noise
(30 ¢- r.m.s)). Microchannel plate devices such as the MAMA arc under development for UV imaging and hold great
promisc fo1low background scientific imaging but arc not solici-state imaging devices and were beyond the scope of this
study.

3. STATE OF THE ART

In this scction, an attempt iS made to summarize the state of the artin solid-state imaging devices. It should be understood
that any such summary is a simple snapshot in lime, and any gencralization IS always subject tO exceptions. The list iS as
complele as possible at the time of this writing,

3.1 US IMAGE SENSOR MANUFACTURERS

CIDTEC

CIDTEC (1 .iverpool, NY) produces charge injection device (C1D) image sensors.  ClDs feature random access capability,
non-destructive rcadout, radiation hardness and high fill-factor. Largest CHD array sizes are sl 2x51 2, On-chip signal
processing, Circuits have been incorporated to 1educe noise. Typical scientific pixel pitch iS2&

FEG&G Reticon

Reticon (Sunnyvale, CA) originally produced photodiode arrays (@ k.a. "reticons”).  In addition to photodiode arrays,
Reticon also fabricates CCDs in vatious formats.  Typical pixel size is 12.5 pm on 4 inch wafers and Reticon has
demonstrated arrays SIXeS as large as 2K x 2K. Reticon has developed a backside thinning capability on @ dic-by-dic basis.
Reticon does not generally perform a CCD foundry service, but will design and fabricate custom CCD image scnsors, and
will consider founcily-type arrangemients. Reticon has also developed aspecialty inhigh frame rate image sensors,
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1M

113M Rescarch Division (Yorktown Heights, NY) produces low volune, large TDICCD image. sensors for 1BM document
scanners using two ply, four phase technology. CCD production is at 1BM in Japan. IBM does not presently provide CCI
foundry sc1 Vices and docs not have a backside thinning, capability.

KNodak

Kodak (Rochester, NY) is likely the Jargest volume producer Of CCDs inthe United States, Kodak makes both intesline
transfer devices as well as fuli-frame devices with amaximum demonstrated sive of 2K x 3K, and more typicaly IK x1K.
The interline transfer devices utilize a pinned photodiode structure for low dark current and good blue 1esponse. Electronic
shuttering and vet tical overflow drain (VOD) structures arc commonly employed. Kodak dots not operate in a foundry
mode but will perform custom design of CCDs and has alarge R&D group. Infull flame devices, the smallest pixel size is

approximately 6.8 pm x 6.8 yum, and for interline devices, 6.8 jumx 7.8 jun. Wafer thinning is not presently available from
Kodak.

Litton

Litton (formerly Varian) produces GaAs/AlGaAs CCDs for Do) applications.  These are generally small arrays (€.9.
100x100) that arc radiation hard.

Loral

Loral compriscs the former Fairchild (Milipitas, CA) and Ford Acronutronics (Newporl Beach, CA) CCD manufacturers.
1 oral specializes in high performance, large format CCDs with typical pixel sizes ranging from 7.5 pun (0 15 jun.
Typically, a tiiple poly, three phase architecture on 4-inch wafers is used, 1.oral has demonstrated a 4K x 4K sensor and
rontincly fabricates 2K x 2K sensors. 1.oral also serves as a CCD foundry service, fabricating uscr-defined designs at the
wafet lot Ievel, in addition to providing design services. Wafer thinning isnot presently available from | .aral. | oral has a
large oD business base in infrared and visible CCDs inaddition to scientificimaging.

Orbit Semiconductor

Orbit Semiconductor (Sunnyvale, CA) has recently announced a CCi foundry serviee in add it ion to their CMOS foundry
scr vice. Typical achievable pixcl size is 5 jun on 4 inch wafer¥ery large format arrays have been produced, up to
8 Mpixcls and larger. Orbit will also perform custom CCD design

Polaroid

Polaroid (Cambridge, MA) perforins image sensor R&D for both CChs and ClDs. Polaroid docs not currently seltimage
Sensors cxternally, but supplics intetnal customers. Polaroid dots not presently perform foundry work and dots not have a
backside thinning capability.

David Sarnoff Research Center

SarnofT (Princeton, NJ) is the former RCA 1.aboratorics. SarnofT petfor ms contract R&D on specialized CCD devices and
small volume production of UV/visible. and IR CCD arrays.  They fabricate multi-poly architectures on 4 inch wafers, and
have a wafer-leve] backside thinning and high temperature, stable, UV enhancement capability. Typical pixclsize iS18pum
and t hey have produced 2 Mpixel image sensors with lateral ant iblooming sttucturcs and low dark current. They have a
growing activity in scientific image sensor development.

Scientific Imaging Technologies

SI'te (Beaverton, OR) s the former Tektronix imaging, devices group. S17°e specializes in frontside and backside thinned.
large format scientific CCDs. Typical pixel size iS1 S-24 jum, with the smallest pixel size presently available being 15 pun.
Array Sires as large as 2K x 2K have been demonstrated. Backside thinning, passivation and UV enhancement are also
performed.
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Texas Instruments

Texas Instruments (1 Jallas, 1X) produces CCIJs (fabricated by 11 [apin) for industt ial anti consumer applications. 711
performs some custom CCI work but does not offer a foundry capability. Typical design rules arc 1.5 pum leading to 9 pm
pixel sizes on 5 inch wafers. Tldeveloped the vit tual phase image sensor that has led to the use of pinned CCDs and pinned
photodiodes for the suppression of dark current but does not presently produce scientific CCDs 11 has also developed
scveral active pixel sensors including the floating gate array (FGA) sensor that evolved to the bulk charge modulated device
(BCMD).

