Self-Scanned Silicon Image Detector Arrays

PETER ]J. W. NOBLE

Abstract—The basic principle of operation of each bit in a matrix
of image detectors is described, together with the derivation of appro-
priate operating formulas. The necessary circuitry to make a func-
tional two-dimensional array is also described, including the scan-
ning circuitry integrally constructed with the photodetector matrix.
The necessary design considerations for operation of the matrix are
discussed in the context of the currently operating 10-by-10 array.
Extension of the principles to larger arrays is outlined in the two
modes of array scanning considered, with special reference to spatial
noise problems. The paper concludes with reference to other applica-
tions of the basic principle, such as card reading.

INTRODUCTION

ITH THE ADVENT of the integrated circuit
&\:&4/ and the inherent light sensitivity of the p-n
junction, it was only a matter of time before
solid-state image detection would be realized. However,
not until the metal oxide silicon transistor (MOST) was
developed could the full possibilities of solid-state image
detection be determined. The only known exception to
this is the work of Weimar,!!! who makes use of thin-
film techniques. This paper describes the development
work at these laboratories which was designed to extend
the basic MOSAIC! process to allow optical input. The
basic diode design, with reasons for adopting this in
preference to alternative devices, is described, as well
as the development of the scanning circuitry. We believe
it is essential to include this integrally with the detector
array. :

TrE PHOTODIODE

The photodiode that has generally been used is the
one generated “accidentally” by the boron source and
drain diffusion. Lately, however, a shallower diffused
diode has been used as an aid to device control, chiefly
for circuit reasons. However, this shallow diffusion has
similar optical characteristics to the deep diffusion. The
shallow diffusion is of the order 1.2 g, and the deep
diffusion 3 u. The planar diode has been treated theo-
retically in the conventional fashion to yield theoretical
quantum efficiency versus wavelength curves. A study
of oxide optical interference effects based on the original
work of MacSwan!? has been added to this analysis so
that the planar diode may be completely simulated and
thus help to optimize diode design for appropriate wave-
lengths. This work could be extended very simply to
include multiple interference films in order to obtain
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narrow optical response. A program of actual diode
measurements has been carried out in parallel with the
theoretical studies. The measurement technique adopted
was to use a monochromator image-splitting system and
a thermopile as the comparison device, as shown sche-
matically in Fig. 1. An all-dc system was employed, and
the planar diode structure used was that shown in Fig.
2, which is one planar diode mounted and bonded in a
TO-5 can. The results obtained, both theoretical and
experimental, are shown in Fig. 3. The double peak is
caused by the oxide interference at 0.5 u and the
natural p-» junction peak at 0.8 u .

Some studies of a buried diode structure have re-
sulted in computer simulation and measurement. This
program was aimed at achieving improved reverse-
biased leakage currents and higher packing density.
Early in the program it was discovered that leakage cur-
rent tended to be almost entirely dependent on perim-
eter rather than area. This led to the concept of a large
area device with small contact diffusion to reduce this
perimeter in relation to the device area. In addition, if
the device is buried below a suitable epitaxial layer, the
MOST devices associated with each diode could be
constructed over the diode, rather than alongside it,
thus saving area. However, our present development of
simple diode structure is such that the leakage current
is well below the levels introduced by circuit noise, as
explained later. In addition, the advent of multilayer
metalization has meant that a significant increase in
packing density can be obtained without recourse to
more sophisticated structures. The buried diode struc-
ture is shown in Fig. 4 and has the quantum efficiency
curve shown in Fig. 5. The buried diode leakage current
values achieved at present are similar to those of surface
diodes and will no doubt be reduced further. The leak-
age current in surface diodes 50 u square is a few pico-
amps at 10 volts reverse bias, which is sufficiently low
for most applications,

