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Spectral lines: The IEEE Convention

A manber of the sessions at the 1968 Convention reflected the mounting awareness of
engineers that they influence nearly every aspect of sociery. and this year's Convention is
continuing in the same direction, with added momention

Multielement self-scanned mosaic sensors

P.K. Weimer, W, S, Pike, G, Sadasiv. . V. Shalleross. . Merayv-Horvath

Solid-state sensors, thouglt still far behind camera tibes in performance and cost. offer
significant advantages of interest 1o potential users, including a compactness. a geometric
accuracy of scan, and a versatility of addressing not possible with electron beams

Images from computers

Mantred R. Schroeder

Among the most useful outpur devices of divital compuiers. the microfilne plotter is in inany
respects unsurpassed in producing permanent graphical records. Their lack of a halftone
reproducing capability. however has prompted the creation of ingenious sofoware techniques

A sinusoidal voltage-controlled oscillator

for integrated circuits

Alan B. Grebene

Often wilized as local oscillators in signal comparators and phase-locked demodulators,
the sinusoidal voltage-controlled oscillator, with its broad frequency tuning range and
minitmunm amplitude variation and harmonic distortion, has many applications

in todern communications

The economical fuel cell

Galen R, Frysinger

Instead of replacing batieries, most lichnveight fuel cells now being developed are
designed 10 assist conventional secondary batieries by providing cxtended life in special
Juel cell batrery confignrarions

Power requirements for deep-space telecommunication links
M. H. Brockman. E. C. Posner

Scientific exploration of the solar svsiem through the wse of deep-space probes is

hasically dependent on an adequaie relecommunicarions link between the spacecraft and
the carth stations; a kev factor is the need for high-poswer transmission capability
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ALL-SOLID-STATE VOM
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It's the first of its kind. Triplett's creative engineering has
gone and done it. It has designed and engineered an
entirely new concept in All-Solid-State VOM’'s for fast
in-circuit testing of electronic and electrical applications.
It has built the new portable Model 601 with Field Effect
Transistorized circuitry, push-button and battery operation
and with 11 Megohm Input Resistance on all AC-DC
voltage ranges. It's ideal for testing IC’s, making audio
measurements, and usable with Frequencies to 5C !z.
o 14 Ohmmeter ranges with 7 Low-Power ranges at
75 mV DC for transistorized and Integrated Circuits.
9 Voltage ranges from 10 mV AC and 100 mV DC
full scale; plus AC and DC Current ranges from 10
uA full scale.
g Modern, easy-to-use push-button selection of DC
Polarity, AC and Low-Power Ohms functions.
See this new, All-Solid-State (F-E-T) VOM at your local
Triplett distributor and you'll be Testing1...2...3
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100 The future role of breeder reactors in utility planning
1K Dillard. C. 1 Baldwin, N H, Woodley
Todav's lighi-warer reactors convert about one percent of their fuel's latent energy
into therimal energy: with the breeder reactor ivis possible 1o convert more than 60 percent
of the lateni energy of the fertile juel into heat

108 Analysis tools for microminiaturized circuits
JoGoChrist ] N Ramsey
The high design and perfarmance requirenmients of computer-grade circuitry and micros
miniaturized packaging concepis give rise 1o many materials problems, which can be.
attached successfully only with advanced. and constanily refined. microanalytical methods
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Speciral lines

The TEFF, Convention. The year 1968 saw a marked
change in oricntation of the technical program at the
March Convention. Instead of contributed papers to
decpen and update a man’'s knowledge of his speciality,
it comprised thoughtfully organized groups of invited
papers, with the goal of communicating across the
fences of specialties. A number of the sessions reflected
the mounting awareness of cngineers that they now are
closely coupled to. and greatly influence, nearly cvery
aspect of the socicty in which they are embedded. This
year’s Convention is continuing in the same direction,
with added momentum.

One extension of the trend seems to me a highly
significant one. When planning a purchase of cigars or
beer, or even a stove or refrigerator, and secking in-
formation on which to base a choice, one is not likely
to look to the advertising in the periodicals. In clec-
tronics, the expectation is different; we want more in
advertising than a picture of a sailboat or of a lively
girl. And we get it. Through gossip or experience. we
have learned to take the advertisements of some com-
panies at face value, and those of others at varying dis-
counts, but there is no question that in electronics, ad-
vertising is a useful and very important channel of
technical communication. As evidence, one need only
note that the Russian translations of PROCEEDINGS OF
THE 1EEE included all the pages of advertising.

In view of the importance of this way of communi-
cating, and with the hope that calling attention to
superiority will induce a rise in the general level. the
1EEE is inaugurating a set of Awards for Excellence
in Advertising. There will be recognition in cach of
four categories: product, system, corporate capability,
and recruitment. Eligible is any series of at least four
ads that has appeared during 1968 in any electronics
publications. Because the 1EEE has income from ad-
vertisers. the judges in so far as possible have been
empanelled from outside the Institute; only a minority
are members. and none holds any office. Increasing the
usefulness of advertising may be a novel step for an
engineering socicty to attempt. Now that somebody has
thought of it, it scems like a natural thing to do. be-
cause any success will benefit us all.

