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I. SUMMARY

A study has been made of lead sulfide films with emphasis on relations be-
tween the method of preparation, physical and chemical composition, and photo-
conductivity. The two main features have been (a) an examination of particle size
and orientation and of the chemical phases occurring as a function of the condi-
tions of treatment, and (b) the relation of these compositional factors to the
magnitude of the photoconductive sensitivity. The film composition was studied
mainly by electron diffraction and microscopy, and the photoconductivity was meas-
ured in terms of the a-c signal developed across the d-c biased film when illum-
inated with interrupted "black body" radiation.

In the condensation of PbS on glass substrates, crystallite sizes can be
readily controlled between 0.0l and 0.1 micron by adjusting the substrate tem-
perature between 200° and 350°C. The crystallite orientation is substantially
random. Variation of the condensation rate between 0.001 and 0.030 micron (film
thickness) per second had only little effect on either particle size or orienta-
tion. Condensation on single crystal substrates produced single crystal films
(on NaCl) or random orientation around particular zone axes normal to the surface
(on diamond and Mg0O). Chemically deposited films show nearly random orientation
of particles having sizes between 0.1 and 0.5y which in photosensitive films oc-
cur in agglomerates of 2y or more in diameter.

Three oxidized phases have been observed on heating condensed films in air:

PbO (orthorhombic type), PbO-PbSO, (lanarkite), and 4PbO.-PbSO.. In films exposed
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to water the basic carbonate, 2PbCOs:Pb(OH)s, occurs. In chemically deposited
films (necessarily prepared in the presence of water) this basic carbonate is the
only phase detected other than the PbS.

Photoconductive films with reproducible sensitivities were prepared by a par-
ticular process of condensation and subseqpent oxidation. The following princi-
pal observations were made:

(a) The spegific sensitivity could be reproducibly controlled in the range
of 0.01 to 20 by the choice of the final temperature of oxidation in
the range of 290° to %65°C.

(b) A correlated change occurred in the chemical composition of the sur-
faces. At the lowest sensitivity PbO had formed. At increasing tem-
peratures of oxidation and sensitivity, thO-PbSO4 is found in increas-
ing amounts until, for treatmeﬁt at the highest temperature, the surface
is completely covered with this basic sulfate.

(¢) The photosensitivity can be influenced by a preliminary treatment of
the PbS before evaporation and also by subsequent exposure Qf the oxi-
dized film to the normal atmosphere, but neither of these factors af-
fects the surface composition of the film as detected by electron dif-
fraction.

The foregoing observations are not altogether consistent with current theo-

ries of photosensitive lead sulfide films and suggest the need for consideration
of the correlation of composition and sensitivity in a restudy of the theoretical

model.



IT. INTRODUCTION

Interest in thin films of lead sulfide and also of iead selenide and lead
telluride arose from the great change observed in their electrical resistances
under the influence of incident radiation. The dependence of this photoconduc-
tive effect on the frequency of the incident light and on the temperature has
made these lead compounds particularly adaptable as detectors of infrared radia-
tion. Lead sulfide films show sensitivity up to about 3 microns wavelength,
while the selenide and telluride films can be used to detect radiation up to 12
microns. These properties have led to the consideration of these films as infra-
red detectors in several applications; and they are reported to be superior to

1,2
the conventional detectors in infrared spectroscopy. ’

Many studies -1 have been made of the optical and electrical properties of
the lead compounds in the hope of establishing a theory of the mechanism by which
the absorption of radiation causes an increase in electrical conductivity. 1In
the most comprehensive review of this work, Smith7 deals extensively with elec-
trical resistance as a function of temperature and the intensity and frequency
distribution of the incident radiation, with the effect on these properties of
variation in the methods of preparing the sensitive cells, with measurements of
other physical properties including optical absorption and Hall effect, and fi-
nally with theories of the mechanism by which radiant energy may cause an increase
in the number or mobility of current carriers. In this review only one paragraph

out of forty-nine pages deals with the chemical and physical composition of photo-

conductive films.

The phases which are present in the film, their distribution relative to



each other, and the particle sizes and orientations of the phases are dependent
on variations in the procedures used in preparing the films. Because these prop-
erties of the phases together with the question of adsorption and diffusion of
oxygen must form the connecting link between variations in the method of prepar-
ation and»in the electrical and optical properties of the films, a systematic ex-
amination of relations between preparative procedure and film composition and be-
tween film compositions and photoconductivity is warranted. No such study has
been reported, and’the present study is directed along these lines for the case
of partially oxidized lead sulfide films.

