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On 4 ard 5 June 1930 a Joint meetirg of the Physical ard

Optical Sccieties in nland was called to discuss "Photo-Electric

Calls and Their Applications" (Anderson 1930). At that tiMje,

the only photoelectric celle capable of a response in the infra-

red were selenium cells and the "thalofide" cell (Case 1930).

Experwt,,ers intent on infrared investigations at that time

were othmrwise constrained to use thermopiles or bolaoeters.

Such thermal detectors are too slow and insensitive for maiy

modem applications. The recent expansion of inifrred science

and technology is largely based upon tre availability of fast,

sensitive, and reliable cells.

Today, a wide variety of photoelectric cells a&e available

with responses to 1000u and beyond (Smith 1965, Putley 1965).

The development of the first cells with a useful infrared re-

sponse is of interest. It involved scientists in nations

warng against one another. It involved scientists in univer-

sities, in Industries, and in goverment laboLi t.or1.e-. It Jn-

volved efforts zrgnrir, fron technolowic s-tudle,; which providre

meaIfacturing capabilities to scientific investigations of

the basic processes involved.

Hopefully, the essays presented here describing a variety

of efforcs to develop infrared sensitive lead salt cells will be

of some intereit to a variety of readers. It is important to



young scientists to obtain some failiarity with the paths their

predecessors took. The variety and diversity of activity in

this rmerr facet of science should be of interest in gaining

an insight into scientific develcpmnt. Science does not apear

to proceed on saee prescribable course. Rather, one perceivs

science to progess by odd and often unexpected contributions.

Sometimes the progress is scGred in a university - another

time in an industrial laboratory - and again in govermient

facilities. Sometimes, science is advanced by the genius of a

single investigator - another tme by the vision of an in-

dustrialist. The utility of science and technology to pursue

wor is often the stimulus to support scientific and technical

endeavors. And, of course, the curious stimulus afforded )y

the Inter-caIm ication of results should not be minimized.

The pursuit of lead salt photodetectors Icorporates all

these features. It was, accordingly, with enthusiaam that I

mberked on the reourch fran ýifch these essays evol ed. Ic

is with a good deal of humility that I fally conclude a year-

long investigation. The work was sponsored by the Air Force

to provide same case histories of research program. The

essays, by no means, canpise a total account of the research

on lead salts prior to 1955. It is hoped, however, that

sufficient data are presented to Imbue the reader with the

ii



mkpitude wnd diversity of the developwets. It is felt that the

snlU rioant y w spmooned by U. S. military prgram are

descrIbed.

Thw biblrerp&*y presented at- the end of these essays un-

"doubtee ly coftains a DW m issicna. However, it certainly typifies

the natuzv of the effort. These essays, hcwever, are not a re-

sult entirely of studyirng the mterlal indicated in the bibliography.

7t3 real inolgt into the research was Mlývd through numerous

interviews. Mia provided a broaer* urderstandirE of the work

then otherwise possible. It is Fqmasible to reference the

material gained in this wy, and errors In interpretation of

these interviewe or results expressed hee are entirely my

Swould like to express m gratitude to the following for

patiently recounting experimnces with me and in guidin me to

souroe mat-W1:

1obert J. c.a i James Rsu~hmy

PuAl J. Ovrebo Edgar Kutzscher

RknvTd H. McP*e R. A. .I'th

G. William fh n Norman Anerson

Henry Levinsteln David Jeffries

FrWn Bwnett Ronald Newurjgh

W&ym W. Scanlon

TJ. Lovell
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1

ItlTe OtCorcxkctIve effect Was first rerorted in 1873 by

WVlloutty &th who hod been experimezntir with the use of

WelaniWI as an inmlator for submsrier cables (Pearson and

Brattain 1955). He and an assistant noted that crystalline

semIMIM offers considerably less electrical resistance when

exo-sII to Ugt tran *=we it is kept in the dark. Since the

respne of eelenium extends slightly into the infrared, a

few scletmtists won begn apRlying cells made of this material

to a variety of Investigstiors requiring an infrared sen-

sitivity (PIund 1904 ). Howaever, the cells were unreliable

and the iiwasww'aents ma in this raertr had little impact on

sclence, nor did the desire to have such cells provide a

strong impetus to marmufcture photoconductive cells.

By the mid-1930's, reliable photocells that utilized

phbflonissive surfaces were beir•, marewfactured. Photovolta!c

pn rhotoccndictiv. cells an the other hand were laorudtojr

instiunents primarily used far studies of their material be-

havior (Allen 1930). As World War II approached, the desire

to and couzinicate unobtrmsi,.y grI-ndd the military

Services (both in Germny and Ln the U.S.A. and Erglard) tc

'"
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support efforts to develop improved photoconductors with a sen-

sitivity in the infrared. Such cells have since permitted the

develogmnt of numwrous military devices for commumication,

detection and t.*eWdlc, and for the hoirg of SLaded missiles.

Fortunately, the cells have also been useful in the advance

of astrvncMy, eology, nwdicine, agriculture, meteorology, and

other scientific disciplines (Ballard 1959).

It* first Important photocnckiuctive detector with a

significant Infrared reipme was lead sulfide. It has

sufficient spectral senaitivity to permit its broad application

to mwy military problems. With the successes obtained with

this mterial, attention was soon given to other lead salts

having a loner ,awvlergth response.

th developmnts dascribed are ody loosely related. Tey.v

wve often practised under millwory security or und"- soaw de-

grem of !x.tiusial proprietary regulatl. Ow does note, how--

ever, Qnt tht pioneerirng work of Robert J. Cshnan in the

,,S.A, haw nfluenced to saine depree most of' the, pm.*rrr; tr, th.

described here.

Present day pro'ess in detector develcr•ents are generally

undertaken with good cozmunication between groups. Of course,

proprietary information ihen it exis;t or is thought to exist

Is jealoualy guarded. It Is beyond tht, scope of these e~sayvs to
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exanine the causes of this chwV. The chwge is reflected,

how s, in the ltxocondcictivitj Cmcrence held in Atlantic

City an 4, 5, and 6 Novater 1954 (9mckenridge, et al 1955).

Althouh seral reports on pofxomuctivity reached the

open literature prior to this t1m, this eonfereme mafrke a

rapid rise in nncrtirM investiations on photocorductivity.

It is, accomlingly, appropriate to end the essays presented

her at about that point. It will alsmo L. rmcessary, accord-

ingly, to consider each investigation individually rather

tian chrnologicaJ ly.

Si
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2

MMLITARY OBKCTTJES

2.1. The U.S.A. Wartime Developments

The ewvrts In Rwpoe prior to 1940 revealed deowy to

Hwrvard President Jams Bryant Crwt, MIT Vice President

Vamrevr iah., and others that American science must be

oranized to meet the Impending threat. Recowdati~ons to

that effect, under Bu.h's leadership, were made to President

Prwnkln Roosevelt (ush 1945). As a result, the Maticntl

Defense easearch Connittee (?IJE) a foamed wn 27 June 1940.

This wus reomrnized a year later when the Office of Scientific

Resewch wAd Devemlcmnt (OSM) wes established with NC as

one of its units. Pulitzer Prize winning author 1heodore H.

White ,hss asserted that although the hewdwere developed (atr-

bombs, redar, sonar, antibiotics, etc.) cher~ed history, the

"greatest invention mU, peraLps, political: a new way of

usirm, brains" (T. H. Whaite 1967). "1* 1iMpact of the r(M

progra certainly had a prortounced effect cin the course or

r~sto)'. It is the intent here tc dýa.- .Vtentior to a re-

latively rall aspect of the tctal OM activity am to note

its izpact on the history of technology.

Late in 19-2, an Optics Division (Div. 16) of ýwC w&-3
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formed, largely as a reorganization of an older Instr'impr-

Section. George R. Harrison headed the activity of this group

(Oe.n3 1946). It carried out a broad program during the war

years, including studies involving the principles of techniques

of camouflage, improvements in aerial mapping and photography,

the development of devices to detect aircraft by infrared

radiation, techniques for intercommunication with infrared

.madiatlon, and the development of the sniperscope. These

general developnents have been ably described (Arrnuist 1959),

so that the discussion here will be directed toward programs

requiring improved infrared radiation detectors. These were

mainly undertaken within Section 16.4., which was charged with

the development of non-image-forming infrared equipments.

O.S. Duffendack, who was chief of Section 16.4, led

investigations in two spectral regions: the near infrared

(fran abotit 0.8 to 1.50j) and the far infrared (frcm about 5

to 150 ). The near infrared utilized thallous sulfide detectors

and were active systems (i.e. an emittinsr source was requIlri).

The far infrared utilized thermal detectors and pas-ive systens

(i.e. the self-anission of' all heated objects was the sum-ce).

Note that at present the terms "near" and "far" as then usel

are no longer relevant since infrared technology now extends

to the millimeter spectral range, and this usawe in describltu

Infrared phencamna has virtually ceased.
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The far-infrared devices were. developed for: (a) the

detection and location of personmel, vehicles, tanks, aircraft,

and shipi, (b) ranging (Strong l94I5a),, and (c) guidance of

missiles. TMe effective range of these devices varied from a

hx. red yards for persamel to about 12 miles for a ship

Li clear weather. The rarne was also drastically reduced by

clouds and fog. Research was undertaken to evaluate various

thermopiles, evaporated metal-strip bolameters, and various

types of thermistor bolcmeters.

The need for Improved infrared detectors to be applied

in many of these systems was obvious, and detector research

was undertaken from a variety of directions. Experimental

and theoretical investiatii' I of photocorauctors were sup-

portE-d (von Hi,)pel 1943, von Hippel 1945, von Hippel, et al

1945, Hol-e and Casnan 1945). Progrms to inprove thermal

detectors were pursued (Harris A.945). Infrared sensitive

phosphcrs were also studied (O'Brien 1946, Urbach, et al 1946).

It is the intent here to concentrate attention on the develop-

rwrits of photoconductors.

TIe inf'rared characteristics of the eission fror., variou5

milizary targets wis studied (Bitler 1944) as, were the

radiation zharacteristis of -backgrcunds (Strorv 1945c) anyi

the atmosphere attenuation off infrared radiation (Strong 1945b).

II
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Wartime research in the U.S.A. on photoconductors proceeded

Initially with investigtions of silicon cells ('Nal 1944) and

thallous sulfide cells (Cashman 1943, 1945a). The latter were

found to be the bet'er and wre extensively applied to optical

cammncation systems (,pence 1945, Lothrop, et al 1945, H. E.

Iiite, et al 1945, &Vder and Platt 1945, Fluke and Porter 1946),

and to a "Japir" device (Gelger and Black 1945) which could be

used to determine if the enemy was employing infrared signalirg.

The thallous sulfide detector was limited in use to active

systems, i.e., those utilizing an infrared irradiatirn source.

However, the development of this detector was significant in

that it permitted an understanding of the sensitization pro-

cess which could then be appli.ed to other materials (Lovell 1968),

and particularly, lead sulfide. It is the intent of this

section to emphasize the contributions of Robert J. Cashman in

developirn the lead sulfide cell.

The pioneering work Cashman did was, of course, in complete

ignormice of developments in Germany which preceded his (see Sec.

2.2) Cashnan's work, moreover, has had a strong influence on

subsequent developments in this country.

As a youngster, Cashman made selenium cell n. ari perfornved

simple cxpe,'iments with these. Partially f'or this reason lw.

studied physics in college, receiving his bactelor's degree fr-r



-8-

Bethany College in 1929. Transferring to Nothwestern University,

he obtained an A.M. depw In 1930, and a Ph.D. in 1935. His

interest in devices which convert photon eerm to electrical

nerg ds enlnned by his rmal training.

Caauman stayed on at Northwestern, Joininr the faculty.

His research efforts contlmnd In investioatians of transducers

of radiation to electricity. In particlaru. 1a studied the

photoedasive properties of metals. BY 1939, he ben exanln-

In the photouissive chmrcteristics of semicondctors in hopes

of findin a simpler mechmnwim, and thus of providing an lm-

proved unrstanrdin of omicatluctor behavior. hng the

ssm~ciccdctors Gubaskm had studied w'e 1'P123 Se.~ MPj,
MoB2, %S$ and PbS.

tkrIM these Investigations, Cashum noted the photo-

conductive effects, but these were subsidiary to his main

interests. In the U.S.A. no one, to Cashman's knowledge, was

investigating photoconductive phencanna, although studies of

semiconductors were well urd.r way.

As the threat of wer loaned, Caasman was asked by NDRC to

turn his attention toward making reliable bnfraed sensitive

cells, and on 1 December 19141, an OSD contract was initiated

which authorized Caash=n to work toward that goal. 71v con-

tract was Initially for a six month period at a cost of
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$3000. It ma extaeded thcrughout the war years, but the total

billir cam to only $98,385.46.0 Irltlally, the goal' of the

contract ma to detemInrw techniques to manufacttue stable,

sensitive thallous sulfide cells. Whn that tecr-Ique was

developed, Cashman was able to turn his attention to other

materials.

The thallous sulfide cells were desired for use in an infra-

red cumiwication system. Durirg the first World War, T. W.

Case had expwerlmented with this concept. He had successfully

sent mesasas over a distarAre of 18 miles,, but his detectors

wan umwliable. In particular, they suffered fatigue when

expoed to short wavelength radiation. Neither could cells be

miwufactured with reproducible characteristics. And with that

we"'s end in 1918, interest in further developnent ceased (Case

1917, 1922).

Cashman foi-d that he could evaporate T12S over a grid

on the? inner surface of an evacuated tube. By diligent experi-

mentation, he discovered techniques to provide optimum sen-

sitivity to the cell. He soon perceived that the necessary

ingredient 'es oxygen.

By late 1943, thc develcpmental work on thallcus sulfide

Contract QTsr-235 Mue* IURC S.e-. 1. "'tioria1 Archlve7,

Washln•ton, D. C.

@0
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reached a point where cells of excellent characteristics could

repetitively be =ode. This permitted the process to be turned

over to consideation of larp scale mrmu tacUiri Ute dquee

(Hewlett, et al. 19145) and freed Casuhmn to investigate the

properties of other W Urals.