Westinghouse

Westinghouse (Baltimore, MD) has developed CCIDs for oD applications, including imaging and signal processing, and
pioncered the usc of corrclated double sampling for KTC noise suppression.  Westinghouse has developed tin-oxide
transparcent gate clectrodes for high quantum cfficiency in all visible wavelengths (¢.g. 70% avg. in 400-800 nm band).
Weslinghouse specializes in TDlimagers (1 157 x 64) and performs custom CCD design and fabrication, but does not oflfer
afoundry ser vice.

3.2 OTHER US LABORATORY AND UNIVERSITY EFFORTS

AT&T Bell Laboratories

AT&T Belllaboratotics (1 lolmdel, NJ) is developing custom CMOS APS image Sensors for use by internal customers in
low cost commercial applications.

M.ILT. Lincoln Laboratory

Lincoln Laboratory (1 .cxington, MA), an Air Yorcc Federally Funded R&D Center (FFRDC) and part of the Massachusct(s
Institute of Technology, has made a significant investment in CCD technology for various Do) programs. Lincoln
Laboratory makes large format (up 101960 x 2560), small pixel (12 pn) CCHs on 4 inch wafers. They have aso developed
several backside thinning and UV enhancement processes. Lincoln Laboratory dots not gene.rally perform CCI foundry
service and only performs work for NASA through programs a M, 1.”I". Lincoln 1.aboratorics has al so pioncered ultra-low
noise CChs on high resistivity silicon for low energy x-ray detection|8].

Jet Propulsion Laboratory

Jet Propulsion Laboratory (Pasadena, CA) isaNASA FFRDC and is part of the CalifornialInstitute of Technology. JP’L, has
developed scientific CCDs through collaboration) with industry, and recently has designed @ number Of high performance
scientific CCDs featuring low dark current, low read noise and large format [9]. JP1. has significant expertisc in the testing
and cllataclcriz-alien of scientific CCDs.  JPL. has also developed a backside UV enhancement pProcess using low
temperature molecular beam epitaxy. Recently, JPL. has been exploting the use of CMOS active pixel image sensors (APS)
for highly intcgrated imaging systems [ 10].

New Jersey Institute of Technology

The New Jersey Institute of Technology has established @ small center specializing in electronic imaging. The center
director, Prof. W. Kosonocky, is well known for pioncering CCD development at RCA Laboratorics.  The center performs
design and testing Of custom image scnsors.

3.3 CANADIAN IMAGE SENSOR ACTIVITIES

DALSA

DALSA (Water 100, Ontar i0 CANADA) designs and fabricates (via foundrics) a number of CCD image sensors for
industrial, defense, and scientific applications. DALSA has a standard product line but will also perform custom designs.
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DALSA has produced, via foundry, onc of the largest CCDs ever manufactured -- SKxSK {1 1]. Typical pixel sizes are
12 jum fabiicated on 4 inch wafers.

TRIUMIC

TRIUMF (Vancouver, CANADAY) is a high encrgy plysics rescarch laboratory and is past of the University Of British
Columbia. TRIUMF has developed linear GaAs CCDs for fast-in, slow-out data acquisition applications.

3.4 EUROPEAN IMAGE SENSOR MANUFACTURERS

ey

HEV - English Eleetric Valve (Chelmsford, Yissex ENGI.AND) has developed several scientific image sensors. A backside
illuminated CCD with 22. S pum x 22.5 pun pixels (three phase), in a780 x 11 52 format, has been developed for animaging
spectrometer and operates up to 3 Milz. readout rate. Backside thinning has been developed both for window-style and full-
chip thinning [12). EEV has also developed thick, high resistivity CCDs for Furopean x-ray astronomy missions,

Philips

Philips (Eindhoven, NETHERILANDS) is a vestically integrated manufacturer of  consumer clectronics. Philips develops
and manufacturcs CCDs primarily for their internal products. Philips makes sensors for TV and | 1DTV and uscs frontside-
illuminated frame. transfer devices. Philips has made numerous innovations in CCD structure and design, including an
accordion frame transfer architecture, and a T-shaped frontside clectrade that allows good blue response through open
regions in a frame transfer device | 13]. Philips has also recently explored very thin poly-silicon gate devices with metal
straps [14].

Thomson

Thomson (St. Egreve, Cedex FRANCE) 1S @ large clectionics manufacturer, especialy for defense applications. Thomson
manufactures both commercial and scientific image sensors.  They have fabricated @ 2K x 2K, 3-side buttable, frontside-
illuminatedimage sensor with a pinned CCD operation mode (two poly, four phasc) using 15 pmx 1S pixels, achicving
low noisc and low dark current| 1 S]. Thomson will per form custom CCD design and fabrication.

VLS Vision, 1.1d.

