
 

 

 
Best Available 

Copy  
for all Pictures 



^T" ■■i^^ 

AD-780   54G 

CHARGE-CO LI FLED   SCANNED   IR   IM   NGING 

SENSORS 

Elliott    3 .    Kohn ,    et   >. 1 

RCA   Labor a tor !•• 

Prep ■ r e «.I    I o r' : 

Air   Forca   Cambridga   Ro aoarch   Laboratorioa 
Advanced    Research    Projects   Ajency 

14   January   19 7 4 

DISTRIBUTEO BY: 

Km® 
National Technical Information Serwe 
U. S. DEPARTMENT  OF COMMERCE 
5285 Port Royal Road, Springfield Va. 22151 

^^k. 





sT 

iSSU l Kl) 
, u i .     . k .■. i      A*    »M o^ TNIS P*CtC' M>i«n DM« f nff«f 

wiiiov useful ^ür thurmaJ imaging.  '«'-'w iilt-as are lucorporatcl Into 
the Jebign so that the CCD doeb not have to haiulle the background sig- 
nal even if frame comparison shouUi be necessaiy.  Test Schottky 
barriers hive hten muJe to permit measurement of sensitivity and dark 
current.  Custom-designed clrcuicrv has been built to provide the 
complex pulse waveforms required for the bb   ■   I .'irav.  The Uskl tor 
this array have been received, and wafer proce;,.; .. .., !-.-. a •chodul« i. 
Chemically dopooitod I'bS and sputtered PbTe are possible detector 
materials ot the photoconductIve type.  I'bS, either as a phOtOCOnductol 
or  as a F^S-Si heterojunction, has been shown tfl cave sufficiently low 
lark current if cooled.  Response extending to 4 um, with peak 
'es-unisivilv near I0fc V/W, lias b«M achieved with high-resUt ivl ty 
photoconductive I'bS.  A method of delineating PbS films to |ivt the 
required element size and density tor the device is boinf i'- I Lopod. 
Sputtered PbT«, although having high photoconductive rtsponsf vi tv, '..is 
not yet been obtained in a lonn   bitrictentIv high resistivity. 
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I.  INTROÜUCTION 

The purpose of this program is  to demonstrate the feasibility of using 

charge-coapled arrays for sensing imag.r in the Infrared. \n  important use 

for such arrays is the observatio-. of scenes by their own thermal radltion. 

Devices which accomplish this are already In existence and. in many cases, 

perform close to their theoretical limits.  These devices (FLIl'l)* use 

linear arrays of cooled IR detectors with mechani .al scanning.  The device 

proposed here is cheaper, smaller, less subject to failure due to WChCAle«! 

difficulties, and. because it has frame storage. It outperforms, in princi- 

ple, all existing devices,  it has the advantage of vidicon-type operation 

while avoiding the problems of insufficient beam current density and 

insufficient target capacitance that nave, up to DM. hampered vidirons for 

thermal imaging.  Furthermore, the potential exists for doing frame sub- 

traction within the charge-coupled regis-.ers, so that the effects of detector 

nonuniformities on the large therval background are eliminated from the sig- 

nal even before it is coupled out cf the wafer.  We have already faDricaf.ed 

and tested charge-coupled visible-image sensors with resolution as high as 

128 « 160.  The pictures are of excellent quality, and the performance data 

indicate that there should be no problem extending this performance to full 

TV resolution.  Such sensors are sensitive to wavelengths as long as 1.1 urn, 

the bandgap of silicon.  For IR detection, another material is required. 

Whereas, in principle, the entire device could be made of a material such 

as InSb, the technological problems involved are enormous at this time. 

Therefore, we have undettaken to make he charge-coupled sensor out of 

silicon using procedures already developed but to keep the photodetectors 

separate from the charg-coupled registers.  An attractive type of photo- 

detector for this application is the Schottky-barrier detector consisting of 

metal electrodes deposited directly on the silicon wafer alon,. each row of 

charge-coupled registers.  Schottky-barrier photodetectors have received 

considerable attention recently with the development of devices having quantum 

efficiencies as high as a few percent.** The selection of the metal and tb. 

*FLIR - Forward Looking Intrared Radar. 
**Private communication by A. Yang. 
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■ llicoa poUrity providM ■ wick- choice of cut-off w.ivt-Length and cooling re- 

qulrMtnt«.    In ord«t for Schottkjr-barrUt dotMton to be compatible with 

CCD's, tin- majority carriers injected over the Schottky barrier must be con- 

verted to minority carriers lor transfer to the charge-coupled registers.  A 

3cheme tor doin^; this was proposef» to RCA by Air Force Cambridge Research Lab- 

oratories.* and involved field-effect transistors fabricated at the same time 

as the charge-coupled registers.  We are fabricating a 64 S 1 linear irray -t 

Schottky-barrier detectors scanned by a charge-coupled register. This is con- 

siderably lirger than the 20 x 1 arrav originally proposed.  The detectors are 

Fd on p-siliron, a type already d-monstrated to be useful in the 1- to 3-.m 

rstiOH. ^uch an array can "see" moderately warm objects by their thermal radia- 

tion and, if desired, can be scanned mechanically in the second direction to da» 

onstrate two-dimensional imaging, though without the advantage of frame storage 

A program to evaluate polycrystalline PbS films as the detectors is also 

under way.  It is well known that the quality if such films is less than those 

of single-cry-tal material.  However, bacauM the final .structure we are pro- 

posing is •. frame storage device, reduction in quaulum efficiency by a factor 

of 100 or so will not drop the performance below that of ^resent-day PL!R*0. 

The use of CCD scanning of are i sensors makes poaalbla the utilization of tech- 

nologies whose performance had previouslv baan considered too poor to be in- 

teresting. 

»Private communication by S. Roosild and F. Shepherd, 
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II.  OPERATION OF CCD WITH SCHOTTKY-BARRIER DETECTORS 

A diaKram of the structure is show!, in FIRS. 1 and 2. These teures rep- 

resent a proprietary improvement by RCA over a Schottky-barrler CCD with NOS 

transfer originally proposed by AFCRL in September 1972. An n diffusion at 

the left of each illuslation is biased to +Vo and is useii Bl ■ charging bus. 

Wiuti the charging gate receives a positive clock pulse, each Schottky barrier 

becomes biased to Vi-  After the charging clock pulse ends, the potential pr< 

file for conduction band electrons is as shown in curve (a).  After exposur. 

to the photon flux for a frame time, the Schottky barrier is discharged to 

curve (b) if only background is present or to (c) if signal is a1so present. 

The application of a positive clock pulse VT to the transfer gate results in 

the barrier under the gate dropping to VI. 

Pd   FILM 

CHARGING GATE 

n     DIFFUSION 

TRANSFER   GATE 

CCD  CHANNEL 

p-WAFER 

Figure 1.  Cross-sectional view of Schottky-barrier detector 
coupled to a CCD channel by means of a transfer gat . 
Below is shown the surface potential as a function of 
position for the three conditions discussed in the t«Xt 

11 
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Top  view ol    i  M hottky-barrler array  coupled  to 
-. CQ cr.     A circuit   is shown  illustrating 

.' 11 ac r ion. 

L'.   trwus now   ii AJ   .   urn ttM  Pd  tiim through the n+ transfer diffusion, 

Chrougfa  the   LaduCftd   d   aiK 1    uiloi   the   t r.n.sfer  gate,   into  the neighboring 

D  registcL-.     IJ.    sttrrant   con   Louea   -uitil  tie Schottky barrier is  charged 

below '.'!.     . iiü,   tin   cbarg«  i^    .   :i        ..  to  the  register  is  the number of 

phot i   ad holea   LSM   au tdjlMtabla  conataMta     If  reasonable uniformity 

i    Le ubtain.'d wit I.   th«  Sclutikv  Lanier detectors,  V'   can be set  to elim- 

inate most  or  the  background charge  from the thermal  scene before  it  reaches 

■  register,   thus   '""proving the  contrast  and substantially reducing  the 

amount  ol   chaise   that   ti.e   CCD  ionisier must  handle.     This  concept  of  operation 

of  CCL) devices has  an  extremely   Important  advantage  In  that   the bulk of  the 

backgr.iund si^uai   is  never  proCMMd  by  the CCD or  in subseque it  cancella- 

tions,  a  feHtire  that  makes   [R-CCD'a more practical  by  reducing  to manipu- 

l.i:..tlf   LeVOll   the   laigt   tigMla  uorir-ally encountered   in  thermal   Infrared 

sensor1-. 

L2 

n    ii >1^ 



V! is chosen so that the Schott^ larrier discharges to a few volts of 

reverse bias after exposure to the scene. The CCD gates must have enough 

caoacitance so that, with the applied voltage, they can store 'he .aarge 

without the surface potential dropping below V*. This condition is easy 

to satisfy if most of the background is blocked as described above. 

If this condition is satisfied, all ot tht photogen^rated charge above 

transfer threshold is coupled to the CCO register. Th.re is no capacitive 

division. The CCD capacitance need not be large compared with any-.ng else 

After the transfer pul.e is over, the charges are rassed along the CCD reg- 

ister, and a video signal with enhanced contrast Lt coupled out. While the 

charges are being transferred out. the transfer gate is clocked off. so 

there is no picture smear. 

13 
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111.     TH8 NEED  FDK  ¥R.\ME SUBTRACTION 

The IKOJ   tor signal   proct-sslng  in I  thertuil  viewing camera arises be- 

cause 01   ihe  large background.     A typiial   retirement  for a  thermal viewer 

is   to be able  to  recognize  an object  at   300. TK  in a unitorm  300oK scene. 

In  this  case,   the  "signal"   is  tie  difference between  the number of  photons 

arriving  1rom the l.otter object  and  the number  arriving  from an equal  solid 

angle ot   the  background,     "-his  signal can  be   less  than  12  of  the background, 

but,   in order   to  see   it,   the   sensor mmt   read   tlu- entire  background.     It   is 

this  requiniHJnt of  handling  the  entire background  that   taxes  ..be  target 

storage and U-am density  capability of  standard  vldlcons and i. k^s the 

solid-state alternative  so attractive.     B .t,   ragardl« M  of   the  capability 

of  the  detector  to handle  the  baekgrotAd without   satur.itlng,   the  presence 

ot   the bacfcgrooad severely  aggravates  the  problem of  detector nonunlfonnltv. 