Drope OPERATION PHILOSOPHY

The signal current generated by photodiodes 50 u
square is such as to make the simple multiplexing of
each bit to access the reverse leakage current (and,
hence, obtain a video signal) impossible, since currents
of a few tens of picoamperes have to be considered. In
the light of this, an alternative mode of operation was
used, known as the “integrating mode,” in which the
self-capacitance of the diode is charged by a series switch
(MOST). On switching off the MOST, the rate of decay
of charge is dependent on the carriers generated by light
energy. The rate of decay of the bias voltage on the
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diode can be shown to be

av 1.2\ Py
@2
dt /., ¢

where 1.2 incorporates various constants and a pro-
portionality factor, and N is the wavelength in microns,
P is the incident power in watts, 7 is the quantum effi-
ciency, and C is the diode capacity in F-cm™ at §
volts. It is noted here that perimeter effects have been
ignored, and the junction has been assumed to be
abrupt. Inserting experimentally determined values into
the equation yields a value of 84 V-s~1.yW-1.cm~2 In
practice, values for (dV/di) v of 73 V.s7l.pW=l.-cm™2
have been measured. The argument for using photo-
diodes as opposed to phototransistors as used by
Weckler,!4l Schuster,!® and others is that of variations
in device-to-device sensitivity. We have found this to be
+ 2.5 percent from diode to diode in a small array, since
we do not have to contend with transistor zg. variations.
Another major advantage is that of processing simplic-
ity because only one diffusion is required, and we have
shown experimentally that lower leakage currents are
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obtained for one diffusion (e.g., less temperature effects
causing stress in junctions) as opposed to two or more
diffusions. It is also well known that higher yields are
obtained with MOSAICs than with conventionally
diffused integrated circuits. In addition to this, the work
of Crowelll®! has resulted in photodiode arrays, scanned
by an electron beam, producing acceptable pictures,
thus demonstrating small device variations for diode
structures.

The dark current of the diode has the effect of causing
the voltage to decay at an average rate at of about 1
V-s~L. Cooling the device to —70°C improved the leak-
age current by a factor of 103, thus implying that each
bit in the array is capable of detecting light levels of the
order 1071 W.cm~2 However, the scanning circuitry
introduces noise equivalent to 10~7 W-cm~2; therefore,
cooling can produce no benefits until improved scanning
techniques are developed.

The basic integration mode can be incorporated into
an array in two fundamentally different ways. The first
of these is the “recharge sample” method, as adopted by
other workers to phototransistor arrays, and is simply
the monitoring of the current necessary to reinstate the
diode bias. The second is to sample the voltage across
the diode at the end of a frame time using an MOS
source follower at every point in the array. In each case,
access to the diode “bit” is by coordinate scanning, as
discussed later. As will be demonstrated, both of these
modes of operation have particular spatial noise prob-
lems.

OPERATION OF THE RECHARGE METHOD

Fig. 6 shows the basic schematic of a “bit” in a two-
dimensional recharge array. The sampling of such a bit
is by coordinate scanning by means of MOSAIC ring
counters constructed at the periphery of the array.

At the end of a frame period, a diode is sampled by
closing the series line and bit switches. Recharge current
flows through the diode from the amplifier virtual earth,
and a voltage —appearing at the amplifier output ter-
minal (Fig. 7)—is given by

Vit 2

0 Vg Cf ( )

where 9; is the amount by which the diode bias has de-
cayed, C, is the diode capacity, and C; is the amplifier
feedback capacity. In other words, the signal gain
through the charge amplifier is Cy/C;. The amount of
charge required to reinstate the diode bias is given by

¢g=Can C (3)
and the recharge current is then
g0
i, = —— electrons. (4)
1.6

Expressing recharge current in terms of electrons
rather than in amperes is more convenient, since there
is no need to introduce time.
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When the bit switch is opened and prior to the suc-
ceeding bit switch being closed, the charge on the in-
tegrating capacitor is maintained. The discharge time
constant depends on the input resistance of the ampli-
fier and the OFF resistance of the bit switch. This resid-
ual charge must be deliberately removed at the end of
the diode sample time before the next diode is sampled.