V1,81 Vision (Scotland, UK) produces a low cost CMOS photodiode array with on-chip integrated timing and control
clectronics and signal processing. The performance Of the sensors arc consistent with photodiodes and are not presently
suitable for most scientific applications,

3.5 JAPANESE IMAGE SENSOR MANUFACTURERS

In general, the focus in Japan is on vertically integrated manufacturing of consume.t clectronics products. A major recent
push has been the development of the 1/4” image sensor for camcorder applications.  The small format allows small optics
and camera miniaturization. The 250,000 pixel imagge sensor architecture has been simultancously developed by  several
companies. A sccond thrust is the development of HDTV image sensors for broadeast cameras {16] (consumer HDTV
camcorders arc not expected to be marketable untilat Jeast1998). 1111V CCDs have aformat of 1920 x 1036, resulting in
pixcl sizes of approximately 7.3 pum x 7.6 pum for 1 inch format (approximately 5 pun for 2/3 inch format) and typically two
horizontal readout channels, each operating at 37 h4dpixcls/see, Compared to US manufacturers, Japancse design rule arc
typically much smaller (c.g. 0,6 pm) and the wafer size larger (G inch). This translates into smaller pixels, larger formats,
and lower manufacturing costs. Typical TV-format CCDs, including color filters and microlenses, cost approximately 1000
Yen to manufacture, or about US $10 cach. Sony and Matsushita, the largest volume producers, arc also considered the
manufactur ers of the highest perfor mance CCIIs. Theie 1S N0 CCH foundry service available in Japan and only a few
companies indicatc an interest in scientific CCD technology.
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Canon

Canon (1 liratsuka-shi, JAPAN) makes camcras, fax machine.s, copying machines, etc. Canon hasdeveloped a bipo]ar-based
aclive pixel sensor technology known as BASIS for base-skwed image sensor | 17]. This bipolar device is readily compatible
with bLi-CMOS integrated circuit manufacturing for the incorporation of cm-chip timing, control and signal processing
circuits and since no photogatc is required, has good blue response and overall good quantum effi ciency. The BASIS device
has been employed in areaand linear sensors for numerous applications such as auto-focus. Canon has demonstrated a
1.3 Mpixcl image sensor using the BASIS device, but do not feel the device will be competitive to CCDs for cither scientific
o1 11 17TV type of applications since it is subject to random reset noise.

Hamamatsu

Hamamatsu (1 lamamatsu City, JAPAN) produces scientific optoclectronic devices.  Hamamatsu recently reported the
investigation of backside illuminated CCDs optimization using several approaches including deposition of SiC, lumogen
and implantation [18]. Hamamatsu has also been investipating lincar CMOS APS arrays [19).

Hitachi

Hitachi (Kokubunji, JAPAN) makes interline CCD image scnsors and until recently was in a catch-up modc to its
competitors, However, 1 litachi is developing state-of-the-art scnsors and recently introduced @ new interline CCD readout
scheme called punchihrough readout that improves optical fill factor and reduces smear [20]. The 2/3” HD'TV format
sensor has S jumn x 5,2 pun pixels in a1920 x 1035 array size and uscs a pinned photodiode for good optical response.

Matsushita

Matsushita Electronics Corporation (Kyoto, JAPAN) produces consumer clectronics under the National and Panasonic
labels, and once co-owned by Philips and Matsushita Ylectronics Industries. 1t iS N0 longer co-owned by Philips.
Matsushita pioncered the microlens technology [21]. Matsushita is second only to Sony in CCD prod uction volume.
Matsushita has developed a1” FIT 1300 x 1000 clement 130TV CCD image Sensor.

Mitsubishi

Mitsubishi (Itami, Hyogo JAPAN) has focused on developing very large format (1 K x 1K) infrar ¢d charge sweep devices
(CShs) using the P1Si Schottky barrier structure. The CSD is a charge transfer device that iS simila1 to a CCD but is
clocked different Iy to "sweep” charge down the vet-[ical register into the horizonta register. Mitsubishi is not presently
investigating visible CSDs, though for a short period, they investigated HIYTV sensors.

NIEC

NEC - Nippon Electric Corporation (Sagamihara, Kanagawa JAPAN) has made scveral important innovations in CCD
techinology. These include the first HDTV CCD, the invention of the vertical overflow drain (simultancously with Toshiba),
the development of the microlens in 1983, and the pinned photodiode structure for interline CCD aichitectures. NEC
makes a wide varicty of advanced CCDs for TV {221 and YIDTV [23] applications.  NEC is also developing several
scientific CCD image sensors including linear arrays for caith remote. sensing, star tracker sensors, anda UV sensor
cmploying a down converting phosphor. NEC dots not perform a foundry service but would consides the design and
fabrication of custom sensors for scientific applications,

NIIK

NIIK (Sctagaya-ku, Tokyo JAPAN) is a sort of national tclevision technology rescarch laboratory in Japan. NHK performs
both in-house R&1> and supports industry through contracts. NHK sponsors R&ID on both solid-state image sensors as well
as continued development of lube technology.  ‘The super-1HARP tube, for example has extremely high sensitivity and
excellent blue/t JV response duc (0 its avalanche Sc detector stiucture.  N1K has developed, with industry, the amplified
MOS image (AMI) sensor APS [24]. This device IS cssentially a photodiode with @ unit ccl] source follower, and is
inherently CMOS compatible. Excellent imaging results have been reported with small pixel devices (7.2 pm x 5,6 um)
and large formats (250 kpixcl).
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Olympus

Olympus (Tatsuno, Nagano JAPAN) makes scientific instruments such as endoscopes, microscopes anti cameras. Olympus
Semiconductor Technology Center has developed several active pixel image sensors including the slatic induction transistor
(S1'1") image sensor, the AMI sensor, and most recently the charge modulation device (CMD) image sensor [25]). The CMD
image sensor has been demonstrated in an 2/3" 2 Mpixel BDTV format with 5 pm pixels, and dissipates 10x less power
than its CCD counterparts. For video applications, the CMD has higher fixed pattern noise than CCDs that limited its
marketability. For scientific applications, the CMD offers non-destructive readout capability as well as the potential for
random access,

Sharp
Sharp has an aggressive CCD program but the details of the activity have not been ascertained at the time of writing.