An urgent need 1W a~ien for photocorxLutive cells with

a pectm respnse to lW vm • eigths. Caftun beown in-
vesigaion ofMoO a Ag2S. and in Febriary 1944 he d.

took an active I with foS (CWasan 1945b). Dadng the

first half of 19111, a large nmber of natural crystals of

mol1ybfdte cystals IVe the strorgr resnmse and, at that

timw, the e3pbetation ,s that M102 would prove to be the

were afo studied at that time. The first two materials wre

found to decaipose at tsMerStures near their melting point,

rir out the possibility of deposition by evaporation.

Checical deposition ms Investigated, but responses were far

lower than those obtained for thallos sulfide.

The investIgations thus indicated that PbS had the gratest

potential as an iLnfarwd detector. By September 1944, Cashmn

,n able to show conclusively that oxygen photosensitizes lead

sulfide. By Decebter, cells of sufficient response had been
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rrad,Ž to pennit measurements or the spectral response and the time

constant. These indicated a response to wavelengths longer than

those to which T12 S responded, a shorter time constant, and a

lower noise. However, the signal response was still below that

of T12 S. Cashman thus directed his research efforts toward the

development of PbS cells with greater responsivity.

Evaporated cells were made by placing about 10 milligrams

of lead sulfide powder in a small tube. This was pumped down

to a pressure of 200 microns, and a hand torch, using a gas-

oxygen fuel was used to slowly heat the powder. The lead sul-

fide then evaporated and condensed on the wall of the tube on

which electrical leads were drawn with aquadag.

By December 1944, Cashman was preparing chemical depositions

of PbS, and his activation studies paralled those of his evaporated

f.Uns. His chemical techniques were adopted from techniques well

known to make "black mirrors." Dilute solutions of lead salt and

thiourea decompose in the presence of an alkali, and lead sulfide

is deposited on the container walls as well as on r.lans p]lrtet-

insex-Zed into the solution for that purpose.

The chemically deposited layers always indicated some initial

photoconductivity, although the effect differed markedly between

cells. Since Cashman had conclusively shown ttat oxygen photo-

sensitized evaporated layers of PbS, he assumed that oxygen (or
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qgypn-c tn o mounds) mst be responhible for the Ovto-

sauitization of chucally deposited cells.

Most of the iittatit iion experliits were purely emVirical,

sine very Uttle in the my of a theoretical understanl•t g cold

CA the Inmtlattmm. Castmn subJectd the chmically pro-

pared layrs to beat tmbuits in air and In oxygn at a variety

of proes, and In a vauum. & signal respose was found to

ramise mom Owt for heat treatments In air at temme~tures

less then 1250C and for periods up to 2 hrvurs. &irprisinly,

the beat results in al"ml reponse woo obtained by heat treat-

at In vwum. TEm. lasted up to 5 turs at temperatures not

zoeedirg 1500C. owever an increase in cell resistance frie

about 0.1 to 10 = ws also noted.

leat treatments at t.I~ertures above about 170°C csused

the layer to lose its photowusitivity pernanently, and to suffer

a charW in color. By subjecting the layers to intermittent heat-

irg with a Sms-ar flim in "*ect contact with the layer, an Im-

proveemnt in photoensitivity resulted. This .w7'e'ted to .•±r-.an

that compounds other then FbS are present in tUP layer, whirl

would deccmpose at temperaturms above about 170Q(' :-xnJ ,ipve ri.e

to the loss of phxtosenaltivity ad) chae in color. 'Ir.

result obtaad by the sudden heating further suvested that the
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foreign material was driven out but that the time to reduce

PbS to an insensitive oxide was insufficient.

Cashman carefully measured the performance characteristics

of his cells. He noted a temperature coefficient of resistance

of about 2 per cent per degree centigrade, as caopared to 6 per

cent for thallous sulfide cells. The ratio of the lead sulfide

cell maximum to minim= response in the region where the re-

sponse is litear with incident flux was found to be 6 x 106,

which is considerably better than that for thallous sulfide.

The spectral response observed for three cells is reproduced in

Fig. 1. He noted that the threshold in all cases appears to

be near 3.6u,, but the wavelength of peak sensitivity depends

upon the activation process and cell thickness. When the cell

was cooled to dry ice temperature (-800 C) the spectral response

changed, but in 1944-45, this could not be explained. The

noise characteristics of the cells were also measured, rather ex-

tensively. Cashman noted the effect of cell area, the effect of

applied potential, the frequency characteristics, and the effect

of background. This was a big stride toward elucidating the

,,echanisms of photoconductivity.

In December 1944, Cashman was sent some captured German photo-

conductive cells, made by Zeiss Nkon (see Sec. 2.2). '1'he serisAtive

area of each was approximately 0.5 x 0.5 nm. The color of the cell
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SPECTRAL RESPONSE CURVES OF THREE LEAD SULFIDE CELLS
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indicated it was PbS. Subsequent studies with x-ray diffraction

and spectroscopic analysis also suggested it was PbS. Cashmn's

cells were not quite as sensitive, owing to their larger size.

However, by the following February, Cashman had made cells wJ.-h

the same area as the German cells. His showed superior perfor-

mance (Cashman 1947a).

The knowledge that the Germans possessed PoS cells goaded

an interest in applying Cashman's cells in U.S.A. infrared

systems. A group at the University of Michigan was particularly

interested in applying them to locate military targets. Its

tests indicated that PbS was considerably superior to T12 S in

many applications. However, the war ended before the systems

.could be effectively changed, rnd the Michigan activity ended,

reports could only refer to the promising characteristics of PbS

with recommendations to pursue that development (Black, et al 1945).

In the winter of 1945, the British (see Sec. 2.4) were advised

of Casrnan's success with PbS. In March 1945, and ,gain in August

1945, British scientists visited Cashman.

In Novenber' 19145, the NDRC contract termirvttcd, but th'

work t.s continued under a Bureau of Ships contract. Demands for

Cashman's cells grew as the word of Cashman's successes spread.

During the World War II years, the value of science in en-

hancing militar•y success was firmly implanted in the minds of'
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Milit&rY franageaent. Cosequently, suppomt of same technical

research and development progrurs continued. Programs requir-

Ing infrared sensitive detectors flourished because of the

availability of reliable photoconductors.

Cashman himizelf has continued his photoconductor research,

extending his work to all the lead salts (Clark, et al 1951,

Cashman 1949, 1954. 19559 1958, 1959, Cashmran, et al 1951).

H16 activity has influenced all subsequent U.S.A. investigations

either directly or indirectly.

2.2. Genrman Lead Salt Developments

Historically, the German investigations of lead salt detectors

significantly antedate those undertaken in the U.S.A. However,

their tm4act on U.S.A. investigpitions was felt after the in-

dependent discoveries of Cashmn. Thls, naturally, was due to

the German military restrictions Imposed on disseminating infor-

,.iaon regarding their work. On the other hand, British Investi-

gations of lead salt detectors followed the discovery by British

intelligence of the German activity (see Sec. 2.4).

One of the German pioneers was Edg W. Kutzscher, who in 1930

began investigations at the etpartment of Physics at the University

of Berlin of the electrical and physical characteristics of cr-ystal

rectifiers (Kutzscher 1949). He soon discovered ttht scme 'A*

these crystals generated on electrcotive force and/or cthnjrefJ
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their resistance when exposed to visible or infrared radiation

in the vicinity of the "cat whisker" electrode used to touch

the crystal. Kutzscher was aware that other investigators had

also noted similar effects, but no caprehensive investigations

had been undertaken.

Kutzscher then began investigations to determine what

materials exhibit these photoelectric effects; the relationship

(if any) of the rectifying and photoelectric properties; the

total sensitivity, spectral sensitivity, and time response of

the cells; the relationship between the electrical response

and the distance bet. -- the irradiating point and the metalic

contact to the crystal; the effect of the shape of the contact;

possible means to imprnve tlw insitivity of a crystal; and

possible means for shifting the spectral response.

In tie course of these investigations, Kutzscher and a

collaborator discovered that galena (PbS) crystals could be sen-

sitized to have a short wavelength infrared sensitivity superior

to that of arkv other radiation detector then known. The German

rilitary agencies took an interest in these investigations since

they were interested in ccmunication devices employing infrared

radiation.

Beginniig in about 1933, Kutzscher's work was supported by

tho, German Army. The military also was interesLed in locating



ships, ar�1 i� was soon fc�. 11v�t PbS �Us as receivers gave

results c�i�ar�b1e to ti�ee of the bolcmieters n�riifactured by

Zeiss for that �u�poae. Att�n..ir� �s then given to usirg PbS

cells in devices to detect aircraft, tanks, 8flG c�ther military

argets.

The original hoFe i'or the utilization of infrared sensors

had been to aiisis'� radar. About 1936, radar de"'ices haJ too
wide a field to precisely locate an object ar�ulax 4. This

an infrared device can do, but of course no rar�e iaForii�tion

is attainable. When radar v�s Inwoved to permit ax�ular re-�

solution, ir�erest in Infrared faded. lkwever, the realization

that radar is susceptible to j�unir� caused a renewed interest

in infrared.

The early ce2 is utilized the "cat whisker's electrode and

showed a sensitivity only in the Imuediate vicinity of the
electrode. in order to friprov�' the performance of the cell,

several � crystals were formed and connected in series to

canprise a sIr�le cell. Each crystal had Its own contact,

and such a cell with a large sensitive area provided improved

�erfon�nce�, hut the fabrication rec�uired great skill and con-

siderable time.

Kt�tzscher's investigations led to the preparation of Pb�3

films which could be used as photoconductive cells. [3oth

I
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chemically precipitated and evaporated depositions were studied.

The chemical precipitation method used as basic materials lead

acetate, sulfur carbamide (thiourea), and sodium hydroxide.

These three components were joined to obtain a precipitation of

lead sulfide on a glass substrate. It was then heated to pro-

vide sersitization. IN-e chemical process, the layer thickness,

the impurity content, and the subsequent heating were carefully

studied to determine their effect on the resulting cell per-

fornance.

Tnh German military services supported research and develop-

ment programs in sune universities and private industries. Of

the 1 Aýter the Electroacustic Company in Kiel was undertaking

the development of underwater sound equipment and the acoustical

detection of aircraft. Upon hearing of Kutzscher's successes,

they realized the potential of infrared devices and in 1937 hired

him to lead a development and production effort in infrared de-

vices. Kutzscher, by also maintaining his position as Director

of Unrared ]Research and Developuent at the Derartmenrrt of Applied

Physics at th. Institute of TechnoloMy at lBerlirn thu:v h'id :tri

excellent ventage to direct the development of ceills tivlru, optimutlu

&ha-acteristics for use in military devices.

It was soon found that the signal-to-noise ratio improved when

precipitated cells were cooled. Cells were thus formed on Dewar

flasks to permit cooling to liquid air temperatures. Since
S
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cooling with liquids Is cwuterscme for field use, cells were soon

made which gve satisfactory pftaonmnce when cooled to dry iCe

tewperatures (-8o0c).

By 1944 , apprmately 600 men were w'kir on infrared

devices at the Electroacustic Company and !000 cells were being

fabricated arnnally. Of these employees, about 100 were in-

volved in research and developmt activities.

In addition to Kutzscher' work on chemically deposited PbS

cells, the Germans supported research on evaporated films (Gudden

at the University of Prague) and on crystals (G&'lich at Zeiss

Ikon in Dresden). Good i of infomtion was manintained

between these Srmps. The resulthi, cooperation enabled the pro-

gram to proceed efficiently. It is JiterestinM to note that on

2 and 3 October 1942, a meetIg was held in Berltn of scientists

involved in infrared research, The proceedings of this meeting

were published.*

It was early recogized that oxygen plays an Important role

in sensitizir, cells ard in shifting the peak sensitivity towar-

shorter wavelervths. Since it was desired to ob'kAin cells with

langer wavelength sensitivity and thus to provide serzitivity to

cooler targets, experiments were unxdertaket, to determine if

g•;rschurg beiten uber ultrarotmrVfindliche Strahlurgsemfanger,

2 ard 3 Oktober 1942, Berlin.

-1
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other ch mLical ele ents in the oxygen group of the periodic

system would provide such sensitivity. Accordingly, selenium

Lrid tellurium were used experimentally. The studies were of

cells In which Se ýM Te were introduced as impurities in PbS

layers and cells ii which PbSe Rnd PbTe supplanted the PbS.

Cells produced in this marner were found to have the longer

wavelength response sought, but their full potential could not

be realized by the eM' of the war.

The develorlent or lead salt detectors in Germany required

scme luck and much effort. The basic theory of semiconductor

behavior was not known. All one could do was to investigate the

effects of' a single parameter; but often it Is Impossible to

control the process so precisely that only one parameter varies.

The recipes used for manufacturing cells thus were developed

empirically. The concentrations of the chemicals, the temperature

of the bath, the tire of substrate introduction, the stirring

vate, and other aspects of the process resulted scmewhat as an

art.

Despite the cilpirical nature ofr cell manuf'actimc, th,: ',:rar,:"

had Tr1:iVid to devw+lop for military use :weverly] .•-rat 1rvfl dv-

vices wh.L h resp)or"d to Intrared enerry. These Iivolve!d rr"n:ud-

based di-vices for detecting, and tracking aircramft, nM others

perfonyning a similar function on ships. Shipborne devices with
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similar objectives wre under develqpment. Airborne devices to

detect other aircraft, ships, and ground targets were also being

developed. Infrared devices ware used to provide honing and a

proximity fuse for guided missiles.

Realizing that the Kiel site was vulnerable sinoe it was so

close to the North Sea, the Infrared Branch of the Electroscustlc

Coipany was moved to Mmlau in eastern Geruany late in the war.

In January 1945, fears that the Russians wold capture this area

pra•0ted the Oermans to plan an evacuation of the laboratory and

manufacturing facility. However, the Russian advance was too

fast to permit an execution of the plan. Hence, an 25 January

1945 the Russians occupied the factory and obtained possession

of most of the records and equpman, thus providing the basis

for their present infrared technoloy.

The folling munth Kutzscher tried to reestablish his group

in Kiel. By April, Kutzscher was picked up by English agents

and taken to London for interrogtion. In 1947, he -s brought

to the U.S.A. where he continued ,ewc salt research under U. 3.