Social historians looking back on our century will
certainly take onc of the chief advances in its first hall
to be the unriddling of the structures of atoms, and
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the consequent development not only of nuclear power,
but of the engineering of molccules and crystals, in-
cluding man-made semiconductors. For the second
half, it is likely that they will classify as a major intel-
lectual event our recognition and development of the
technology of systems. Generated by the study of mili-
tary problems, the systems approach seems applicable
to other broad areas, One of the sessions at the Con-
vention will survey the probable impact of system tech-
nology on education, transportation, communication,
health care, and urban development. Another cxcep-
tional session will be “Lunar Exploration in the 1970s”;
it will be held at the Hayden Planetarium.

We are near the point where the bandwidths of in-
formation channels into the home, and out from it,
will increase by orders of magnitude. Round numbers
for the near future are 1 MHz coming out and 100
MHz going in. At the Highlight Session on the Tues-
day evening, a pancl of ranking exccutives will ex-
amine how such capability can affect the home life of
the citizen who employs it.

The whole Convention, of course. is a program of
continuing education for engineers. However, the spe-
cial tutorial innovations introduced last year are be-
ing resumed and expanded. There are early-morning
courses in reliability engineering. effective writing and
speech, and integrated circuits; registrants receive ma-
terial to study before the Convention. On the Monday
and Tuesday, there will be an carly-morning workshop
on how to write a technical paper. Your editor fer-
vently hopes that the attendance there will be large.
On Thursday and Friday, there will be a short course
on computer programming and another on the use of
time-shared computers, with stress on conversation
with the machinc.

For registrants who apply carly enough to obtain
tickets, there will be tours that show clectronics im-
pinging on the life of the city. Onc will cover the com-
puter as a tool in urban management: others will take
in an FAA control tower, an clectronic control of
traffic lights. and a sewage-treatment plant, as well as
medical electronics in human and animal hospitals.

To these plus the exhibits, add a few dozen sessions
on enginecring per se, and it looks like it will be a
busy week.

J. J. G. McCue

51



52

Multielement self-scanned
mosaic sensors

The development of a practical solid-state image

sensor is expected to introduce a whole new class of devices,
with applications extending considerably beyond those

of present-day camera tihes

P. K. Weimer, W. S. Pike, G. Sadasiv, F.V.Shallcross,

L. Meray-Horvath

Self-scanned image sensors are making possible
new types of television cameras and imaging de-
vices based entirely upon solid-state components.
Rescarch on integrated image sensors has fol-
lowed two experimental approaches: monolithic
silicon and thin-film photoconductors. This article
reviews the operation of the most common types
of sclf-scanned sensors, indicating their relative
advantages and disadvantages. Two new develop-
ments are a 256 X 256 clement photoconductive
sensor with integrated thin-film scanning decoders
and a novel silicon photodiode sensor that may
permit considerable reduction in element spacings.

Advances in the fabrication of photosensitive cle-
ments and integrated circuits have led to significant
progress in the development of self-scanned image sen-
sors.m which produce a video signal without the help
of an clectron beam. Figure 1 shows the principal parts
of a common form of solid-state image sensor. It con-
sists of an array of photosensitive elements. cach lo-
cated at the intersection of mutually perpendicular
address strips. which are connected to scan gencerators
and video coupling circuits. The application of sequen-
tial scan pulses to the address strips permits an image
to be scanned, and a video signal to be produced simi-
lar to that generated by a television camera tube. To
obtain image detail comparable to broadcast television,
however, it is apparent that the array must contain
hundreds of thousands of picture elements. Although
these objectives have not yet been reached, recent
progress indicates that self-scanned arrays must be
considered as an eventual replacement for camera
tubes in some applications. A more immediate and

RCA Laboratories

less demanding use for such sensors is in character-
recognition ® devices. or in optical readers?® for com-
puters or as aids for the blind.*

Solid-state sensors, though still far behind camera
tubes in performance and cost. offer significant ad-
vantages of interest to potential users. Digital scanning
provides a geometric accuracy of scan and a versatil-
ity of addressing not possible with electron beams.
Morcover, the much greater compactness of a self-
scanned sensor can be important in certain applica-
tions. Finally. the expected reduction in cost and
power consumption possible with solid-state devices
should introduce many new applications that have not
been feasible for existing camera tubes.

Fabrication of experimental image sensers has fol-
lowed two approaches. A major portion of the work
carricd out in some half a dozen laboratories® has
utilized silicon technologies that are highly refined.
This approach can be justified by the enormous ver-
satility of silicon, which provides. in addition to its
integrated circuits, at least four different types of pho-
tosensitive elements. These include p-n junction pho-
todiodes.” 7 phototransistors,5 1  photoconductors,!!
and photovoltaic cells. The intrinsic spectral response
of silicon ranges from the visible to the near infrared.
and it can be extended into the far infrared by im-
purity photoconduction. Even more important to the
sensor application is the fact that silicon junctions can
be made with sufficiently high resistance to allow in-
tegration of light ¢ by charge storage for periods ex-
ceeding the normal television scanning periods.

