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dent infrared light discharges the individual detectors during the
detector exposure time. The charges transferred into the CCD shift
register the next time the transmission gate is pulsed are transferred
out sequentially by the charge-ccupled shift register to produce the
video signal. The output is obtained from a floating diffusion connect-
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detectors illuminated thiriugh the (transparent) substrate. The two
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sensitivities as well as by their response to changes in integration
time, since the integration time for IR detection at the Schottky
barrier and the integration time for intrinsic silicon absorption at
the shift register can be adjusted independently. All IR measurcments
were made at liquid-nitrogen temperature. A scheme for observing low-
contrast, thermal scenes without requiring the charge-coupled shift
register to carry the entire background signal has been implemented in
the design of this chip. The investigation of optical detectors which
are possible alternatives to palladium silicide Schottky barriers has
becn confined to the study of PhS-Si heterojunctions. Tt hzs been
demonstrated that PbS films chemically deposited upon Si can be
delineated to give elements of the size and packing density required.
Delineated PbS samples have been shown to have dark-current and
photoresponse characteristics suitable for the device. Uniformity

of dark-current characteristics was examined using a set of 10 hetero-
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dark CD ai 77°K was 4.6 x 1010 A/cm2. The average deviation was

1.1 x 10710 A/cm2. Low-temperature heat treatment in air produces

a decrease in the dark current and an increase in the photoresponsivity
of cooled heterjunctions. The largest PbS peak photovoltaic
responsivity ob:erved to date is 4.5 x 10-3 A/W at 2.9 um.
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PREFACE

This Semiannual Technical Report was prevared by RCA Laboratories,
Princeton, NJ, under Contract No. F19628-73-C-0282 and ARPA Order No. 2444,
It describes work performed from 29 December 1973 to 37 June 1974, in the
Process and Applied Materials Research Luboratory and in the Materials
Research Laboratory. E. S, Kchn and M, L. Schultz are the principal
investigators; the respective Project Sumervisors are K, H, Zainineer and H,
Kressel., Other members of the Technica. Staff who participated in the
research are: R. V. D'Afello, S. N. Graham, and G, Frvszman, Sven Roosild
and Freeman Shepherd are the AFCRL Contract Monitors.

The manuscript of this revort was submitted by the authors on 15 July
1974, Publication of this report does not constitute Air Force approval of

the report's findings or conclusions. It is published only for the exchance
i and stimulation of ideas.
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1. INTRODUCTION

The objective of this contract is the development of charge-coupled
imaging arrays sensitive to infrared light. Two approaches are receiving our
attention, The first is the use of Schottky barriers as optical detectors,
and the second approach is the use of lead-sulfide films as the photo-
responsive elements, Schottky-barrier detectors are easier to fabricate as
the technology e¢xisted prior to this work, and they have the advantage of
excellent uniformity which is essential for thermal detectors. Lead-sulfide
detectors offer the possibility of greater sensitivity as well as the
possibility of reduced cooling requirements. The development of the
technology for integrating PbS detectors with silicon-intevrated circuits was
therefore made a part of this program.

Our first design was a 64 x 1 array of Pd:p-Si Schottky-barrier detectors
read out by a three-phase charge-coupled shift register. Infrared imagine has
been demonstrated with chips of this desien, A scheme for viewine low-
contrast, thermal scenes without requiring the shift reeister to carry the
large background signal has been incorporated into the desiem of this chip,
We accomplished this while retaining the capability of viewine high-contrast,
near-infrared scenes such as those contezinine jet or rocket plumes. Current
objectives of this work include improved operation of the existing chips,
accurate determination of the detector uniformity, and demonstration of the
low-contrast mode of operation. Another important current objective 1is the
design of a second chip which will have the capsbility of using lead-sulfide
detectors or Schottky-barrier detectors., It will have a gapless desirm with
overlapping layers of polysilicon and metal for improved shift-repister
performance and stability. This linear array should provide the information
we need to design a two-dimensional array, the ultimate objective,