Navy sponsorship.

*One such device, tre Kiel IV, was in the early stages of pro-

duction in Jena when the allies overtook the aivea. This is di3-

cussed in Sec. '.3.
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2.3. The Pastier Bais for Sonsoring Dettor Dwvellouents by

the U. S. Military

As the military forces were beWxg demobilized at the end

of World War II, a choWn In empasis veprdir research and

development prcwn. occurrd In the Unittd States. Mhe intensive

efforts expended durin the war yee.s were replaced by a sane-

what lethargic attitude. At tie same time, much of the security

which hindered Infaormtion eycharoe was lifted and nWy new

resesrchers becme interestd .4in photoconductive effects.

With the disestablishlnt of OW, the individual services

conti•ued to spcnsw saw research promuu. We have noted, for

instance, that thv wm* of Cashmoi was continued under a Navy

contract. Such prqw were coordinated by the Research and

De~eloprwit Board to assure that no duplication in effort took

place. After this board was dissolved by President Eisenhowr,

however, scientific prcress accelerated as a result of the

imrvved cross-fertilization of ideas.

It was rnt until 11 August 19;49 that the Office of Naval

Fesearch Branch Office, PM-Adena, began sprnsoring joint-3ervice-

classified syvposla devoted to the mdlitary arlicatnins -of

inf'rared adladi-on (Laufer 1957). This was the fnrr'runrier ,,

the or niation now called the iritrifaJ Informnatlon ,Iympocl,

(hIbS). This marked the begkiiir of interchwire of inforrwlion,

[6
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but as late as 1951 mwi Navy officials still had strong doubts

as to the ability of infrared techniques to solve military pro-

ble m. A sammer study, called Project METCAIP, ms held that

year to establish firm thresholds of perfommnce that could be

expected (Isakson 1966).

t*h situation in the Army was similar. It was characterized

by the considerations given tit the Air Materiel CamarK, Envineer-

irn Division,' located at Wrigt Field, Ohio, to captured German

infrared equipment and the subsequent development there of similar

equipment. Those considerations tend to typify the R & D

attituden of the time.

In April 1946, a Kiel IV device ws brought to Wright Field

for extensive airbore tests. The Kie- IV was an infrared sen-

sitive seeker which the Germans had begun to put into production

as the war ended. The Mlican forces had found the equipment

in an assembly line at the Carl Zeiss plant in Jena. Thj parts

were shipped to Fort Belvoir, where the assembly was com'eed.

Werrnr Weihe, who had ripervised the ,ena effort, was then bro•uht

1'rcm Germany to supervise the Belvolr studies.

IT* Kiel TV was intended for use in aircrift to detect Ather

-drcraft at nij-ht. It utilized a PbS detector rwinutiturt-i 5Y

the Electroccustlc C'ip-6vi in Klel awrJ tte outp.t wt:. ,1;I

%etUfe Al.- Force was not established until 18 3epter~her

1947.
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on a cathode ray tube, permitting the pilot to bone in on a

target. The Corps of Engineers at Fort Belvoir tested the

Instrtment, and concluded that "1... although lead sulfide cells

have been made in this country, the Germans were far ahead,

both in the knowledge and in the manufacture of these cells."

ýe-y also heralded lead selenide cells and forecast lead telluride,

saying "it is expected that in the near future advances will be

made in the field of photo semiconductor cells. It is probable

that more sensitive cells with response to lorger wavelengths

will be developed" (Meservey and Thylor 1946).

They recommended that "... research be continued and ex-

panded on infrared photoresistors with the objectives of in-

creazed sensitivity, decreased response time, and increased

xMsponse to longer wavelengths." It was also at their recom-

rvndation that Weihe and the instrmwent were brought to Wright

?ield.

The insouciance associated with these tests has been des-

cribed (Neal 1956). Sgt. Theodore Fields, who aided Weihe, went

on furlough fran 20 May until 10 June in the midst of the period

planned for testing,. The infrared activity was moved from one

building to another in this period and at least another week was

lost. Paul J. Ovrebo, who was in charge of thu infrared activity

at the -gineering, Division, was sent out recrulting, for a month

and thus was not available to participate.
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fkevertheless, .ýhe Kiel IV was mounted on a C-45 and tests

were run between 16 and 23 July 1946 with a B-17 as a target.

Both Ovrebo and Fields took part in the tests. Ovrebo had left

the Physics Departcint at Susquehanna University in 19)13 to Join

the Signal Corps in Dayton, Ohio, remaining through the re-

organization of the Engineering Division. The experience with

the Kiel IV incited his interest in infrared, and he remained

at Wright Field for several years to head much of the important

development work sponsored there.

The July tests of the Kiel IV indicated that it had a use-

ful range of 4.3 miles at. an altitude of 1 mile, which was ex-

tended to 6.8 miles at an altitude of 2.5 miles. It* Army Air

Corps planned to extend those tests by: (a) installing the set

next to a radar to get exact ranges, (b) testing against ground

targets such as steel mills and refining plants, and (c) testing

against other airbor!ne targets such as Jets. However, on 22

July 1946 the Corps of Engineers demanded the return of the

equisnent "1... in order that other planned work may take place

without further delay."*

The plans for further testing at Wright Field were, therefore,

canceled. It is interesting to note that Neal quotes O>vrebo as

beirn, Cnlvince(! thait the returned equipment. was "... prYimpt y a*nd

AlTi-' .Laterlel Courizid, i'Eineerirg! Divislon, r4Mviorardmi I m eU,'l t.

"vermnij Lifra-Red Airborne Detector Kiel IV", 30 Jan. 11117, AVr

Force Archive;.
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pernmently placed on a shelf."

The well-known ability of a soldier to scrounge, however,

permitted Wright Field to continue the investigationr. Upon re-

turning fron a visit to Fort Belvoir, Sgt. Fields had possession

of the scanning parts of the Kiel IV. The Navy was able to

supply same electronic parts. Heinz Fischer, who had cane fron

Germany to Wright Fleld, iecruited George Klinger, also a German,

to join him in January 1947 to reconstruct an operational Kiel TIV.

Klirger, with no knowledge of English, worked steadily and by

5 April 1948 had an intared search set ready for flight tests.

This instrument was given the nomenclature AN/AAS-l (XA-1).

These tests indicated the need for further modifications,

and by 5 October 1949 t .e XA-2 was available. All of these

lnstrtmznts were capable only of looking ahead or slightly up,

and were thus useful only in air-to-air missions.

On 7 Septwiber 1950, an opelations analyst with the Tactical

Air Cammiand in Korea wrote to Ovrebo to enquire if "... the eternan

device on which you have been working, for scme time mivht bk

adoptedx for use not only in detecting ... night irvement:; ,,'

troops, tanks, etc ... but also in directing gun fire, rockets,

or bomb drops to stop such movemerit. "

The tests that had been performed were insufficient to provide

*Letter from Carroll W. Bryant, TAC Operations Analyst to Paul

J. Ovrebo, �right Field, 7 September 1950, Air Force Archives.
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a satisfactory answer. Modifications were immediately begun to

permit looking doun with the equipment and tests undertaken

to indicate its potential. Tests undertaken during the winter of

1950-51 convinced Ovrebo that a power plant could be detected at

a slant range of 10 miles (Ovrebo, et al 1951).

In the sprli*, of 1951, lather Rmuser and DeMetro Cavitch

demonstrated the. XA-2 at the Aberdeen Proving Grounds, Maryland.

Fo10lowing this, the Tactical Air Commxand (TAC) in Korea informed

WacM.hngton of a requirement for infrared detection equipment in

Korea. The TAC requested six production models to be built

within six months. By June 1952, aircraft with the new XA-3

equipment arrived in Japan. The first infrared combat mission in

Air Force history was recorded on 18 September 1953.

Although Infrared-sensitive instrumentation had by this

time b., cme operational for the military forces, the incentive

to undere.ake PbS cell developr-ý#nt had by no means been fulfilled.

Or, the contrmay, on one occasion during the Ko,'ian conflict, criy

two --king PbS cells were available in ,lapan for the YA-3

equipront. The lesson was clear that support cf' both reseamz:1i

.nd development of pnotocavIuctive devices had to be maintained.

3.4. Lead Salt Research in Great Britain

We have noted that although the German develor ments of 1H}S

cells •,veceeded the American by about a decade, Ca:•|rt ':; w'k
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before December 19114 was done with no knowledge of their succes3es.

Hioweverk it was the discovery by British intelligence of the

German successes (Kutzscher and his associates at the Electro-

acustic firm in Kiel) that prcM•pted British investigations of

Icad salt detectors (Elliot 1947). The initial activity was

undertaken at the Admiralty Research Laboratory. However, quite

rapidly studies were undertaken in other laboratories, principally

the Teleccmiunications Research Establishment (now the Royal

Radar Establishment) and at the Cavendish Laboratory at Cambridge.

Characteristic of the British, much of their effort was

directed toward an understanding of the basic phencmena under-

lying the photoconductive mechanism. However, one must not

assume that their interest in lead salt d-tectors wa.• merely

academic. On the contrary, extensive efforts were made to

detect the hot gases emitted by schnorkelling submarines.

They also used lead salt detectors in guided missiles to attack

the hot Jet pipe of Jet aircraft. As t- result, the Mullard

CcaN.,ky established commercial production facilities, initially

of PbTe. 11,:s was later abzdoned in favor of InSb detectors.

By 1948, several papers described the findings of these

rt-er-rch investigaticns (Starkiewicz 19118, Starkiewicz, et al

1946, Sosnowski, et V'. 1947, Sosnowski, et al 1947, Moss and

Chasn•ar 19118, SImpSon 1947, Simpson 1948, Kicinski 19418).
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Shortly thereafter, tutorial papers appeared describing

British achievements at lernth (Sutherland and Lee 1948,

Simpson and Sutherland 1951, Smith 1950, Smith 1951, Moss 1952).

One notes that the British were quick to study the characteristics

of all lead salts. They were also, apparently, the first to

develop bubble windows. These, because of their thinness,

trarnmitted well to nearly 7u. This technique was adopted at

MJL and is described in Sec. 5 of this report.

The work of the British by 1950 was in the forefront of

our knowledge. The number of workers also expanded (Braithe-

waite 1951, Roberts and Yourg 1953). Hand produced cells of

exceptional quality were also made available to enable in-

ventigators to carry out high resolution spectroscopy to a

degree not previously achieved. E. K. Plyler at the National

Bureau of Standards received a PbTe detector from RRE, as did

H. W. Thcapson at Oxford. The impact on American investigations

was further enhanced by frequent visits as well as the temporary

acceptance of British scientists as professors of phynics at,

the University of' Michimn (Simpson a] %.th(!rt:UrI 195'').

Mew essays presented here consider primar! ly tIhW first

decade following Cashman's initial discoveries. The Pritil;h

develop•ents in this period are srmnarized quite extensively

(Smith 1953, 1956). In these summaries, it is noted that the

main characteristics to be observed are the width of the energy
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gp between the full and condbction bands and the nature, den-

sity, and ditstribution of Inpxuitle as a function of tempera-

ture. The mobility of electron and hole carriers and their

effective esa nhist also be ascertained. It was also pointed

out that imeasuweets made on films are quite limited so little

progress was made until pure crystals could be grown. The

measurements made were re.viewed along with a description in

some detail of a theoretical interpretation of them. It Is

unneces-arjy to furthor describe these szumaries. Note, however,

that American investi.ators in the mid 1950s had access to the

reports of the British, as well as occassaiaol contact.
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3

IM 1EA PbS INVE3TIGOTIS

The Electronics Corporation of hkwrica (ECA) was founded

In 1937 under the nmew Phtoswitch, Incorporated by Arthur G. B.

Metcalf to supply electroric cmitrl systems. These products

fo-nd extensive Industrial applications and were also adaptable

to war needs durir World War II. The company is tbh scme-

wfat typical of the 'cientific-mnilitary-induatrial complex

which grew in this ^riod (Nieburg 1966). Blossmtirg on the

periphery of a great university (M.I.T.), it was stimulated by

contact with faculty mibms, and the student body provided a

reservior of employable talent. Both aymne B. Nottingham and

John C. Slater, M.I.T. professors, played important roles in

BCA's PbS Investigations.

Metcalf was well known at Wright Field, and in the summer

of 1946 visited Faye E. Null there. NUll at that time was a

civilian scientist with the Army Air Corps. He, beinm fariliar

with the reiarkable successes of Cashman and others workirn, on

O0.D projects, was stirred by the possibilities of "seetnv" in

the infrared. He envisaged a mosaic tube of PbS cells which

would develop images much as a television tube does. Metcalf

became interested and, anxious to expand his electronics
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research activity, proposed a pr;W -a directed toward fulfilling

Null' s vision.*•

on 16 September 1946, a contract for $40,000 was let to ECA

to "... conduct a study covering fbndamental research in the field

of saemicorductors, with the ultimate aim of obtaining inproved

sensitivity within the ranges of all atmospheric wl lows within

the infrared region of the electromagnetic spectrum. Specifically

included in the research and forming the initial ground-work

of the investigation, will be the production of improved PbS

cells and mosaics." 0

It nust be reamphasized that in 1946 hardly anyone in the

U.S.A. but Cashman and those who had worked with him had ex-

peri•ence with research in photoconductive detectors. The first

task facing ECA thus was to build a technical staff. In November

1946, Raymond H. McFee, who had received his Ph.D. at M.I.T. in

1943, was hired to direct the research effort. He ha( little

more to direct this with than the reports of Cashran that he could

secure.

Althougj there was precious little experience to rely on,

the potential of infrared measurements possible with Improv,:d

*Letter frm A.G.B. Metcalf to Headquarters, Air rieatrl eI ,vJ,

Wright Field, Dayton, Ohio, Attn: TSBPE-7B, 20 Augu:st 1946, Air

Force Archives.

"**Contract No. (33-038) 47-651, Air Force Archives.
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detectors provided a powerfUl incentive. ECA secured the con-

sultIrM assistance of men proidnent in investpations of sami-

conductors. Nottirgham and Slater of M.I.T. were both Involved

in the ECA investiptions. In addition, Metcalf secured the

consulting services of Karl Iark-Horowitz of Purdue. Since

these men were scientists of the highest reputations, arranging

their consulting services presented considerable problems. ECA

also planned to secure the consulting services of Casmhn. How-

ever, security restrictions caowlicated this. The Navy was slow

in releaslr Cashm. Nottinghmn was installed as chairnmn of

their consulting board.