In spitc of the natural advantages of silicon for
image sensors. the technical requirements for a self-
scanned sensor are sufficiently diflicult that no pres-
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FIGURE 1. Block diagram of self-scanned image sensor, showing three alternative methods of

coupling out the video signal.

ently available silicon sensors surpass the competing
thin-film approach! in total number of picture cle-
ments or in degree of integration of the scanning cir-
cuits. Even though an integrated sensor (including its
scanning circuits) could fit very nicely upon a single
silicon slice,” the yiclds of integrated devices now ob-
tained in silicon may make it difficult to produce an
integrated self-scanned sensor having hundreds of thou-
sands of elements. The very nature of the imaging
process. and the close spacing of elements required,
make it hard to use discretionary wiring or redundancy
to cover up the defective clements. which produce
spurious signals clearly visible in the transmitted pic-
ture. Although highly encouraging results have becn
obtained in the fabrication of silicon photodiode ar-
rays for use in camera tubes,’® such beam-scanned
arrays are much less complex than self-scanned arrays.

The second approach to solid-state sensors that has

Weimer, Pike, Sadasiv. Shallcross. Meray-Horvath

heen explored extensively by the authors makes use
of thin-film techniques.!® 1% During the course of this
work two experimental cameras incorporating thin-
film image sensors have been built. The first uses a
180 x 180 clement photoconductor-diode array!
scanned by two 180-stage shift registers.’” The entire
circuits. including transistors,’ diodes. capacitors. re-
sistors and photoconductors were produced by vacuum
deposition.' The second camera utilizes a 256 X 256
clement thin-film array, which will be described in
this article. Photoconductor-diode arrays having up
to 360 X 360 elements spaced upon 25-um (1-mil)
centers have been produced by thin-film techniques.

Principles of
digital scanning of sensor arrays

Flement design and operation. The operation of an
image sensor with solid-state scanning can be com-

Self-scanned sensors
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pared to that of a vidicon television camera tube.2 In
such a tube the light from the scene is imaged onto
a photoconductive layer. which is scanned with an
electron beam. Figure 2 shows how the continuous
photoconductive target can be represented as a dis-
crete array of photoconductive elements, which are
contacted in sequence by the electron beam. In the
solid-state sensor the beam is replaced by a set of
sequentially operated switches permanently connected
to cach photosensitive element. These switches usually
consist of a diode or a transistor located at the picture
clement. They are normally turned off but are ac-
tivated in sequence by means of pulses that are sup-
plied by the scan generators located at the periphery
of the array.

The operation of a single row of photoconductive
clements connected to diode switches is shown in Fig.
3. This type of drawing is also helpful in understand-
ing arrays having other combinations of switch and
sensor. The operating cvcle illustrates the use of
charge storage in an clemental capacitor in order to
permit integration of light for the entire period be-
tween scans.

The capacitance may be that of a discrete capacitor
built into cach clement. or it may arise from the in-
ternal shunt capacitance of the photosensitive clement.
Charge-storage operation is possible only if the RC
time constant of the elemental capacitor in series with
its switch exceeds the integration period 7. The dark
resistance of the photosensor and the “off” resistance
of the switch must therefore be very high. Also. the
shunt capacitance across the switch should be small
compared with that across the photosensor. As shown
in Fig. 3. the effect of the scanning pulse is to reduce
the potential quickly at the point P to ground. thereby
charging the capacitor C. When light falls on the
photoconductor, the capacitor is gradually discharged
and point P. which corresponds to the scanned surface
of the photoconductor in the vidicon, rises in potential.
The charge pulse that flows in the external load re-
sistor R; during the sampling period T, is equal to the
total charge that had leaked ofl the capacitor during
the light integration period. The effective signal cur-
rent gain introduced by storage is given by the ratio
of T; to T,. which, for continuous sequential scanning.
is approximately equal to the total number of picture
elements in the arrayv.

The foregoing conditions for charge storage have
been met in various tvpes of self-scanned arravs. Sili-
con photodiode arravs having very low dark currents
can be fabricated and can provide a sensitivity of very
nearly unity quantum vield for visible and near-
infrared light. Figure 4 shows the sensor-clement cir-
cuit for three silicon photodiode sensors emploving
different types of elemental switches. In ecach. the
photodiode is held in reverse bias at all times and the
depletion layer capacitance provides the storage. Photo-
current generated in the depletion laver by light causes
this capacitor to be discharged between scans. follow-
ing an operating cycle similar to the one discussed
previously. In cach circuit of Fig. 4 the point P
joining the sensor to its switch is again analogous to
the scanned surface of a camera tube. A photodiode
in scries with a metal-oxide-semiconductor (MOS)
transistor,” as shown in Fig. 4(A). would appear to
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be an attractive combination for a single-line sensor.
The photodiode can be combined with the MOS tran-
sistor by utilizing the photosensitivity of the depletion
layer under the reverse-biased source electrode. How-
cver, a charge pumping effect in a p-channcl MOS
tormed on an n-type substrate. which introduces dark
current and limits low-light-level performance of the
sensor, has been reported.?! A single MOS transistor
in scrics with a photodiode would not be expected to
be useful for charge storage in a fwo-dimensional array
because of the bilateral conductivity of the transistor
and the photosensitivity of the drain junction. A
diode in series with the transistor would be a more
useful switch.