Preceding pAge Elank




IT. DEVICE FABRICATION

Prior to this reporting period, the 64 x 1 Schottky-barrier CCD was
designed, and masks were programmed and ordered. They were delivered, and the
fabrication steps were scheduled. Fabrication of IR CCD's beean at the
beginning of this period. The channel-stop diffusions and the source-drain
diffusions were done in the Integrated Circuit Technology Center at Princeton,
as was the gate oxide growth and the contact hole preparation. The wafers
were then sent to RCA Somerville where the palladium was evaporated, reacted,
and etched, and the titariun and aluminum were evaporated. On two control
wafers, only Al was used., The wafers were then returned to Princeton for the
metal definition step. Figure 1 shows photomicrographs of the two ends of a
completed device on a wafer containing about 50 chips., The vertical white
rectangles in a row along the top (1) are the Schottky-barrier metallizations,
each overlapping the contact holes to the substrate and to the setting and
transfer diffusions. The setting gate (2) and the transfer gate (3) control
the channels to the setting diffusion (contacted by 4) and the phase-one gates
(5), respectively. The bonding pad for the phase-one bus bar (5) cannot be
seen because it is near the center of the CCD. Phases two (6 and 7) and three
(8 and 9) are double-end connected because they require a diffused crossunder
which is more resistive than a metallization, Two separate gates are provided
at the beginning (10 and 11) of the shift reeister and at the end (12 and 13).

I l
Illlllllll
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Figure 1. Photomicrographs of the two ends of the CCD chip.
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A source diffusion (contacted by 14) is provided to permit electri 1 input to
the shift register while a floating diffusion with a reset gate (15) and drain
(16) is provided at the output. The floating diffusion is connected to an
on-chip MOS transistor whose source and drain diffusions are brought out to
pads 17 and 18. Contact to the substrate is made at pads 19 and 20, each of
which contacts a channel-stop diffusion.

The output stage is seen more clearly in the enlargement in Fie., 2. The
"L"-shaped floating diffusion (21) is seen to be connected through a contact
hole to the gate of the MOS tramsistor (22). It is overlapped by the reset
gate (23) which controls the channel to the drain (24). The channel stop
diffusion surrounding these elements could be seen under the microscope but
does not show well in this photograph.

A rrobe card was made to order for testing the chips before the wafer was
cleaved. Figure 3(a) shows a circuit being tested in the probe-card station
as seen through the low-power binocular microscope on the stationm. Several
chips were tested for open-circuits, short-circuits, and diode

™~

Figure 2. Output region of the CCD chip showing the
\ I
diffusion (21), the MOS transistor (22
gate (23), and the drain (24).
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Figure 3. (a) Photograph through the microscope of the probe-card
station showing one circuit on a wafer being tested.
(b) Output signal from a chip operated on the probe-card

station with an 8-bit input.
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characteristics. When all of these tests proved satisfactory, it was decided
to operate the chips as CCD shift reegisters wich electrical input directly on
the probe-card station and to select chips on the baeis >f CCD performance.
About three-fourths of the chips with no obvious visible defects operated well
as shift registers. The output signal from a typical good chip with an
electrical input of eight "1's" is shown in Fie, 3(b). It consists of eight
"1's" with the leading 1" decraded by one-third, all delayed by 64 clock
periods from the input. The details of this electrical test are discussed
later. While the clock noise pattern was particularly comnlicated because of
crosstaik from the <averal unshielded leads carryine cle:zk waveforms, it was
nevertheless possitle to sort out the chips on the wafers and mark the ba?
ones on the basis of this test. Since mos: cf the shift reeisters on the
wafers made with Pd worked as well as the devices on wafers made with Al only,
nothing more was done with the Al-only control wafers.

A 28-pin pold-plated, ceramic dual-in-line holder was selected for the
chips. After “he wafers were scribed and cleaved, tested chips were mrunted
and bonded to rhe holders which had been previousiy prenared with 1.127- by
0.030-1in. rectangular toles ultrasonically eround in the centers of the
0.200-in.,-square chip wounting areas. These holes are required for rear
11lumination with infrared light, A bonded chip 1s shown in Fiz, 4(a); the
back of the package is shown in Fig, 4(b) with the same maenification. In
order to affix the chip with the detector array directly over the hole, we
viewed the chip from the top, as in Fig, 4(a), with a lew-power microscooe
equipped with an infrared image converter in place of the eyepiece. The imace
converter has an S-1 photocathode that is seasitive to light transmitted by
silicon. With illumination from below the holder, we could see the brieht
rectangular hole in the ceramic masked bv the aluminum metallization pattern
of the device. All bonded chips were positioned in this manner.

13
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(b)

Figure 4. (a) Photograph of a bonded chip.
(b) View of back of holder.