Previous work on the preparation of photoconductive lead sulfide films has
not been reported in sufficient detail to serve as a reliable guide for obtaining
films with reproducible properties, and it is necessary for any study of film com-
position to develop its own details of preparation. Two general methods of ob-
taining photoconductive PbS films have been used: (1) the chemical precipitation
from an alkaline solution of lead acetate and thiourea.,a-ll and (2) the sublima-
tion of lead sulfide in a vacuum chamber onto a glass substrate followed by heat-
ing in air or oxygen.lg—16 Whitcherll has reported that the chemical preparation
of films of good sensitivity can be accomplished either by the Kicinski9 method
of adding sodium hydroxide solution to an aqueous solution of lead acetate and
thiourea, or by the Oxley8 method of adding thiourea to a strongly alkaline solu-
tion of lead acetate, although the results are highly sensitive to the concentra-
tions and temperature of the solutions, the rate of addition and mixing, the pres-
ence of added electrolytes, and the subsequent treatment of the precipitated film.

12,13

Cashman has used the sublimation technique in the preparation of films

in sealed cells; solid lead sulfide was preoxidized by heating in air or moist
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oxygen and then sublimed onto the window of the cell fitted with graphite elec-
trodes. Cashman has told the present authors that the pre-oxidation step may be
substituted by the use of a mixture of lead sulfide and lead oxide. Schwarzl5’16
carries out the evaporation in an atmosphere of oxygen. Other variations are
known to be used in the commercial preparation of lead sulfide cells but the de-
tails have not been disclosed.

Some previous investigation of the composition of lead sulfide films has been
done but never in correlation with systematic changes in the method of preparation
or with changes in the observed photoconductive sensitivity. Phases other than
lead sulfide have been reported in the X-ray diffraction examination of chemical-
ly precipitated films; traces of lead oxide and lead hydroxide are reported by

9

Kicinski,” and lead oxide and a basic carbonate [designated as PbCOs-Pb(OH)-] are

reported by James, Milner, and Wat‘l:sal7 Particle size in chemical precipitates
of lead sulfide has been observed by Pick18 in electron micrographs. Some evap-
orated films were reported from the laboratory of Lark-Horovitzl9 to show lanark-
ite (PbO-PbSO,) by electron diffraction. The most extensive work has been done
by Wilmango using electron diffraction methods. He found only PbS in chemically
prepared films but also observed in films less than 1 micron thick a tendency to-
ward orientation with the (lO@ pPlanes of the particles parallel to the glass sub-
strate and an average crystallite diameter between 150 and SOOR. In some con-
densed films Wilman also found lanarkite, although a comparison by the present
investigators of Wilman's published data with the more recently available data21

on 4Pb0O-PbSO, suggests that this latter basic sulfate was present. Wilman con-

cluded that photosensitivity in PbS films is related to slight deviations from



the stoichiometric composition and the distribution of the oxidized phase among
the PbS crystallites but not to the size or orientation of the crystals.

Most of the work previously reported for lead sulfide has been in the ex-
rerimental measurement of its electrical and optical properties and in their in-
terpretation in relation to theories of the mechanism responsible for photocon-
ductivity in semi-conductors. The properties considered are the electrical con-
ductivity at various frequencies, the Hall effect, the thermoelectric effect, the
absorption spectrum, the photoconductive sensitivity and its dependence on tem-
perature and spectral frequency and its response (decay) time. Most of the re-
sults are presented and discussed in Smith's review.7

The current carriers in PbS may be mainly either.g- or p-type according to
the occurrence of excess lead or of excess sulfur or oxygén.22 Two principal
values (1.2 and 0.4 ev) have been reported for the energy gap between the valence

23,2k4

and the conduction bands in PbS as observed by Hall-effect measurements and

25,26

by optical absorption measurements. The long wavelength limit for photo-

sensitivity at room temperature coincides with the optical absorption edge at

26-28 - :
V. The rapid decrease of electrical impedance with increasing frequen-

29

0.4 e

cy observed by Chasmar -~ was interpreted as evidence for the occurrence of high

resistance-intercrystalline barriers in photoconductive films although the im-

. 0,31
pedance variation can be accounted for without such barriers.5 )3

32

Three classes of theories have been proposed for the mechanism by which
the absorption of radiation affects the number of or the mobility of electrical

current carriers. The first proposes that photoconductivity is characteristic of

intrinsic semiconductors or of those having equal numbers of n- and p-type impur-



ity centers so that the absorbed radiation simply increases the number of current
carriers. For PbS this is supported by the agreement between the lower value (0.38
ev) proposed for the energy jump between valence and conduction bands and the spec-
tral 1limit of photosensitivity; but it is not consistent with the usually observed
rate of decay of conductivity or the a-c resistance data. The second class of the-
ories proposes the existence of potential barriers whose height is reduced on ab-
sorption of radiation whereby the mobility of carriers is increased. Specifically
consideredlu’BB is the formation of p-n Jjunctions due to the absorption of oxygen
in vacant sulfur sites and the subsequent redistribution of charge. Also sugges-

ted5u

is some type of surface states which trap "holes" on the surfaces of p-type
crystals; any photoelectrons tend to neutralize the positive charge and thereby
reduce the barrier opposing the flow of "holes." The barrier theories have been