At this twme Col. Fred R. Dent, of the Air Materiel Command,

noted that Cadman had not secured a consalting arr e n It with

EWA and that the contract hid been "... negotiated on a sole

source buis, with the availability of Dr. Castuan as Justification."*

However, the situation was explained to the satisfaction of Col.

Dent. WEforts were continued to hire Castrnn as a consultant,

'Letter, Col. Fred P. Dent, A.M.C. F. Dlv. to Photosw~t'th, Tnr.,

5 November 1946. Air Force Archives.

.etter, ýol. Fred R. Dent, A.M.C. Eng. Div. to A.(1.B. iMetcall,

Photoewitch, Inc., 18 November 1946, Air Force A:-,Ihives.

' 1Letter, Col. Fred R. Dent, A.M.C. EWg. Div. to Photoswitch, Inc.,

25 November 1946, Air Force Archives.

"*Letter, aurton Shaw of Photoswitch to Robert J. Cas-'mn, North-

western Uriversity, 13 November 1946, Air Force Archives.
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and ! cFee visted him to learn e3xpez'ital techniques. NottXjg-

hem and MeFee soon had established an eperie.ntal proun which

exteded Cashman's proces. * Mee conceived of a modification

of this procem w**reby he improved the control. Like Cashran,

McFee painted aquadg leads an the interior or a Flass cyllder,

and evaporated ftS in a partial vacuum (usually In a few tenths

of a millimeter pressure of oxygen) which condensed over the

leads to form the snsitive cell. However, McFee replaced

Cashmn's tcrch with an oven to effect evaporation. By directing

a streu otf cool air over the aquadeg grid, he erabled the con-

denation to be localized.

A progess letter in Nomver 1946 from ECA confidently

predicted the success of its process of "... a radically new

method of production which we have hopes will give us more

sergitive cells than have heretofore been produced." It also

requested more classified reports, including Cashmrn's and

noted that the Navy hd still not acted on releasirt- Cashmwn.'s

clearance to previt him to consult. However, the successes

that EA had achieved permitted then to add, "... sucL consultation

is net a necessit, with respect to t6. satisfactory cctclus •or.

cf this contract."

'Frv•ess Letter o,. 2 f~rao Photoswitch, Thco . t' the

Air .Material Cci, 25 Novenber 1.9,6 Air ?or-,e hie•.
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We av roted that In this per-1 the military had not

established clea cut objectives. Beeaue of this uncertainty

in objective, the ArtW decided not to continue this research

in the SWrrI of 1947.' Hinver, a mnuth later, this decision

wa r , ftmns were otained, and the proram was continued.

This pi then opemted without Interuption for 10 years,

providui sipnificant inormtion and developnental techniques

reguting the potoconductiw exploitation of PbS.

The Er-A staff engeed In PbS research gradually expandled.

Or* of tte first siiificant additions wa Norton Anderson, wto

Joimd EA In Decober 198. He had obtained a Master's dree

under Cashan daring the %r years, and had tthe gone to Continmtal

Sectric to mievis the mnufacture of PbS cells there. Tse

Me: expected to find a larpe mrket in seuid motion picture pro-

Jectcrs. Becua of their wali size they could be readily pack-

aged in a pr4)jector. Wwever, with the advent at this time of

safety film vdich is opaque in the Infrated, the tevhnique vs

no lrer fLeasible. The experience had provvl.,x nd t-h.aIf-., tOW-

ever, with inasigts into immufacturirg PbS cell:;, which ti a:piledr

at Phctosw1Itch.

1retter o77-l. J. C. IHrvell, A.M.C., to Ph-votoswitch, Inc., 9

Aor!]. 1947 Air Farce Archives,

'Letter of Col. J. C. HRr'ell, A.M.C., to Thotoswitch, IM.,

2 Malt. 10oJ7 Air Force Archives.
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Anderson's method utilized a cylinder on which PbS had been

chemically deposited. The cylinder could be heated by a fila.rent

introduced on its axis. This assembly was then mounted on the

base p1 ate of a vacuum system. A second glass cylinder, on which

an appropriate aquadag grid had been painted, was then placed

coaxially over the PbS cylinder-filament assembly on the base

plate. Ib wss possible to evaporate the PbS, bleeding in 0, for

sensitization, and condensing the vapor on the outer cylinder

to form a cell, This process led to improved uniformity and re-

pr.oducibility, but the process still did not lend itself favorably

to large scale production.

Conside&'ation was given to chemical depositions. This, of

course, would be more adaptable to commercial production. However,

the sensitization required subsequent baking in air or an oxygen

atmosphere at high temperature (400 - 5000 C). Ronald G. Newburgh,

who Joined ECA after graduatirn from Harvard, considered the pro-

blem and concluded that by using a chemical oxidant films could

be chemically deposited which, by subsequent baking at a low

temperature would achieve the desired sensitization. By this

process, the oxidation is done in the interior of the film rather

than on the surface. Further, reaction with the atmosphere i:;

not required. Thie films produced in this way nnde poz.-sble ar,

excellenit yield with good uniformity and sensitIvtty. Ti hirl.
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temperature baking is used, recrystallization occurs which leads

to added noise. The low tenperature baking thus leads to cells

with reduced noise levels. This process is the basis for moat

manufacturing of PbS cells today.

With the availability of good cells, studies of their

fundamental characteristics were accelerated. These studics

were based upon the operating parameters of the cells, such as

spectral response, time constant, and noise char.cteristies.

These extensive investigations were undertaken for two reasons:

"In the first place, this understanding leads to the development

of photoconductors with iproved characterist-cs, since it shows

specifically the line of investigation which should be follomed

in order to evaluate the photoconductors currently in production

in a manner that allows for the quantitative evaluation of the

understanding of lead sulfide will show the way toward the better

understanding of the lead selenide and the lead telluride photo-

conductors an well as open the whole field or thir! (:t])a 'i"

photoconductor-; with properties tailor-made to fit rit! 1"1(!

applications."*

The experimental investigations of cell characterist1cz was

1Phtos cf--W'T'echnical Report 5-1-, July 1954.
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largely done by 0. W. hlmm.n, and the theoretical interpretations

were don by Slater. Their results wre reported fully in ECA

tt•viez,1 reports to the sponsor as well as in the open literature

(fhbwn 1953, 1956, Mahb•in, et al 1956, Slater 1956).

J6
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4

THE~ FASOhIAN IOCESS

The motivation which drew ECA into investigations of the

chztocr~iuctive effects of lead sulfide was, as we have seen,

aellberately based upon military requirements and the expect-

ations that detectors could be developed havir• characteristics

sutaerior to the PbS cells then available. The situation at

Eastrmn Kodak Cortpany was a curious contrast to this.

In the late surmer of 1947, Eastman was involved in manu-

facturing the Dove missile for the U. S. Navy. This missile used

a cruciform shaped thermistor boloreter to sense the infrared

emissions of the target it sougt. However, Eastman wished to

use an annular shaped bolometer, which it could not obtain from

a supplier. 'IMe compary, therefore, decided to investigate

tecniiques' to prepare its own. Eastaan attempted to prepare

sintered titanates as a thermistor material, but the process re-

cr.ied high temper-ature ftrnaces and other manufacturing equip-

ment not then available.

In December 1947, G. W. Hammar, in charge of the optics

section of the Dove project, suggested the use of the senconductor

leai sulfide as a candidate for bolometer material. By mid-

Decenber, Frank Ee:imett, as Eastman chemist, had chemically de-

posited PbS frcm a rieaction of a lead salt, sodium hydroxide, and
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thiourea. Gold leads were deposited by evaporation, and the

resulting cell was tested for its bolametric effect. This test

Involves determining the resistance of the cell as a function

of temperature. Anaalies in the observations were soon dis-

covered. These, in turn, were found to be related to turning

on roam lights, opening doors, or otherwise illuminating the

cell. The cells were thus noted to have a photocorductive effect

much greater than the bolometric effect!

Could such a detector be used as terminal guidance for an

air-to-air missile? The cell was placed in a Dove sensing head

and used to respond to a 10°C target. Significant signals were

obtained, indicating an appreciable infrared response. With

Navy approval, Eastman began to develop PbS photoconductive cells.

E. D. McAlister., at Eastman, recognized the potential of infrared

sensitive photoconductive cells, and was influential in the

direction and support given to the PbS development program.

One of Lhe first obstacles faced was the duplication of the

photosensitivity accidentally displayed by the firsrt cell. Every-

one was aware, as a result of Cashman's work, that the presence

of lead oxide in the film has a bearing on the photosenscitivity.

Attempts were, therefore, made to control tha- amount o"f oxyr#,ri

present in the solution. The deposition was made in a highly

alkaline solution. Since Courtney Q. Glassey, who temporarlly
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repkced Bennett as project chemist, recognized that both the

sulfite ion and the metabisulfite ion are good removers of oxygen,

he tried additions of sodium sulfite or sodium bisulfite to the

solution. This had a twofold effect: (a) Jt provided a greatc:

control over the rate at which the reaction proceeded, ard (b)

it served as a stabilizer foij the thiourea, which had a tendency

to deteriorate In time once it was put into sclution.

Shortly thereaftr, Glastey also demonstrated that the

highest JdoVree of phiosensitivity produced directly n'. of

solution came aboxt by delayirg the addition of the substrate to

the reacting hydroxide-thiourea 'xture. He noted. "... when

thiourea is added to a highly alkaline lead salt solution, a glass

plate or other nateria! placed in the solution during the first

rminute or ao au7me' ýeliy seeds or becomes seedec; that is, dur-

Irg tle first minuce or so theve e•r fo.-ed on the surface centers

or seeds at -4hiocn the precipitated cryFtals can ýhen form. How-

evi•, aft.-r the first minute )r sc th-tm automtic seedinjV normally

termirates and If a plate that does not already contain its own

seeds, is then placed in this solution such plate does not attract

crystals zf the precipitate (Glassey 1960)."

Glassey founl it preferable to delay immnersing the plate to

be cuated for at least five minutes to avoid seeding by the

tolition used for the final precipitation. It was, therefore,
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necessary for the plate to be preseeded by another solution or

process. The cells produced in this nmrwr were thow-.. to have

a reproducible sensitivity which was ir, to 100 times better than

theretofore achieved.

The seeding process was attributable largely to Meyer

Sugarmn. Ile described it thus: ".. a glass plate is cleaned

thoroughly and is then brought into contact with a special

seeding solution either by dipping in the solution or having

the solution poured over the glass plate .... the seeding solution

is made by adding to an aqueous solution of a soluble lead salt

and a stabilizer (such az lead nitrate and polyvinyl alcohol) a

solution of hydrogern sulfide in which the amount of hytdogen

sulfide is more than necessary to convert all of the lead salt

to lead sulfide (,&garman 1959, 1960)."

Although Glassey designed the experiments that showed delayed

action was advantageous, &.,' iiar was probably the first to recognize

the signifi..arce ot the results and Bennett exploited the process

and defined the limits. Many seeding media were tried before

the PbS solution described. Of these, several gave good coats

but poisoned the films so that no sensitivity developed.

Hamiar and Bennett also found a techniaue to control the rate

of precipitation. In this, "... the rate of precipntation of the

I lead sulfide and hence the crystalline form of the {cI(,d ,;uif' de

L1
!'!I

ii
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coating is controlled by having a copper salt in the precipitation

solution (Hamiar and Bennett 1960)." The use of copper came in

late 1948 or early 1949 after wci-ers at Bell Telephone Laboratories

had reported the effects of copper inpurities in gerronium

transistors. Hwimar and Bemett then made the assumption that

contBamination by copper mse mitigating against high photosen-

sitivity in PbS films. Rather then attemptirg to stringently

eliminate all traces of copper contamination, Bennett decided to

purposely contaminate lead sulfide with copper in a range of con-

-6centrations from 10 molar to 10-2 molar in solution. It was

noted that copper had a decided effect on the rate of reaction,

and if added at the proper concentration, whether by addition to

the Jilm or by some rate-controllirg mechanism (which was unknown

at the time), the addition of copper did give an enhancement of

photosensitivity which was almost an order of magnitude over

that whiich had previously been achieved.

The feature of the Eastman process was that the film as it

came from the solution had a high degree cf photosensitivity and

did not require subsequent baking or oxidation. Further, it was

stable in air, thus requiring no cover or evacuated envelop,. In

fact, the cells were unstable in a vacuum.

The Eastman process was essentially developed in secret. There

was little interaction between Eastman acientists and those outside

1.i
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the company, until late in the 50s (4encer 1959). There were

few contributions from Fastur, in the open literature regarding

PbS. The progress reports sukmitted to the Navy received

little circulation. However, the Navy did receive good cells

for military use - and thus the objectives of the propun were

wet. Note,, moreover, tfat techmlogical developments are seldom

publi.shed.
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5

7wH NML PROGRAM

The potential of lead sulfide cells in applications of interest

to Naval requirements was early reccgnized. In 1948, Lloyd I-1undie

at the Naval Ordnance Laboratory (NOL) began studying the proper-

ties of cells made by various people. Thi.s study compared the

spectral sensitivity, the response to 200&C blackoody radiation,

the time constant, and the variation of sensitivity over the sur-

face of each cell available (Mundie, et al 19481.

Only 19 cells were available to Mundie for this investigmtiiw-.

However, it is interesting to note that even at this early date,

he was able to obtain cells of German and Elish origin In addition

to domestic units. The U. S. cells were produced by Cashmn,

Farrand Optical ComWany, Arnowr Reseerch Laboratory, and the Radio

Corporation of America. Neither Photoswitch (ECA) nor Fastnar-

cells were yet available.

This was cne of the first comparisons of the rfor-n

characteristics of a large number of cells with var- ! ,

and it did ouch to interest the Navy in the ftferiti.,il r)! n"!' r

devices using photoconductive cells. Of particular solifielcfir'ce

is that it initiated a continued interest in research at IDL mn

the characteristics of photoconductive properties of the lead

salts (Petritz and Hamphrey 1958).