III. OPERATION OF THE CCD WITH ELECTRICAL INPUT

A circuit diagram of the IR-CCD chip, with pin numbers indicated, 1is
shown in Fig, 5. The three phase pates must be provided with overlapping
pulse trains as discussed in the last report {1]. The fall time of the pulses
should be at least 70 nsec to provide sufficient transfer time. The extra
gates labeled Gy, G3, and G; are connected in sequence with the chains of 64
gates, The reset gate receives about 5 V dc and the drain diffusion 15 V dc.
The substrate is biased negatively by a few volts so that the gates always
keep the surface inverted. The input signal 1is aoplied to Gl while the bias
charge level is controlled by the potential applied to the source diffusion,
For operation with electrical input (or visible ontical input), the transfer
gate 1s set at about 6 V negztive, isolating the oCcn from the Schottky=barrier
detectors. The output signal is taken from the MNS transistor whose gate
follows the pctential of the floating diffusion. The ™IS transistor can be
wired as a source-follower or as a cormon source-amplifier, depending on which
polarity of output signal is desired. For electrical operation, the
three-phase clock waveforms must run continuously. A word generatcr circuit
runs in synchronism with the clocks and produces a settable number of positive
pulses (such as 8) each time it counts a settable number of clock pulses (such
as 128). The word (8 pulses) 1is expected at the output 64-clock periods later
since 1t must go through 64 bits on the chip. This is easily seen on an
oscilloscope triggered on the first input pulse. Fieure 6 shows such an
output word with 1/10 of the leading pulse missing. Since there were 19?2
transfers (64 x 3), the average transfer loss was about 5 x 1774 per transfer.
The output signal ian Fig. 6 1s about 2.5 V superimposed on several volts of
clock noise. The clock noise can be removed with either a low-pass filter or
with a sample-and-hold circuit. In order to get this fairly good transfer
efficiency, it is necessary to introduce a bias level or "fat zero". This
means that each well in the shift register is filled to a small fraction of
its capacity in the absence of any "signal", For our chip runnine at the

above clock rate, the optimum bias levcl was experimentally determined to be
0.3 pA.

1, E. S. Kohn and M, L, Schultz, Charge-Coupled Scanned IR Imaging Sensors,
Semiannual Technical Peport, AFCRL-TR-74-0056, Clontract No, F19628-73-C-1282,
14 January 1974,
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Figure 5. Circuit diagram of the IR-CCD chip.
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Figure 6. Output gate for an 8-bit electrical input.



IV, VISIBLE LIGHT IMAGING

Visible light (using the term to mean light absorbed by silicon as
opposed to longer wavelength infrared) can be detected and imaged directly by
the CCD shifi resister. The imase can be incident on the top of the wafer
through the gaps between the electrodes or on the back of the wafer. In the
latter case, the wafer should be thinned or few of the minority carriers
created by the light will be collected in the CCD wells, Our chips were not
thinned since we were not concerned with detection of visible light,

In either case, imace detection by the shift register requirec one or two
of the phases to be held on for a period of time while the other(s) are held
off. This "{ntegration time" should “e much loneer than the time required to
read out the line after the clock waveforms begin runnine again in ovder tu
avoid smear. In our case the latter time is - (the number of bits)
+1/4 x 10° sec™! (the clock rate), or about 1/4 msec. Thus, for intepration
times more than a few milliseconds, there should be no smear. The bias level
required for good transfer efficiency can be introduced by weak uniform
{llumination of the shift register or bv an electrical input pulsed off during
the integration time. The former is generalliy wore convenient for optical
measurements, Figure 7(a) shows the output simal correspondine to a small
light spot imaged through a microscope onto the bepinnine of the shift
register. The spot illuminated about two bits, and little spreading of the
signal can be seen even though the signal was transferred throuch the entire
shift register to reach the output. The bottom trace in Fie. 7(b) is a
magnified view of the output while the top trace 1is without the llxut spot.
The weak uniform 4l1lumination can be seen in all three traces.




Figure 7.
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(a) Video signal for a spot of visible ligit shining

on the beginning of the shift register.

(b) Expanded view of the video signal without the
light spot (top) and witn the light spot (bottom).
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V. TESTING OF SCHOTTKY-BARRIER DETECTORS ON CCD CHIPS

The Schottky barriers on the IR-CCD chips were tested fur dark current
and relative spectral response. Since the chips had no provision for direct
conaection to the detector metallizations, the circuit in Fig, 8 was used for
the dark-current measurement, The transfer gate was tied to a negative
voltage to isolate the detectors from the shift repgister while the setting
gate was tied to a positive voltage to connect the settinp diffusion to all
the detectors at cn~e, Thus, the settine diffusion provided contact to all 64
detectors at once, Data for three typicsl samples at 77°K is shown in Fi~. 9,
At room temperature, the reverse currents were many orders of maenitude
higher, as expected. While most of the samples tested withia the ranpe shown
in the illustration, a few had much higher dark current., It wes not possible

to tell from this test whether a few or all the detectors wer= contributing to
the dark current.