Figure 4(B) shows onc clement of a two-dimen-
sional photodiode array in which a second diode is
used as the element switch. The operating cycle of
this structure is the same as the one discussed in con-
nection with Fig. 3. The structure is sometimes dep-
recated in comparison®! with the phototransistor
structure that it resembles. However, it would appear
to be potentially superior to the phototransistor in
applications in which the relation between light in and
signal out needs to be lincar.

Figure 4(C) shows a more complex photodiode cir-
cuit 7 for a two-dimensional array. in which two MOS
transistors, T, and T.. in series serve as the element
switch. An additional voltage-sampling circuit at cach
element provides a sizable current gain in a separate
output circuit. The voltage at point P just prior to
recharge of the photodiode controls the magnitude of
the current pulse through the output circuit T, T,Ts.
The switching transistors T, and T’ are connccted to
column n, which is turned on one element time ahcad
of the column 1 + 1. An improvement in sensitivity
would be obtained at the expense of clement spacing
and complexity. For a line sensor. where vertical scan-
ning is not required. transistors Ty and Ty can be
omitted. The resulting circuit, comprising three tran-
sistors and a photodiode, has been used in a 72 X 5
clement array =2 in which a video signal is taken simul-
tancously from cach of the five rows.

The phototransistor, by virtue of its current gain,
offers the possibility for higher sensitivity than does a
simple photodiode. Its reverse-biased collector junc-
tion acts as the photosensor and the emitter junction
provides the switching function. The collector junc-
tion must have a much larger area than the cmitter to
provide adequate storage capacitance with a small
switch capacitance. When this type of clement is con-
nected directly across the row and column address
strips.? as shown in Fig. 5(A). the charge—discharge
cycle for the fioating base is the same as for point P
in the circuits of Figs. 3 and 4(B). To a first ap-
proximation, the total charge that flows through the
emitter—collector circuit during the sampling pulse is
proportional to the accumulated charge on the base
multiplied by the current gain of the transistor. This
relationship. however, does not hold at all light levels
or conditions of operation. Nonlincar transfer char-
acteristics and sluggish transient response may limit
low-light performance. Variation in gain from one ele-
ment to the next introduces an additional uniformity
problem that does not exist with photodiode arrays.
Although the phototransistor array remains of con-

siderable interest, it is not yet clear whether its gain
feature outweighs the additional problems it intro-
duces. Small phototransistor arrays are under consider-
ation for use in a reader for the blind.*! and larger
arravs (up o 200 x 256) have been built for televi
sion purposes.?t In the last-mentioned arrays the photo-
transistors 2t were connected as shown in Fig. 5(A),
and video signal was derived from the columns.

An alternative method® of constructing a photo-
transistor array is shown in Fig. 5(B). In this case all
phototransistors are formed upon a common substrate,
with an MOS transistor at cach element for addressing
purposes. The advantage of this system over the photo-
transistor array of Fig. 5(A) is not clear. Although
it is truc that the peripheral video circuits might be
somewhat simpler because the video output can be
taken from the common substrate. this signal would
be expected to contain more spurious switching tran-
sients than if the signal were derived from a single
row or column. Such transients can seriously limit the
performance of large arrays operating at fast switch-
ing speeds. The operating cycle for the phototransis-
tor itself is the same as discussed earlier. The clemental
switch for charging the base—collector capacitunce is
still the emitter junction and not the MOS transistor.
The same problems of nonlinearity and sluggish re-
sponse at low signal levels would apply. These prob-
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FIGURE 5. Sensor-element circuits for two types of

self-scanned phototransistor arrays.

FIGURE 6. Sensor-element circuits for three types of
self-scanned photoconductor arrays. Operation in (A)
and (B) is by charge storage; in (C) it can be by “excita-
tion storage” if a high-gain photoconductor is used.
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lems and the unwanted switching transicnts are
considerably reduced if very slow scanning speeds can
be used. The operation of a 10 000-element array of
this type at slow scan rates at very low light levels has
been reported.®?

Figure 6 shows three types of photoconductive ar-
rays. Charge storage in a capacitor shunting the photo-
conductor is used in 6(A) and 6(B). The operating
cycle is the same as that discussed in connection with
Fig. 3. In Fig. 6(B) all photoconductive elements are
connected to a common lead and to a thin-film tran-
sistor switch. The diode in series with the transistor is
required in a two-dimensional array to isolate each
storage point P for full frame storage.