35

preferred”” mainly on the basis of the data on the rate of decay of conductivity

and its dependence on temperature and intensity of illumination. The third class

36

of theories postulates the existence of impurity centers which reduce the re-
quired excitation energy; this theory is more plausible in the form proposed by
Rose37 who postulates that electrons trapped by centers lying in the forbidden
band can return to the valence band only by way of the conduction band. On this
basis Rose discusses the observed photosensitivity and decay rate in terms of the

concentration and distribution of trapping centers and criticizes the postulate

of p-n barriers in the previous theory.



ITII.  STATEMENT OF PROBLEM

The variations in the structural features of photoconductive films implied
in the theoretical speculations mentioned above made it seem desirable to have
more precise information on the physical and chemical composition of lead sulfide
films. Such a study offered more significant results if they could be correlated
in any way with the observed photoconductive sensitivity.

Because of the proposals regarding the role of barriers in photoconductivity,
attention was first given to achieving a variation in the number and total area
of interphase contacts among the film particles by varying the particle sizes and
relative orientations. Specifically, this included the use of glass and of single-
crystal substrates with systematic variations in the temperature and time of laying
down the PbS, especially in the vapor condensation method. The subsequent sensi-
tization by oxidation of the film to achieve reproducible photoconductivity was
then given detailed attention in the evaporated films. The identification of cry-
stalline phases and determination of their orientation was done by electron and X-
ray diffraction. Electron micrographs were prepared for determination of particle
size and distribution of phases. Photoconductive sensitivity was observed using
interrupted illumination and a tuned a-c amplifier.

A less intensive study of chemically deposited films was made because of the
much greater difficulty in obtaining reproducible high sensitivity; the larger num-
ber of variable factors in the preparation made it not feasible to rediscover the
undisclosed favorable recipes with a reasonable expenditure of effort. A limited
number of chemical films of moderate sensitivity were prepared and examined; two

sets of commercial films having "high" and "low" sensitivity were examined by
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electron diffraction and microscopy.

The present report describes the essential features of the experimental pro-
cedures and results, but many manipulative details and observational results hav-
ing no apparent significant bearing on the behavior of photoconductive films have

been deleted for the sake of brevity.

IV. EXPERIMENTAL PROCEDURES

The basic requirement of this work was the preparation of lead sulfide films
under a variety of controlled conditions, with ultimate emphasis on the preparation
of films of reproducible photosensitivity. For this reason the principal experi-
mental procedures need to be carefully defined, and the treatments involved in pre-
raring the substrates, depositing and tregting the films, and their subsequent ex-

amination are described in the following paragraphs.

A. PREPARATION OF SUBSTRATES

The condition of the surface of the.substrate influences the deposit laid
down on it. The two principal substrates were cleaned and their physical state
examined by electron microscopy and diffraction.

Most of the lead sulfide deposits were made on glass surfaces. Flat sections
were used to allow full accesé for examination by diffraction and replica methods.
Sections of 8 x 25 x 1.0 mm were cut from the best grade of chemically resistant
microscopic slides; they were cleaned in a hot detergent solution followed by im-
mersion for 15 minutes in a chromic-sulfuric acid cleaning solution, by rinsing

in a stream of distilled water at 60°C discharging directly from the block tin

condenser of the still, and by drying at 125°C in a dust- and grease-free oven.