If  the dete-.tors vary  In sensitivitv  by  Jt»C  a  lev percent,   the nonunlformities 

in  the  picture due  to  the  background would  overwheln: the  signal  which  is   less 

than  IX oi   Che background.     Detector nonuniformitv   is not  a problem for 

visible detectors because  of   the hi^h .ontrast  usually present  in the reflected 

light  from visible scenes,   but   it   is alw.ivs  ■ major  consideration  for thermal 

Images.    This  Is why.   In  FLIR's,   the separate  amplifiers  for  the  100 or more 

detectors   In  the   linear array  must  be   individuallv  trimmed   to  compensate  for 

differencs  in  the detectors.     However,   in our  proposed CCD IR Image sensor. 

It   Is neither   desirable  nor  necessarv  to adjust   the  gains  of   the   individual 

detectors.     If  the detector sensitivities  are  not   sufficiently uniform,   a 

much better method  is available,  n.imely  frame  comparison.     If  the video 

signal  coricapoii^lng to a  scene   is compared with an artificial  unlfcnu scene, 

the effect   >>!   detector no-mniformlty on  the   large  background  can be  subtracted 

out.    The artlilclai uniform scene can be  a shutter or chopper wheel   that 

is  closed on alternate  frames.     A new method  under consideration  involves 

the use of an electrically  switched  liquid-crystal  window  to eliminate 

moving parts entirely.    We.  have  alreadv  developed and demonstrated an  image 

comparison  thermal  viewer  using a silicon storage  tube with a pyroelectri'. 

vldlcon,  clearly displaying  the  benefUs of   image comparison.     The advantage 

of doing this vlth a CCD detector  is  that   the  comparison can be done  in  .ihe 

CCD  register itself so  that  external signal  processing  Is  not  required. 

14 
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It should be remembered that there are Important applications for which 

frame comparison is not required.  High contrast targets such as jet 

plumes can be observed in the 2- to 3-um vange with a detector array of 

„.derate uniformity without frame comparison.  For such a scene, the setting 

gate need not be used.  The transfer gate resets the detector, and the 

charge so transferred is proportional to the photosi^nal. 

15 

• • ^*" ^■■^^^^ttB* 



IV.  FRAME SUBTRACTl-W IN A LINEAR CCD RE(/STtR 

A CCD register can be provided with an input circuit as well as an out- 

put Clrctti-, as illustrated in Fig. 2.  After tne Schottky-barrier detectors 

are set, they are exposed to a aliform shutter tor a f-ant-, time after which 

a charge corresponding to the number of photoelectrons (or holes) at each 

Sarrlei is transferred to the neighboring CCI) gate by action of the UMflf«! 

gate.  This charge is actually proportional to the photosignal minus a 

const .nt dependent on the transfer voltage.  The CCO re-ister is then .locked 

bringing out a signal proportional to each charge.  For frame cotnpariscn, M 

subtract this signal volt ig«' from a k rger constant  oltage and insert I 

charge proportional to t. e difference /oltage back into the   fir-it register. 

After the correct numb»; of clock pulses hw been completed, each CCD 

element will hold a cha-ge equal to g constant minus th» original charx--. 

This was completed in a line retrace time.  The detectors are then exposed 

to the scene for a frame time with ihe shutter open.  The transfer gate is 

again pulsed, transferring this cnarge to the CCD register, after which the 

charge in each register is proportional to a constant plus the number of 

seen« photons m^.us the number of background (shutter) photons.  All that 

remains Is to clock out the difference signal and subtract the constant 

volfiße.  Every other frame can be displayed on a CRT.  An electronic switch, 

clocked in synchronism with the transfer clock and the CCD register clock, 

switches the CCD output between the video output terminal and the voltage 

inverter on alternate frames.  Thus, w'dle the detectors may vary in 

sensitivity by a few percent, the effect ol this variation on the large 

background is completely reeved.  The ability to do this signal process! v, 

within the CCD wafer gives the CCD IR detector a strong advantage over othmt 

IR imaging arrays. 

16 



V.  PHOTOCONiU'CTIVE CCD SCANNED SENSORS 

Another possibilitv for IR image s.nsing involves the use of IR photo- 

conductors such as lead dulflde.  A possible arranged is shown In Flg. J. 

The photoconductor is deposited over an insulator making contact with a 

charging \>m  and i Jit fusion bus.  External contact is made to the charging 

bus. The invidual transfer üffusions are large in area, extending under 

the photoconductor and Insulator so as to have large capacitance. 

5\ 1XX- /x-' X, .■■.■ iP ../..  
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Figure 3.  Top and cross-sectional views of a photoconductor 
arrav coupieJ to a CCÜ register. 
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Tb« dsvle« is operated in a "see-saw" fashion so that a background sig- 

nal charges the ditfusions in one direction during one frame, and then, by 

reversing the bias OB the charging bus, the scene charges the diffusions In 

ttiL- other direction.  In this manner, the background signal is never trans- 

ferred to the CCI) r'-'glster.  Howevtr, it is important that the sensors be 

very unitorm (to about 1%) In order for this procedure to be eff -ctive.  A 

frame-to-frame cancellation using Inverted polarity may always b< used as 

was described for the Schottky-barrler device.  Such a scheme increases the 

tolerable nonuniformitlea somewhat, but at the expense of additional com- 

plMtityt  Tire operation of the "see-saw" photoconductive detector Is described 

below using numbers for clarity. 

The charging bus Is set to +20 V, and the trans'er diffusions ar« left 

at HC V after the last transfer.  The photoconductors are then exposed to 

a uniform shutter for a frame trme, charging the transfer diffusions to 

e.g., 15 V. The charging bus Is then set to a lower potential (V2) such as 

5 V, and tire shutter Is opened.  It the Intensity of the light on a detector 

Is more than from the shutter, it may discharge the transfer diffusion by 

h  V, tor example, to 9 V.  We then set the transfer gate to skim the transfer 

diffusion to 10 V, transferring the excess charge (in this case, 1 V) to 

tte OTD,  The CCD has smaller capacitance, so that the signal voltage will 

be larger there, sav, 10 V. The second voltage, V2, applied to the charging 

bus is selected so that the Initial potential drop across the photoconduci^r 

is the same before each frame; In this example, 10 V.  This is Important 

since the current through a photoconductor depends upon the voltage across 

it as well as on the i llumlmtlon.  For this method to work. It Is necessary 

for tne photoconductor to be linear and symmetrical. 

The see-saw method described above Is just one approach to the 

problem of integrating PbS type infrared photodetectors with CCD's. 

Another approach is to use PbS to make a heterojunctlon with silicon. 

The heterojunctlon can be reverse-biased as In Figs. 1 and 2 with a PbS 

film substituted for the Schottky barrier. Operation proceeds as described 

for the Schottky-carrier device.  The infrared light Is transmitted, as 

before, through the silicon, and Is absorbed in the PbS film where it 

creates minority carriers and discharges the diode.  It Is not yet clear 

which trcheme Is to be preferred for making a photoconductive CCD. 

18 
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VI.  SCHÜ7TKY-BARRIER DETECTORS 

Metal-semiconductor junctions have lo \g been known as infrared 

dciLCtors, bu*: very little use has been made of the effect bo- -iso of the 

low quantum efficiency [1].  However, recent work on pallad1 .m silicUe 

Schottky Carrier detectors has resulted in quuiituin etficiencles greater 

than one percent.*  This is high enough to be interesting in a device 

having frame storage.  One advantage of the Schottky-oarrier detector is 

that the cutoff photon energy is determined by the barrier height rather 

than by the semiconductor bandgap.  Thus, the detector characteristics can 

be ptimized for ■ particular application by the choice of metil even if 

the choice of semiconductor is limited to silicon because of the other devi- 

ccs on the W.IUT.  A MCOOd iilv.in tage i.- the uniformity obtain.ib Ic.    Hoc« 

we are concerned only w<th the response to infrared light of photon energy 

smaller than the bandgap 01 silicon, the detection mechanism Is photo- 

emlsslon of electrons (or holes) i vom  the metal, over the barrier. Into 

the semiconductor.  The minority carrier lifetime (or diffusion length) 

In the silicon has no Influence on the process, eliminating a major source 

of tionunlfonnlty In semiconductor detectors.  The variation In doping has 

little effect lor s'mllar reasons.  The metal thickness does Influence the 

quantum efficiency of the detectors when the metal film Is thin, but when 

It Is thick, and the detector iI lumin.it ion Is through the silicon substrate 

as in our device, even the variations In the metal film thickness become 

unimportant.  Thus, an array of Schottky-barrler detectors fabricated on a 

wafer Is potentially much more uniform In response man »ihsi types of semi- 

conductor detectors and Is probably limited In uniformity only by the 

accuracy of the photolithographic process by which the boundaries of the 

detectors are defined.  There is experimental evidence that this Is so.** 

For the reasons discussed previou-'y, this uniformity Is very Important 

for thermal Images.  The benefit will be lost, however, if the dark current 

Is large and variable among detectors i..- the array.  The dark current of 

an Infrared-sensitive theoretical Schottky-barrler detector Is due almost 

1.  S. Sze, Physics of Semiconductor Devices, (Wlley-Intersclence, 
New York, 1969). 

*  Private communication by A. Yang. 
**  Private conimunlcation by B. Capone. 
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entirely to internal thermionic emission of carriers from the metal over 

the barrier into the semiconductor.  The current Jensity for this process 

is given by (1] 

J « AT2exp- y-~J 

where A is about 1U0 A/cm2CK)2,  \'h  is  the barrier height, q is the 

electronic charge, k is Boltzmann's constant, and T is the temperature. 