The circuit for measuring the relative spectiral response of the detectors
is shown in Fig, 10, The setting and transfer gates are biased as ia the
previous circuit. The sample is immersed in liquid n'trogen, and chopped
monochromatic light :ls imaged onto the detectors throuerh the substrate. The

Vv f (SETTING GATE) (TRANSFER GATE)
¥ $27 28
[ ) L~ ~— L B 1
Ef,"/?’:_";/ﬁ O,
— b {
¢ 24 i20,23
(SETTING - 3
w| DIFFUSION)
-
a
[+ 4
L KEITHLEY
600A
(FLOATING)
-0
-©
+
=
0-12\/_7{

-

Figure 8. Circuit for measuring Schottky-barrier dark current.
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Figure 9. Dark-current characteristics of the three CCD samples,

photovoltaic signal is taken from the setting diffusion and is annlied to a
lock-in amplifier referenced tv the chopoer wheel. In this mode of oneration,
che diffusions become forward-biased, but not sufficiently to conduct. The
y.lative spectral response of two IR-CCD arrays is shown in Fig. 11 and is

. ‘mpared with previous data on a test wafer.

The curves, which are individually normalized to their peaks, are very
similar in shape, the only significant difference being the relative maenitude
of the intrinsic silicon absorption peaks at 0.9 um, This occurred because in
the IR-CCD chips the diffusions as well as the Schottky barriers collected
electrons created by intrinsic absorption in the silicon, while the old test
wafer had ro diffusions, Thus, in the IR-CCD samples, the area over which :
intrinsic photoelectrons could be collected was considerably lareer than the '
Schottky-barrier area while in the old test wafer, the two were the same.

P

It 1s apparent from Fig. 8 that an M0S transistor is formed by the
setting diffusion, the setting gate, and the diffusion contactine each
detector. These elements correspond to the drain, the pate, and the source,
respectively. While a connection to the contactine diffusicns is not
available, at room tomperature the detectors are essentially short-circuits.
Thus, these elements can be tested as an MNS transistor with the source
connected to the substrate. The collector characteristics are shown in Fie,
12, showing a transconductance of 657 umhos.

P
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VI. DETECTION OF INVRAREN I'AGES

For infrared imacing, the IR-CCD chip must be operated at reduced
tewperature and illuminated throueh the back of the substrate. A special
socket, with a hole to permit viewing of the window in the chin holder, was
wired and mounted at the end of a plastic rod so that it could be positioned
In a quartz optical dewar containine liquid nitrogen. A wea tungsten lamp
1lluminated an adjustable slit which was imaced on the IR-CCD chip with a
special germanium lens. The lens also served to block any light wl ose
wavelength was less than 1.7 um, A polished germanium wafer 0.017 in. thick
was tested on a spectrophotom:ter to confirm the above cutoff wav-alenesth an
was used to make doubly sure that no 1licht passed that could be ahsorbed by
silicon. A diagram of the optical path is shown in Fi», 173,

The auxiliary pulse requirements for infrared irnacine were discussed in
detail in the previous report [1]. The timing diagram {s eiven in Fig, 14,
The setting opulse is required only in the low-contrast mode. In the hich-
contrast mode, the Schottky barriers are set to the required reverse bias when
the transfer pulse is applied and the sienal leaded into the wells of the
shift reeister. The voltage to which the Schottky barriers are set is
determined by the height of the transfer pulse so long as the ~uift reeister
well is not filled. Since the Larriers are set to the same potential after
each frame, the charce 13 removed, and, thus, the signal in the €CD well is
just the amount by which the Schotiky barrier was dischareed bty photoemission
and by dark-current mechanisms durine the time period between transfer pulses.
Hence, this time 1s the intepration time for infrared detection. The shift
register runs con.inuously during the inteeration time with the first 64 tits
after the transfer pulse ends comprising the video sienal., The only time when
the shift register is not running is durine the transfer pulse., Hence, the
transfer pulse width is the integration time for visihle lient detactior,
Thus, any doubt as to whzther the video sional was caused hv absorntion at the
shift register or absorption at the Schottky barriers could he resolved %wv our
varyine the two inteeration times, one at a time, and observins which a®fected
the signal in question. The video sional correspondine to uniform infrared
1llumination (filtered by t'iz germanium wafer) 1s shown as the second trace in
Fig. 15. The top tra~e is without the illuminat{on. The transfer pilse was
only 1.5 V because the dark current rose quiclkly with Schottkv-harrier vnltare
in this sample. TFor some samples, it was posaihle to set the transfer nulse
as high as 15 V before runnine into excessive dark current. The ability to
use high transfer pulses is desirable since 1t corresvonds tn hieh sienal-
handling capacity, Fieure 16 shows the video sienal for imagine with a narrow
slit and a wide slit in different locations. The signal with the narrow slit
was 2 bits., Making the slit still smaller did not imnrove the resolution
beyond this. The limitation was probably in the focussing as the shift
register had sufficiently good transfer efficiency to deliver a sinele
recogrizable bit, For this chip, a transfer pulse as hiech as 15 V could be
used. The optical system was focussed usirnp the video sienal of a narrow
slit. The slit could then be moved laterally to scan the signal across the
oscilloscope screen, A photograph of the video signals with the narrow slit
in four positions 1s shown in Fig, 17. A solderine iron tin, invisihle to the
human eye, easily saturated the video sional,
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Figure 15. Video signal with uniform infrared illumination; top -
without illumination, bottom - with illumination.