9



Examination by electron diffraction and microscopy showed that the surface of the
glass was devitrified to a depth of the order of lOOR but that any surface irregu-
larities had diameters and depths of less than lOOR. The devitrification produced
crystalline particles of no more than about SOR in size and with random orienta-
tion, and this was expected to offer no epitaxial effect on the condensed lead sul-
fide. This devitrification was observed on all glass microscope slides examined.
It was not produced by the action of the acid cleaner since treatment in very clean
organic solvents also led to the same crystalline diffraction pattern, although the
slightest trace of grease (corresponding to a monolayer on the surface) was enough
to obscure the crystalline pattern. The devitrification evidently is a result of
aéing of the glass and undoubtedlyuoccurs on all glass slides but is ordinarily
ﬁot detected. | |

In a number of experiments the (iOO)faces of sodium chloride crystals were
used as monocrystalline substrates. Lafge specimens obtained from The Harshaw
Chemical Company were cleaved into sections of about 8 x 25 x 3 mm. The cleaved
surfaces were rubbed gently on a moistened Buehler Miracloth stretched on a flat
block and polished lightly on h/O emery paper. The polishing debris was removed
by etching in a stream of tap water for two or three seconds followed by drying
in absolute ethyl alcohol and a stream of dry air. The electron micrograph of a
replica shows occasional regular etch pits up to 0.2 micron in size on an other-
wise smooth and uniform surface. The electron diffraction pattern of the crystal
indicates the absence of strain in the surface layers and of any misoriented ma-
terial. Heating the crystals to the temperatures used in preparing the PbS films
showed no effect in the micrographs and diffraction patterns of the cooled cry-

stals.
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Tor electrical measurements on the deposited films, the substrates were first
provided with graphite electrodes. On each end of the glass a dilute aqueous .sus-
pension of colloidal graphite was evaporated to give a light coating over a length
of about 6 mm. On the sodium chloride a suspension of graphite in isopropyl alco-

hol was used. Electrical contact was made through the mourting clamps.

B. PREPARATION OF LEAD SULFIDE FILMS

The films condensed from the vapor were prepared with the aid of the specimen
holder shown in Fig. 1. The base plate is monel metal of 2 x 3/4 x 1/8 in. The
nichrome heater is wound on a mica support carried on ceramic posts. One specimen
clamp carries a thermocouple for measuring the temperature of the specimen; the

two clamps provide connections to the measuring circuit.

TO
MEASURING
CIRCUIT TO GROUND
HEATER o RADIATION <
TERMINAL SHIELD\ r?
v-l / a - - - a - "’“""
WS Y Y Y T VY INNN ;
MICA @IIIIIII\IIII'II' , 71T~
T RAAAAAAR R A ]
1/ -/// ‘4///// /’//g///t BA SE PLATE
g sPECIMEN /B |
cgnmaeT—" | = ® £ t— S~cLawe
. 1/2 IN. 4 THERMOCOUPLE

Fig. 1. Specimen heater and support.

The specimen support was mounted under the bell jar of a Model SC-3 Vacuum

Evaporator Unit (Optical Film Engineering Company) and electrical connections for

the heater, the thermocouple, and the specimen were made through six'insulated
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posts in the base plate. The specimen was positioned so that the interrupted ra-
diation could reach it in the photosensitivity tests. A Vycor cup of l/h-in. di-
ameter and l/2-in. depth was mounted 6 in. below the specimen surface; an electri-
cal heater controlled the temperature of the cup for evaporating its charge of
lead sulfide. A metal shutter was mounted between the evaporating cup and the
specimen, and a mechanical displacement of the shutter provided control of the
flow of vapor. The other modification of the evaporation unit was the insertion
of a liquid nitrogen trap between the diffusion pump and the base plate and the
attaching of a system for admitting measured volumes of oxygen or air to the bell
Jjar.

The basic procedure consisted of charging the cup with about 100 mg of PbS,
reducing the chamber pressure below 10™% mn Hg, and heating the evaporating cup
to outgas the charge while the shutter is closed. When the pressure has fallen
to the original value, the specimen is raised to the desired temperature, the cup
temperature is raised to about T730°C (corresponding to a PbS vapor pressure of
0.02 mm Hg) and a steady flow of vapor is produced and controlled by the mechani-
cal shutter. Under these conditions the film is deposited on the specimen surface
at the high rate of 0.03 micron per second as determined on a microbalance. Sub-
sequent cooling of the cup, adjusting the temperature of the specimen, and admit-
ting controlled volumes of oxygen allowed treatment of the PbS film at any desired
temperature and pressure of oxygen.

The first procedure which was successful in giving films of fairly high and
reproducible photoconductive sensitivity involved building the film up in succes-

sive layers each of which was oxidized before the condensation of the next layer.
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The details are given because this procedure was used in the long series of films

showing a correlation between photoconductivity and chemical composition.

(a)

(b)

(c)
(a)

A O.1-micron layer of PbS is condensed on the substrate held at 290 %
5°C. The d-c resistance of the film gives a rough but rapid indication
of thickness.

The cup heater is discomnected. Dry air to 0.5 mm Hg pressure is ad-
mitted either immediately or after 30 seconds. The temperature of the
PbS supply in the evaporating cup is thus either 730°C or 530°C when
the air strikes it; in the first case an appreciable pre-oxidation oc-
curs on the surface of the powder prior to the next evaporation.