With Vb equal to O.S") eV foi a pall..Hum silicide barrier operated at 

77 K, ^,,.o current density is 7.7 x ]u ^ J A/cm". At 300oK it would be 

11.9 A/cm .  This must be compared with the charge storage capability of 

the CCD.  The area of the Schottky barrier in our design is 4,3 mils- 

while the area of the Ci'D gate is 2.5 mils2.  The capacitance of the gate 

oxide is 0.1 pF/mil- » 10~   F/nll2.     Thus, the capacitance of our gate is 
-12 

0."5 il 10   F.  The charge that would cause the surface potential under 

the CCD gate oxide to change by 1 V is 0.25 * 10   F • IV» 3.25 *  10   C. 

If the frame time is 1/30 second, the dark c irrent at the Schottky barrier 

needed to produce this charge is 0.25 « 10~  C/(1/J0) sec = 7.5 N 10~L2  A. 

Thus, the current corresponds to a current density .it tlu- Schottky barrier 

of 7.5 < 10"12 A/4.5 mils2 • 7.5 *  lü"12 A/2.8 ■ IG-5 cm2 = 2.7 < 10"7 A/cm2. 

Since a 1-V swin^ at the CCD interface is about the maximum tolerable 
-7    2 

amount for dark signal, we take 0.3 * 10  A/cm' as the maximum tolerable, 

dark-current density at the Schottky barrier.  Thus, it is clear that our 

device cannot possibly operate at room temperature.  At 770K, the calculated 

dark current is below i\\>   maximum tolerable amount by a factor of more than 

10  .  This would be v.mderful il 'hermionic emission were the onlv source, 

unfortunately, other sources of .lark current exist.  One important source 

Involves field concentration at dM eu^e of the device.  This mecli.nnsn U 

difficult to acccunt for analytically as It probably involves barrier-low., rin^ 

field emission and avalanche multiplication as well as other effects, all oc- 

curring simultaneously in an uncertain geometry.  The result is that the re- 

verse current increases rapidly witf b; ■  it just a few volts of reverse hi.is. 

This Is shown In Fig. 4.  A technique that has been successfully used to elim- 

inate edge leakage in experimental devices Is the Inclusion of a diffused 

guard rlng(2]. 

2.  J. M. Andrews and M. F. Lepselter, Solid-State Klectron. U, 1011 (197)). 
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Figure 3.  Schottky-barrier detectors:  (a) without 
guard rings and (b) with guard rings. 

the Schottky barrier can include the dark current of the p-n junction associated 

with the inversion layer.  The junction can cover a much larger area than the 

Schottky barrier itself.  This type of leakage can be pinched off with a chan- 

nel stop diffusion or with a field plate biased to bring the surface beneath 

it into accumulati)n.  In our IR-CCD, the Schottky barriers are surrounded on 

two sides by channel stop diffusion and on the other two sides by field plates, 

effectively eliminating this mechanism of dark current. 

The starting mate"ial for our Schottky-barrier detectors was (lOO)-oriented 
15   3 

p-type silicon doped to 10  /cm .  A thermal oxide was grown, and holes were 

opened in the oxide ranging in diameter from 2 mils to 10 mils.  Pilladium was 

evaporated in a sodium-free vacuum system while the silicon wafer w.i.s heated 

to permit the reaction forming palladium silicide.  The unreacted palladium 
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was removed with an etch, and gold was evaporated and defined to form contacts 

to the siliclde. The chips were moulted v/ith epoxy in IC flatpa ' ", eacl over 

a hole to permit rear illumination.  Several diode contacts were bonded In each 

flatpack.  The devices were tested for spectral sensitivity and dark current 

it 778K.  A typical relative spectral response curve is shown in Fig. 6.  The 

peak at Ü.9 um is caused by absorption of light in the silicon substrate and 

collection of the minority ctrrler photoelectrcns by the barrier.  The peak 

response Is estimated at a ftv percent quantum efficiency.  The response be- 

yond 1.1 um  Is clearly due to absorption in the metal film and photoemisüion 

of holes from the metal to the silicon.  Its quantum efficiency is dewa from 

that of the peak silicon by a factor of 2 near the silicon band edge to IC at 

2.8 ym.  Thus, the best quantum efficiency seen here for the barrier in the IR 

mode is about 1%.  The reverse current typical of or best Schottky barriers 
2 

so far is about 30 mA/cm , four orders of magnitude too Mgh, at 5 V.  This is 

seen in Fig. 4.  Thus, unless a substantial improvement can be obtained, the 

dynamic range of our device will be only a few volts.  It is not clear whether 

this is sufficient for device operation. 
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VII.  DESIGN OF THE INFRARED CCD 

Charge-coupleJ semiconductor devices [M consist of closely spaced 

MOS capacitors pu] ..ed into deep depletion by the clock phao^ voltages. 

For times much shorter than that required to form an inversion layer of 

minority carriers by thermal generation, potential wells wl1.l be formed 

at the silicon surface.  The minority-carrier charge represer'.ing the 

information will bo stored or conflned in these potential veils.  The 

propagation of the information is accomplished by clock pulses applied to 

the electrodes of the successive MOS capacitors (i.e., ch irge-v:oupled 

elements) whicn results in a motion, or spilling, of charyes from the 

potential wells that are becoming shallower to the potential wells that 

are becoming deeper.  Such propagation of signal into the successive 

minima of the surface potential producej a shift-register for a.aalog 

signals having s'jnal transfer efficiency approaching unity.  The simplest 

structure that accomplishes this is shown in Fig. 7(a). 

If the charge—coupled structures» are termed with symmetrical potential 

wells, at least three clock phases are required to determine the direction- 

ality of the signal flow.  One Interesting feature of the three-phase 

system ic  that It may be used for a bidirectional oliarge-coupled channel 

in which the flow of information may be reversed by reversing the timing 

of the two phase clocks. 

Two-phase operation is also possible but it requires the charge- 

coupled structures to be formed so that the potential wells induced by 

the phase voltage pulses are deeper in the direction of the signal flow. 

In this case, as one phase voltage is lowered, the resulting potential 

barriers force a unidirectional signal flow.  This can be accomplished 

with the structure in Fig. 7(b) if adjacent pairs of aluminum and poly- 

silicon electrodes are connected together and alternate pairs are 

connected to the two clock phases.  The signal charges reside under the 

polysillcon gates where the oxide Is thinner and the potential well deeper, 

and transfer upon clocking to the adjacent pair.  It is possible to 

operate this device with a single clock phase if a proper dc voltage Is 

applied to one of the phases. 

4. W. S, Boyle and G. E. Smith, Bell Syst. Tech. J. 49, 587 (1970) 
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Figure 7.  Thrae types of charge-coupled structures:  (a) 
single-metal CCD's, (o) sealed-cbannel GCD's in 
the form of polyslllcon gates overlapped by aluminum 
gates, and (c) bur led-channel CCD's. 
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In CCD operation the signal charge must be confined to a narrow 

potential well called the channel.  This channel should provide a deep, 

abrupt potential well that changes surface potential In responr.e to the 

clock pulse voltages. The region outside the channel should be insensi- 

tive to clock voltage changes and should be in acciramLu Ion. 

There are three general methods for channel confinement presently 

being investigated at RCA Laboratories:  (1)  two thicknesses of oxide or 

thick field oxide, (2)  guard ring diffusion or "channel stops," and 

(3)  electrostatic guard rings in the form of polysllicon layers. 

The two-oxide method operates by creating a deeper potential well 

under the thin oxide than under the thick oxide.  It works best on low- 

resistivity substrates.  A problem that sometime occurs, however. Involves 

metal continuity over the oxide step. 

Our present choice of channel confinement for area CCD'-! is to use 

diffused guard rings as channel stops.  This approach is applicable to 

high-resistivity substrates and also prcvides for the simplest processing 

for large-area Cell's.  Ideally, the diffusion channel stops should be very 

abrupt and relatively low doped (10  to 10  /cm ). 

The Important difference between the first two methods of channel 

confinement and the polysilicon electrostatic guard rings, also referred 

to as polysilicon field shield, is that in the latter case the surface 

potential it the channel stop can be determined by an externally controlled 

potential.  Thus, the regions between the CCD channels can be accumulated 

or held at any other surface potential.  This capability may be useful In 

the operation of th^ XD but at the cost of greater fabrication complexity. 

The following three charge-coupled structures are available for the 

construction of CCD arrays:  (1)  single metal CCD's, (2)  sealed-channel 

two-phase or multi-phase CCD's, and (3)  buried-channel CCD's.  The 

cross-sectional views for these three charge-coupled structures are 

illustrated in Fig. 7.  The comparative merits and trade-offs of the 

three above-mentioned charge-coupled structures are discussed below. 

Slngle-metal-layer three-phase charge-coupled devices made in a 

p-MOS or a n-MOS process require the minimum number of processing steps. 

The most conventional process and the one used to make the first charge-coupled 

circuits at RCA is the thick-oxide p-MOS process.  The major limitation 
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of this process is the etching of the separation between the gates; it 

should be no larger than about 2.0 \m  to control the surface potential 

in the resuUlag gap in the channel oxide.  The operation of n-MOS CCD's, 

on ehe other hand, can be less sensitive to the interelectrocie spacings 

because of the presence of positive charge in the channel oxlle.  CCU's 

in the form of n-channel structures using single m, tallization, diffusion 

guard rings for the channel confinement, and only a single thickness of 

oxide are the simplest to fabricate.  We therefore adopted this approach. 

The sealed-channel polysilicon-aluminum structures developed at RCA 

Laboratories [S] and shown in Fig. 7(b) are the most compact structures 

that  can be fabricated with more or le-^s conventional layout rules.  The 

self-aligning-gite construction of these devices allows fabrication of 

charge-coupled structures with gate separation comparable to rhe thickness 

of the channel oxides ao well as having the channel oxide always covered by 

one of the metallizations. Another Important advantage of the silicon-gate 

process is that it provides a very simple method for the construction of 

two-phase CCD's.  Charge transfer efficiencies of 99.99^ per stage have 

been obtained in the operation of such p-channel two-phase CCD's operating at 

clock rates up to 2 MHz. This we believe is the highest charge transfer 

efficiency reported thus far In the operation of conventional CCD structures. 