Sony

Sony (Atsugi, JAPAN) is well-known for its consumet clectronics products.  Theit major emphasis IS on remaining the
number one supplicr Of CCDs in the world. Sony currently produces approximately 5,000,000 CCIs per year and has made
27 million CCDs to date. The focus in CCD R&D iS highet sensitivity, hipher resolution, and smaller image sensor sive,
such as the 1/4” TV-format CCD. Sony dots not make any scientific CCD products. Typical CCDs usc atriple poly, three
phase interline transfer CCD architecture with pinned photodiodes. I‘or example, @ 380 kpixel 1/2-inch format progressive
scan image scnsol Was demonstrated with 8.4 pm x 9.8 jun pixels[26].

Toshiba

Toshiba (Kawasaki, Japan) make.s numcrous clectronics products. Toshiba has been investigat i ng the use of amorphous
silicon overlayers above a CCD for 100% fill factor and blue response improveiment [27]. The major difficulty with the
approach is the lag and reset noise (c.g. 100 ¢-) associated With the structur ¢, though recent improvement in both has been

reported. While pixel sizes of approximately 12 jun have been demonstrated, the target pixel sizeis 5 yun for 1/4” optical
formats.

3.6 OTHER ASIAN IMAGE SENSOR MANUFACTURERS

Sig nifi cant advancement is technological capability in CCDs is occurring in both Taiwanand Korea, Camcorder
manufacturei s in these countrics do not want to rely on imports of high performance CCD image sensors from Japan, since
the highest performance sensors are not made available to competing camcorder manufacturers. At the time of writing, the
only specific information obtained in the course of this study was from Goldstar.

Goldstar

Goldstar (Scoul, KOREA) is a verlically integrated manufacturer of consumer clectronics. Goldstar has a crash program in
the development of camcorder CCDs and lincar CCDs for fax machines and other scanning applications. The
advancement IS rapid, but not yet at the level of Japanese compcetitors.  Monochrome image sensors for monochrome
camcorders and other applications have been developed, with color sensors anticipated in the near future. The einphasis is
onconsumer TV products and there iS no activity in scientific sensors at this time,

3.7 SUMMARY

Several US manufacturers have developed @ nichic matket in the implementation Of scientific image sensors. While the
technical advantage in CCD manufacturing resides in Japan, the focus in Japan on consumer clectronics has precluded
Japancse developmen t of large arca or backside-illum inated CCD stractures. It is possible that this will change in the next
few years, since develop ment of spaceborne scientific image sensors is regarded as a non-profitable but prestigious activity.
Unfortunately for the scientific community, those compan ics around the globe that have developed an aggressive technical
base inintegrated circuit manufacturing arc motivated by high volume commercial markets, and arc not pursuing scientific
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applications of the technology, while those manufacturers pursuing low volume scientific markets arc unable to make the
la1ge capitalinvestient demanded of anaggressive technical program,

A table summarizing the approxinaate state of the art in various companics is shown below in Table 1. It should be noted
that the numbers chosen for this table were sclected subjectively and represent a combination of truly typical nunbers and
some high end numbers. Also, some numbcers reflect R&IDD values whereas others represent production values. This table
should be viewed to obtain a general picture of capabilities actoss the board and not the capabilities of specific

manufacturers per sc.

TARBLE 1.

MANUFACTURER DESIGN TYPICATL, TYPICAT. WAFER REMARKS
RULK PIXF1, ARRAY S17.E
. 1 (um) SIZE (um) | SIZE | _(inches) )
United States '"7 S B
AT&T ] 09 20.0 25 Kpixel _“6 _ CMOS AI'SR&D
CIDTEC ) 28.0 260 Kpixcl ~CID sensor
IBM 20 15 3072X64 5 Internal
Kodak 12 68 1 Mpixc! 4-
| .oral ] 7.5-15.0 4 Mpixcl 4 Full foundry service
MIT 1. 1.“2.0‘ - 12()-?70 1 Mpixcl 4 Backside illumine x-ray
Orbit o 12 5.0 Mpixel | 4 Full foundry service
Polaroid 12 7.) 1 Mpixcl 4 Internal -
Reticon 30 125 1 Mpixcl ' 4'7 N Backside Wﬁilluminatcici
~ Sarnofl 2.0 18.0 2 Mpixcl 4 R Backside illuminated
S |20 1s.0 1 Mpixel| 4 Backside illuminated
_Texas Instruments 1.5 9.0 250 Kpixcl S Commercial focus
Westinghouse 11 8.0)-12.() 1152x64 4 Trausparcnt elect odes
Canada
1IALSA 12.0 IMpixel” | | Uscfoundry
Asia | R B N
Canon 12 13.5 1.3 Mpixcl BASIS APS ;
Hitachi - 5() 2 Mpixcl ) ~ Commcrcial
__Matsushita o fo 1" Commercial
 Mitsubishi - o N IR CSD device
N] iC L 0.6 50-7.0 2 Mpixcl 6 Commercial
Oly mpus | 0.8 | 5() 2 Mpixcl 4 » B CMD APS
Sore, roo 8.0 380 Kpixcl Commecrcial i
‘1 oshiba i 0.6 12.0 380 Kpixcl Slacked structure -
]’:IU'()[)E ol o t - -7 " l - -
EEV e 22t?w,77 S 1 Mpixcl o Backside illuminated
Philips o 2 Mpixel Commercial
Thomson 15 15.0 4 Mpixcl Backside illuminated