After 3 minutes the chamber is pumped out.

The cycle of steps (a), (b), and (c) was repeated until seven layers
were laid down and oxidized. The composite film was then given a final
heating at a temperature which was varied between 290°C and 465°C but
only for the time required for the substrate heater to reach the de-
sired temperature (no more than two minutes). The film was cooled to

room temperature in the presence of O0.5-mm pressure of air.

The only variations made in this principal series were the temperature of the fi-

nal treatment and the pre-oxidation or not of the PbS supply.

Another procedure was later discovered which gave good sensitivity without

using successive layers. A supply of PbS powder was pre-oxidized by heating in

an oven at atmospheric pressure and 500°C for 15 minutes. This powder was then

evaporated onto a glass substrate at 290°C to give a layer about 0.2 micron thick.

Dry air was admitted to a pressure of 1 mm Hg, and during 20 minutes at 290°C the

13



air was renewed five times by pumping down below 10”3 mm and recharging the cham-
ber to 1 mm. Finally the film was heated at the same air pressure during 15 min-
utes to 465°C, cooled to room temperature, and dry air admitted to one atmosphere.
A number of chemically precipitated cells were prepared using the general pro-

cedure described by Kicinski,9 in which NaOH solution is added to a solution of
thiourea and lead acetate. Preparations were made at various concentrations of so-
lutions and at temperatures of 0°C, 20°C, and 55°C. The photosensitivity results
were erratic for all the procedures used, and no one detailed procedure can be

recommended .

C. MEASUREMENTS OF PHOTOCONDUCTIVITY

After a preliminary period of tésting during which the proportional change in
d-c resistance on illumination was observed, a standard method suitable for films
of widely varying sensitivity was adopted on the recommendation of Dr. K. N. Tanner
of the Naval Ordnance Laboratory, Corona.

The cell (film on its substrate with attached electrodes) was connected in
series with a resistor choseﬁ to have nearly the same d-c resistance as the cell
and with a fi#ed d-c bias potential. For films of the condensed type connections
were made through the base plate of the vacuuﬁ evaporator unit so that the photo-
sensitivity and the resistance could be observed at various stages in the prepara-
tion of the cell. The radiation failing on the cell was taken from a calibrated
tungsten source and passed through a rotating notched wheel which provided inter-
ruptions at 510 cps. The interrupted illumination of the cell produced an a-c
potential which was connectéd through a cathode follower to an emplifier for dis-

play as a meter reading or on a cathode ray oscilloscope.
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The amplifier used was the six-stage Hewlett-Packard Model L415A Standing Wave
Indicator, which incorporated a twin-T feedback filter network tuned to 510 cps
with a band width of approximately 25 cps. The output meter was calibrated to
read directly in terms of a-c voltage generated by the cell and covered ranges
from 10 microvolts to 10 volts full scale. The oscilloscope was the Dumont Model
304A with the Hewlett-Packard Model 450A preamplifier. The cabinet housing the
load resistors and the bias supply also contained multirange voltmeter and micro-
ammeter for determining the d-c resistance of the cell.

The illumination was supplied by a 6-volt, 9-ampere General Electric Recorder
Lamp (9/T 8 1/2 16) having the straight ribbon tungsten filament. This source ap-
proximates a black-body distribution over a wide temperature range; the calibra-
tion supplied is shown in Table I. All the quantitative measurements of cell re-
sponse were made with this "black-body" source used at 30 cm and at specified color
temperatures. While the sensitivities reported are not on a trustworthy absolute
scale, the relative values from various cells are satisfactory for comparison pur-

poses. The interrupter was an aluminum disc having 17 equally spaced radial slots

TABLE T

CALIBRATION OF GE RECORDER LAMP

Equivalent Black Body

Filament Color Flux Density Radistion 50% of 90%

Current, Temperature, at 30 cm Peak, Energy Below Below
amp °c p watts cm~2

Y p M

3.6 800 58.5 2.68 3.8 8.7
3.8 1000 67.5 2.26 3.2 7.3
k.9 1500 198 1.64 2.3 5.4
7.1 2000 855 1.27 1.8 4.1
8.k 2180 1800 1.18 1.67 3.8

15



and was rotated at 1800 rpm; 52% of the lamp radiation was passed by this inter-
rupter. The whole area of the cell under test was illuminated and local varia-
tions over the surface of the cell were not detected in the measurements made in
this laboratory.