We chose not to use this nethod at this time because our 64 " 1 array 

does not need the extra bic of transfer efficiency to warrant the additional 

complexity of fabrication. 

The buried-channel CCD [h]  represents a charge-coup led structure In 

which the potential minimum for the charge signal is located Inside the 

silicon substrate about 0.5 to 1.0 um below the Si02-Sl interface.  The 

buried channel structure is illustrated in Fig. 7(c).  The completely 

depleted n-type l«yer forms a parabolic potential variation which, for a 

wide range of gate voltages, results in a potential minimum for electrons 

near the- center of the buried-channel layer.  This layer can be initially 

depleted and maintained in depletion by charge transfer action.  Since the 

5. W. F. Kosonocky and J. E. Cames, "Two-Phase Charge-Coupled Device," 
Final Report, Contract No. NAS1-10983, February 1972, 

6.  R. H. Waiden et al., Bell Syst. T-ch. .1. 51, 1635 (1972). 
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carriers are a distance from the surface, they avoid surface state 

trapping, and thus the bias charge (or fat zero) required for efficient 

surface channel operation is not required here.  However, this is not an 

advantage for thermal imaging where a large background is present anyway. 

Again, the advantage for us, if any, does not warrant the complexity. 

With the choice of a single-level raetallizaMon type structure and 

diffused channel confinement, the fabrication procedure is as follows. 

A 1015/cm3 doped (100) silicon wafer is subjected to a p-typc diffusion 

and an n-type ditfusion, each defined by a thermal oxide left after a 

photolithographic step.  The gate oxide is grown, and contact holes are 

opened.  Palladium Is then evaporated onto the wafer in a vacuum system 

that received special care to avoid sodium contamination.  Any sodium 

would get Into the oxide in Ionic form and cause the device characteristics 

to drift. While the palladium i.« being evaporated, the wafer ü tuated, 

causing palladium siliclde to be foriatnl in a chemical reaction.  The wafer 

is then removed from the evaporator, and the remaining metallic palladium. 

Is etched off.  It is returned to the vacuum system, where it receives a 

thin evaporated film of titanium tollowed by a film of aluminum.  The 

titanium layer is required because aluminum reacts with palladium siliclde. 

The aluminum Is defined photollthographically with an etch that stops at 

the titanium.  The titanium is then etched down to the gate oxide with an 

etch that does not attack aluminum.  A protective SIO2 layer is next 

deposited over everything, and holes are opened for the bonding connections. 

The wafers are scribed and diced, and the chips are mounted with epoxy in 

integrated-circuit holders with holes cut to permit rear illumination. 

The final step is to bond leads from the bonding pads on the chips to 

the holders.  A summary of the fabrication procedure and mask levels is 

shown in Fig. 8.  I. this were a visible-sensing CCD, It would be necessary 

to thin the chips to permit rear Illumination.  Fortunately, this step is 

not necessary for us since silicon is transparent to infrared light beyond 

1.1 um. 

Our design Is a 64 ^ ] linear CCD with gates 0.52 mil long in the 

direction of charge transfer and 0.08-mil gaps. The repetition length is 

thus 1.8 mils per bit, and the channel Is 5.0 mils wide.  The Schottky- 

barrier contact holes are rectangles 5.0 mils by 0.9 mil and are spaced on 
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Operation Performed by Fabrication Steps 

INTEGRATED-CIRCUIT TECHNOLOGY    I. Diffuse channel stop (Mask 1) 
CENTER, David Sarnoff        2. Diftuse source and drain (Mask 2) 
Research Center, Princeton, NJ 3. Etch contact holes (Mask 3) 

METALLIZATION LABORATORY, 
Solid-State Technology 
Center, Somerville, NJ 

4. Cleaa wafer 
5. Evaporate and drive In palladium 
6. Remove excess palladium 
7. Evaporate titanium and aluminum 

INTEGRATED-CIRCUIT TECHNOLOGY    8. Etch pattern in aluminum (Mask 4) 
CENTER, David Sarnoff 9. Etch titanium using aluminum as mask 
Research Center, Princeton, NJ 10. Deposit siOo overcoat 

11. Etch bonding holes and scribe lines 
in SIO2 (Musk 5) 

12. Scribe and cleive wafer 
13. Mount chip in package and bond leads 

Figure 8.  Procedural steps In fabrioat lor. of 
Schottky-barrler infrared CCD's. 

1.8-mll centers along the CCD register so that eacli dettctor can load into 

a phase-one CCD gate when the transfer gate is clocked.  There is a 

source diffusion with loading gates at one end of the shift register 

and a resettable floating diffusion connected to an on-chip MOS transistor 

at the other end.  Numerous other devices are on the chip, including 

alignment marks, photolab marks, level numbers, devices for measuring 

metal resistivity, diffusion resistivity, dlftuslon lateral spread, 

channel stop threshold, MOSFET characteristics, etc. 

The masks were drawn, programmet' and punched on computer cards, and 

examined on a computer-generated CRT display.  There, dimensions could be 

checked, and programming errors could be easily spotted.  Photographs of 

the CRT display are shown in Fig. 9.  Several mask levels are shown 

superimposed with different kinds of lines to -jpresent the different mask. 

levels,  it was possible to zoom in to measure coord Ina'OK, and to change 

the sections and levels displayed very quickly. Wi-.en we were satisfied 

that no errors remained, the punched-card program was converted to a tape, 

and a large flat-bed ink-plot was generated from the  tape with a different 

co1   - for each mask level. We scrutinized this plot for errors, and 
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VIII.  CIRCUITRY FOR THE INFRARKD CCD 

A three-phase charge-coupled line array without separate detectors 

requires three voltage wavetonns consisting of overlapping pulses. Our 

CCD with separate detectors Y .s additional requirements.  Once in each 

frame time a pulse must be applied to the setting gate.  A preset time 

after this pulse ends, a different pulse must be applied to the transfer 

gate.  While the transfer pulse is on, the CCD pulse trains must stop with 

phase 1 high and phases 2 and 3 low M that the accumulated electrons can 

be transferred into the p^ential wells under the phase gates without 

smearing.  After the transfer pulse ends, the CCD pulse train must begin 

again and must run long enough to drive the electrons from the first gate 

to the detector at the other end of tht line.  The next setting pulse must 

be applied a suitable time later to achieve the desired frame rate. 

It is possible to generate the five waveforms described above using a 

series of one-shot flip-flops triggering each other in a suitable way, but 

a change as simple as vaiying the bit rate would rtquire careful resetting 

of many adjustments.  A better way is to generate the three-phase CCD 

waveforms using logic circuitry.  A pair of cascaded flip-flops driven by 

a clock and wired to operate as a divlde-by-three circuit has two of the 

three required waveformj appearing at its output terminals.  The third is 

easily generated fron these two using logic.  Changing the clock rate 

controls the bit rate without affecting the timing relationship between the 

three waveforms.  Thus, a design was completed in which the three-phase 

pulse trains are generated logically from a clock while the auxiliary pulses 

and time delays are generated by monostable multivibrators.  The two 

systems are interconnected with logic to hold up the clock with phase 1 on 

while the transfer pulse is applied and to restart the clock after the 

transfer pulse ends.  This design has been constructed using 12 TTL DIP 

packages.  Five gate-driving amplifiers with variable pulse height are 

needed, and these have been built with complementary-symmetry bipolar 

transistor circuitry.  A detailed discussion is presented in Appendix A. 
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IX.  LKAD SULFIDE 

A.  INTRODUCTION 

Photoconductors have long been used as detectors of Infrarod relation. 

As such, they are possible sensor materials for the CCD imaging device.  The 

two modes of operation of a CCD employing photoconductlve sensors have been 

outlined in Section V.  The photoconductor will be used as a layer on the ord« 

of 1 um thick.  This must have sufficiently large optical abscrot-on M that 

the incident radiation is efficiently utilized. 

The sense material for the CCD must satisfy certain conditions that are 

not important tor a conventional detector.  If the material is used as a photO- 

conductcr, the dark resistance of the sensor element must be sufficient v 

large so that the element is not completely discharged bv dark current within 

a frame time.  This condition sets a lower limit to the resistivity of the ma- 

terial of about 2 x 10^ ohm-cm If the sensitive element is 1 m  ^hick and has 

a length-to-width ratio of five.  A target value, then, would be on the order 

of 107 ohm-cm.  If the material is used as a heterojunction with Si. the 

reverse-bias leakage current must be low just as for the case of ve  Schottky- 

barrier sensor discussed earlier.  In addition, the sensor material must be 

compatible with the S! processing technology required for fabrication of the 

CCD and it must be capable of being delineated, by photolithographic and etch- 

ing procedures, to produce sensor elements of the required size and packing 

density without intolerable degradation of properties. 

The CCD requirements of high resistivity for photoconductors or low 

reverse-bias leakage for heterojunctions are most likely to be met by polycrys- 

talllne films of the leud chalcogenides PbS. PbSe. and PbTe.  These materials 

have long been employed as sensitive Infrared detectors.  Review articles de- 

scribing their properties and performance are avallablel7-9].  Lead sulfide 

has been chosen for most Intensive investigation in the present program since 

It is the lead chalcogenlde most likely to be obtainable in a high-resistivity 

form.  Its energy gap is 0.31 eV at Jlt{l]  and it should, therefore, exhibit 

response to wavelengths as long as 4 um. 

7  T^Ilven, Infrared Phys. 9, 141 (1969). 

8. D. E. Bode. &**  of Thin Films. Eds  G. Hass and R. I. Thun. Vol. 3. 

(Academic Press. New York. 1966). pp. 275-301. 

9. T. S. Moss. HamM  ^ Soectroscopy. Ed. HW Thompson. Vol. 1. 
(Wiley-Interscience. New York. 1959). pp. 175-213. 
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.' Bulfld« films can be prepared by evaporation, by sputtering, and by 

cbMical d«pO«ition. Thd  latter method is favored for production of PbS dc- 

tccton and is the ore chosen for the present work.  Films as prepared usually 

have low resistivities.  Post-deposition heat treatment often leads to spec- 

tacular Increases of resistivity.  MahlmanllO] has shown that resistivities ol 
Q 

ClMBlcally deposited PbS films can be as high as 10 ohm-cm at 10Ü<,K.  His 

films were prepared by Incorporating an txidizing agent (Identity not speci- 

fied) in the deposition solution.  After deposition, his films were vacuum 

,1 at an unspecified temperature.  The resistivities of the films at 1008K 

v.irii-d between ICT and 109 ohm«cm, depending upon the amount of oxldant used. 