Effects of Stray Capacitance

Assuming that the array consists of a 100 by 100
matrix of detectors, the arrangement would be essen-
tially as shown in Fig. 8. Thus, there will be 100 line
switches in parallel across the charge amplifier input
terminals. At any instant, one of these line switches will
be closed, connecting further 100 bit switches in parallel
across the amplifier input. Each oFF switch has capacity
to earth; hence, the total capacity of 198 OFF switches
appears across the input terminals of the amplifier. An
approximate equivalent circuit is shown in Fig. 9.

In order to charge the diodes from the feedback ca-
pacitor and not from this spurious capacity (a process
which would cause the signal to be lost), the feedback ca-
pacity, when referred across the amplifier input, should
be much greater than the total stray capacity; i.e.,

Cr=(0+ 4)C>C, (%)

where 4 is the amplifier forward path gain.
Additionally, if the available signal is not be to atten-

uated through the charge amplifier, it follows from (2)

that the feedback capacitor should not be greater than
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Fig.9. Equivalent circuit showing OFF channel capacitance. Ca=di-
ode capacitance, C,;=total capacitance of OFF line switches,
C.p=total capacitance of f bit switches, Ron,=ON resistance of
line switch, and R,,,=ON resistance of bit switch.

the diode capacity; i.e.,
C/ < Ca (6)

Both (5) and (6) may be satisfied by choosing the
value of A appropriately. However, the relationship
expressed in (5) must be satisfied up to the highest sig-
nal frequency of interest.

It has been calculated that the cumulative stray ca-
pacity across the amplifier input terminals could be as
much as 20 pF for a 100 by 100 array. Since the capac-
ity of individual diodes is 0.5 pF, C; must be limited to
0.5 pF for unity gain.

If we let C/=(1+4)C;=10C, then A =~400 or 52 dB.
At a frame rate of 25 frames per second, each bit time is
equivalent to 4 us; hence, the fundamental signal fre-
quency is 250 kHz. If the amplifier is to be stable, this
52 dB forward path gain must be maintained out to at
least 250 KHz and then reduced at a controlled rate.
This implies controlled gain roll off to beyond 100 MHz.

Spatial Noise

An obvious source of spatial noise results from array
variations in diode capacity. Equation (2) shows that
the signal gain is given by Cu/Cy; therefore, Ca varia-
tions must give rise to spatial noise.

A major source of noise is the spurious charge in-
jected into the signal path via the gate-to-channel ca-
pacities of the bit switches. These are MOSTs which
require gate swings in excess of ten volts to ensure full
channel conduction. Assume that the gate-to-channel
capacitance is 0.01 pF; the injected charge will then be
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0.01
g = ——0.10 = 10~13 C.
10-12
It is interesting to calculate what level of radiation
would cause the diode bias to decay by an amount re-
quiring 10713 C of charge to reinstate it:
If C;=0.5 pF, frame rate =25 frames per second

0.5

1078 = gy
1012

v; = 200 mV.

Thus, for a frame period of 40 ms, the decay rate is
5V-s71, this rate being equivalent to an incident radia-
tion level of 10-7 W-cm~2 At this level, the SNR is
unity.

The particular limitation may perhaps be substan-
tially overcome by using the available bit time to per-
form two separate functions. The diode is first re-
charged by closing the bit switch, an action which in-
jects spurious charge into the signal path. Since the
diode charging time constant may be measured in tens
of nanoseconds, the bit switch may be opened after only
a fraction of the available bit time has elapsed. The
spurious charge previously injected should now be re-
moved entirely, since the net charge transferred through
the gate-to-channel capacitance must be zero. The re-
mainder of the bit time may now be used to sample the
required signal charge, provided that this charge is in-
tegrated over a sufficiently long time. As stated earlier,
the discharge time constant of the integrating capacitor
depends on the amplifier input resistance, which must
therefore be extremely high.