I
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In 1948, Whyne W. Scanlon Joined the NOL grotip. He had Just

earned his Ph.D. at Purdue University under alrk-lorowitz, doing

his dissertation of the electrical properties of semiconductors.

At oNL, his first task was to review the existing literature on

photoconductive cells. In this he read an account of an inter-

rcation of a Gerwan scientist which indicated that PbTe might

rke a cell with a response to longer wavelengths than that to

which FbS responded. Scanlon was quick to prepare a PbTe cell

by reacting stiochiametric proportions of Pb and Te, and

evaporating this in an evacuated pyrex container in which suitable

aquadag electrodes had been painted. These crude cells were sen-

sitive to infrared radiation when cooled to liquid nitrogen

teiVperature, but the absorption of the pyrex envelope limited

their spectral sensitivity to about 3.5u. Very likely, these

w-re the first PbTe cells made in the U.S.A.

Scanlon soon learned of a teclnique used by Simpson in Sland

to r.Lke thin bubble windows which decreased the absorption beyond

3.5w, permitting useful responses to 6 u. A year later 0)94"j),

Siricson visited NOt. and togrether with the I)I. r1M a;.:-llw,.r ::,.! !"tb

L,. Clark, additlon-l J)roV(OI•Int:; on tIMh te I• iuI, w(eiY :w- :,:,!,!-I I::+•J.

It is curious to note that the activation or tl,:e: 'cll:" w-I:-

probably attributable to the meager facilities availabic t(. th'!

NOL scientists at that time. They were then quarteried Iii e

Naval Gun Factory in Washington (and have since moved to racilitles
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then available lacked adequate perforyance characteristics to

achieve a good vacuum. Consequently, the partial residual

pressure probably provided the necessary oxygen for sensitization.

Whatever the cause, usable cells were prepared and the performance

characteristics could be measured (Scanlon 1951).

The cells were made from extremely purified lead telliuride,

since even minute traces of Impurities seriously affect the photo-

conductive behavior. Lead was obtained from the American Smeltinr

and Refining Cmpieny which was 99.999% pure. However, ccrnercially

available tellurium contained large impurity traces. A tellurixl

purification process was undertaken in which the impurities were

removed by sublimation.

The MYNe cells made were found to be essentially insensitive

at roon temperature, so that provisions for cooling, the flins with

liquid air were required. The films also becare insensitive

when exposed to air at atmospheric pressure. A cell thus was -ade

as shown in Fig. 2.

With these successes in preparing usable cells, Scr.i; ws

to return to research in the semiconductor properties of the le;ad

salts. Ie obtained gilena crystals from the InIthsonor• 1 h,,i

in Washir--ton. Frnom these he obtained measurermnt:nV -r the fo'r,-

bidden band pgap, mobility, mean free path, and other "unrviUrrv.taI

characteristics of PbS.

!
I
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With these studies in progress, Richard L. Petritz Joined

the NOL group. He studied the theory of noise in photoconductive

cells, seeking to determine the factors which impose an ultimate

limit on the sensitivity of cells (Petritz 1956, Petritz 1959,

Petritz and Humphrey 1958, Lummis and Petritz 1957). Soon

thereafter, James Hozphrey Joined the group and extended the

MOL investigations to PbSe evaporated films (Humphrey and Scanlon

1957, Miznphrey and Petritz 1957a and 1957b). Next, R. F. lBrebrick

was hired to apply his knowledge of physical chemistry to the

problem of crystal preparation (Brebrick and Gubner 1958,

Brebrick, et al 1959). The NOL team soon worked out sane of the

details on the phase system for FbS which enabled them to control

the electrical properties of the crystals through a vapor-

crystal thermal treatment.

The NOL scientists proposed a theory of photoconductivity

based upon data obtained from these studies. It was assumed that

incident radiation on the- PbI film excites electrons fron a

filled hand to a conducti(n band. 'l1its leaves . hel,. whi,:r, : .:;,.

has rk)btlity, althoug.h less thmn that of thK eJ,:ctroua. IIM,.vet,

unless the electron and hole can be immediately separated, there

is a his-h probability of recornblration and, hence, no current.

If, however, the film contains several p-n Junctions, there will

be local fields sufficient to separate the electron, hole pairs.
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It was suggested that the sensitization process leads to

the production of a large iumber of p-n junctions. Lead salt

films show micro crystalline structure. A fresh deposit of

Ptre is an n-type semiconductor. The diffusion of oxygert into

the crystalline lattice makes crystallites p-type. The mechanism

proposed agreed qualitatively with observed results.

Since the film structure of the cells that had been pro-

duced were apparently quite camplicated, it was decided to con-

tinue the studies cn single crystals. Facilities for growing

crystals and for making Hall effect and resistivity measurements

were bulit. Very little of the fundamental nature vas known

about the properties of the lead salts; even the enerry gap was

not established.

The width of the forbidden energy gap in a semiconductor is

one of the important parameterg used in describin; Its character-

istics. Even in 1953, Scanlon reported that others had calculated

such divergent values as 0.3 and 1.17 ev (Scanlon 1953). 1-

using the crystals grown at NOL, he found significant channp, in

stoichicmetry for PbS as a function of temperature. Ihbs deter-

ruination provided a significant step toward understandinr the

semiconductive behavior of lead salts. The band rap was determined

frcn Hall effect data at temperatures less than 5000 K ns

0.37 + 0.01 ev.
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Measurements of the optical absorption edge in a semicon-

ductor is of interest since it provides information on the for-

bidden energy gap and can be used to calculate the radiative

reccnbination lifetime of electrons and holes. However, such

measurements are extremely difficult to make since PbS, for

instance, has an absorption coefficient of approximately 104

or 105 cm-I at low wavelengths. By using crystals grown in

his laboratory, Scanlon was able to grind and polish these to

a thickness less than 0.1 mm (Scanlon 1958). These, of course,

were very fragile and broke into small pieces. However, the

NKOL group developed a microscope technique to obtain optical

transmission studies on crystal areas as weall as about 600 x 50

microns. The spectral absorption measurements agreed well with

the reflectance measurements of others at short wavelengths

and with transnission data of others at long wavelengths (where

the transmittance is highest). However, Scanlon's data added new

precision to the determination of the absorption edge. With

this measurement, the radJation recombination lifetime wan entab-

lis|ed at 63 mi.roseconds.

nbc deteriniitLo, of the optical sbaorption tylf'T: ri'trk(,i

aniother' s31,3f1'cuit step at NOL In establ .-hilni a usefuil urJ,',:r.:;t.t•t-

liv of th#e s--miccndtictor behavior of lead salt:. ti.ext --,cr+-

parable step vws the developnent of a technique to control the
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material concentrations in the lead salt crystals. This ws done

by heat treatment in a controlled atmosphere (Scanlon 1959) am

pemxitted a detailed study of the band stlrctixe.

In less than a decade, the NOL scientists were able to de-

rive an acceptable theory for the semiconductor behavLor of

le!.ad salts. Their contribtitions have been r" particular value

to understanding the physics of materials. It has beer ar

lnterdisclplinary effort, involvlrn the team work of --ay'

scientists.
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6

THE SYRACUSE EFFORT

The interest of the military in developirn improved infrared

sensitive detectors has been described. Paul Ovrebo, as has been

noted, had been in charge of tests of the Kiel IV at Wright Field,

Ohio. He, naturally, felt the need for improved detectors, and

did his best to encourage groups to undertake research toward

that objective. While attendirg the January 1946 reeting of the

American Physical Society he described the need for detector

research to W. R. Frederickson, chairman of the Physics Department

at Syracuse University. This discussion resulted in an unsolicited

proposal to Wright Field from Woodrow Johnson of the Syracuse

physics staff. In September 1946, a contract was let to Syracuse.

The effort was largely directed toward investigations of photo-

emissive effects.

Within a year, Johnson left Syracuse and the work was continued

by a recent addition to the Syracuse staff, Henry Levinstein. In

February 1948, Levinstein redirected the investigations toward

infrared photoconductive cells.

After surveyinm the field of infrared detect - development,

Levirstein conlo]uded that PbS cell deve]opment wai In r,od h•r,•dl•,

and PbNA xrxi PUN, otferzI•x thv more prom•l ;.npý nli,•w 2.

latter seemed better suited for experimental Ivvtirallr,r':.
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Support for this work, it must be noted, came from the

military with a desire to create improved infrared detectors. The

contract monitor, Niel F, Beardsley, (Krasno 1961) worked in

close liaison with Levinstein to assure that that goal would be

met. However,, the Syracuse effort was directed toward under-

stanin the mechanisms of photoconxductivity, and thereby aimed

to improved cell production.

By 1949, a number of good cells were being made. Since these

were almost unique in the U.S.A., there was a large demand for

cells by the military, spectroscopists, and others. By 1950,

Levinstein had a recipe sufficiently understood so that his

undergraduate students could begin their apprenticeship by making

cells to meet these demands. When a student had progressed to

a point where he was ready to undertake a thesis, he adjusted

readily to the preparation of the films required for his pro-

ject. This, thu5, was an effective educational tool as well as

a means for meeting the demands for infrared sensitive cell-.

Although in this period (about 1950), Syracuse became ain

important source of infrared detectors, the main interest r'Ž-

mained in the research inquiring into their photoconductive pro-

perties. That research soon emphasized the characteristics .f

crystals. Since this is beyond the scope of these essays, thart

phase of the Syracuse program will not be described. if fi,-,,
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it to say that Syracuse rapidly developed as a center for train-

ing scientists in photoconductivity. The rsearch effort also

naturally encopassed nearly all types of photoconductive cells

(Beyen, et al 1959, Levinstein 1959, Levinstein 1962, Ii;vlnsteln

1965).

Levinstein,, through his teaching, writings, and lectures

has had a profound influence an photoconductor research. One 1s

apt to encounter his former students whorev'*r infrtird activity

is undertaken today.

iI
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7

TM ATLAMTIC CITY () C

Within a decade of CashTmn's initial success with PbS photo-

conductive cells (1944). a rather large number of investigators

were aged in studies of photoconductivity. Cells vere re.nql,:

available from a variety of suppliers. Reasonable descript-icr.s

of the photoconductive mechanim were voiced. Research was beirn

extended to materials other than the lead salts - research that was

soon to came to important fruition,

The magnitude of this research effort pointed to a need for

a conference in which the various workers could excharwe their

point of view. Late in 1953 plans for such a conference were

initiated, and on 4 - 6 November 1954 it was held at the Senator

Hotel in Atlantic City, New Jersey. The proceedings of this

conference marked the first extended treatment of the subject

(Breckenridge, et al 1955).

In the first paper of the meetir ., it was noted (Rose 1955)

that although photoconductivity hid been observed for well over

a half century, it was only within the past decnde that exrp.ri-

meifts 1xid been denli-ned to rkable one to pres.ent datn Ir, te:rm:;

of the I1fetirm- of' : free carrier or tie capture: crrr.- ::0:,:I.IM

of bound states. lie contended that the lifetlin, oi" aITr.-t
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carrT•r is the characteristic parameter of a photoconductor.

"This is so because the photoelectron current is equal to the

product of absorbed photon current and the ratio of lifetime

to transit time for a free carrier. Rose described the pro-

cess of termination of the lifetime of a free carrier, noting

it to usually be by recai*ination with a deep-lying bound

state in the forbidden zone. This Is structure sensitive and,

because of its comWlexity, not amenable to exact solution. He

was able to provide swe insight into the situation, however,

through consideration of deep-lying states, or ground states,

and shallow-lylnM bound states, or traps. The nwuber of ground

states increases with increasing radiation density.

A second paper on the phenomenological theory of photo-

conductivity applied the recently developed concept of infor-%

mation theory to considerations of lifetime and the limit of

sensitivity of photoconductors (Petritz 1955). Here, it was

concluded that the limit of sensitivity of an intrinsic semi-

conductcr (i.e., where the signal response is equal to ncise)

is established by fluctuations in the number of conduction

electrons and holes, which arise through fluctuations in the

rate of emission and absorption of photons and phonons. The

ultimate radiation 1.1mit can be reached by cooling the lattice.

In principle, it' the lattice reccnbinatiorn tJn, exceeds, thf
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radiation lifetime one can reach the same limit as that of the

cooled detector.

Petritz divided the application of radiation detectors into

broad classes. In the first, one deals with weak signls. At

the opposite extreme one deals with strong signals. The infor-

nation rate at these extremes was shown to have a different

deperdency on the signal to noise ratio. In applications where

one's objective is merely to detect the presence of a signal,

Petritz showed that an uncooled detector, operated by making the

lattice reccabiration time lorger than the radiative lifetime,

obtains infonmtion at the same rate as an uncooled fast detector

whose noi3e is set by the lattice. Petritz was able to provide

a basis for an empirically derived relation of rcAlister (of

Eastman Kodak Company) which stated that the product of the

limit of sensitivity and time constant of a detector is a con-

stant.

Petritz's approach to the photocconductive mechanism and to

nolse consideration did much to improve the understanding, of the

optimm.i use of infrared sensitive detectors.

Follow1im these discussions of the phenamenological aspects

cf phctoconductivity, several investigators de:icribed photon

abscrptivon processes. This helped clarif.y the coriceptr of* tr-i.,pr;b

lattlce vibintion., Indirect transltions, and olhx r,:,, 't't.cr .-.t.]::
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associated with absorption. The next topic covered was electron

processes, which were discussed In six papers.

Photocondctinr raterials were next considered. By this

time, some attention could be paid to materials other than the

lead salts. However, from the viewpoint of this essay the

critical paper was that presented by Mahlman, Nottinrw , and

Slater on the photoconductivity of PbS. This paper reported

the results of the research umiertaken at the Electronics

Corporation of America (which had been Photoswitch, Incorporated

until shortly before the conference).