Ilu major portion of the photoconductor work to datie under this program 

,, ,  bMO devoted to the development of a procedure for the preparation of 

hlgh-reslstiv/ity PbS photoconductor films compatible with CCD device processing. 

The Investigation of the problem of the delineation of PbS films without de- 

gradation of their properties to provide the element size and density required 

fur the device Is under way.  Some results on the properties of PbS-Si hetero- 

Jupctions have been obtained.  Leakage currents sufficiently small for CCD 

sensor use have been observed. The heterojunction mode of operation Is attrac- 

tive since It Is basically the same as that employing the Schottky-barrler 

sensor. 

B.  PREPARATION OF PbS FILMS 

There Is a voluminous literature on the preparation of photoconductive 

PbS films b> chemical deposition. No attempt will be made to review this 

literature at the present time.  The review articles [7-9] quoted above 

include discussions of chemically deposited PbS and give references to 

some of the original literature. 

The recipes given include, as coranon constituents all in an aqueous 

solution, a lead salt, PbCNOjh or Pb^^^; an alkali, usually NaOH 

or KOH; and thiou'ea, CS(NH2)2- The formation of polycrystalllne, mirror 

films of PbS occurs over wide ranges of concentration of these constituents 

in addition, many recipes sometimes include small concentrations of one or 

more additives:  oxidizing agents, metal salts, organic bases, or other 

organic rompounds. Occasionally, the use of an additive is mentioned 

without its identity being specifled (10,11]. 

10. Q. W. Mahlman, Phys. Rev. 103, 1619 (1956). 
11. S. Espevik, C. Wu and R. H. Bube, J. Appl. Phys. 42, 3513 (1971). 
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No systematic study of the effects of variations of the composition 

of the deposition mixture upon PbS film properties has been made during 

•his investigation.  A judicious "averaging" of the recipes given in the 

literature was made to provide a trial recipe. When this was found lo 

yield reasonably sensitive photoconductive films, the recipe was used 

throughout the present work except in the attempts to use Al electrodes 

with PbS. 

The films were deposited from solutions in which the constituents 

and their concentrations (after mixing and disregarding the reactions 

which occur) were 

NaOH 0.4 M 

Pb(NUi)2 0.033 M 

Thiourea 0.15 M 

H2O2 M).01 M 

Kunze et al. (12) have reported that the addition of small concentrations of 

1-J2 to the deposition solution Increased the responslvity of the films. 

The solution was prepared by the addition of measured volumes of reagent 

solutions of known concentrations to a beaker containing the substrates, 

face down, in a measured volume of water.  Additions were made as the 

solution was being gently stirred by a magnetic stirrer.  Deposition, at 

room temperature, was usually allowed to proceed for 30 minutes.  After 

deposition, the films were rinsed in distilled H20, gently swabbed with 

cotton, and then allowed to air dry. 

Substrates were made of 1-ln. < 3/8-ln. polished vitreous silica 

plates cleaned in chromic acid or of silicon, bare for heterojunctlon 

samples or coated with SIO2 for photoconductor samples.  When It was 

deslred'to limit the area of deposition, masking was done with a palnted-on 

solution of Aplezon Hard Wax W* In trlchlorethylene (TCE).  After deposition, 

the mask was removed from the rinsed, dried film with several rinses of 

warm TCE. 

J2. n. A. Kunze, 0. G. Malan, P. A. Buger, and W, Fink, Z. Naturforsch. 26B, 

8 (19/1). 

♦Manufactured by Associated Electrical Industries, Ltd., England. 
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Film thicknesses were calculated from the weight of a film of known 

area and the bulk density of PbS.  The Tilm thicknesses ranged from 0.3 

to Ü.6 um for different depositions.  In a given deposition, the thickness 

of a film deposited on a substrate on the stirring axis differed from one 

deposited near the container wall by not more than about 0.02 „m.  Uhen 

films thicker than about 0.5 um are desired, multiple depositions must bo 

carried out.  All of the films studied thus far have beer single layer 

films. 

C.  MEASURKMENT OF FILM PROPERTIES 

Electrodes used for measurement of resistance and photoresponse of 

the films Included Ag paint applied after film deposition and evaporated 

An or evaporated Ti applied to the substrate before film deposition. 

Several attempts to use evaporated Al electrodes were made since this 

metallization is commonly used in Si device techiology.  These were 

unsuccessful because (a) Al reacts with alkaline solutions and (b) Al 

reacts with PbS deposited over it.  Electrode spacing for photoconductor 

samples was usually about C.5 to 1.0 ran and the electrode width, a few 

millimeters.  Resistivities v«re calculated from measured resistance 

values find the sample dimensions. 

All electrical measurements were made with the s^ples mounted in 

the vacuum space of a small, demountable glass dewar which had a vitreous 

silica outer wall.  The substrate was pressed, by spring clips, against a 

fiat ground on the inner member of the dewar.  Electrical connection to the 

film electrodes was made with 5-mil Pt wire and Ag paint.  Sample temperature 

during cooling or during heat treatment was measured by means of a Cu- 

Constantan thermocouple junction soldered to a small Cu tab th{»t was pressed 

against the substrate by one of the spring clips.  Thermocouple and sainpl»! 

leads were brought out at the top of the dewar.  Heat treatment of the 

films In vacuum (p  10~  torr) or In room air was done by surrounding the 

lower part of the dewar with a small furnace. 

Measurements of the temperature dependence of resistance below room 

temperature were made as the samples were cooled slowly by the Intermittent 

addition of small amounts of liquid nitrogen to the dewar.  The temperature 
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drift could be made slow enough to obtain a reasonable approximation to 

thernai equilibrium.  When the samples had cooled, great care was exercised 

to shield them from stray radiation in order to obtain reliable dark 

resistance values. 

Photoresponse was measured in the conventional manner using chopped 

radiation, usually at 90 Ho, from a Leiss double NaCl prism monochromator 

or from a 500oK blackbody source. The relative flux in the monochromator 

beam was determined with a radiation thermocou^'•:. The ac signal voltage 

developed across a load resistor in series with the sample and a bias 

voltage supply was measured with a Princeton Applied Research HR8 lock-in 

amplifier. 

Photoconductive responsivity is usually expressed in volts per 

watt.  The value so quoted is a function of load matching conditions and 

of bias voltage.  The responsivity can be expressed in a form that is 

independent of these quantities and of the sample geometry by 

fer "■-Jski^y 
Ao is the change in conductivity per watt of incident radiarion, Vs is the 

responsivity in volts per watt for the conditions of the measurement; VB 

is the bias voltage; Rc is the sample resistance; Rj. is the load resistance; 

and «., w, and t are the sample length, width, and thickness, respectively. 

This method of expressing the responsivitr is meaningful as long as Vs 

is proportional to VB and Rc is indepem  c of VB or if RC'^L-  Value8 

of Aa which have been observed for the films studied in this work give, 

for matched load conditions and reasonable values of VB, monochromatic 

peak responsivities of about 106 volts per watt.  This is on ..he order of 

typical responsivities reported for PbS detectors.  The responsivity of the PbS-Si 

heterojunction discussed in Section IX-F has been expressed as the short-circuit 

current in A/W. For purposes of comparison, responsivities for the photocon- 

ductor samples may be converted to these units by employing the expression 

(XSWo. For a photoconductive sensor element having a length-to-width ratio 

of five and a thickness of l um, the responsivity in A/W is 2 x 10  VAJ. 
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raking as typical values, V = 10 volts and La  ■ 10 (ohm«cm«watt)  , the re- 

sponsivity would be 2 x 10  A/W.  However, insufficient data are as yet avail- 

able to determine the limits of heterojunction sensitivity in the PbS detection 

range.  The spectral response curves given in this report have been corrected 

for a small absorption in the SiO window at wavelengths beyond 2.5 um. 

I).  BEHAVIOR OF PbS PH0T0C0NDUCTIVF FILMS 

The chemically deposited PbS films, prior to any heat treatment, 

usually have room-temperature resist Ivies In the 1 to 10 ohm*cm range. 

These films exhibit only small increases in resistivity, to values usually 

in the 10 to 100 ohm-cm range, when cooled to liquid-nitrogen temperatures. 

Heat treatment of the films for several hours in vacuum at temperatures 

near 100oC produced, with one exception that will be discussed later, 

substantial increases in resistivity.  The room-temperature values increased 

by factors of 10 to 100 while the low-temperature values increased by up 

to about seven orders of magnitude.  The results of Hall effect measure- 

ments by Espevik et al. (11) on presumably similar films indicate that 

this increase of resistivity Is due primarily to a decrease in hole con- 

centration and an increase in the activation energy for thermal excitation 

of holes.  Much less important is a small decrease in mobility.  The con- 

ductivity activation energy observed for our vacuum-annealed films is usually 

about 0.35 eV over the range from room temperature to about 200oK.  Below this 

range, the activation energy decreases until near 100oK it is about 0.03 to 

0.04 eV.  If a vacuum annealed film is exposed to air, its resistivity decreases 

by large factors, especially for low temperatures.  The liigh resistivity state 

can be restored by a subsequent vacuum bake.  These changes are believed to 

be due to sorption and desorption of oxygen. 

The behavior of a particular film, S7B, which illustrates these 

features, is summarized in Table 1 and in Fig. 10.  Each curve gives the 

temperature dependence of resistivity measured after the treatment indicated 

in Table 1.  The behavior of this sample demonstrates that it is possible to 

reach dark resistivities of 10 ohm«cm at temperatures well above 100oK with 

chemically deposited PbS films. 

)8 
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Figure 10.  Temperature dependence of dark resistivity of 
PbS film S7B for several conditions of heat 
treatment. 