Figure 6(C) differs from all the preceding elemental
circuits in that the capacitor is omitted and no charge
storage is provided at each element. In this case, light
integration for an appreciable fraction of a television
frame time is obtained by use of a high-gain photo-
conductor.! This method of operation has been termed
“excitation storage” since, in effect, the light energy
is stored in the form of excited carriers whose lifetime
ideally approximates the scanning period. Although
the cffective duty cycle for current flow through each
photoconductive element is only N1 times that of an
element with full charge storage. where N is the total
number of elements, this loss in signal can be com-
pensated by using a photoconductor with an internal
gain of N electrons per photon. The effective quantum
yield of the sensor thus approaches N - 1/N = 1. a
value equal to the maximum quantum yield normally
expected with full charge storage. In practice the total
photoconductive gain obtained in the photoconductive
arrays reported to date is approximately 2000 (in-
cluding losses due to unused area). Since the total

FIGURE 7. Photomicrograph of a portion of a 360 X 360
element photoconductor-diode array having elements
spaced on 26.5-um centers.

number of clements in the latest 256 X 256 element
camera is approximately 65 000. the total output sig-
nal with no charge storage would fall short of a full-
storage unity-gain sensor by about 30 times. This loss
can be more than compensated for by the use of line
storage. which gives a signal gain equal to the number
of elements in a row. The line storage mode of ad-
dressing is discussed in the following section,

An advantage of not using charge storage at cach
element is the simplification of the structure permitting
4 higher density of clements. Figure 7 shows a portion
of a 360 X 360 array in which each element consists
of a photoconductor in series with a diode, with the
elements spaced upon 26.5-um (1.04-mil) centers.
The output signal from an array of this kind can be
made arbitrarily large by increasing the light intensity
since the output signal is not limited by the size of the
charge-storage capacitor that can be built into cach
element. For applications requiring higher sensitivity,
line storage in external capacitors provides a very large
increase in output signal,

Extraction of the video signal from the sensor array.
Three methods of coupling the video output of an
image sensor to the input of the camera amplifier are
illustrated in Figs. 8. 9, and 10. These circuits assume
conventional television scanning from one element to
the next along successive horizontal rows. The hori-
zontal-scan generator (connected to the columns) ac-
cordingly operates at a much higher clock rate than
the vertical-scan generators. Although a photoconduc-
tor sensor clement is illustrated in each figure, the
video coupling circuits are equally applicable for var-
ious types of silicon arrays.

In the system shown in Fig. 8, the amplifier is at-
tached to an output terminal that is permanently con-
nected within the array to each element. The arrays
illustrated in Figs. 4(C). 5(B). and 6(B) provide such
a terminal, connected through a conducting substrate
or conducting strips to the point O at cach element.
Although this method of coupling is feasible for low-

FIGURE 8. Extraction of video signal from a common
lead connected to all elements of the sensor.
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speed scanning. the large internal capacitance existing
between the column address strips and the common
output may introduce unusually large switching tran-
sients at normal television scan rates.

Ficure 9 shows how the video signal can be ex-
tracted from the row address strips. In this circuit a
pair of external transistor gates (7 and T,) attached
to cach row couples the row being scanned to the
amplifier while reverse-biasing all the remaining rows.
High-frequency switching transients from the columns
into the output signal arc therefore much less than if
all rows were simultancously connected to the am-
plifier. Low-frequency switching transients from the
vertical-scan generator do not cause trouble because
they can be arranged to occur during the period be-
tween lines normally concealed by blanking. This cir-
cuit should be particularly suitable for frame-storage
operation because all rows not being scanned are
reverse-biased. In case the array is not to be operated
with frame storage the 7. transistors can be omitted,
and the circuit reduces to a single transistor (T,)
connected to cach row. The latter circuit was used for
the 180 X 180 clement photoconductive-sensor camera
described in Ref. 1.

Extraction of the video signal from the columns
instead of the rows offers a very simple method of
greatly increasing the sensitivity of some types of sen-
sors. Figure 10 shows the circuit used in the 256 X
256 element photoconductive sensor described in the
next section. By utilizing the column capacitance of
the array itself supplemented by a row of external
capacitors, the video-signal current can be increased
by line storage 256 times over that obtained from the
rows. Current is drawn simultancously from all ele-
meents along a given row and stored in the capacitors
prior to discharge into the video output lead. The
video coupling transistors that are turned on by the
horizontal-scan gencrator must have a sufficiently low
“off” conductance for line-storage operation. Although
the simple circuit of Fig. 10 may introduce some loss
in vertical resolution through the mixing of charge
between successive rows, this effect can be avoided
with slightly more complex circuits.

A disadvantage of deriving the video signal from
the columns is that precautions must be taken to mini-
mize direct pickup of switching transients from the
horizontal-scan generator into the video output. This
method of coupling would not appear to offer any
signal gain by added line storage for an array that
already incorporates charge-storage capacitors at cach
clement. It would be particularly inappropriate with
an array whose column strips were themselves photo-
sensitive.