The sensitivity measurements are reported in terms of the specific sensitiv-

ity, S3, defined by the equation

S = Si1VFM
where
S = a-c signal in microvolts
S1 = specific sensitivity in microvolts per volt bias per

microwatt cm™> radiant intensity

V = d-c biaz voltage
F = intensity of illumination in microwatts cm~2
M = mismatch factor

For the present purpose of comparative measurements the bias was maintained at 15
volts. Values of F in the neighborhood of 100-200u watts cm™2 were often used,
this figure having been corrected for attenuation by the interrupter and by the
wall of the vacuum bell jar, when appropriate. The mismatch factor, M, was kept
within 5% of unity by appropriate choice of the load resistor value for each cell
tested.

The noise voltage (signal observed from the biased cell without illumination)

was nearly always observed and recorded but without reporting the noise equiva-

lent power in more than a few cases. Some observations were made on response time

with the aid of the oscilloscope. It became evident after some study of the sen-

sitive films prepared in this investigation that the specific sensitivity was the
16



property of first interest in relation to changes in the structure of the film

and the results are presented and discussed in relation to this property.

D. ELECTRON AND X-RAY DIFFRACTION

Diffraction techniques were used for identifying crystalline phases, for ex-
timates of the relative amounts of phases, and for studying the nonrandom orien-
tation in both polycrystalline and single-crystal films. Electron diffraction
was always used on the films because of its greater sensitivity to minute amounts
of material. The considerations involved in the interpretation of electron dif-
fraction data have been discussed in de‘l:a.il.BB-uO

The lead sulfide films on glass could be studied only by the reflection tech-
nique with the beam incident at an angle of 1-2°. The diffraction pattern is char-
acteristic of a layer only 30 to 50; thick when the surface is very smooth (i.e.,
protrusions of no more than about 10&). On rougher surfaces ridges up to about
IOOOR in thickness may be penetrated, but the possibility must be recognized that
any material which is located only in the valleys on such a rough surface may not
be reached at all by the electron beam. For this reason the interpretation of the
reflection electron-diffraction patterns was always monitored by the examination
of the surface contours appearing in the electron micrographs of surface replicas.

The transmission technique in electron diffraction was applied to the PbS
films on sodium chloride crystals. The specimen was prepared by flowing a solu-
tion of collodion in amyl acetate over the film to act as a support which makes
no contribution to the diffraction pattern because of the noncrystallinity of the
collodion. The composite collodion-PbS film was removed from the substrate by

dissolving the NaCl in water. One portion of the film was then washed in distilled
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water and mounted on a wire gauze for examination by transmission of electrons in
both electron diffraction and electron microscopy. Another portion of the compos-
ite film was treated with nitric acid for removing the PbS; the remaining collodi=-
on replica was then examined in the electron microscope in an examination of the
surface contours of the original PbS film.

The technique of diffraction by transmission was also used on some chemical
preparations of PbS films. Thin collodion films (about 0.1 micron) were cast on
water and then pressed onto a glass microscope slide which already carried several
1/8-in.-diameter-wire specimen screens. This slide was then immersed in a solu-
tion in which the chemical precipitation was performed so that crystal growth oc-
curred directly on the collodion surface. This technique made it possible to ex-
amine chemically prepared films by direct transmission in both microscopy and dif-
fraction.

The electron diffraction equipment used here was the standard RCA unit, Model
EMD-2. The accelerating potential waé 50 kilovolts, and the beam diameter on the
specimen could be adjusted between 0.2 and 3 mm. The charging effect on reflec-
tion specimens mounted on glass was compensated by an auxiliary spray of electrons
of about 500 volts energy, although this required precautions to prevent the depos-
it of a very thin film of decomposed pump oil on the face of the specimen.

X-ray diffraction was also used in the attempt to identify oxidized phases
on specimens which had been heavily oxidized. On mounted PbS films the standard
reflection methods were applied, including the high-angle "back-reflection" tech-
nique. The conventional techniques of X-ray diffraction from powders were used on

bulk specimens of PbS powder which had been oxidized.
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E. ELECTRON MICROSCOPY

The techniques of electron microscopy are well knownqul'hg The methods used
in this study for preparing specimens will be described.

Because the films on glass could not be removed intact and often were too
thick for electron transmission, replicas of the surface were prepared. A thin
film of collodion was formed on the surface and the "dry-stripping" method of sep-
arating the collodion with cellophane tape was successful when the surface was not
too rough.