This paper presented the rather extensive experimental measure-

ments of PbS film as well as a theoretical interpretation of those

measuimwts. The auarents were principally of four kinds:

the dark conductivity of cells as a ftuction of terperature, the

conductivity under different levels of irradiance, the time

constant, and the spectral response. By plotting the log of the

dark conductivity for a laxe nuirber of cells as a function of

1/1, a pattern emered. 7T1 cL--wzr seemed to evolve into q :.-n-le

straight line at higher twneratures. 7his o.- call,.,d try- %ater

A.re. T slop.* of this line was Interpreted In. terms of the

fortIdden eery pp and Indicated a value of 0.35 ev. -his

value was In agve•ent with values deduced by other workers from

a varlety of evidence. Pr, trPds, the ECA scientists were led

to 5L*_ýest that thbe potr*ocordu--',,- ,-&ne igds•, .n cctý' c I-•u ,e
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interpreted in termis of a barrier-modulation theory. Cuch a tteo-r,

i-plies that the micro-crystalline structure of the film corists

of alternate n and p type elements. If an electron is excited by

a photon from the ground state to the conduction band in a p-type

element, the resulting hole is bound by the adjacent n-type elements.

Conversely, an electron excited in an n-type element become's

bound in the conduction band. This theory suggested how the cell

conductivity and time constant will vary upon illumination. The

ECA observations gave support to the theory.

The ECA effort was undertaken in the desire to perfect an

infrared mosaic tube. Although the tube itself has yet to he r-,r-

fected, the effort did permit an Improved understanding, of the

photoconductive properties of PbS. The complementary program of

INOL has already been discussed (Sec. 5). This effort on the

chemical and physical properties of PbS single crystals was de-

scribed at the Photoconductivity Conference (Scanlon, Brebrick,

and Petritz 1956).

From measurements of the Hall effect, the IJOL ncientizt:;

deduced the energy rap to be 0.37 ev. Other mn-w-.urr.•mr-t irrik.Ittri
:.i scr:ewhat. lower' V~ vI I~e, )iHt this could be exprtIrtic, hy thE: v.,tw.,

in stolchriietry in PbS as a function of temperritur-:. A cr"r,,lrr

paper (Woods 1956) also presented at the conference ,

that "... the chanswe in resistance (of PbS films) under Ulnirn-'tion
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occurs principally through a change in the number of carriers in

the crystallites, cur.ent-amplification effects due to barrier

modulation being wrall."

The theory evolving from studies of lead salts thus showed

subtle, but important, differences. This indicates the real

value of such a conference. The paths required for further

research were dell-aated.

The studies of the properties of PbS would be understood by

considerations of thei.r uniqueness amorv the lead salts: PbS,

PFTe, and PbSe. Mcreovw., by comparing the properties of these

cells with those of intrinsic detectors and doped crystals

(principally germanium), the understanding of the photoconductive

mechanism would be enhanced.

Smewhvt prophetic of these efforts was the paper presented

by Levinstein reviewirM his investigations of the electrical and

optical properties of PbTe films. He reviewed the detailed ex-

perimental investigation he had undertaken: dark conductance as

a Pucntion of reciprocal temperature with oxygen exposure as a

parrmni-ter, the therz-moelectric power as a function of oxygen ex-

posure, the effect of' substrate temperature durlril d'aononItIon on

the filn's ability to accept oxyren, the spectr'al trnnnm1e1n

of a film at different temperatures and demrees or oxyvegratloln,

the spectral index of refraction at I-,ji temperature and for
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heated and cooled samples, the spectral absorption coefficient

-.r drarious crystals and films, the spectral extinction coefficiesnt

and spectral response, the variation of film sensitivity as a

"function of exposure to oxygen, the variation in spectral response

w4th exposure to oxygen, and the effect of strong, radiation on

film resistance (for both n- and p-type films).

At this stage, the enunciation of a quantitative model de-

scribing all these observations was still beyond grasp. Levinstein,

however, did link his observations qualitatively. From the

observed absorption coefficient as well as the spectral response,

he deduced an energy gap of about 0.25 ev. He envisaged both free

lead and tellurium atims existing as impurities. The former,

having enrgj levels located close to the conduction band, supply

ccnduction electrons. The addition of oxygen provides acceptors,

turning the crystallites to p-types. Levinstein was able to

correlate his observations and prepare for the formmulation of a

more quantitative model.

The Atlantic City conference provided considerable catalysin

to understanding photoconductivity. It provided an excellar~t

opportunity for cross fertilization in a new and rapidly expanding

facet of science. Although there were some important contributions

frcm the British, the meeting was largely American.

Seven years later, a second conference on photoconductivity
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was held (Levinstein 1962). This conference attracted a truly

international participation, and the rarge of subjects was much

broader. Investigations in photoconductivity continue. These

have not only provided infrared sensitive detectors useful In

a broad variety of applications, but also the studies of the

properties of the photoconductive mechanism have been re-

sponsible for an improved understanding of mtter.

f



-65-

BIBLIOGRAPHY

H. S. Allen, THE EARLY HIS'MDRY OF PHIO-ELEC1RIC AND SELENILT.1
CELLS, pp 5-9, "Photo-Electric Cells and Their Applications",
John S. Andersonr, Ed., The Physical and Optical Societies, London,
1930.

R. B. Allured, J. G. Black, W. L. Hole, and T. R. Kohler, EX-
PWOTA70RY EQUIR4ENT USIN3 THE LEAD-SUlFIDE CELL FOR MILITARY
IE&I TION PURPOSES, OsD No. 6290, Section 16.4-73, 1945.

J. S. Anderson, PHOIT-ELWCIC CELLS AND THEIR APPLICATION, The
Physical and Optical Societies, London, 1930.

Norman C. Anderson,, COMPARATIVE PER ANCE OF COOLED INFRARED
• _oc -,.-oRS, Proc. IRIS 4, (1959) PP 131-134.

W. N. Arnquist, SJRVEY OF EARLY INFRARED DEVELOR40ETS, Proc. IRE,
47, (1959) pp 1420-1430.

Stanley S. Ballard, INFRARED, A NEW FRONTrIER OF PHYSICS AND
MXHU)GY, Proc. IRE, 47 (1959) pp 1417-1419.

Werner J. Beyen, Peter R. Bratt, Howard W. Davis, Leo F. Johnson,
Henry Levinstein and Alfred U. MacRae, GERMANIUM AND LEAD TELWIUDE
fIFV'M) DETECTRS, Progress Report, Syracuse University, Project
A056 Task 40511, 1957.

Werner Beyen, Peter Bratt, William Engeler, Leo Johnson, Henry
Levinstein, and Alfred MacRae, INFRARED DEIECORS TODAY AND
TCMOFfCII, Proc. IRIS, 4, (1959) pp 88-95.

J. G. Black and P. H. Geiger, AN INFRARED RADIATION SYSTE FKXR
RECOGNITION AND SHIP 70 SHIP C(WUNICATION, OSRD Report 35116,
Section No. 16.4-23, 1944.

J. G. Lqack, P. H. Geiger, and A. F. Pairbanks, A NEAhi TIWL•AAIJD
SYSTM. FOR RCONITION AF3D SHIIP TO SHIP CfWIMJNTCATTIfl (TYPE D-2),
OSRD Report No. 5993, Section 16.4-19, 19115.

D. E. Bode, H. B. Brigis, T. H. Johnson and R. rF. Talley, ý,7AVJS
OF INFTRARE DETfl"IfR DEVEIfPMENT AT SAWA BARBARA RESFARCH CFJ1J'R,
Proc. IRIS, 4, (1959) pp 141-149.

D. E. Bode and Henry Levinstein, EFFECT OF OXYGEN ON THE EfIfXRICAL
PROPER=IFS OF LEAD TELLURIDE FIU4S, Phys. Rev., 96, (1954) pp 259-
265.



-66-

J. G. N. Bralthwalte, INPRAREI) PHOCONDUCTIVITf OF CERTAIN VALECE
IWERU41PTALLIC CCt4fPUNDS, Proc. Phys. Soc., 64, (1951) pp 274-275.-

R. P. Brebrick and E. A. Gubner, RELATION BETWEEN PW/DCONDUCTIMI
AND THE CHEMICAL-DEPOSITION PROCFSS OF LFAD SULFIDE, Proc. IRIS,
3, (1958) pp 64-67.

R. F. Brebrick, E. Gubner, F. L. tunmis and R. L. Petritz, PIKrlD-
CO!T)u(rIVE PROPERTIES OF CrMICALLY-DEPOSITED LEAD SULFIDE FILMS,
Pnoc. IRIS, 4, (1959) pp 257-264.

R. G. Breckenridge, B. R. Russell and E. E. Hahn, Eds., PH(YIOCON-
DUCTIVITY CONFErEN, John Wiley and Sons, Inc., New York, 1956.

Vannevar Bush, SCIENCF, THE ENDLESS FOTIER United. States Govern-
mrent Pringing Office, Washington, D. C., 1945.

C. P. Butler INwRA-RED SURVEY WORK, OSRD Report 3559, Section
16.b4-26, 1 9 44.

T. W. Case, THE THAIDMIIE CEWL, "Phcto-Electric Cells and Their
Application", pp 213-218, John S. Anderson, Ed., The Physical
and Optical Societies, Londcr, 1930.

T. W. Case, NOTES ON THE CHANGE OF RESISTANCE OF CERTAIN SUP.-
STAN:CES IN LIGHr, Phys. Rev., 9, (19-7) pp 305-310.

T. W. Case, INFRARED TELERAPHY AND TELEPHONY, J. Opt. Szc.
im., 6 (1922) pp 398-406.

R. J. Cashnan, DE7VE.0MMENT OF SENSITIVE THALWOUS SULFIDE PMOM-
CONDUCTIVITY CELLS FOR DETECTION OF NEAR INIARED RADIATION, O3RD-
Report 1325, Section 16.4-6, 1943.

R. J. Cashman, DEVELOPET` OF STABLE THALL0US SULFIDE PHOTO-
CONDUCTIVE CELLS FOR DEI¶ECTION OP NEAR I•RARED RADIATIOJ, ORD
Report 5997, Section 16.4-63, 1945a.

P. J. Cashnan, DEVELOPMENT OP SENSITIVE LEAD SULFIDE PHCYOCOI -
1UCTIRE CELLS FOR DETETON OF IMI%1MfDIATE INY"TARF) RADTATION,
0CS. Report 5998, Section 16.4-64, 1945b.

F. J. Caslnaj, NEVI PH(YIO-COND.X"TVE CLTVS,, J. Opt.. Aic. in., "36,
(114,6a) p. 356.

R. J. Casrtroa, PRcRESS REPORT, Northwestern IJrlverslty, 'oitrvict
NObs 2Y392, 1946b.



-67-

R. J. Cashman, PrWIuxJEZhL'RS FOR THE ULTRAVIOLET, VISIBLE, AND
DF%=• RADIATION, National Electronics Conference, Chicgo,
Ill., 2, (19 46c) w 1-10.

R. J. Cashmun, REPORT M NAN CCMM~rITE February 27, :947, North-
western University, Contract NObs 450•6, 1947a.

R. J. Cashman, LEAD-&UMPt PIIYIC0=CTIVE CELLS FOR SO(M) RE-
• (0, J. Soc. Motion Picture Engineers, 49, (1947b) pp 342-

348.

R. J. Caehian, PHOPWM CF LEAD SELEKIDE P •rOC09(-.XJFIVE CELLS,
Northwestern University, Contract N~bs 45068, 1949.

R. J. Cashman, LEAD MENIDE PHD(XODW.LIVE CELLS, Northwestern
University, Progress Report, Contract NObsr 49044, 1954

R. J. Cashian, LEAD SEEEIE PHYOCONDUCTIVE CELLS, Northwestern
University, Prop'ss Report, Contract NObsr 49044, 1955.

R. j. Caahian, DEVEIOM4 CP PHM NWJCTIVE CELLS FOR OPTICAL
COMMUNICATION, Proc. IRIS, 3 (1958) pp 184-192.

R. J . Cashman, FIU4-TYPE INPRAREl PH ONLUCTDRS, Proc. IRE, 47,
(1959) pp 1471-1475.

R. J. Cashan, Lee Oildart and A. W. Eald, INFRARED ANALYZER
USDIN LEAD SELEID)E PHMYIMCELL, Northwestern University, Contract
NObsr 49044, 1951.

:.:. A. Clark, R. J. Cashman and J. Fentress, CHARACTERISTICS OF
PbS, PbSe, AND PbTle PHNOCON[ACTIVE CELLS, Northwestern University,
Contract NObsr 49044, 1951.

W. W. Coblentz, '•R1 AND METODS USED IN RADIO=TRY
Bulletin of the Bureau of Standards, 4 (1907-1908) pp 391-460.

W. W. Coblentz, INSITR0ENTS AND ?IEHO)DS USED IN RADI(['rIPY-uI,
Bulletin of the Bureau of Standards, 9 (1913) pp 7-63.

W. W. Coblentz, IN.STI4ENTS AND MEI1HODS USED IN RADI(TIETHY-III -
THE PWI0D-FMH•IC CELL AND OTH SELECTIVE RADIOMTERUS, Bulletin
of the Bureau of Standards, 14 (1918-19) pp 507-536.

W. W. Coblentz and R. J. Cashman, A PHOTOELECTRIC CELL FOR
14F"URING ULTRAVIDLET SOLAP AND SKY RADIATION ON A HORIZONTAL
PLANE, Bull. Armer. Meteorologica] Soc., 21 (1910) pp 14,9-1%6.

@4



-68-

M. DiDcvienico, W. M. Sarpless and J. J. McNicol, HIGH S PrfHTj-
DET'ECT1ION IN G~4Anm14SILIOON CARTRID)GE-TYPE KOINT-,CXNTAC'r Plr!-
DIODES, Appl. Opt., 4 (1965) pp 677-682.

W. Ehrenberg and J. Hirsch, THE CON JCTIVIT- A URE CHARACTE-
ISTICS (r LEAD SAFPH: THE INFUJECE OP OXYGEN AND OF ThE RATE
OF HEATING, Proc. Phys. Soc. (B), 64, (1951).

A. Elliot, RWEIN ADVANCES IN POITO-CELLS FOR THE IIFRARED, "Elec-
tronlcs", B. .uvell, Ed., pp 97-133, Pilot Press, London, 1947.

Ralph W. Ergstran and Alan M. Glover, DEVELOPMI1I OF MErHODS FOR
MANUACTJUI THE TYPE B TAMIDE CELL, OSRD Report 6003, Section
16.14-69, 1945.