Figure 16. Video signal for infrared imaging with a narrow and
wide slit. The first trace was taken with the slit
smaller than 0.1 mm; the second was taken with the
slit repositioned and set to 1.0 mm




It should be noted chat unlike visible charge-coupled imagers, this 1»
CCD is immune to smear and blooming, Smear occurs when imaping is performed
by the shift register, and an unusually brieht spot creates a sionificant
number of carriers iu a shift reeister well durine the short time hetween two
consecutive clock pulses. Since our chin will not Le allowed to imare at the
shift register, this smear mechanism does not aoply. ™looming occurs when a
bright spot causes a well to become overfilled with minority carriers which
then transfer to adjacent wells. Aeain this is not possible at our shift
register because we do not permit imaeine there. A charee-counled imacer with
separate p-n junction detectors or nhotoeate Adetectors could conceivahlv hloom
but Schottky harriers are majority-carrier devices. ‘lo minoritv carriers are
even generated, so there is no bloomine mechanism.

The detectors in our chips appear to he uniform within about 197 across a
chip. This is a preliminary number aud will be evaluated more carefullv in
future wor.. The open gaps hetween the transfer cate and the phase-one
electrodes may be at least partially resnonsible for the wariations,
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Figure 17. Video signal corresponding to a narrov ] it
in four positions.
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VII. LEAD SULFIDE - SILICON HETEPOJUNCTIONS

Results summarized in the first Technical Revort [1] issued under the
present contract have indicated the potential usefulness of PbS-Si hetero-
junctions as the optical detectors for the IR CCD. The possibility of
obtaining very low dark currents at reverse blases up to at least 10 V at
reduced temperatures was demonstrated. Photovoltaic response was observed at
wavelengths as long as about 3.5 um. In view of the possibilities offered bv
the heterojunction approach to the use of PbS as the photosensitive material
to obtain response at wavelengths beyond the Si threshold, the decision was
made, at the start of the present report period, tu terminate the investi-
gation of PbS photoconductive films, The principal cbjectives during this
report period were: (a) to demonstrate that PbS films on Si could be
delineated by photoresist masking, followed by chemical etching to produce
heterojunction detector elements of the size and density required for the
device, and (b) to determine whether or not the heterojunction properties
important to the operation of the device were degraded by the masking and
etching procedures. It has been demonstreted that the delineation can be
carried out and that the properties of heterojunctions so delineated are
suitable for the device. Some progress has been made, also, in devising heat
treatment procedures that lead to improvement of the photoresponsivity of low
dark-current PbS-Si heterojunctions in the PbS wavelength range (1.2 pm to
3.6 um).

The procedures used for the chemical deposition of polycrystalline PbS
films and for their delineation have been described [1]. 1In order to
determine the resolution capabilities of the masking and etching procedures, a
photoresist pattern having areas of approximately the size and shape required
for the detector elements and also having gaps of several widths, the smallest
being 0.1 mil, between adjacent areas was laid down on a PbS film deposited
over Si. The dimensions of the delineated areas and the widths of the gaps in
the etched film indicate that undercuttine to:the extent of about 0.05 mil
occurs, The edges of the PbS repions are somewhat irrepular because of the
granularity of the polyecrystalline PbS. Some of the 0.l1-mil gaps were bridged
by PbS projections on the order of 0.1 to 0.2 mil wide. There were virtually
no such bridges across gaps having widths of 0.2 mil ¢r morec., A photopraph of
a portion of a delineated PbS film is given as Fie, 18. The dimensions of the
large rectangles are 1.2 mils x 7.5 mils and their separation is 0.5 mil,

The heterojunctions prepared for the investication of dark-current and
photoresponse characteristics consisted either of 80-mil-diameter circles of
PbS on Si or of 80-mil-diameter circles of PbS devosited over S107 film on Si
containing 40-mil-diameter holes in the oxide. In both cases, the PbS circles
were delineated by photoresist masking and etching. Some samples of approxi-
mately the same areas but nc. having been so delineated were prepared for

comparison. In all cases, contact to the PbS was made by Ag paste and a fine
wire.