The effects of stray capacitance were discussed earlier
in the paper. Since complete removal of stray capaci-
tance effects seems unlikely, variations in this stray ca-
pacitance as the array is multiplexed must be considered
a further cause of spatial noise. This should be particu-
larly noticeable at line rather than bit frequency.

Leakage Current

The equivalent circuit of Fig. 9 may be extended to
include the effects of leakage currents. Referring now to
Fig. 10, if the diode leakage current is ignored, the total
leakage current is (fi,+!5). However, just as stray
capacitance varies as the array is multiplexed, so will
the total leakage current, which induces further spatial
noise. Leakage current effects may be reduced by cool-
ing the array, perhaps to the point where it may be con-
sidered negligible compared to other noise sources. How-
ever, there still remains the physical consideration of
leakage paths around the circuit.

Fig. 10 shows the leakage path via the feedback leak-
age resistance, the gate resistance of the amplifier input
MOST being considered infinite. However, it is prob-
able that the leakage of the feedback capacitor will be
comparable with that of an MOST gate because of the
physical construction of such a capacitor. The result of
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Fig. 10. Equivalent circuit showing leakage paths.

this will be to drive the amplifier output stage to the
limit of its dynamic range.

Consideration of all of these effects leads to the con-
clusion that very precise masking and construction
techniques for making such an array are essential to
obtain high sensitivity with low spatial noise. In view
of these considerations, first arrays constructed by the
author and colleagues were based on the voltage sam-
pling principle described below.

THE VOLTAGE SAMPLING PRINCIPLE

The diode capacitance is charged by the MOST
switches Ty, T (Fig. 11), and the decaying diode voltage
is monitored by 773, which acts for all practical purposes
as a perfect buffer, since its input impedance is greater
than 10!% ohms. After a frame time has elapsed, sample
pulses applied to T, 7 will transfer the voltage at the
source of T3, itself related to the diode voltage, onto the
output load. Thus, a small photocurrent in the diode is
converted to a large output voltage signal. It is worth
noting that the light generated current in the diode is
proportional to the area of the diode and approximately
proportional to the diode capacity; thus, the rate of de-
cay of any diode voltage is constant, irrespective of area
for a given intensity of illumination.

Spatial Noise

As indicated earlier, device-to-device variations of not
more than + 2.5 percent have been measured for the op-
tical response of diodes in an array. The dark current
variations of such diodes are between a few mV-s~* and
a few V-s7!, so that a maximum figure for dark varia-
tions due to diodes alone is the order of +3V-s~!, or an
equivalent optical input variation of 4 X 10 %W .cm=2 at
25°C. As indicated, cooling can reduce this to very low
values. The chief source of noise in an array of this na-
ture is caused by variations in the amplifying MOST T
(Fig. 11). There are two fundamental parameters which
are critical; these are TVgss (turn on voltage of the
MOST, about —4.5 volts) and 8 (transfer gain of
MOST) measured in wAV~2 In our normal arrays,
TVass introduces variation in the array of the order
+100 mV per frame, which is equivalent to a dark cur-
rent decay rate of 2.5 V-.s~! at 25 frames per second.
This, added to the dark current variations, gives rise to
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Fig. 11. Voltage sampled “bit” of array (mnth bit).

a dark level spatial noise of the order +35 V:s7}, or
about 7 X10-¥W.cm~2 equivalent optical signal.

In addition to this form of spatial noise, there is the
spatial noise of the sampling circuitry, such as capacitive
variations in output leads and leakage current varia-
tions. All these considered, a level of dark current noise
equivalent to an optical input variation of 10~"W-cm™2
is achieved at present. By means of a modified sampling
technique and cooling, levels of 10~ W-cm™2 are antic-
ipated in the near future.

Variation in device 8 can be reduced by using a vir-
tual earth amplifier instead of load resistance (which
also allows an increased scan rate). Very little work on
the measurement of 8 variation effects has been done,
but indications are that variations in signal level of less
than ten percent have been achieved. The voltage
sampling mode was used in our first arrays.