Digital scan generators. The design and fabrication
of integrated scan generators is of comparable dif-
ficulty to that of the sensor and video coupling circuits,
The scan generator must provide up to 500 paralicl
outputs in a form suitable for easy conncction to the
array, and it must be capable of opcration at pulse
rates ranging from 15 kHz or less for the vertical
scanner up to 10 MHz for the horizontal-scan gencra-
tor. Both analog and digital scan gencrators arc of
interest, but only the latter presently appear to be
capable of meeting conventional television standards.

Digital scan generators can of course be assembled

Weimer, Pike, Sadasiv, Shallcross, Meray-Horvath

from commercially available components if size and
cost of the camera are not of prime consideration.
Conncctions to the array are still a problem. however,
if the array is a large one with closely spaced clements.
A more attractive solution, if manufacturing yiclds are
sufficiently high, is to fabricate the scan generators and
video coupling circuits simultancously with the array
on a common substratc. A 72 X 5 clement silicon-
phatodiode array has been built with a 72-stage paral-
lel-output shift register 22 for scanning in one dircction
located on the same silicon chip. Alternatively, one can
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FIGURE 9. Extraction of video signal by use of video
coupling circuits connected to the row address strips
of the sensor.

FIGURE 10. Extraction of video signal by use of video
coupling circuits connected to the column address strips
of the sensor.
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FIGURE 11. Completely in-
tegrated 180 X 180 image
sensor, including photosen-

sitive array, horizontal-scan ﬁ‘
generator, vertical-scan gen-
erator, and video coupling
circuit.
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FIGURE 12. Photomicro-

1114014004001 1100000 o 0 06 s 10 01000

graph of a 264-stage com-
plementary shift register
with an output inverter
driver at each stage. The
circuit contains 1320 CdSe
and 792 Te thin-film tran-
sistors.

inverter

fubricate integrated scan generators on a separate sub-
strate in a pattern permitting easy connection to the
array. The 180 180 clement thin-film sensor! re-
ferred to carlier had two 180-stage thin-film shift
registers 17 with outputs spaced on 53-um (2.08-mil)
centers deposited on separate substrates, which were
subsequently attached to the array. Figure 11 shows
the integrated sensor. comprising the 180 > 180 array.,
the 180 video coupling transistors, and two 180-stage
shift registers deposited upon four 2.54- by 2.54-cm
(onc-inch-square) glass substrates, The four substrates
were fustened together with epoxy after the subcircuits
were formed, and 180 metal strips were evaporated

Output T A TR, A O S T I S R T ST O,

across cach joint to connect cach row and column.
The 180-stage parallel-output shift registers '* em-
ploying CdSec thin-film transistors were fabricated re-
producibly by vacuum deposition in one pumpdown
of the vacuum system. These units would operate at
clock speeds up to 2 MHz and were life-tested for
periods up to 10 000 hours. Even larger parallel-output
shifts registers were built using complementary CdSe
and Te thin-film transistors. Figure 12 shows a 264-
stage complementary register % with the video cou-
pling circuits included. These experimental units
operated at vertical-scan rates but not at a sufficiently
high clock rate to serve as the horizontal-scan genera-
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tor for sensors operating at broadcast rates.

An alternative to the use of multistage shift registers
is to build multistage decoders 2% on the same substrate
as the array or attached to it. The decoder itself is
driven by counters or shift registers having far fewer
stages. For example. cach scan generator in the 256
% 256 clement sensor described in the next section
consisted of a 256-stage decoder, driven by two ex-
ternal 16-stage shift registers. The two decoders thus
served to reduce the total number of scanning con-
nections to the array from 512 closely spaced con-
nections to 64 comfortably spaced connections. The
16-stage parallel-output register required for driving
the decoder can be produced on a single chip. whereas
a 256-stage parallel-output register would be consider-
ably more difficult.

A 256 X 256 element thin-film
image sensor with integrated decoders

An experimental solid-state television camera in-
corporating a 256 X 256 clement image sensor scanned
by integrated thin-film decoders was recently com-
pleted " The array contains 65 536 photoconductor-
diode eclements connected to perpendicular address
strips spaced upon 53-um (2.08-mil) centers. The
entire array is scanned in 1/60 second at an clemental
scan rate of 4.8 MHz. The detailed design and con-
struction of the photoconductive array is similar to
that used in the 180 X 180 sclf-scanned sensor shown
in Fig. 11

Figure 13 is a photomicrograph of a portion of the
array. Metal address strips and insulator strips were
deposited by evaporation through a wire grill mask,
but the CdS—CdSe photoconductor strips were defined
by photoresist techniques. Diode action at cach ele-
ment was obtained by the use of dissimilar contacts
to the photoconductor from the rows and columns.
Figure 14 shows the forward and reverse character-
istics measured by connecting all rows and all columns
in parallel.