Not all samples have shown so dramatic an increase of resistivity upon 

vacuum annoalinn as did PbS film S7B.  For example, film S5B had a low-temperature 

resistivity of 2.4 *  10^ ohm-cm after vacuum annealing for a total time of 

5.5 hours at temperatures up to 130oC.  Film S15C, after 3 hours at 960C, had 

a low-temperature resistivity of 1.2 * 10b ohm-cm.  Evidently, the v;c^um 

annealing behavior of different films prepared in nominally the same manner can 

differ substantially.  it is important to note, for future reference, that ^11 

did show a large increase in low-temperature resistivity upon vacuum annexing. 
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lab It- 1 - Behavior of PbS Film S7B 

Curve No. 

(Fig. 10) 

Treatment p at 
100oK(ohm.cm) 

p at 
100°K(ohm-cm) 

Film as deposited 

Vacuum anneal 
2 hr at 920C 

Vacuum anneal 
3 hr additional 
at 920C 

Exposed to room 
air for 25 hr 

Vacuum anneal 
3 hr at 100"": 

H 

61 

L9 

1.1x10' 

28 

8x10' 

>108 

3.2xl03 

•108 

After film S5B had reached the state indicated above, it was subjected to 

bakes in air.  After a total boating time of 4 hours at temperatures up to 100oC, 

the low-temperature resistivity was 1.0 * 10^ ohm-cm.  It would appear tint two 

types of change can occur upon heating, depending upon the ambient, and that 

both can lead to an increase of resistivity. 

The dependence of dark current upon electric field for film S7B in 

its high-resistivity condition is shown in Fig. 11 for fields up to about 
•i 

10 V/cm. The data points for both polarities of applied voltage 

demonstrate that there is no significant asymmetry with direction of 

current flow. The sample is ohmic for fields up to about 350 V/cn. 

At higher fields there is a small negative deviation from linearity. 

Some films have shown positive deviations at high fields. 

The photoconductive response, as a function of bias voltage, ot 

film S7B to 50üoK blackbody radiation is given in Fig. 12.  The conditions 

of measurement were 

Sample temperature 

Sample resistance 

Load resistance J ohms 

Radiation flux on sample  2.9 >: 10"' U 

Chopping frequency        90 Hz 

1290K 

'vlQ8 ohms 

.6 

.-7 

U0 

^± 
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Figure  11.     Dependence ot  dark current  upon electric 
field  for PbS   film S7B. 
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BIAS - VOLTS 
Figure   12.     Photoconductive   response of  PbS   film S7B 

to  500oK blackbody  radiation as  a  function 
of  bias  voltage. 
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The signal voltage is proportional to bias voltage.  It should be noted 

that the sample resistance is lower than would correspond to dark resistivity 

values given earlier. This difference is due to insuffielen: shielding 

of the sample from stray dc radiation in the photoconductivity measurements. 

The absolute spectral responsivity, computed from the blackbody 

responsivity and the relative spectral response and expressed as \0  per 

watt of incident radiation, for each of the three samples discussed in 

this section, is given in Fig. 13. The curves seem to be made up of several 

incompletely resolved peaks which appear with different prominence for 

different samples. The curves do not resemble that to be expected for a 

simple, constant quantum efficiency photoconductor.  For the three curves, 

the spread in absolute responsivity over most of the wavelength range is 

less than a factor of about five. The wavelength range of useful response 

extends to slightly beyond 3 um. 

I 2 3 
WAVELENGTH-Mm 

Figure 13.  Photoconductive absolute spectral responsivity 
curves for PbS films S5B, S7B, and S15C. 
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E.  DELINEATION OF PbS PHOTÜCONDUCTIVE FILMS 

The results summarized in tht  preceding section demonstrate that 

although there are a number of unanswered questions concerning the behavior 

of high-resistivity PbS, this material has properties which make it potentially 

useful as the radinMon-sensltive material for the charge-coupled scanned IR 

imaging sensor.  In order to fabricate this device it is necessary to be able 

to delineate, by photoresist masking and etching techniques, PbS elements 

of appropriate size and density.  Once such a delineation process has been 

devised. It is necessary to show that the electrical properties of the PbS 

so delineated still satisfy the device requirements.  The investigation of 

this group of problems has been commenced. 

In tlu' first attempts to delineate I PbS film, a Shipley photoresist 

pattern was oppliod to the ■urfac« of an SiO. layer on Si.  A PbS film 

was then deposited over the pattern.  Attempts to remove the overlying 

PbS selectively by dissolving the underlying photoresist were unsuccessful. 

Evidently, the PbS film protected the photoresist from attack by the 

solvent. 

The order  of   the  applicitlon  of   the photoresist   and   the  PbS was 

reversed   in  the  next  attempts.     PbS was  deposited  everywhere  over  the 

Si02  and  then  a Shipley  photoresist   pattern was  applied over   the  PbS 

film.     An etch  consisting of   dilute  HCl-NH^Cl   solution   removed   the  PbS 

not   protected  by  photoresist without  attack of  the protected  PbS.     Finally, 

the  photoresist was   removed with  solvent. 

Properties of   the  first   sample  prepared  in  this manner,   S18A2,  are 

beine   '  termined.     The  sample   initially had  a  resistivity  of   16 ohm-cm 

at   ro    . temperature  and   3.3   «   102  ohm-cm at   100oK.     After  a   3-hour vacuum 

anneal  at   100oC,   the  corresponding values were  9  ohm-cm and  46  ohm-cm.     The 

change  in  resistivities which occurred  is  In the opposite direction  from that, 

observed  in all  of   the previous vacuum annealing treatments.     Contact of   the PbS 

with photoresist  has produced a significant  change  In  the  annealing behavior. 

After this  result  had been obtained,  the effect of  low-temperature 

heat  treatment   in  air was determined.     After a total of  8 hours of heating 

at  temperatures  up  to  100oC,   tlu   low-temperature  resistivity had  increased 

only to 6  '  ID2 ohm-cm.    A similar heat  treatment of  sample S5B  for half 
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the time iiad yielded a resistivity of 107 ohm-cm.  Again, there seems to be 

a significant effect of the contact of the PbS with photoresist. 

Next, heat treatment of film S18A2 in air for long times at somewhat 

higher temperatures was carried out.  The results obtained are 

summarized in Tablt 2.  A resistivity nearly large enough to satisfy the 

device requirement has been reached after a long time of heating.  The 

trend shown by the results strongly suggests that still higher values 

of resistivity will be obtainable with further healing. 

Table 2 - Heat Treatment In Air of PbS Film S18A2 

Temperature    Time        P at P at 
(0C)        (hr)    300oK(ohm-cm)    100oK(ühm'cm) 

111 8 7.2X101 2.6xl03 

122 1\ 1.8xl02 8.8xl04 

125 ft 3.0xl02 l.OxlO6 

It is known that excessive oxidation of PbS films results in loss 

of responsivity at wavelengths near the PbS peak and in enhancement of 

responsivity at wavelengths near 1 um.  These changes are believed to be 

due to the conversion of PbS to PbO or to other Pb-0 compounds.  Deter- 

mination of the absolute spectral responsivity of PbS film S18A2 has 

shown that this has not occurred to any great extent as a result of the 

prolonged oxidation treatment given.  Response curves for this sample are 

given in Fig. 14.  Curves 1 and ?.  give results of measurements made at a 

sample temperature of approximately 130oK.  Curve 3 gives the response at 

room temperature.  Curve 1 was obtained before the series of long heat 

treatments listed in Table 2 was carried out.  Curve 2 was obtained after 

the completion of this series.  The additional oxidation has resulted in 

a decrease of responsivity but by no more than a factor of two.  There has 

been a slight development of a peak near 1 um. 

Curv» 4 of Fig. 14, for sample S7B, is taken from Fig. 13 and is given 

here for comparison.  The responsivity of S18A2, even in its most highly 

oxidized state, is substantially higher than that of the earlier samples. 

... 
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Figure  14.     Photoconductlve  absolute spectral  r-sponsivlty curves 
for PbS  films S7B and S18A2. 

The  Improvemeat  at wavelengths  larger than 2  urn is especially striking and 

is higher by up to an order of magnitude.    This  difference  In  responsivity 

may be associated with the difference  in heat   treatment behavior or it may 

be  coincidental.     This  cannot  be  decided on the  basis of  the behavior of 

one  sample. 

Curve  3 of  Fig.   14,   taken at  room temperature,   is  for  the same state 

of oxidation of  sample S18A2  as  that  for Curve  2.     The peak  responsivity 

has  increased by over an order of magnitude  upon  cooling.     The magnitude 

of  the shift of  the  long-wavelength photoconductlve edge  t(    longer wave- 

length upon cooling gives a temperature coefficient of approximately 

4  *  10      eV/0K.    This value agrees  satisfactorily with that of  the tempera- 

ture  coefficient  of  the energy  gap of PbS,  4.5  *  10      eV/0K   [7]. 
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F.     LEAD SULFIDE-SILICON HETER0JUNCT10NS 

The preparation of  PbS-Sl  heterojunctlons by chemical deposition of 

PbS  upon n-type Si  has been described   [131.    The I-V  characteristics  at 

room temperature were  given  and showed marked rectification  characteristics. 

The  forward direction of   current  flow occurred with  the PbS biased positive 

consistent with a p-type PbS   layer.     The  reverse current was on the order 

of several microamperes  for a bias of   1  V.    No  I-V characteristics  for 

reduced  teve-'atures were  given.     Photovoltaic response was observed at 

wavelengths corresponding to excitation of  carriers both  in  the Si  and  in 

the  PbS.     If  such heterojunctlons had  sufficiently small  reverse bias  dark 

currents at  reduced temperatures,   they could serve as  the   radiation- 

sensitive elements of  the   Imaging device. 

In order to investigate  this  possibility,  a hetorojunctlou,   sample 

S16B,  was prepared by  chemical  deposition of a PbS  film on nominally 

5  to  10 ohm-cm n-type  ■a00>  Si.     The   film area was 0.25  cmJ and  its  thick- 

ness was  0.33  m*    Electrical  contact  to  the PbS  film was made by  a small 

Ag paste  dot.     The sample was mounted  in  the glass dewar   in  the usual 

manner.     The  I-V characteristics were measured point  by point.     CTMt 

care  had  to be  taken  to  shield  the  sample   from stray  radiation since  the 

phutoeffeets were  large. 