Johnr Robert Eshbach, INFRARED RADIATION PYRFOMETY, Northvestern
Ur¢iversity, Doctoral Dissertation, 1947.

A. W. Ewald, W. L. Hole and G. E. Uhlenbeck, A THEORETICAL APPROACH
TO SOME FUNDAMENAL PROPERTIES OF THAWUS SULPIDE PIKf7 NDUCTMV
CELLS, Special Progress Report, University of Michifa, Contract
NI•DCr-185, 1945.

P. B. Fellgett, ON T!E ULTIMATE •Sl'ITIVITI AND PRACTICAL PER-
FOgANCE OF RADIATION DETERS, J. Opt. Soc. Am., 39 (1949) p.
970.

P. J. Fleming and M. J. AlberE P, OCONDUCTTVITY OF LEAD SUI1FIDE
PF1LMS, J. Appl. Phys., 35 (1961,) pp 3522-3528.

John M. Fluke and Noel Porter, 30ME DEVELPMENTS IN lFRAL*W
COMMUNICATIONS OMQONENTS, Proc. IRE, 34 (1946) pp 876-883.

P. H. Geiger and J. G. Black, JAPIR DETION EQUIPMENT, OSRD Re-
port 5995, Section 16.4-61, 19945.

P. H. Geiger and J. G. Black, PLANE TO PLANE RE0ThITTTON, ,')2D
Report 59o4, Section 16.4-60, 194,5.

Courtney C" ice (,lassey, IMPROVRFF2M-1 TN P1lKY1)J'Ji;11TC 1(;u':,
British Partent 810,708, July 1960.

G. W. Hmpnar, HIGHLY SrITIVE LEAD SULFIDE SURFACES AIS TIE',
MEIHUD OF MANUFACTURE, United States Patent 2,917,13, December
1959.

Gustaf Wilhelm Hammer and Frank Clinton Bennett, Jr., DUIPROVE-
r.-MS IN PHYIYCELLS, British Patent 840,710, July 1960.

I1



-69 -

Lcuis Harris, IMPRODEI) PAR INFRARED RECEIVERS AND ASSOCIATED
OPTICS, OSRD Report 5299, Section 16.4-41, 1945.

R. Favens, THEJRETICAL COMPARISON OF HEAT DMECRS, J. Opt.
Soc. Am., 36 (1946) p. 355(A).

C. W. Hewlett, J. J. Fitz Patrick and H. T. Wrobel, THALLOUS
SULPME PHOTOCODUCTIVE CELL, OSRD Report 5099, Section 16.11-39,
1945.

Arthur von Hippel, PROGRESS REPORT ON SELENIMI PHOYMCEL!S, OSRD
Report 1326, Section 16.4-2, 1943.

A. von Hippel, RESEARCH ON THALLOUS SULFIDE PWIYRONDUCTIVF CELIB,
OSRD Report 4933, Section 16.4-40, 1945.

A. von flippel, J. H. Schulman and E. S. Rittner, A NEW FEC-LMOLUIC
SELE2i1 PHuiwCELI, OSRD Report 1969, Section 16.4-1i, 19413.

W. L. Hole and R. J. Cashman, THALLCUS SULFIDE PHY=OONDUCTIVE
CELLS, OSRD Report 1474, Section 16.4-7, 1943.

W. L. Hole and L. N. Holland, A PHWIEL TEST SET, OSID Report
5298, Section 16.4-35, 19145.

James N. Humphrey, OMIUDM UTILIZATION OF LEAD SULPIDE INFRARED
D'I . UNDER DIVMSE OPERATIND CONDITIONS, Appl. Opt., 4,
(19E5) pp 665-675.

Jimes N. Humphrey and Wayne W. Scanlon, PHOUOCONDUCTIVIlLY IN LEAD
SELM4IDE: FCJ NAL, Phys. Rev., 105, (1957) pp 469-476.

James N. Hkm-phrey and Richard L. Petritz, ]PHOTOCONDUCTIVITY I0
LEAD SEL&,•IDE: THeRY OF THE DEPENDENCE OF SENSITIVITr ON FILM
THICi ,Ss AND ABSORPTION COEFFICIEITS, Phys. Rev., 105, (1957a)
pp 1192-1197.

James N. Humphrey and Richard L. Petritz, F'IYYIAONjID()J1'TIVITY III
LEAD SERIDE: THEDtEY OF THE MECHANISM OF MIECI•AITII. OF S11I-
SrrIZATION, Phys. Rev., 105, (1957b) pp 1736-17'10.

Frank 3. Isakson and Russell S. Greenbaum, THE ROLZ OF OIIR IN
THE DEVEWOMMIYT OF A MIL=TARY INFRARED RESEARCH PROGRAM Office
of Naval Research, National Research Reviews, 19, (19663 pp 1-7.



-70-

T. H. Johnson, H. T. Cozine and B. N. McLean, LEAD SEL2DIDE
DEISMORS FOR A14BIEN1L, TW EAilURE OPEP "': '*,, ýpp.. Opt.$, 4,
(1965) pp 693-696.

R. Clark Jones, THE ULTIMATE SESITIVITY OF RADIATION DE-
TEmR, J. Opt. Soc. Am., 37, (1.947) p. 879.

R. Clark Jones, A NEW CIASSIFICATION SYSTEM FOR RADIATION
DEMW 9, J. Opt. Soc. Am., 39, (1949a) p. 327.

R. Clark Jones, FACTIORS OF ?4UT FOR RADIATION DRECTORS, J.
Opt. Soc. Am., 39, (1949b) p. 344.

R. Clari Jones, PEFOI'WNE OF DETECTORS FOR VISIBLE AND INFRA-
REDRADIATION, Advances In Electronics, V, (1953a) p. 1.

R. Clark Jones, ON TIE RE[ATION BETWN THE SPEED OF RESPONSE
A 'n DTHE7 OF LEAD SULFIDE PH[YDX)NEUCTIVE CELLS, J.
Opt. Soc. Am., 43, (1953b) p. 1008.

Joseph Kaplan, THE CASE "THALFIDE CELL": ITS USE IN SPE71'RO-
SCOPY, J. Opt. Soc. Am., fi, (1927) pp 251-256.

C. V. Kent and W. Hole, GERMAN I-R SPEEH COMMUNICATION
APPARATUS (LICH1 REMEUATS 80 tim), University of Michigan
Report 16.,4-secial, 1943.

F. Kicinski, THE IPRARATICN OF PWII'*C UCTIVE CELLS BY CHEICAL
DEPOSITION OP LFAO SULPHIDE, Chmuistry and In&u 3try (1948) PP 54-
57.

Maxwell Krasno, IN M]1WRIAM DR. NIEL P. BEADSLE, Proc. IRIS, 6,
(1961).

Paul W. Kue, P O EM IN Cd Te, Appl. rOpt., b, (19Q)
PP 687-692.

G. P. Kuliper, W. Wilson and R. J. Cashmtn, AN IN'IftdU-1V :;7!21,1J11
SPECI CMEM], Astrophys. J., 106, (1947) pp 243-2'0.

E4ar W. 1Utzscher, 'M PHYSICAL AND TECHNCAL [EVUr'r O!,'
IFRARE-) HOMD1 DEVICES "History of Oerman Guided Missiles
Development", pp 201-21A, PRb. by Appelhans, Braunschweig,
Cenrmny, 1957.

F4gar W. Kutzscher, ON RESEARCH AND IT OF PH CONE
CELLS IN GEWAN WITH PARTTIZAM REPETW TO ITEI]R r'ILITARY

S~A."Ll.CATIONS, Notes, 1949.



-71-

Marvin E. 1.ase and Henry Levinstei, OPTICAL PROPERTIES OF
LFAD T1LURIDE, Phys. Rev., 96, (19504 pp 47-52.

Arthur R. taufer, DAWW D&WTION SDOSIA (IRIS), Proc.
IRIS, II,(1957) pp 56-58.

Henry Levinsteln, THE EIECTRICAL AND OPTICAL PROPOFM OF PbTe
FIIbS, "Photoconrluctivity Conference", pp 601-618, John Wiley
and Sons, Inc., New York 1956.

Henry tevinstein, DMR PVTIXOONUXCTIVITY IN GE(RAOfl1, Proc.
IRE, 47, (1959) pp 1478-1481.

Hery Levinatein, PH1M000? CTIVIVY, Proc. International Confer-
ence held at Cornell University, New York, Pergaman Press,
Oxford, 1962.

Henry Levinstein, E)MMRISIC DETECTORS, Appl. Opt., 4, (1965)
pp 639-647.

Everett W. Lothrop, John R. Platt and Wallace R. Wilson, IITRA-
RED VOICE CalUNCATION SYS S FOR AIRCRAFT, OSRD Report 6000,
Section 16.4-66, 1945.

D. J. Lovell, THE SIGNIFICANCE OF TnE DEVELORMT OF THAUI•S
3JIIE DE'IVD , to be published.

G. Lucovsky and R. B. ftmais, HIGH FRF.JENCY PHDY IODES, Appl
Opt., 4, (1965) pp 697-702.

Francis L. Lumnis and Wayne W. Scanlon, RESPONSE TIM SIDIES
IN LEAD MELD PR W TIVE CELLS, NAVIRD Report 1899,
U. S. Naval Ordnance Laboratory, White Oak,, Md., 1954.

francis L. Lummis and Richard L. Petritz, NOISE, TIME CONSTANT,
AND HALL S1'DIFS ON LAD SULFIDE PHM"MUCTIVE FIP4S, Phys.
Rev., 105, (1957) M 502-508.

o. W. tbahman, MECMANISS OF CONCritION IN LEAD SUIPIDE P11113,
Proc. Pifteenth Physical Electronics Conference, pp ll'4-I22,
1953.

(I. W. %hlman, ITULU E OF DRtFI' PATII"; OF ; CRAJ~';E CARVcJ;i-. (;1'
111 PMIPMM11 OF LEAD SULIDI KIIMS, Unpubiis•wh| rt., /'
Autlr was with Electronics Cop)oration or .

0. W, Mahlmn, PHOTIOMN3CTIVITY OF LEAD SJUIDE FloT, Phy•.
Rev., 103, (1956) pp 1619-1630.



-72-

G. W. riahblan, NC4BEI THEORY FOR LEAD SFIDE PHITOCONDUCTING
FIU,!S, J. Appl. Phys., 37, (1966) pp 439-440.

G. W. Mahbn, SIDUIT PATH PIHYXlOOIUCTION IN LEAD SULFIDE FIUlS,
J. Appl. Phys., 37, (1966) pp 440-441.

rG. W. Mahlman, PKTIOCONDUCTIVITY IN THIN FILMS OF LEAD SULFIDE,
l4th Annual Physical Electronics Conference, 1954.

G. W. 1,Mahiman, W. B. Nottirgham and J. C. Slater, PHK)TOOONDUC-
TIVTTY OF PbS, "Photoconductivity Conference", pp 489-508, John
Wiley and Sons, Inc., New York, 1956.

R. H. tieservey and P. E. Taylor, EVALUATION REPORT: GEMf4AN
INRARED AIRCRAFT DETIErR KIEL IV, The Engineering Board, Corps
of Engineers, U. S. Army, Ft. Belvoir, Va., 1946.

F. S. Morten and R. E. J. King, PHMMX9CTIVE INDI11M ANTI-
MONIDDE DETE RS, Appl. Opt., 4, (1965) pp 659-663.

T. S. Moss, T'HE ULTIMATE LIMITS OF SENSITIVITY OF LEAD SULFIDE
AND TELLURIDE PHYCU CTIVE CELLS, J. Opt. Soc. Am., 40,
(1950) p. 603.

T. S. Moss, PHXD3OO)CTIVr IN THE EELEME?4S, Academic Press,
Inc., New York, 1952.

T. S. Moss LEAD SALT PHYIVOONDUCTMS, Proc. IRE, 43, (1955),
pp 1869-18A1.

T. S. Moss, OPTICAL PROPEITE OF SOI-CONDUCTORS, Butterwrths
Scientific Publications, London, 1959.

T. S. Moss and R. P. Chawim, SPECTRAL RESPONSE OF LEAD SELENIDE,
Nature, 161, (1948) p. 244.

L. G. MUndie, E. M. Pell and L. W. Jones, AN EXPERIMENTAL STUDY
OF NINErI LEAD SULPHIDE PHuroCONDUCTIVE CELLS, Naval Ordnance
Laboratory Memorandmu 9929, 1948.

J. Allen Neal, INFRARED RE(DXNNISSANCE, Chapter X, History of
Wright Air Development Center, Part 2, V, (1956) pp 263-341.

A. If. Nethercot, Jr. and W. S. Huxford, GFIAN LICIF1,,PRECIIJ ,150/
130, O!R!D Report 6000, Section 16.4-70, 1945.

Ikirold L. Niebuwr, IN T19% NAME O ,CII.Y4CE1, Qiadraruplh b'--fk! , 1h1v-.,-,
1%,)6.



-73-

frain O'BrIen, DEELOPM ET OF INFRARED SSITIVE PI*JSPHORS, J. Opt.
Soc. Am., 36, (1946) Pp 369-371.

Paul J. Cvrebo* IDmetro Cavitch, and Francis LUntrn, aRIP REPORT
MV MV COD WiAI TEST UNIT, Ladd Field, Fa-rbankc, Alaska, 1951.

James S. Owens, Ed., NON-IMAGE PIF)RCW INFRARED, Summry Technicai
Report of Division 16, IRDC, 3, Govermnent Printirr Orfice, 1946.

Charlel L. Oxley, CHARACTMIMPICS OF COOLED LEAD SULFIDE PHC)!-
OM rIVE CEILS, J. Opt. Soc. Am., 36, (1946) p. 356.

G. L. Pearson, and W. H. Brattain, HISTORY OF SEMICONDUCTOR
RESEANCH, Prvc° IRE, (1955) pp 1794-1806.

Rich&M 'j, Petritz, THEORY OF PYIHrCONCrlVTY IN SEMICONDUCJR
FMIlS, eytV. Rev., 104, (1956) pp 1508-1516.

Richwad L. Petritz, RNMEALS OF INF•A•ED DETMORS, Proc. IRE,
47, (1959) pp 1458-1467.