THE ScANNING CIRCUITRY

Two ring counters, one providing the X scan and the
other the Y scan, are all that are required.

Circuit Operation

The circuits are designed with MOSAICs and are of
the type commonly known as two phase dynamic.[”
Essentially, each counter is a modified shift register, a
single bit of which is shown in Fig. 12. The shift bit
operation is based on the use of transistor gate capaci-
tance storage as the temporary memory. Thus, clock pulse
¢1 transfers the data in via 73 onto the gate of the in-
verter 1%, where the information is stored. MOST T3
acts simply as a load for the inverter, whose output is
the inverse of the data in. By a similar means, clock
pulse ¢2 transfers this new information via a second in-
version to the final output of the shift bit, where it is
equivalent to the original data in, delayed by one clock
period; note that ¢1 and ¢2 must not overlap.

A ring counter can be realized by assembling the re-
quired length of shift register and adding a single logic
gate (in this case a NOR gate, as shown in Fig. 13) which
determines the pattern of logic “1” and “0” being
shifted through the register. The pattern required, of
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course, is a single logic “1” being cycled through the
register such that when a logic “1” is shifted out of the
nth bit of an “n” bit register, a new logic “1” is intro-
duced into the first bit. The pattern gate achieves this
by recognizing that the first through »—1 bits of the
register are at logic “0”, thus providing a logic “1” at its
output to be reintroduced into the first bit of the regis-
ter.

Circuit Design Considerations

Using the characteristic equations for a MOST given
below, it is a simple matter to calculate the ratio of as-
pect ratios of the load and inverter MOST to produce
the required logic level outputs.

ID = B*a(VDVE - V])z/Z)
I]) = B*aVE2/2 VE S VD (8)

Ve2Vp (@)

where Ip is the drain current, Vp is the drain-to-source
voltage, Vg is the excess gate voltage, a is the aspect
ratio, and B8* is the process constant measured in pA/V2
Clearly the drain current /p will be equal in the load
inverter MOSTs. Referring again to Fig. 12 and con-
sidering transistors 7 and 7%, (9) therefore represents
the condition of a logic “0” from the inverter

Ip, = Ip, = Bz*(VIMVEz . VD22/2) = ﬂ*aaVEsz/:Z; (9)

thus,

as VB!2

P — D (10)
az ZVDJ/E, = VD22

The values of Vp,, Vg, and Vg, can be determined
from a knowledge of supply voltage, clock pulse ampli-
tude, the logic “0” level required, the limits of threshold
voltage (TVgss) to be expected, and how this varies
with source/substrate bias. Care must be taken, how-
ever, in determining the value of Vg, to be used. At first
sight it would seem to be simply a matter of subtract-
ing the respective threshold voltages of the transfer
and inverter MOSTs from the height of the clock pulses
and then allowing a noise margin of 1 to 2 volts.
Consider, however, the effect of the gate to source
capacitance of the transfer MOST which, in conjunction
with the total capacitance at the gate of T} (i.e., gate of
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Fig. 13. 10-bit ring counter.

T and sources of the transfer MOST), forms a capaci-
tive divider for the clock pulse to earth. As determined
by this divider, the trailing edge of the clock pulse will
reduce the voltage to be stored on the gate of 7%. Fur-
thermore, during the storage period between the trailing
edge of ¢, say, to the trailing edge of ¢, or vice versa,
the stored voltage will be reduced in value because of
the total leakage to earth at the gate of 7% in which the
source to substrate leakage of the transfer MOST will
predominate. Ideally, then, for the low operating fre-
quency necessary for the ¥ scan, these effects must be
minimized, which points to a large inverter such that
the required logical “0” is maintained with nearly zero
excess gate voltage and a small transfer MOST to mini-
mize capacitive break through of the clock pulse and
leakage effects. However, a large inverter and its asso-
ciated increase in gate capacitance will tend to slow
down the transfer of information, as will the small size
of the transfer MOST. Also, the larger the inverter the
greater its handicap in achieving a compact practical
layout, a requirement which might inject other signifi-
cant variations from the ideal. The final design, then,
must inevitably be a compromise solution derived from
consideration of all the above factors.