For rough surfaceé the "wet-stripping" method was used with the aid of dilute
nitric acid. One end of fhe glass slide is dipped into the acid solution so that
the acid réaches the collodion~PbS interface while keeping the upper surface of
collodion dry. As the PbS dissolves, the collodion comes free and floats on the
solution on slow immersion of the glass slide. Specimen support gauzes are laid
on the fop of the replica, and, after washing, the sections are dried and examined
in the microscope. Because this technique destroys the PbS specimen, it could not
be used when other types of examination were also required.

"Positive" replicas were sometimes prepared. A thick film of Acquanite "A"
resin is formed on the surface. This resin is very tough and can be removed with-
out tearing. The replicated side of the resin film is then covered with a thin
layer of Formvar by evaporating several drops of an ethylene chloride solution
(0.5-1% by voiume). In amyl acetate the Acquanite dissolves, leaving the Formvar
replica for mounting and examinstion.

Replicas prepared by any of the foregoing methods were always treated in two
additional steps. Spherical particles of poljstyrene latex of 0.26-micron diame-

ter were deposited on the replica from a very dilute suspension in water. Palladium
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metal was '"shadow-cast" onto the replica to increase the contrast and show the re-

lief on the surface.

The RCA Model EMU-2A microscope was used in making the electron micrographs.

V. EXPERIMENTAL RESULTS

A. EVAPORATED FILMS ON GLASS

1. Composition of Unoxidized Films.-—Films on glass were studied first to

determine the particle size and crientation in relation to the temperature of the
substrate during condensation and also to the temperature during subsequent heat-
ing. Later the effect of pre-oxidation of the PbS powder was studied, and effects
of the evaporation on the film composition were sought.

For examining the effect of substrate temperature, several series of films
on glass were prepared by complete evaporation of a 4.5-mg sample of PbS powder
(without pre-oxidation) over a 3-minute period while maintaining the chamber pres-
sure below 10™% mm. The final film thickness was approximately 0.15 micron. The
substrate temperatures in the series ranged from 206° to 350°C. The typical mi-
crographs in Fig. 2 show crystals with nearly random orientation ranging from less
than 0.0lp at 200°C to about O.ly at 350°C. Higher substrate temperatures were
not tried extensively because re-evaporation of the film began above 350°C and
because the particle size of O0.lu achieved between 300° and 350°C corresponded
to the particle size observed in the preliminary examination of commercial films
of good photosensitivity. For this latter reason in the later study of photocon-
ductive films on glass a temperature near 300°C was chosen for the initial conden-
sation.
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The effect of aging was observed by holding films at the temperature of con-
densation in the evacuated chamber for up to three hours at 200°C, up to two hours
at 300°C and up to one hour at 350°C. The resulting micrographs show only a mod-
erate increase in average particle size but a more pronounced tendency toward pre-
pared orientation. At 300°C the (111) pla.n;es of PbS show a preference for being
parallel to the substrate; in some cases at 350°C the (100) planes were more near-
ly parallel to the glass base.

The electron-diffraction patterns of these films show mainly the maxima due
to crystalline PbS (Fig. 3). The increase in crystal size and in the tendency to-
ward preferred orientation appears in the comparison between the film condensed at
200°C (Fig. 3%a) and at 350°C (Fig. 3b). A notable feature of the diffraction pat-
terns is the appearance of extra rings (in addition to those of PbS) from films
condensed in 3 minutes at 200°C (Fig. 3a) or condensed in one minute at 350°C
(Fig. 3d). When the 200°C film was aged for 30 minutes all extra rings disappeared
and the remaining pattern (Fig. 3c) corresponds to PbS in a clear and sharp fash-
ion. The 3%50°C film after three minutes has the crystalline PbS much better de-
veloped and does not show the extra lines of the one minute film (Fig. 3b and d).
The appearance of the extra diffraction lines in the freshly condensed films and
their disappearance on aging at the temperature of condensation led to an exten-
sive study of the electron and X-ray diffraction patterns of PbS powder before
and after evaporation.

The PbS powder before evaporation was examined both before and after 'pre-
oxidation" treatment given by heating in air at various temperatures, pressures,

and times. (Certain pre-oxidation treatments had been suggested previously as
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a. 200°C, 3 min b. 350°C, 3 min

c. 200°C, 30 min d. 350°C, 1 min

Fig. 3. PbS films condensed on glass (diffraction patterns).
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beneficial to the photoconductive sensitivity in the subsequently oxidized film.)
Among the principal observations were precision measurements of the lattice param-
eter of PbS by X-ray back-reflection techniques. No appreciable change in spacing
occurred after pre-oxidation and there had accordingly not been any extensive sub-
stitution of oxygen for sulfur or any other change in the PbS phase. ©Small amounts
of lead sulfate (PbSO,) were found in some pre-oxidized material but none of the bas-
ic sulfate phases as reported below for the oxidized films. In some experiments,
small amounts of PbO were added to the PbS before evaporation, but none of these
variations in the material before evaporation correlated specifically with the com-
position of the film after evaporation.