The earlier work [1l] has indicated that the magnitude of the reverse-bias
dark-current density (CD) of cooled PbS-Si heterojunctions depends strongly
upon the resistivity of the n-type Si used ir preparation of the hetero-
junctions. One sample each on 10 olm:cm and m 0.1 ohm*em <100> Si had been
studied. The former had a CD on the order of 1010 A/em? for bilas in excess
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e Figure 18. Photomicrograph of a portion of a delineated PbS film on Si.

of 10 V. The %atter reached the upper limit of acceptable CD for the device
(3 x 10” 8 Alem ) at 0.3 V,

In order to obtain additional information on the effect of the resis-
tivity of the Si upon the heterojunction propsrties, sample S20" was prepared
on 1 ohmeem n-type Si, The CD's at several gemperatures are given as
functiozs of bias in Fig. 19. At room temperature, the CD {s about 1 to
2 x 10™* A/em2, This is about an order of maenitude larger than for 10 ohmecm
Si, Breakdown is in excess of 20 ¥V, As the sample is cooled, the C» at a
fixed low bias decreases but, at the same time, the increase of CD with bias
at a given temperature becomes more rapid. Consequently, the curve for a
given temperature may cross that for a higher temperature. At 177°K, the €D
reaches 3 x 10-8 A/cm2 at 2.3 V while at 90°K this occurs at 2.0 V. Such bias
values are too small for satisfactory operation of the dewvice.

A set of curves for a recent sample on 10 ohm-cm Si, S21A3c, is given in
Fig, 20 for comparison. These data refer to the sample after it had been
given a low-temperature heat treatment in air (see below). The same trend of
behavior with temperature occurs for this samnle as for S29% but to a very
much lesser extent. Even at 90°K, the ranid rise of CD with bias sets in only
E above 12 V, Below this bias, the Ch's are less than 17710 A/cmZ, €D values
j in the low 1071 A/cm2 region or smaller are difficult to determine arcurately
since external leakage currents may be comparable with the sample currents.

: It would appear that Si having resistivity as low as 1 ohm:cm is not
/ suitable for the device. The range of resistivity between 1 and 10 ohm:cm has
not yet been explored,
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Figure 19. Dependence of dark-current density upon reverse-
bias voltage at several temperatures for PbS-Si
heterojunction $S20D on 1 ohm+cm n-type Si.

To date, 20 heterojunction samples prepared on 10-ohm-cm S1i and
delineated by photoresist masking and etching have been mezasured. All but omne
of these had, either in the "as-nrepared" conditinn or after heat treatment,
small enough CD's (<3 x 1078 A/cm?), when conled, for device use at reverse-
bias voltapes larse enough for satisfactory ooeration., In most cases,
operation at biases at least as great as 10 V would have been possible,

A first estimate of the uniformity of junction dark-current character-
istics of samples subjected simultaneously to the same processine conilitionms
was obtained from a study of three heterojunctions: S21A33, b, and ¢, that
were prepared on a single chip of Si, The reverse-bias currents were measured
with the chip mounted on a dipstick that had sufficient leads to permit
neasurement of the three samples in a single cooldown, The chip was enclosed
in a can that excluded stray radiation. The unver family of curves in Fin, 21
gives the dependence of CD upon bias voltape for the three samples in the
"as-prepared" condition. The neasurements were made at a comparatively hioh

29
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Figure 20. Dependence of dark-current density upon reverse-bias
voltage at several temperatures for heat-treated PbS-
Si heterojunction S21A3c on 10 ohm-cm n-type Si.

temperature so that the currents would be larce enoush (near 10711 a) for
accurate Beasursment. At 10~V reverse bias, the OD's were 2.3, 1.9, and
2,0 x 1077 A/em“ for samples S21A3a, b, and c, resmectively. ‘The aver:c:
deviation from the average value is less than 10%, The spread in CD's .i not
increase significantly at lower temperatures althoush the results are less
precise since the currents were smaller.

A second study of uniformity of dark-current cha-acteristics was made
using sample S23C which consisted of two rows, each containine seven
40-mil-diameter heterojunctions on 100-mil centers. This array was mounted on
a dipstick having sufficient leads for the measurement of 10 diodes; these
were chosen at random from among the 14, At 77°K, the CNP's at 17-V bias of
the ten samples, in the "as-prepared" condition, ranged from a low of

2.3 x 10710 A/em?2 to a high of 6.3 x 10-10 A/cmz. The average value was
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Figure 21. Dependence of dark-current density upon reverse-bias
voltage at 180°K for three PbS-S5i heterojunctions on
10 ohm*cm n-type Si before and after heat treatment.