Some of  the  I-V dark  characteristics obtained are  shown  in Fig.   15 

for  room temperature and  in  Fig.   16  for  low temperature.     Note  that   the 

voltage  and current density scales differ  for  the  forward and  reverse 

directions.    The sign of   the  voltage  gives  the polnrity  of  the PbS  relatl.o 

to the  Si.     Curves  labeled  1  refer  to  the sample  in  the  as-prepared  condition. 

Diode behavior is clearly  indicated.     Tkfl  forward direction occurs with the 

PbS  layer biased positive.     This  Indicates,  as expected,   that  the PbS  layer 

is p-type.     The reverse  bias current  density at  rooni  temperature  Is  about 

2  x  10'5 A/cm2.    At  1350K  It   Is on  the order of  1  to  2   <  10        A/cm". 

Breakdown  Is  gradual and occurs  In  the  5  to  10 V  range.     The small magni- 

tude of  the  reverse bias dark current when the sample was  cooled definitely 

suggests  the  possibility of employing such a heterojunction as  the 

radiation-sensitive element  of  the  device. 

13.     H.   Sigmund and  K.   Uerchtold,   Phys.   Stat.  Sol.   20,   255   (1%7).     We are 
Indebted  to Prof.  J.   Zemel  of   the Unlversitv of  Pennsylvania  for calling 
this work  to our attention and  valuable discussions. 
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Figure   15.     Current  density/voltage characteristics  of 
PbS-Si   heterojunctlon S16B at   room  temperature. 

.-II 

The effect of vacuum annealing was investigated since the photoconductor 

films underwent large changes under such treatment.  The sample was heated 

in vacuum for 3 hours at 920C. This treatment resulted in a substantial 

reduction in the magnitude of the forward current but not much change 

initially in the reverse current. The I-V characteristics, remeasured after 

the sample had aged several days in vacuum at room temperature, are given 

as curves labeled 2 in Figs. 15 and 16. Of particular interest is the 

reverse bias curve for the cooled sample.  The current density Is 4 * 10 

A/cm2 or less for bias up to 8 V and is considerably less than it was 

originally. The breakdown is now much s^ roer than it was. 

The revers- bias current of the aged,  annealed sample was measured at 

several sample temperatures with a constant bias of 6 V applied.  The 

thermal activation energy obtained from these data was 0.33 eV. This value 

is equal, within experimental error, to that found for the temperature 

dependence of resistivity of photoconductor samples. This result suggests 
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Figure 16.  Current density/voltage characterIstic« oi 
PbS-Si hetercjunction S16B at reduced temperature. 

that the principal cause of the reduction of the reverse bias current with 

decrease of temperature is the freezing out of carriers In the PbS. 

The absolute photovoltaic spectral response of sample S16B, expressed 

as the short-circuit current In amperes per watt, is given In Fl^. 17.  The 

sample was Irradiated from the PbS jlde.  The absolute values are not very 

reliable because the 500oK blackbod/ signal was small and because It was 

very difficult to eliminate effects of stray radiation.  The relative 

values, however, are reliable.  Two points may be noted.  (1) The PbS 

response Is small compared with the SI response.  This may be due to the 

small thickness of the PbS layer.  (2) The response Increases when the 

sample Is cooled: by a factor of three for the SI peak and of twelve for 

the PbS.  The signals Increase, for both the Si and the PbS response, as 

negative bias Is applied.  Data at 1.0 and 2.0 um for sample temperatures 
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Figure   17.    Photovoltaic  absolute spectral  responsivity 
curves of  PbS-Si heterojunction S16B. 

of  295,,K and   130oK  are given   in Fig.   18.     The  behavior of   the  cooled  sample 

at  2.0 um is rather puzzling. 

In order to obtain some  estimate of  the effect of  the  resistivity of 

the  Si upon  the properties of  PbS-Si  heterojunctions,  a second sample, 

S18B,  was prepared  in a manner similar  to  that  for S16B except   that 

0.1 ohm-cm n-type <100> Si was  used.     The  PbS  film was 0.38  um thick. 

This  sample was studied only  In  the  unannealed condition.     The  sample  showed 

essentially no rectification at  room temperature.     It did,   however,  exhibit 

photovoltaic response in both the SI and PbS wavelength regions.    When 

the sample was cooled to 850K,  a rectification ratio of about six was 

observed.    The I-V characteristic at  this temperature is given in Fig.   19. 

The current density in the  forward direction la roughly the  same as  that 
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Figure 18.  Dependerce of absolute responsivity upon bias 
voltage for PbS-Si heterojunction S16B. 

for S16B.  That in the reverse direction is several orders of magnitude 

larger for S18B than for S16B. 

Relative photovoltaic short-cl-"cuit spectral response curves for 

S18B at room temperature and at low temperature are given in Fig. 20.  The 

photoresponse of this sample differs from that of S16B in two important 

so 
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PbS-Si  SI8B 
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Figure 19. 
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Current ^iens i ty/voltage characteristics of PbS-Si 

heterojunction S18B at 850K. 

respects:  (1) The nagnitude of the PbS response is comparable with that 

of Si.  With S16B, the responses were very different. This difference in 

behavior of the two samples cannot be explained in terms of a difference 

in absorption since the PbS layer thicknesses were very nearly the same. 

(2)  The res-p^nsivity of S18B was smaller at low temperatures than at room 

temperature.  The opposite was trua for S16B.  The dependence of relative 

signal upon bias for 1.0 and 2.0 pm irradiation at room temperature and at 

1480K is given in Fig. 21. 

The substantial difference in t'..e photoresponae behavior of the two 

PbS-Si heterojunction samples which have been studied indicates that 

additional investigation of the behavior of such structures is necessary In 

order that their evaluation as sensors for the imaging device be placed on a 

firm foundation.  In particular, the behavior of heterojunctions made with 

Si of resistivity Intermediate between 0.1 and 10 ohm-cm must be determined. 
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Figure 20.  Photovoltaic relative spectral rcsponsivity curves 
of PbS-Sl heterojunction S18B. 

It is also necessary to investigate the behavior of heterojunctions delineated 

by photoresist masking in view of the differences in behavior of photo- 

conductor films which have 1 een so delineated. 
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Figure 21.  Dependence of relative responsivity upon bias 
voltage for PbS-Si heterojunction S18B. 
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X. LEAD TELLURIDE 

Epitaxial and polycrystalline films of IV-VI compounds have been 

studied extensively for their photoconducLive properties (8,14-201, and 

recently rf-sputtered ternary chalcogenides have shown interesting 

properties [20].  We used an rf-sputtering technique to deposit PbTe 

polycrystalline photoconductive detectors and to obtain responsivity and 

detectivity values higher than previously reported.  One objective of 

tnis work  was the determination of whether or rot films of this material, 

having resistivities large enough to satisfy the imaging device require- 

ment, could be prepared by sputtering. 

A diode rf-sputtering system with a liquid-nitrogen baffled oil- 

diffusion pump was used. The target was a 5-inch PbTe layer of 4N 

pressed powder.  The ultimate vacuum before sputtering was 6 ^ 10  torr 

and a pre-sputtering of at least 60 min was used to clean the target 

surface of adsorbed atmospheric impurities. 

The films were deposited onto glass or silicon substrates heated up 

to 320<>C.  Three basic methods were used to Introduce oxygen into the films. 

The first method was based on sputtering a surface-oxidized PbTe target in 

an argon atmosphere.  In the second method, pulses of oxygen at a pressure 

of 20 M Hg were admitted intermittently into the system while the sputtering 

was interrupted.  The third technique consisted of reactive sputtering of 

PbTe in a 10% O2 90% Ar mixture.  Deposition rates close to '- 2 A/sec and 

sputtering pressures of less than 10 n Hg were normally used.  Film thick- 

nesses usually ranged between 1 and 3 um. 

14. T. S. Moss, Proc. IRE 43, 1869 (1955). 
15. if. 3eyen et al., J. )pt. Soc. Amer. 49, 686 (1959). 
If,'. R. B. Schoolar and J R. Lowney, J. Vac. Sei. Technol. £, 224 (1971). 
17. R. L. Petritz et al. Semiconductor Surface Physics, Ed. R. H. Kingston, 

(Univ. of Penn. Pre^s, Philadelphia, 1957), pp. 229-237 (1957). 
18. G. G. Summer and L. L. Reynolds, .1. Vac. Sei. Technol. 6, 493 (1969). 
19*. T. F. Tao, I. Kasai, and J. F. Butler, J. Vac. Sei. Technol. 6, 917 (1969) 
20. E. M. Logothesis and H. Holloway, Appl. Phys. Lett. 42, 256 (1972). 
21. C. Corsi, I. Alfieri and C. Petrocco, IEEE Int. Elect. Dev. Meeting, 

Washington, D.C. (1972). 

—^ 



sT 

The crystallite size in PbS and PbSe film detectors generally falls 

within the range between 10 and 10 Ä [21].  The sputtered PbTe films 

had compaiable grain sizes.  Significant differences were found ir. grain 

size, texture, and crystalline orientation of the films depending upon the 

sputtering conditions.  Lead oxide phases were found in films deposited by 

oxygen reactive sputtering; higher preferential ordering in crystallinity 

seems to be associated with a (100) orientation typical of this deposition. 

The reactively sputtered polycrystalline films had i grain size smaller 

than those activated by intermittent admission of o.cygen.  Ohmic contacts 
-9        -6 

at bias currents from 10 ' to 5 * 10  A were obtained at 770K operating 

temperature by evaporating Au electrodes on the substrates prior to the 

deposition of the PbTe films. 