4. USER REQUIREMENTS

Scientificimage sensorsarc used in anumber of applications, These include laboratory spectroscopy andimaging for
chemical, biological, medical and cngincering analysis.  Compared to commercia scnsors that typically desire
responsiveness Similar to that of the human eye, scientific image sensors tend to require response anywhere and/or
everywhere from 1 A to 1 jum, For space applications, CCIs arc used in both p,round-based astronomy and in spaccborne
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instramentation. Ground based astronomy requirements are similat to spaceborne astronomy requircments, and ground-
bascd astronomy is generally supported by the National Science Foundation, though some. p,round-based astronomy is
supporicd by NASA such as the TOPS program. ‘1 “his study focused on the needs of spaceborne remole sensing though
many commonrequirements exist among, al scientific applications.

Spaccborne remote sensing includes carth observing instiuments, astrophysics instruments, and planetary instruments.
Spacecralt systems also require remote sensing image sensors for guidance and navigation (star trackers) and for future
optical communications Systems.

4.1 GENERAL REQUIREMENTS

Spaccborne image sensor systems share many common requirements.  Since  the typical objective of the mission is to
perform the best possible mcasurement of a photon flux rate, requirements include high quantum  efficicncy, stable and
calibratablc characteristics, excellent readout signal fidel ity, low crosstalk, low readout noise., low dark current, and high
optical aperturc o1 fill -factor. In addition, theie is anincicasing desire to miniaturize remote sensing Systems to reduce
launch mass and conscquently mission cost. Thus, while the optical system is expected to become the limiting factor for
miniaturization even through the usc of lightweight optics, binary optics and other techniques, there is an impetus to reduce
the scnsor system electronics mass. A major source of mass is the powet supplics including solar panels, battcrics,
magnetics and power conditioning, circuits. The sensor electronics system includes the power supplies, digital timing and
control electronics, drive electronics to supply the clock signals to the CCD, signal chain clectronics to condition the. analog
output sighal using filtering and correlated double sampling, analog-to-digital converter Circuits, and spacecraft interface
clectronics. Miniaturization and simplification of thesc electronics has high leverage for reducing mission mass, volume
and power. Sensor development programs to date have concentrated on improvement of detector array performance, and
have largely ignored the impact of the scnsor on the total system pet formance.  Future development efforts must begin to
place greater emphasis on total systcm optimization,

4.2 EARTH OBSERVING INSTRUMENTS

Farth observing instruments tend to bc spectrometer-based systems rather than conventional imaging systems. Pushbroom
systems typically require lincar or TDlimage sensors with narrow piXel pitch, low crosstalk and high rcadout speed.
Imaging spectrometers require 21 image sensors with high readout rates. Since spectrometers disperse optical illumination
from a singlc spatial point across many pixels, ot filter out all but anarrow wavelength band, photonic signals tend to be
weak and easily overwhelmed by readout noise -- especially at high rcadout rates. Extended wavelength performance in @
monolithic sensor IS also desired. Most spectroscopic systems require photonic signal acquisition from the blue through to
the infrared.

4.3 Pl AANETARY INSTRUMENTS

Planctary instruments include exploratory missions such as Voyager, Galilco and Cassini, lander missions such as MESUR,
and near-car(ll rendezvous missions for astcroid or comet studics. These instruments oflen carry conventional imaging,
systems, and more recently arc also carrying spectrometry systems as well.  Medium-simd formats (c.g. 1K x 1 K) arc
utilized as a compromisc between imaging scicnce and downlink data rates.  High dynamic range is ofien desired, but
dynamic range (number of encoded bits) is often limited Ly data capacity. Increased usc oOf image compression will likely
lcad to a desire for larger formats with clectronic windowing. Radiation hardness iS required for long duration missions,
and cspecially for missions to the pas giants Jupiter and Saturn. Low dark current reduces sensor cool ing, requircinents.
Electronic shuttet ing can | ead 10 reduced mass and increased reliability by climinating, shutter mechanisms. For some
applications, such as a Mars lander, on-chip color filters can be used to climinate afilter wheel -- another mechanical
assembly. Spectronietry systems have requirements similar to that of those in carth obset ving instruments. Fly-bys tend to
require relatively rapid readout rates to avoid motion-induced image blurring perhaps with some sori of interline or frame
transfer. Surface exploration alSO requires cametras for landers and rovers.  Highly miniaturized syslems arc desired for
thescappl ica lions,
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4.4 ASTROPHYSICS INSTRUMENTS

Asliophysics instruments, such as the Wiclc-field/I'lallctat~" Camer a on the Hubble Space T'elescope, tend to demand (he
highest dynamic range with the lowcsl possible (sub-clectron) read noise. 1arge formats (€.g. 16 Mpixcls) and extremely
large formals (e.g. 100 Mpixcls) with small pixels (c.g. S-10 qun) arc desired. Astrophysics application also includes
spectroscopic instruments. One major diffcrentiation between spacebot ne te.lesc.opts and ground-based telescopes is the
opacity of the atmosphere in the ultraviolet.  Thus, ultraviolet response in spacebor ne telescopes is of great interest and
improving the UV response of CCDs has been an aica of intense activity. Backside illuminated CCDs, offering high UV
sensitivity, 1000A fill-factor, and high intrapixel uniformity arc prefert ed over  frontside illuminated  devices.
Interferometers and other instrumients @so require metr ically precise focal -plane arrays with well understood intrapixel
ICSPONSC.