4.6 x 10-10 A/cm% and the average deviation from the average was
1.1 x 10-10 A/cm’. There seemed to be no correlation between CD and position

L]
.

%
x
of the diode in the array.

Earlier work had shown that a photoconductive PbS film, which had been
delineated by photoresist masking and etching, behaved differently upon heat
treatment from those which had not been in contact with photoresist [1]. This
difference in behavior prompted the investigation of the effects of heat
creatment upon the properties of delineated heteroiunction samples. The set
of samples S21A3a, b, and c, which by now had been transferred to the
demountable dewar, was used. Illeating was in air at teuperatures up to 91°rn
for a total time of 3 hours. The subsequent dark-current measurements were
made with the samples still in the dewar. The dependence of CD upon bias at
180°K is given as the lower family of curvis in Fig. 21. The values of €D at
10-V bias were nov 3.9, 3.5, and 4.4 x 107 A/cm2, The heat treatment has
reduced the average CD at 10 V by a factor of about five, Althoueh the shapes
of the curves have changed somewhat, the average deviation from the average CD
at 10 V is still less than 10% It should be noted that the measurements of
CD for the three samples after heat treatment could not be made in a sinple
cooldown since the dewar is provided with only a single set of leads. After
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completion of the measurements on a given sample, the dewar had to be warmed
and opened; the sample lead had to be shifted, and the dewar had to be
repunped and recooled before measurements on the next sample coul? he mada,
These results, tosather with others, indicate that the hetcrojunction
properties are not extensively altered bv reneated exnosure to the atmosphere
or to vacuum environment. This was not the case with at least some
high-resistivity PbS photoconductive films [1].

A similar heat treatment of another sample, S21A2, raised the voltage at
which the CD became 3 x 10°8 A/em? from 2.6 to 14,5 V when the samnle
temperature was 90°K, Yot all of the samples of the group of 20 have been
heat-treated. The samples S21A3 have, after heat treatment, M's small enouch
for device operation at temperatures as hiech as ahout 220°K.

The type of heat treatment that causes a reduction of the dark currents
in cooled PbS-Si heterojunctions also produces changes in the magnitude of the
photoresponse in the PbS wavelength rance. This effect was first clearly
recognized near the end of the present report period and consequently has not
yet been extensively investigated. It has thus far been observed for two
samples. Some features of the photoresponse behavior of earlier hetero-

junction samples can be accounted for ir terms of heat treatment effects that
were not clearly recognized at the time.

The changes in responsivity resulting from heat treatment will be
summarized for sample S21A3c. Curves 1 and 2 of Wio, 22 pive the ahsolute
photovoltaic responsivity of the sample before treatment at room temnerature
and at “140°X, respectively. Curves 3 and 4 represent the corresnondine
responsivities after the air hake riven durine the dark-current studies
described above, The effect upon the room-temperature respnnsivity is small,
The low-temnerature responsivity, on the other hand, has increased bv an
average factor of about 16 over the PbS waveleneth ranee followine the heat
treatment. The shape of the curves is relatively unchanced excent for a
slight enhancement of the lone wavelensth edpe. The sion of the temperatrce
coefficient of responsivity has reversed. This substantial chanpe in the
low-temperature responsivity must be due to a chanee in the current, of
carriers excited in the Phe, vhich flows toward the junction. “ince it is not
likely that the probability of ontical excitation of carriers has tenn altered

by the heat treatment, the transport nronerties of the layer must have heen
chaneged.

Curve 5 of *ie, 22 pives the responsivity of cooled sample S20A4 which
had been prenared on low-resistivity Si, Tts pea: resnonsivitv i1s a factor of
ten larger than that of $21A3c. Tt had, prior to measurement of {ts
photoresponse, been 2iven a much more severe heat treatment than ©2147c¢c had
received. 1Its response had not been measured nrior to this treatmant, Tt is
not known at present whether its hieher resnonsivity is due to this Aifference
in heat treatment conditions or whether it is a consequence of the difference
In resistivity of the Si, At any rate, this samnle demonstrates that it 1is
possible to ohtain comparable resmonsivities in the Si and in the PbS
wavelength ranges even though the ™hS layer is thin and consequently has
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Figure 22. Photovoltaic absolute spectral responsivity curves of
PbS-Si heterojunction S21A3c at 298°K and at 140°K be-
fore and after heat treatment. A response curve at
140°K for PbS-Si heterojunction S20A6 on “0.1 ohm'cm
n-type 3i after a heal treatment is given for comparison.

relatively low absorption. It may be possible to improve the responsivity, in
the PbS ranpe, of low dark-current s=mples bv suitable modification of the
heat treatment conditions.
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VIII, PLANS FOR THE NLXT PERIND