We have found that films deposited by methods 2 and 3 were very stable, 

while films deposited by method 1 have shown noticeable change In resistivity 

upon exposure to air. Thus, while the terminal resistivity vs. temperature 

was nearly identical for all three types of films after several days of 

exposure to air (Fig. 22), the initial resistivity values of films prepared 

by method 1 were much lower. All three types of films showed almost no 

further change in resistivity after being exposed to al'.ernate vacuum and 

air exposure cycles, unlike previously reported lead salt polycrystalline 

films.  The thermal activation energy for dark resistivity of the stabilized 

films was 0.15 eV over the temperature range from 300oK to about 160oK and 

was about 0.06 eV at lower temperatures.  The dark resistivities at 770K 

have been about 5 * 10^ ohm-cm. This value is too small to satisfy the 

dark-current requirement of the imaging device. 

A comparison of the relative photoconductive performance of the three 

types of samples is given in Table 3.  A typical relative responsivity 

curve, measured at 90oK for a sample prepared by the third method, is given 

in Fig. 23.  Peak response occurs at 4.4 um, and the threshold is near 

5 pm. The highest absolute peak responsivity values have been in excess 

of 10 V/W for a bias current or 10" A.  With the same bias, blackbody 

detectivities of 1.4 « 10  cm Hz  /W and peak detectivities D* 

(X      ,  ,800,1) as high as 8.5 * 10  cm Hz  /W have been measured with a 
peak 

2 11 steradians field of view. 

22. H. E. Spencer, Phys. Rev. in, 1417 (1959). 
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Figure  22.    Temperature dependence  of conductance of  sputtered 
PbTe   films  after  stabilization  in air. 

Table 3 - Typical Data for PbTe Film Detectors 
Sputtered by the Three Described Methods 

Detectors Resistivity Responsivit y Blackbody Detectivltv 
(Deposition (Arbitrary (Arbitrary D* (500oK,800,1) 
Method) Units) 

1.0 

Units) (Arbitrary Units) 

1 0.4 M).l 

2 0.8 1.0 M).6 

J 0.6 0.9 1.0 

M 
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Figure 23.  Relative spectral responsivity of a reactively 
sputtered PbTe film at 90oK. 

A time constant in the ras range was measured In the spectral region 

close to 2.2-^m and 3.0-Mm wavelength. However, the intrinsic photocon- 

ductor time constant as derived from noise measurements is of the order 

10 to 30 ►isec. 
The present results show that rf-sputtered polycrystalline layers of 

PbTe can be used as middle infrared detectors with high responsivity and 

detectivity values.  Easily deposited on wide substrate areas, the oxygen 

reactive-sputtered PbTe detectors show stabilities much better than 

previously reported polycrystalline films.  The highest dark resistivities 

attained thus far by t'.is method of preparation of PbTe films are about 

two orders of magnitude lower than the minimum value required for the 

device. 
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/VPPENDIX A 

IR-CCD DRIVER CIRCl'ITRY 

The basic three-phase CCD requires three waveforms consisting of 

slightly overlapping pulse trains.  Thus, each pulse train has a duty 

cycle just ovr one third.  These basic waveforms can be generated by ■ 

pair of J-K flip-flops as shown in Fig. A-l.  When data inputs .1 and K 

are connected to a logical "1", I J-K flip-flop changes state (toggles) 

as the clock input goes from a "1" CO 3 "0".  Thus, a single J-K flip-flop 

can be used as a divide-by-two circuit, and a pair in cascade divides by 

four.  In our circuit, a NAND gate samples the outputs and resets (clears) 

both flip-flops at a count of three, yielding the waveforms shown for Q] 

and Q2.  The third waveform is generated from the fii.jt two with a NOR gate. 

When the first two waveforms go to "0", the third goes to "1".  There are 

spikes present in the first waveform,  Qp halfway between the pulses. 

These spikes are essential to the logical operation of the circuit and 

can be filtered out only after buffering the output.  The basic clock 

waveform is generated by a separate astable multivibrator.  Its frequency 

determines the CCD bit rate and can be varied without changing the relation- 

ship between the waveforms.  The clock waveform in Fig. A-l need not be 

symmetrical, since only the fall of the clock affects this circuit.  Indeed, 

there is a reason for making it unsymmetrical, namely, to generate overlap. 

Figure A-2 shows the overlap-generating circuit.  The clock waveform is 

the same one as in Fig. A-l, but it is drawn to have a duty cycle greater 

than 50%.  One of the three-phase waveforms, 6,   is shown making its 

transitions on the fall of the clock as before.  The type "ü" flip-flop 

has a single data input D.  The output simply takes on the value of the 

input on the rise of the clock and holds it until the next rise of the clock. 

Thus, the output 0' of our D flip-flop is just the input 0 delayed by the 

time the clock is at "0".  The input 0 and the output 0' are put through 

an "OR" gate to generated 0", the stretched pulse train.  Since its duty 

cycle is greater than one third, it will overlap the beginning of the 

pulse applied to the next phase as required. 

Preceding page blank 
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(b) 

The 3-phasc generator.  The J-K flip-flops have their data 
inputs set to logical "1" so that they change state each 
time the clock falls.  The three output waveforms are shown 
in synchronism with the clock waveform. 

The Schottky-barrier 1R-CCD requires a setting pulse and a transfer 

pulse as well as the three phases.  The relationship between these 

auxiliary pulses is shown In Fig. A-3.  A frame trigger pulse initiates 

the sequence that includes a setting pulse, a delay which is the integration 

time, and a transfer pulse.  Each must begin as the previous one ends. 

All three delay times must be continuously adjustable, and the two pulse 

heights must be adjustable separately from the height of the three-phase 

pulse trains.  Furthermore, while the transfer pulse is on, the three-phase 

pulse trains must stop with phase 1 high and phases 2 and 3 low to permit 
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Figure A-2.  The pulse-overlap circuit. The output of a D flip-flop Q takes 
on the value of the data D on the rise of the clock and holds 
it until the next time the clock rises.  Thus, the pulse 's 
stretched by the length of the clock off-time. 

loading.  The auxiliary pulses are generated by three monostable flip-flops 

triggering each other in sequence as shown in Fig. A-3.  Additional logic, 

however, is required to make the pulse trains stop at the proper time when 

the transfer pulse goes on. This is necessary because the clock is not 

synchronized to the flip-flops.  If the transfer pulse were to stop the 

clock directly, phase one ((J^) would not necessarily be high.  The circuit 

must therefore cause the clock to stop after the transfer pulse begins 

but not until the next time (^ comes on.  The actual application of the 

transfer pulse to the amplifier must be delayed until this condition has 

been met. 

In Fig. A-4, the first "D" flip-flop delays the raw transfer pulse A 

until phase three drops (0 rises).  This happens to be when $1  rises (see 

Fig. A-5 for the timing diagrams).  It is followed by an "AND" gate to 

verify that the transfer pulse is still on.  The delayed transfer pulse B 

is delayed again by the second "D" flip-flop until the clock rises again 

half a cycle later, yielding waveform C, the timed transfer pulse.  This 

waveform is combined with the clock itself in the "OR" gate, yielding the 

gated clock that actually runs the three-phase generator shown in Fig. A-l. 
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Figure A-3.  Timing diagram for the auxiliary pulses.  The one-shot flip 
flops trigger each other as shown and produce the setting 
pulse and the raw transfer pulse.  The "running time'" 
Indicates when the 3-phase generator is running. 

curve 

Note that once the timed transfer pulse begins, the gated-clock 

remains high.  The three-phase generator in Fig. A-l remains with Ij on 

and 02 and ^3 off as »•9«i«*d to load info1™^10" into H'    When the raw 

transfer pulse A ends, the delayed transfer pulse B ends Immediately be- 

cause of the AND gate.  The next time the master clock pulse rises, the 

timed transfer pulse ends. When the master clock pulse falls, the gated 

clock also falls, thus transferring the signal charges from ti  to 02- and 

beginning the CCD readout. When the timed transfer pulse ended as the 

master clock rose, there is a possibility that the output of the OR gate 

could go to zero momentarily, causing improper operation (Note A in Fir. A-5) 
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Figure A-4.  The clock-gating circuit.  This circuit is required to «Mure 
that the clock will stop with «^ on after the transfer pulse 
begins.  It also provides the timed transfer pulse and the 

scope trigger. 
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to prcwc-nt this from happening, a delay chain consisting of an even number 

(4) of inverter stages in cascade Is included in the path.  Thus, the 

timed transfer pulse, as seen by the OR gate, does not end until a mea- 

surable time after the clock connected to its other input has gone high. 

The delay is of no consequence when the timed transfer pulse rises 

because the clock is already high at that time. 

Since the delays geaerated by the one-shot flip-flops are not multiples 

of the clock period, the .aw transfer pulse could rise while the three- 

phase generator is in any one of six logical conditions, namely any one 

of the three phases on with the clock up or down. An inspection of Flg. A-! 

(Note 1) shows that the subsequent operation is as previously described, 

regardless of when the raw transfer pulse begins.  This is because nothing 

happens until the next time (»3 drops.  Similarly, th« raw transfer pulse 

can end with the master clock up or down (Note 2) although this time only 

$1^  can be high.  Again, it dues not matter since the fall of the timed 

transfer pulse awr.its the clock rise.  The oscilloscope displaying the 

video signal can be triggered off the fall of waveform "C". 

A block diagram of the system is shown in Fig. A-b.  The master clock 

has adjustments for bit rate and overlap time, and it runs independent!•' 

of the rest of the circuit.  Similarly, the M-'ng generator has the four 

adjustments shown, and it too runs independently, providing the raw transfer 

pulse to the clock gating circuit, and the setting pulse to a CCP gate 

driver. The clock gating circuit runs the Vphase generator and provides 

the timed transfer pulse to its CCD gate driver.  Also shown are the pulse 

stretchers and the CCD gate drivers.  The CCD gate driver circuit, obtaine-! 

from W. Pike of these Laboratories, is shown in Fig. A-7.  It operates from 

TTL levels, and provides a pulse whose height is simply the supply voltage 

V  .  The output can be offset by a bias source with the clamp circuit shown 

at the right of the output.  While the system was designed lor an n-channcl 

CCD, it can be used for a p-channel u.vice with only a modification of the 

gate-driver amplifier needed. 
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