A SIMPLE 10-BY-10 SELF-SCANNING ARRAY

Fig. 14 shows a photograph of a simple array of 100
photodiodes operating in the voltage sampling mode.
The diode-to-diode spacing is 100 u in both direc-
tions, giving a sensitive area of 40 by 40 mil (1000 u
square) on a chip of 70 by 70 mil. This device was de-
signed to evaluate both the basic concepts discussed
above and devices described elsewhere.:® A frame
scan rate of 30 frames per second is normal, with a max-
imum in excess of 500 frames per second and a minimum
dependent on operating conditions, but 10 frames per
second can be used in most conditions. This lower limit
is imposed by the dynamic scanning techniques, since
stored logic levels will decay because of leakage currents
associated with the clock MOSTs in the ring counter.
The use of dc logic scanning would reduce scanning rates
to as low as desired, but in this application the dynamic
technique is considered adequate. The device shown is
driven by an 11-bit and 10-bit ring counter: thus,
pulses are automatically introduced for frame and line
synchronization. Additional facilities on the chip zllow
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Fig. 14. 10-by-10 self-scanning array.

for external synchronization; therefore, many devices
may be run synchronously if desired. In order to operate,
a single device needs only 30 volts dc, two nonoverlap-
ping—24 volt clock pulses, an array voltage supply, and
an output load. These arrays can then be operated with
only 6 leads, compared to 22 if external scanning were
used. This advantage when using 100 by 100 and larger
arrays is readily appreciated. Extension of this principle
to larger arrays would inevitably lead to yield problems
unless some redundancy were used. The 100 by 100
arrays presently being considered will be driven by four
10-bit counters multiplexed to give a 100 by 100 drive.
In order to introduced synchronization, either arrays of
99 by 100 will be built or the first ring counter extended
to 11 bits. Hence, only 41 bits of counter will be used
with suitable selection switches. As a 100 by 100 array
will be about 1 cm square, a chip of 1.2 cm square will
be used with several ring counters. These counters will
then be connected to the array by majority logic tech-
niques or a simple form of discretionary wiring, as is be-
coming popular on so-called LSI. Hence, the next stage
of development is a self-scanning 100 by 100 array,
which should have good picture quality and operate in
reasonably low light conditions.

OTHER DEVICES

During the course of this work, several other devices
based on the same technique were developed. Fig. 15
shows a 4 by 18 matrix used as a card reader. The chip
is 100 by 100 mil and is accessed by external circuitry
by means of 5 parallel inputs to the 18 lines by a large
MOSAIC encode gate. The selected line reads these 4
bits and transfers the information to 4 binary stores
on the chip, which then communicate with external cir-
cuitry. The device reads at a designed rate of 10 lines
per second at a very low light level, but can be read up
to several tens of kilohertz if the illumination is in-
creased. Fig. 16 shows the four outputs read sequen-
tally. The card was a simple binary pattern. Other de-
vices under development include position sensitive chips
t=at can be read to 0.1 mil (2 u).
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Fig. 16.

Binary code read-by-card reader.

Tue FuTure

The rapid development of this field in all areas—
from card reading to large self-scanning image detec-
tors—will lead to exploitation of the basic techniques
in presently unthought of areas. Atalla’s recently ex-
pressed sentiments(!® are entirely right in that we now
have a new technique available which we must all use
our imagination to exploit. T'o consider these techniques
as mere replacements would be far too constricting. In
the area of possible future developments, the combina-
tion of photodiodes with logic in a self-adapting man-
ner for pattern recognition purposes is just one possi-
bility.
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