A new mask set is being desiiied which will permit fabrication of IR
CCD's with both Schottky-barrier detectors and PbS n-Si heterojunction
detectors. It will be a linear array with alumirnum and polysilicon gates to
avoid gaps. This should result in-:inmproved transfer efficiency, better
stahility, and possibly better detection uniformity. Continued work with
chips of the present design will be directed at more accurate measurement of
detector uniformity, and demonstration of the mode of oneration needed for
imaging of low-contrast thermal scenes,
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ABSTRACT OF PAPER PRESENTED AT THE DEVICT RESEARCH
CONFERENCE, JUNE 1974, SANTA BARBARA, CALIP(RNIA

An Infrared Sensitive, Charge-Coupled Imager*

Elliott S. Kohn

RCA Laboratories
Princeton, New Jersev 038540

A charge-coupled imager sensitive to infrared 1licht as far out as 3 um
has been fabricated and operated. It consists of a linear array of 64 Pd p-Si
Schottky-barrier detectors adjacent to a three-ohase charee-c .apled shift
register. We believe this to be the first time Schottky-barrier detectors
have been used with a CCD, The desien has a sinple level of metallization
with gaps. A single transmission gate, when pulsed on, couples each detector
to its associated shift register, thcreby -etting each barrier to a reverse
bias determined by the potential applisd to the transmission gate. Incident
infrared light discharges the individual detectors during the detector
exposure time. The charges transferred into the (CD shift repister the next
time the transmission gate is pulsed are transferred out sequentially by the
charge-coupled shift register to produce the video signal. The output is
obtained from a floating diffusion connected to an on-chip MOSFF'!.

The shift register has transfer losses as low as 5 x 1074 per transfer as
measured with an electrical input. Visible images could be sensed directlv by
illumination of the shift register through the gans as well as through the
unthinned substrate., Infrared images (1.1 um < XA < 3,7 um) were sensed by the
Schottky-barrier detectors illuminated through the (transparent) substrate.
The two imaging modes could be easily distinguished by their spectral
sensitivities as well as by their response to changes in intceration time,
since the integration time for I® detection at the Schottky ba,_ ier and the
integration time for intrinsic silicon ahsorotion at the shift register can be
adjusted independently. All IR measurements were made at liquid-nitrogen
temperature, A scheme for observing low-contrast, thermal scenes without
requiring the charge-coupled shift register to carry the entire background
signs' has been implemented in the design of this chip.

The resulis obtained with this imager and the problems of I®-CCN imagers
will be discussed.

*This work 1s being supported by the Defense Advanced Research Projects
Agency and monitored by Alr Force Cambridge Research Laboratories,
Hanscom AFB, Massachusetts 01730,
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SPLECIAL NOTE ON ENERGY COHSLERVATION

At the RCA David Sarnoff Research Center in Princeton, NJ, an Energy
Conservation Committee has been working on the task of conserving energy since
June 1973. By curtailing air conditioning during the warm season, by reducing
interior lighting levels (more than 900 fluorescent tubes have been removed
from offices and corridors) and eliminating exterior decorative lighting, and
by shutting down nonessential machinery and equipment at night and on weekends,
we have reduced our consumption of electrical energy substantially. In addi-
tion, throughouvt the heating season we achieved significant fuel savings by
reducing interior temperatur:s to 68°F in all areas of the David Sarnoff Re-

search Center during working hours and to 62 to 63°F during nights and weekends.

The payoff of energy conservation efforts at the Center has increased with
each succeeding quarter. Total energy usage - in oil, gas, and electricity -
for the last three months of 1973 was 22% less than for the same period in 1972;
and, for the first quarter of 1974, this total was 27) less than that for the
corresponding period in 1973. During the most recent quarter, combined oil and
gas consumption was down by 28% and electricity by 20%, compared with the first
quarter of 1973. For the heating season of October 1973 through March 1974,
0il and gas savings totaled 49.2 billion BTU or 267 in comparison with usage in
the heating season of a year ago. Data from the National Weather Service sta-
tion at Trenton, NJ, indicates that these two heating seasons were quite compa-

rable in terms of heating degree days, 4034 for 1973-4 and 4165 for 1972-3.

Likewise, our Industrial Relations Department has placed detailed Ceniral

New Jersey maps on strategically located bulletin boards to permit employees to

identify home locations of other employees and to arrange for voluntary mutually
agreeable car-pooling to and from work. Based upon our interpretation of sta-
tistics obtained from these maps, about 60 car-pooling arrangements have been
consummated to date. The effects of this program are evident from the 10 to 15%
reduction in the number of employee cars in our parking lcts; as a result, the

energy savings irn reduced use of gasoline should be sizable.