4.s SPACECRAFT TECHNO1.OGY

Spaccerafl systeins require image sensor technology approaching scientific performance for both guidance and navigation
and for optical communications. Future integrated spacecraft systems may utilize the same sensot for guidance and
navigation, optical communications and scicnce imaging.

Guidance And Navigation

Star trackers acquire star patterns 10 determine spacecraft attitude, and to help point spaceborne telescope systems. The star
tracker must be able to acquire both bright and faint siars in the same field of view and so must have alarge dynamic range.
Since centroiding of a Gaussian photon spatial distribution iS needed for sub-pixel resolution, star trackers al S0 require well-
understood intra-pixel response as well as low crosstalk. Star tracker ai ray sizes rival those of scientific sensors since for
fine guidance, the field of view must be quite large to ensure the presence of an adequate number of stars. Like the
scientific scnsor system, star tracker subsystems need tO be miniaturized to reduce spacecraft mass, volumge and power.
Unlike the scicnee sensor, windowed readout may be utilized to reduce the total data volume from the star tracker, since
usually only afew stars need to be tracked following the initial acquisition of the star pattern. Non-destructive readout with
sclective reset to allow variable integration times for cach star would help i mprove overall system performance.

Optical Communications

Future optical communications Systems promise higher bandwidth communication between Earth and remote sensing
spacecraft, 1.ike a star tracker, the optical communications Sensor must |ock on to @ beacon signal that appears as a point
source, Modulation of the beacon signalmay be used to transmit information from Earth to the spacecraft. High accuracy
pointing Of the spaccerafl transmitter iS alSo required to allow optimized signal retutn from the spacecraft. Unlike science
SEeNsors, optical communications SENSOIS require shorter integration periods and faster readout rates. Array sizes arc likely
10 be smaller than scientific sensor requircments.

S TRCHNOLOGY PUSH FROM INDUSTRY

Iudustry iS pushing image sensor technology in @ number of ways that will benefit scientific remote sensing. There were
five major pushes identificd.  These ar ¢ TV-format camcorder CCDs, broadcast camera HDTV CCDs, clectronic
photography, low cost CMOS image sensors, and scicntific CCDs.

Inthe commercial world, CCDs arc being produced in very high volumes at low cost in vertically integrated manufacturers
of consumer clectronics, especially camcorders.  Some of these companies also sell their CCDs to other consumer
clectronics manufacturcers as well. The emiphasis IS on 1educing sensor cost (although that is alicady quilt low), incieasing
responsivity through the usc of microlenses, pinned photodiodes, transparent clectrodes and smal let interline CCD channels
(camcorders arc notoriously poor under typical home indoot lighting conditions), and reducing image sensot size to reduce
camcorder optics size withoul compromising optical performance.  These are the focal points becausc this iS what the
manufacturers belicve will lead 1o both increased sales volume and incrcased market share. Nearly all this activity iS taking
place in Asig, with astrong push in Korea and Faiwan to catch up to Japan. The only significant US activity for consumer
clectronics is a Texas Instruments whose CCD manufacturing takes place at 'V Japan. Philips iS working hard to retain its
cdge in Europe in consumet clectronics.
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In the course Of the study, it was found that no major manufacturer of area sensor CChs in the world had activity inthe
development of highly integrated sensors including on-chip ADC.  One well-respected manufacturer stated that they
thought that by notintegrating on-chip ADC they helped cnable their OEM customers to differentiate their products though
the usc. of add-on 1Cs for various signa processing functions. in general though, they al felt that on-chip ADC would be
developed, but for now the focus was on image Sensor performance as described above,

A related techinology is the concurrent development of both electromechanical and €lectronic image stabilization systems for
hand held camcorders. Such technotogy may find USC in the stabilization of scientific image Sensors on moving, platforms.

A second major push is the development of HIDTV CCD image sensors.  These Sensors require much higher performance
than their TV counterparts. At 2 Mpixcls, HDTV sensors rival the typica size of scientific image sensors, yet have readout

rates that arc typically 1000 times faster with only afactor of perhaps 5 increase in noise. It is quite likely that slow scan
operation of the 1107V sensors would yield very high performance, but this experiment has yet to be carried out.