An advantage of photoconductive sensors over mon-
olithic silicon lies in the ease of fabrication of oper-
able arrays with high clement densities. Many 256 X
256 clement arrays have been built having high rec-
tification ratios (10* or greater), and have been en-
tirely free of short circuits. Photoconductors also offer
the advantages of high quantum vyield (more than 2000
electrons per photon) and sensitivity at long wave-
lengths. Disadvantages of photoconductors are their
greater response times, as well as their more unstable
characteristics when they are not encapsulated.

Figure 15 shows the equivalent circuit of the 256
X 256 element thin-film array and its integrated ad-
dress circuits. The major differences from the ecarlier
180 X 180 sensor arc

1. Extraction of the video signal from the columns

to obtain an output signal of 256.

2. The use of integrated decoders instead of multi-

stage shift registers for addressing the array.

3. The larger number of elements.

The significance of these modifications was dis-
cussed in the preceding section.

Figure 16 shows the integrated sensor, including the
thin-film decoders and video coupling circuits. The
diode-resistor decoder used for vertical scanning was

deposited on the same 2.54-cm-square glass substrate
as the sensor. The transistor-resistor decoder for
horizontal scanning and the video coupling circuits
were deposited upon a separate 2.54-cm-square glass
substrate, which was subseqyuently joined to the sensor
substrate and mounted upon a printed circuit plug-in
card. The 256 connections between the video coupling
circuits and the sensor were made by evaporating
metal strips across the epoxy joint between the sub-
strates.

The construction of the thin-film transistor decoder
and video coupling circuits has been discussed in an
earlier paper.2® The video output signal is fed into a
dual-input preamplifier to minimize pickup of switch-
ing transicnts in the output signal. The major portion
of the video signal is obtained from the transistor bus
labeled V| in Fig. 15. The video-signal current from
the capacitor bus V., would be equal and opposite to
that flowing in the V, lead if the entire charge were
stored in the external capacitors C,. In practice, a

portion of the charge is stored in the column cross-
overs in the array itself, so that the video signal from
V. is somewhat smaller than from V.

However, the

FIGURE 13. Photomicrograph of a portion of the 256 X
256 element photoconductor-diode array having elements
spaced on 53-um centers.

FIGURE 14. Forward and reverse current vs. voltage
for the 256 X 256 element CdS-CdSe array having all
anode and cathode strips connected in parallel.
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FIGURE 15. Equivalent circuit for the 256 X 256 ele-
ment integrated sensor, including a transistor decoder
for horizontal scanning, a diode decoder for vertical
scanning, and video coupling circuit for signal enhance-
ment by line storage.

switching transients from the horizontal-scan generator
picked up in ¥V and V. are comparable in size and
polarity. The composite signal formed by subtracting
V., from V, is accordingly larger in amplitude and has
considerably reduced transients than would be ob-
tained from cither channel alone. The suppression of
switching transients by this method is less than perfect.
however. and transient pickup constitutes one of the
major problems in the operation of large arrays at fast
scanning rates. Other methods. such as filtering and
sample-and-hold techniques, are under investigation.

The Schottky-barrier diode used for the vertical
decoder is formed by evaporation of successive layers
of gold. indium. cadmium sulfide. tellurium. and gold.
Although more power is consumed by the diode de-
coder than by the transistor decoder. only 16 out of
256 resistors are passing current at any one time, The
vertical decoder must be able to supply each row of
the sensor with a current equal to the maximum video
signal at the highest illumination level and with negli-
gible voltage drop.

An cxperimental television camera incorporating the
256 % 256 integrated sensor was built and delivered
to the U.S. Air Force. Figure 17 shows the integrated
sensor being plugged into the camera head. Also in-
cluded in the camera head are four l6-stage shift
registers. a dual-input preamplifier, and the horizontal
and vertical clock supplies. The shift registers were
built up tfrom commercially available logic modules.
In a commercial camera one would expect to use
integrated 16-stage silicon registers for driving the
decoder.

Figure 18 shows two pictures transmitted by the
256 X 256 clement integrated sensor operating at the
4.8-MHz element rate. The resolution indicated by the
test pattern is approximately 200 television lines in
both the horizontal and vertical directions. Although
deterioration of vertical resolution can result from mix-
ing of stored charge between successive rows, this was
not particularly apparent in the picture. Horizontal
resolution loss can be caused by unwanted broadening
of the horizontal scanning pulse. The vertical streaks
arise from nonuniformities in the sensor. in the hori-
zontal decoder. or in the conncctions between the two.
The spurious signals introduced by minor defects tend
to be repeated 16 times because of the decoder inter-
connections. Recent work indicates that these non-
uniformities in signal can be greatly reduced.

The operating sensitivity of the 256 x 256 clement
sensor was suflicient for transmission of pictures under

FIGURE 16. Complete 256 X 256 element integrated
thin-film image sensor deposited upon two glass sub-
strates mounted on a printed-circuit board.
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normal laboratory illumination. Although the video-
signal output current was increased by a factor of
256 by the use of linc storage, the overall sensitivity
increase was less than this factor because of greater
switching tramsients. A more eflective  control of
switching transients should permit operation with an
illumination on the sensor of less than a footcandle
(about 10.8 lumens per squarc meter).