RichMrd L. Petritz and James N. Humphrey, .ESEARCH ON PHEYI-
COIIXJTIVE PIIMS OF TIE LEAD SALTS, Proc. iRIS, 3, (1958) pp 65-79.

A. H. Pf"d, A STUDY OF 7W MENIUM CELL, London Philosophical
Mag., 6th Series, 7, (1904) pp 26-39.

Tanasz 0 dwkowski, PbSe AND Pble INFRARED DETW S, Acta Phy'-c•a
Polonica, XV (1956) pp 271-274.

John R. Platt, N014-D•E FOV NEAR IWRARMD DEM MTIN DEVICES,
Chapter 3, Summery Technlical Report, NRDC Division 16, Goven-
ment Printirg Office, 1946.

•. H. Putley, IMNIL AMMTDE SUMIUIJMETIM PHMINDUCTME
LV'W!tS, Appl. Opt., 4, (1965) pp 649-657.

V. Roberts and A. S. Yourg, T'HE APPLICATION OF LEAD ,mIIIf:
PhMUOCC* CTIVE CELLS IN INFRARE) SPECOSCOPY, J. Scientific
Inbr.m-ents, 30, (1953) pp 1997700.

Albert Rose, PMOWANCE OF C Xur, Proc. MhE, (1955),
pp 185J-1869.

Albert Rose, MCEPTS IN ANDTlVTY AM) ALLIE) ._90PLF1 .,
Interscience Publishers, New York, 1953.



-74-

Wayne W. Scanlon, ,PHYMVONDXUIVITY IN LEAD TELtURIDE, KAVORD
Report 1898, U. S. Naval Ordnnce Laboratory, White Oak, md.,
1951.

Wayne W. Scanlon, IN P TION OF HAIL EFFECT AND RESISTIVITY
DATA IN PbS AND SIMILAR BINARY COKPWM) S3M ONUCRS, Phys.
Rev., 92, (1953) pp 1573-1575.

Wayne W. Scanlon, lINTINSIC OPTICAL ABRPTION AND THE RADIATIVE
REXl4INATION LIFT4E IN PbS, Phys. Rev., 109, (1958) pp 47-50.

Wan W. Scanlon, POLAR M CaO1NUCt, "Solid State Physics",
Academic Press, 9, (1959) pp 83-137.

Wayne W. Scanlon, R. F. Brebrick and R. L. Petritz, TM CHMJICAL
AM) PHYSICAL PROPERTIES OF PbS SINGLE CRYSTALS, "Photoconductivity
Conference,, pp 619-635, Ed. by R. G. Breckenridge, B. R. Russell
and E. E. Holm, John Wiley and Sons, New York, 1956.

Fritz Schroter and Fritz Michelssen, INMARE SMSITIVE CEULS,
"Photo-Electric Cells and Their Applications", pp 208-212, John
S. Anderson, TI., The Physical and Optical Societies, London,
1930.

Frederick Seitz, THE ItE4 TH Y OF SOLIDS, McGraw-Hill Book
Compas, Inc., New York, 1940.

C. W. Stervin and R. S. Isenson, FIRST IRIEh REPO•RT ON PRO-
JECT HMIUT (SJfMARY), Office of the Director of Defense
Reea&-ch anW bineerrng, Washington, D. C., 1966.

0. Simpson,, CM lMITY OF EVAPORATED FILMS OF :FEAD ZNJIDE,
Nature, 160, (1947) pp 791-792.

0. Simpson, TM EFFECT OF TFCC" 7XPEPA7IU~JP RADIATION ON ThE
IPRAREI RESP OF" LEAD TJLURIDE PHHMWUXt(-R)RJr, 1•-rf.
Phys. Soc., 61, (1948) pp 4i86-487.

0. St~on ar.d P. R. C. Sut.-&-rimmi, PTI.',t..•;IV, '11 '001+

DEAWRET- REr-ION (V 7W SPEC7N, Part I: 71T, PU-'J.AT"A'i'TJ0x fJ
P)PERTS OF PtI r -ODtUCrIVE FM LAD OF__J RII,; Part ii:
T WE H-ANIa, OF P1HYTOCCIVITY IN LEAD MIS IDE, Ph.ilo-
sophical Trnsacticons of the Royal Society of tcndakn, 243,
Series A, (1951) pp 547-584.

0. Simpson and G. B. B. M. Sutherland, PWf DCNMTC•r.E CD I
IOR DE6IBEX"ION OF INFRARE2 RADIATION, Science, 115, ('952)
pp 1-4.



4

-75-

J. C. Slater, BARRI 1H Y OF THE P0I(OX)NVJCTIVITY OF LEAD
SUIDE, PIis. Rev., 103, (1956) pp 1631-1644.

J. C. Slater and G. W. Mahlman, PHDYDCONDUCTIMY OF ILA
SULF'ID, Photoswitch Technical Report 54-1, 195 4.

R. A. 3nith, PHYSICS RMWEARCH AT T.R.E., Science, 112, (1950)
pp 71-73.

R. A. Snith, ELECTRICAL AW nJIICAL PHOPI=IES OP CERTAIN
SULIDES, SIIDES AND TELURIDS, "Semiconductirn Materials",
pp 198-207, H. K. Heni3ch, Ed., Butterworth, London, 1951.

R. A. 3fith, INFRARED PRVfICX CT0RS, Phil. Mag. Supp., 2,
(1953) pp 321-369.

R. A. Snith, RECEI DEV EYPMWM IN ME DEM XION AND MEASJFE
MEW C OP IlRARE) RADIATION, The Scientific Monthly, pp 3-19,1956.

R. A. Snith, S¶IC*IVC1ORS, Cambridge University Press, 1964.

R. A. Snith, DE•M IF]R THE ULTRAVIOLET, VISIBLE, AND I1FRA-
F) RADIATION, Appi. Opt., , (1965) pp 631-638.

R. A. Snith, F. E. Jones and R. P. CMvazir, THE DI7FTON AND
MEASUREMM OF IDWRARE RADIATION, The Clarendc"r Press, Oxford,
1957.

Hartland S. Snyder and Jo~n R. Platt, THEDJfICPL ASPECTS 'F
OPTICAL 0JKCATION SYSTEMS, OSRD Reprt 6289, Section 16.4-
72, 1945.
L. Sosnowsid, B. W. Soole and J. Starklewlcz, t1C'JRR3 N OF

RA"I PWMLTAIC BARRIRS IN PH c icr' LA[VES, 'turc,
160, (IJ47) pp 471-i72.

L. &Sonowski, J. ftarklewicz and i'. S,"•rTms, LEAD .JLPHL'fS•NH ý ..Mr M E CEILS, Natur-e, 159, (1i.V7) pp 8i,3-Pi).

B. J. Spence, DEVF12IJ~hT OF h U ~TFD~P'-~
rYXTI'.TY CELS• - B1141Y RUI(TM , Northwesterr Urniver- Ity,
1 942 .

B. J. 3lpence, W RED \WICE AXN X-KE N- ICAT .Y,'.,
0,'W Rtesort 5.•,Section !6. "-6:5', Ir..



-76-

H. E. 3pencer, PWR)K.TICAiALITY EE'NE P X'OMMTANCE AND
TU-4E CNOTTA"lf IN LFAD RULMIDE FILMS, J. Appl. Pfs., 30, (1959)
pp 927-929.

Ralph Stair, WiUlIUn E. Suhneider, WilLiam R. Waters and John
K. Jack~on, OMME FAC70tS A1PEUIIM IME SENSITIVIY AND SPECM
RESPCNSE OF TffJi AWXT1BIC (RADICU&-MUC) DETOs, Appl Opt.
4, (1950 pp 703-710.

Ralph Stair and J. B. Strelb, STANDARDS FOR PHOT1MELL SEITIVITY
1Mk= EfPs, NBS Memo, 1943.

J. Starkiewicz, LEAD SELE P* -CONWCTIVE CELSS J. Opt.
Soc. Am., 38, (1948) p. 481.

J. Starkiewicz, L. Soewwrwi and O. S!zson, PHO'DVOLTAIC E M."
WMIBITED IN HIGH ISnUE I-OCI IS, Nature, 158,
(1946) p. 28.

John R. Steelman, Charmian, SCIEN"E AND) %ýE F1B..IC POLICY, U. S.
Goverrment Printing Office,, Wshirgton, D. C. 1947.

John Str'zg, INFRARED RAMN DER, ýýD Report, 5192, Section
16.4-h2, 1)45a.

John Strmg, A7K1SKMC ATMWATION OF LNFARED RADIATION, OSRD
Report 5192, Special 31, Section 16.4, 1945b.

John StArg, THMAL RADIATION FKKO TARGETS AND BAC1HFOUNDS,
OWD Report 5372, Saction 16.4-44, 1945c.

M. L. S&Wwn, PRWPARAT.-N OF SUWAC!S FOR RECEIVING LEAD SUL-
FIDE COATINGS, U. S. Patent Office, Patent 2,917-403, 1959.

M. L. S.*gmwn, Z6OVEMDM IN PHXTOE1JI!C CELLS, British
Pstent 84o,709, 1960.

G. B. B. M. Sutherland and E. Lee, DEVELC2TS IN 7E INFRARED
REION OF THE SPECIUM, Phys, *3oc, Progre~ss Reports XI, (1948)
pp 144-177.

C; K. Teal, AN INVEST.IOATTON OF SILICON PDIOCONDUjCTIVE CELLS,
CSFCL Report 5172, Section 16.4-37, 1944.

'rnz Urbach, Donald Pearlman and Her-"y Hemwnendinger, ON TNWFAD
SL'2ITIVE PHDSPhORS, J. Opt. Soc. Am., 36, (1946) pp 372-381.



-77

G. A. Van Lear, Jr., NIXES ON GENERALIZED PHtMGMRIY, WITH
PARTICULAR APPLICATION TO THE NEAR INFRARED, University of Mlich.
Contract Report 16.4-9, NDRC Project NDCrc-185, 1943.

rQ. A. V;in lear, Jr., A SYSTEM O' "PHIYMETRY" FOR qTF. NEAR
INl"Ahl-AI-, OC!JD Report 13811, Section 16.4-5, 19143.

0. A. Van Lear, Jr., NUIV-JS ON (1 EALIZED PHIUM0,hRY, WI'ill
PARTICJLARB APPLICATION ID THE NEAR INFRARED, OSRD Report 1585,
Section 16.4-i0, i943.

&:. 3. Wasserr.n, THE PHYSICAL AND CHEMICAL CCOPOSITION OF PHOTO-
001DUC'II,/E LEAD SUIYIDE FIMI,, Doctoral dissertation, University
of Michigan, 1955.

Harvey E. White, GER4AN LIGHTf-SPRECHE 250 (MADE BY ZEISS 1942)
ANALySIS cp TRAxwTTER PRINcIPLES, w=•C Special Report 16.4-46,
University of California, Contract O04sr-1073, about March 1945.

Harvey E. White, Alfred Eirarsson and Charles G. Mliller, A
FORTABLE HAND-HEID INFRARED OPTICAL TEIEPI , OSRD Report 6002
Section 16.4-68, 1945.

Theodore H. White, THE ACTION INrELLECTIALS, Part II: SCHOLARLY
IMPACT ON '5IE NATION'S PAST, Life Magazine, 1967.

Joseph F. Woods, HALL EFFECT AND -ZESIS1'TVITY MEASURE S ON
PHM CTIVE PbS FIL4S UNDER ILIUMINATION, "Photoconductivity
Conference", pp 63646o0, R. G. Breckenridge, B. R. Russell and
E. E. Fohn, Eds., John Wiley & Sons, Inc., New York, 1956.

L. B. Woolaver, Technical Editol , INFRARED-SENSITIVE MOSAIC TUBE
SYSTE4 - MARK VI MND VIII, WADC Technical Report 56-426,
Electronics Corporation of America, 1956.

V. K. Zworykin and E. G. Ramberg, PHYI0ELEFTRICITY AND ITS
APPLICAPION, John Wiley and Sons, Inc., New York, 1949.



I mrI /I -- S - •f. il-- -- - '- ... . . - . -I -I ... S-

DOCUMENT CONTROL aATA • R & D
.,- ... .9 j~~,i~.,, t~b 1.I, I .AfDg , ,4 i .I . .. . Efle,• J 4?,', ' .. nh , r'l, ,. I. , ,,.,,•

41 -.. " F. . I J. 4• f•ESY ,•.,O ,ýh "t 0 Ay'om

Uilierhity of Ilchigan tDCLASSiFIED
3am 618, 1.8.T. 20). GROUP

Am Arbor, _Kihigan4 48107 _

-M SAJ, T LUD SALWIn hS111F InaKIOMUTS

5,4 All*9 ? r 11 l '1 ' .penlI,.rpw.t.inctu, rvue..dte,)

Final
A, 76o t *.$P(Io narw. msde M eif..I. lost notj')

S~D. S. LOe11l

M& Fm C 'm A T TAL '40 0' 9- AC zI 59 ..

83
Of (1 ., 4- -1 W 1C4LD OPWLI GI. @NATOIR' REPO,, .Ne..q ...

"* .r* . 9769-02 8600-3-J

61"5014 -. Pont 4.

*' 6*130. I h AION 68-0264

1. OFUIUI"IC W ThIS DOCHMr IS NLD(IITD.

I A I S it. 3r1 N 0 -4, LtTAllI AC ' *T

037= if - 1400 Wilson Blvd.

I �rlington, Vitri•ia 22209

This report describes the history of the early research and development that
that yes accompllshed in the area of lead salt cells, a device for detecting the
presence of infrared rliistion. The time span covered is World War IT and the
period imiaetely following. The efforts of industries, universities, and
foreip countries are discussed; however, the pioneering york of Robert J. Cashman
is emphasised. The report is a case history of the development of a science into
technology shoving some of the mechanisms by which science is advanced. Included
in the report is a comprehensive bibliography of the subject.

DD 1473



04 rV WOmOD$LN

[ 6V

kot I I) 0
I -f

Science Hietory

Lead Salt CellI

Lead Sulfide

Infrared

Photoconductive

-a

I I

I ,

_ _ _ _ __ _ _ _m i m ml 7

6i