A third push isin clectronic photography. Most mgjor film/camera manufacturers (€.9. Kodak, Polaroid, Olympus, Canon,
Ricoh, ete.) have some activity in the area of solid state image sensors, Flectronic photography is the closest commercial
application to scientific image sensors, since large format, high performance, low dark current and otheir characteristics arc
required, Furthermore, in the case of hand-held po1 [able camer as, highly intcgrated electronics and packaging, low power
dissipation and on-board data compression arc desired. 1n the US, Kodak has made a major investiment in this areausing
CCD tech nology and CMOS ASICs for color signal processing and dead pixel correction, and Polaroid has maintained a
strong R&D base. Flcctronic motion piclure photography, @ goal morc challenging than HDTV, is @ possible future growth
area. Closer coupling, between scientific applications and clectionic photogi aphy technology development is warranted,

A fourth and rapidly developing technology push is in the arca of low cost CMOS commercial sensors for consumer
applications. CMOS is attractive for two mgjor reasons. First, CMOS is inherently compatible with on-chip CMOS timing,
control, drive and signal processing circuits allowing fo1 the implementation of highly integrated imaging systems, Second,

the cost of a CMOS image sensor with on-chip electronics is much less than & CCD image sensor without on-chip
clectronics. For low volume production (e.g. using aCCD foundry), the cost ofa 6 inch CMOS wafer is comparable to the

cost of a 4 inch CCH wafer, and the 6 inch wafci has three times the available device area. For example, the cost of
producing alot of 20 CMOS wafers 0.8 pm design rule) is approximately $15K, VI .S1Vision1.1d. in Scotland is marketing
aninexpensive CMOS image sensor with on-chip timing anti control electronics (though of somewhat low image quality
according to several persons familiar with the camera. ) JP1. has developed aCMOS active pixel image sensor with high
petformance (presently 40 c- read noise, quantum cfficiency comparable to |1 .-CCDs) that has random access capability and
is1T1 compatible. NHK has been developing the AM | sensor that is cssentially aphotoediode and source-follolver per pixel

for several ycars with high signal-to-noisc ratio (but higher noise than the JP1, Sensor-). AT&T isdeveloping CMOS image
sensors for video phone applications.  Additional appli cat ions that arc presently under investigation “include home
surveillance, computer input devices, automotive imagers, and machine vision for parts inspection. These sensors, while
not presently having the performance of CCDs in cither pixel size or absolute noise, arc not fundamentally limited from
achieving higher performance and arc cstablishing @ market niche that will alow their continued development.
Furthermore, sSince CMOS is a widely accessible technology, especialy compared to CCDs, it is anticipated that additional
rapid development in CMOS image sensors will occur in the next few years,

The fifth technology push isinthe area of scientific image scnsors for scientific and clinical applications. g here is
substantial interest and investinent from the. scientific community to support small companies to develop scientific image
sensors (c. g. SITe and Reticon).  The usc of scientific sensor technology for biomedical applications (c. g. digital x-ray
mannnography) is also expanding. 1.aboratory scientific sensors will continue to develop without investment from NASA
and the activity should be considered a synergistic technology push from industry.

6.1'0SS1111 .ETECHNOLOGY INVESTMENT STRATEGY FOR NASA

NASA has had a philosophical change in its technology investment strategy in the past few years, Several years ago,
NASA preferred to invest in technologics that were not being concur rently developed by industiy for cither commercial o1
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1)0D needs, unicss astrong potential was identified for leveraging the investment to develop NA SA-specific spin -offs.
Instcad, NASA preferred to invest in those technologics that were so NASA-specific and mission-critical that industry
would not develop the technotogy without direct NASA intervention and investinent. In the past few years, there has been a
major paradigm shift towards devcloping dual-use technology that would meet certain NASA needs yet also would have a
clearapplicat ion in the commercial marketplace, cither for civil ian usc (preferred) or defenseneeds.  This places funding
for NASA-specific technologies (c.g. 0. 1K bolomeler sensor readout clectronics or solar-blind UV detectors) in adegree of
jeopardy.  The stratcgy for NASA investment must i nclude a balance between developing technical solutions to well -
understood sensor deficiencies in mecting requirements for planned future missions, and developing new technologics that

improve scientific return or enable new scicnce to be performed. A successful strategy must develop technologics that arc
germane to abroad number of anticipated science missions (c.g. reduced readout noisc in CCDs) yet be highly impot tant (0
one 01 two near term planned missions. Support for scientific remote sensing sensor technology development presently
comes from both the Oftice of Advanced Concepts and Technology (Code C) and the Office of Space Science (Code S). A

strawman list of possible investment areas that meet these criteria arc described below.

6.1 VERY HIGHQUANTUMEFFICIENCY SENSORS

Very high quantum efficiency is desired in a broad spectral range. This implies both non-obscuration of the photoactive
region (c.g. frontside polysilicon electrodes) and high fill-factor. Bluc and ultraviolet radiation is particularly susceptible to
absorption in thin, “dead” layers. In the area of ultraviolct solid-state detectors, two approachies can be considered. Such
technology has application to an advanced camera for the Hubble Space Telescope, numerous groulld-based astronomy
facilitics, small explorer missions, space-based spectroscopy, and advanced astrophysics missions for astrometry. Such a
technology would be commercially important for labor af ory imaging and spectroscopy applications.  High quantum
cfliciency broadband visible sensors arc also desii cd,

Backside illumination technology

Acccleration of the development of backside illumination technology for large format, small pixel size, high performance
image sensors is a candidate arca for incrcased NASA support, At the present time, backside illumination technology is
being developed at a number of manufacturers and research laboratories.  However, atruly satisfactory backside thinning,
passivation, UV cnhancement and packaging technology has yet to be developed.  The National Scicnee Foundation has
supported athinning cffort at the University of Arizona thatwasintended to become a national facility for scientific CCD

thinning, but thereis aneed for cither greater support or concurrent development elsewhere. ‘1" here is presently amismatch

between those companies making lasge format, small pixel, high performance image sensors and those companies offering
wafer thinning and UV cnhancement. This mismatch has left a large number of scicnee investigators and technologists
frustrated. It should be noted that backside illumination technology is applicable to active pixel image sensors, and reduces
the drawback of reduced frontside illumination fill factor, The same challenges exist for cither CCD or AT'S application.