Although further refinements in the 256 X 256 cle-
ment sensor would certainly lead to improved picture
quality, it is evident that for performance comparable

FIGURE 17. Integrated 256 X 256 element sensor card
being plugged into experimental camera.

FIGURE 18. Pictures transmitted by the 256 X 256
element integrated sensor.

to that of television camera tubes the total number of
picture elements and the number of elements per unit
area must be increased. Higher clock frequencies and
more effective suppression of switching transients will
be required to maintain standard scan rates. The photo-
conductive approach using cvaporated thin-film tech-
niques appears to be capable of extension to at least
500 X 500 clements spaced upon 25-pum centers.

A novel self-scanned photodiode array

The requirements for reduction in picture-clement
size and increase in total number of elements has led
to a scarch for new sensor designs that may permit
considerable simplification in fabrication procedures.
In each of the sclf-scanned arrays illustrated in Figs.
3-6 the basic circuit for each clement consists of a
photosensor in series with a switch. Even a phototran-
sistor. when operated in the pulsed mode. behaves like
a photodiode sensor (collector junction) in scries with
a switching diode (emitter junction). A novel method
has been developed for operating a photodiode with
charge storage in which the same diode serves alter-
nately as a reverse-biased photodiode sensor and as a
forward-biased discharge switch.*® The basic circuit
clement consists of a photodiode in series with a capa-
citor. Figurc 19 shows the idealized operating cycle
of a single-line sensor in which a row of photodiode-
capacitor elements is employed.* Each photodiode is
equivalent to a switching diode in parallel with a
photoconductor R,. and a shunt capacitor C. Sam-
pling pulses having the proper polarity to forward-bias
the diodes are applied to the series capacitors by a scan
generator. The series capacitor C is made large com-
pared with the internal shunt capacitance C, of the
photodiode. The latter capacitance may thercfore be
neglected. since it plays a role in the operation that is
only secondary—comparable to that of the switch
capacitance in the earlier systems. During the sampling
period a positive pulse V applicd to the capacitor
causes the potential of point 7 to be driven to a

= The effect of minority-carrier storage in the photodiode has
not been included in the present discussion,
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reference potential slightly positive with respect to
ground by an amount determined by the offset voltage
and forward conductance of the diode. At the end of
the sampling period, the fall of the scan pulse causes
point P to be driven negative by V volts, thereby es-
tablishing a reverse bias on the photodiode. The photo-
diode remains reverse-biased through the succeeding
integration period. provided that the RC time constant
set by the series capacitor and the dark resistance of
the photodiode greatly exceeds T,.

If the photodiode is not illuminated during the in-
tegration period. the current pulse flowing through the
photodiode—capacitor circuit during the next sampling
period will be a minimum. If the photodiode is illumi-
nated during the integration period the potential of
point P will gradually rise as the scries capacitor C is
discharged. A much larger current pulse will then flow
during the sampling pulse. since more current is re-
quired to recharge the capacitor . The fluctuating
current flowing in the external load resistor R;. as
successive elements are sampled. comprises the video
signal. Although no direct current flows through the
external load resistor because of the capacitive cou-
pling at cach element. the dc level of the video signal
can be cstablished at the beginning of cach row by
“clamping” on the signal from an unilluminated cle-
ment. The differentiated signals, shown in color in Fig.
19. at the beginning and end of each output pulse are
the unwanted switching transients introduced through
the shunt capacitance of the photodiodes and through
other stray paths. As discussed earlier, such transients
can be suppressed from the video signal by such ex-
ternal circuit techniques as bucking, phase sampling,
or filtering.

Figure 20 shows two types of photodiode—capacitor
elements suitable for a two-dimensional array. Al-
though the operation of cach is basically the same as
described for the single-line sensor of Fig. 19, the use
of both vertical and horizontal scanning pulses modi-
fies the charge—discharge voltage scquence for the cir-
cuit of Fig. 20(A), as shown in Fig. 21. If the
scanning pulses are applied only to the columns the
integration time 7T is onc line-time (63.5 us) for each
element. but if the slower pulses are also applied to
the rows the integration time is increased to 1/60
second.

The foregoing features of operation have been dem-
onstrated with a single row of 256 p+ photodiodes
formed on 51-um centers on a chip of n-type silicon.
A silicon oxide—aluminum capacitor was formed on
top of cach photodiode and was connected to a 256-
stage thin-film decoder deposited on a supporting glass
plate. The silicon chip was attached with epoxy to a
groove in the glass plate, as shown in Fig. 22.

By using the 4.8-MHz clock drive on the decoder.
linc-storage operation was obtained, but this could be
increased to 1/60-second storage by pulsing the silicon
substrate at 60-Hz intervals. as indicated in Fig. 21.
A television picture obtained by moving a light image
across the line sensor is shown in Fig. 23.

The two-capacitor array of Fig. 20(B) is of interest
because it will permit <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>