Solar-blind detectors

Formany applications, it is difficult to filter out visible illumination to the level required for sensitive ultraviol et
measurcments. The development Of sensors in wider bandgap matcerials (c.g. GaN, SiC, diamond) that are intr insically
insensitive to visible radiation ("solar-blind") would make the process of climinating any visible background greatly
simplificd. For example, this is onc of the major advantages of the photocathode used in microchannel platc (MCI”)
detectors for UV remote sensing, A solid-state device that was solar-blind yet had the performance of aCCl) would 1ikely
cclipse M(I”-type detectors, Only limited activity in thisarca is presently supported, mostly by Dol basic rescarch (6-1)
grants. The application of the active pixel sensor (APS) concept to solar-blind matetials can be considered a reasonable
match of material propertics and device performance. Fabrication of CCDs with high performance in these materials is not
likely duc to anticipated material limitations, such as charge trapping, that would severcly limit CTH.

Frontside illumination technology

Improvement of quantum cfficiency in frontside illuminated structurcs is also important for many applications, especially
since frontside illumination devices arc simpler to manufacture.  Candidate technologics for improving the quantum
cfficicncy Of frontside illuminated structures include space-compatible microlense 01 binary optics technology, transparent
clectrode materials such as til]-oxides, ovetlayer technology such as aSi for 100% fill factor 01 Sc for avalanche
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multiplication, andimproved wavelength conversion phosphor structures such as anintegrated Wood' s filter and lumogen
combination

6.2 EXTREMELY 1 ARGE FORMAT IMAGE SENSORS

Extremely large format image sensors arc desired for telescope applications, Such sensors will likely entail acombination
of wafer-scnlc integration of the image sensor, and mosaics of these sensors. For CCls, such large formats int roduce issues
of charge-tramfcr cfficiency, radiation hardness, reliability, and especially readout rate. ¥or example, a sensor with a 10K
x 10K an ay of detector clements (108 clements), read out at the cursent stal e-of-the-art readout rate for scient ific sensors of
50 Kpixels pcr second, would take 2000 seconds, or over a half hour to read out. Such along readout time introduces dark
currentconcerns as well as those for telescope time. A combination of multiport readout and higher readout rates (with the
preservation of low noise) is needed. Active pixel Sensors may be more amenable to such large formats since they don't
suffct from charge-transfer cfficicncy limitations, and rcadout rates can be significantly higher.  Such extremely large
formals may have application to commercia clectronic photography and space surveillance.

6.3 HIGHLY INTEGRATED SCIENTIFIC IMAGING SENSORS

Smaller payloads require smaller imaging instruments.  These instruments include camera systems on Discovery-class
missions, such as comet and astcroid rendezvous, surface cameras for landers and rovers, as well as deegp space missions
such as the Pluto Fast Flyby. This will require highly intcgrated instraments for multi-wavelength band imaging. Highly
integrated scientific image sensors will enable realization of such systems.  The scientific image sensors should have a full
digital interface - digital input signals for sensor control and digitized scnsor output. This will necessitate integration of on -

chip timing and control circuits, digital intctface Circuits, on-chip analog-to-digital converters (ADC), and a high
performance image sensor.  Either CMOS-CCD integration is indicated, or development of active pixel sensor technologics
with scientific performance. Such sensors are also important for advanced guidance and navigation systems and for optical

communications. High levels of instrument integration will also lead to multi-wavelength band focal-planes, so that
packaging technologics that address issues of operating temperature differences and other mismatches arc also required.
There is enormous commercial application of this technology for consumer applications such as computer input, video
phone, intclligent vehicle systems and home surveillance.  Other commercial application include machine vision for
inspection and assembly, biomedical imaging, and sccurity systems.  There arc anumber of defense applications as well.

6,4 PHOTON-COUNTING SENSORS

The need for sensors that can discriminate individual photons is highly desired for many advanced astrophysics
application. This requires the reduction of rcad noisc in integrating detector arrays such as CCDs to the sub-electron level
(c.g. 0.1 c- rms) or devclopment of digital image scnsors that integratc in the digital domain and arc sensitive to individua
photon events. Such a sensor system could commercially replace MCP and avalanche photodiode arrays in a number of
laboratory instrumcnts.

7. SUM MAR>'

This paper has attempted to summarize the state of the art of solid-statc image sensors for UV/visible. imaging. I’ here is
cnormous activity around the world inthe area of solicl-stale image sensors driven primarily by consumer electronics
products such as camcorders.  Scientific image sensors represent asmall niche market for a handful of manufacturers.
While the most advanced CCI> technologies arc being developedin Japan, the scientific image sensor market is dominated
by US manufacturers using somewhat older semiconductor technologics and manufacturing techniques. This market
dominance by the US may change as Asian manufacturcers 00K to scicntific Sensors as a prestige industry. Investiment by
NASA inimage sensot R&D may help maintain the US lead in this arca, as well as mectunfulfilled requirements for future
NASA missions. Four major areas suggested for investment include backside illumination technology, extremely large
formal image sensors, highly integrated scientific image sensors, and photon-counting, sensors.
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