The process of evaporation and condensation introduces additional lines in
the diffraction pattern obtained by reflection of electrons from the film. This
is mainly a surface effect since it did not appear in X-ray patterns from the
same films; indeed, nearly all the material in the condensed films showed the same
PbS lattice spacing in the X-ray back-reflection patterns as had been observed in
the material before evaporation. This was true even for material which had been
heavily pre-oxidized or mixed with small amounts of PbO before evaporation. The
extra lines which appear in the electron reflection patterns are not directly de-
pendent on any particular pre-oxidation treatment. From two films extra diffrac-
tion lines were identified for a mixture of Pb and PbO (in addition to the pattern
of PbS), but in most patterns the extra lines were too few and too faint to allow
positive identification of the additional phases.

Of special interest was the complete disappearance of the extra lines on
aging; even two minutes aging was enough at 350°C, while 30 minutes sufficed at

200°C. This suggests that the chemical aberration on the surface diffused into
2L



the PbS film since the lower temperature is too low for evaporation or dissocia-
tion of the probable phases. Since the diffusion into the film did not disturb the
lattice spacing of the PbS as measured with high precision, the amount of the extra
phases originally exposed to the electron beam was extremely small, or, after dif-
fusion, it was still located on the surfaces of the crystallites although in much
less concentration on the upper exposed surfaces.

2. Composition of Films Heated in Air.--The chemical compositions of the

phases formed on heating lead sulfide films in air were studied as a function of
the oxidizing conditions. For most of the films examined they were condensed as
described at a predetermined substrate temperature and then exposed at the same
temperature to oxygen or dry air at a pressure of 0.5 mm or about 74O mm for times
ranging from one to thirty minutes. The physical effect of the attack of oxygen
on the films is illustrated in Fig. 4; attack by air at 0.5 mm and 300°C for ten
minutes has not altered the crystallites but many little grains appear on the sur-
faces of the crystallites (showing as pits in the replica in Fig. lc) after at-
tack at 1 aﬁmosphere for 20 minutes.

Three oxidation products have been positively identified in the electron-
diffraction patterns from oxidized films. The orthorhombic form of PbO in ad-
dition to PbS appears in Fig. 5a (oxygen at 0.5 mm for three minutes at 200°C).
The basic sulfate, PbO-PbSO4, called lanarkite, is shown in Fig. 5b and another
basic sulfate, 4LPbO-PbSO,, appears in 5c; the patterns shown here were obtained
at different stages in the preparation of photosensitive films by the "layering"
technique discussed in the next section. The identification of all three phases

by comparison with standard diffraction patterns is given in the Appendix.
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a. PbO + Pbs b. PbO.PbSO,

c. LPb0.-PbsSO,

Fig. 5. Oxidation products formed on PbS films (diffraction patterns).
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It was of some interest to investigate the effect of contact with water on the
condensed PbS films since chemically deposited films and those evaporated onto crys-
tals of NaCl do come in contact with water. Figure 6 shows the pattern obtained on
immersion in water for 30 minutes of a film condensed on glass at 200°C; this pat-
tern is due to the basic lead carbonate, 2PbCO5-Pb(OH)5. This treatment applied
to unoxidized films produces some of the basic carbonate with predominant amounts
of PbS still on the surface; the oxidized films after exposure to water show only

the basic carbonate.

Fig. 6. PbS film showing basic lead carbonate
after immersion in water (diffraction pattern).

3. Observations of Photoconductivity.—The systematic investigation of pho-

toconductive sensitivity in films on glass made use of films prepared by the
"layering" technique described in Section IV-B. In brief, the glass substrate
was held at a temperature near 290°C and a succession of seven 0.15u layers of PbS
was condensed. After each condensation dry air was admitted to 0.5 mm for three
minutes and then pumped out to a pressure of 5 x 10°5 mm. After the final oxida-

tion step the air was maintained at 0.5 mm while the temperature was dropped to
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room temperature or else first raised to L05°C or L65°C before cooling to room
temperature. The temperature of the final oxidation was the principal variation
in the treatment of the films; the only other variation was that for some series
of preparations the PbS in the evaporating cup was heated in the O0.5-mm pressure
of air to provide some preoxidation before evaporating. This general technique
was used more than any other since it was the first one found to give reproduci-
ble results for photoconductive sensitivity.

During the various steps in the preparation readingswere taken of the film
resistance and of the temperature. The resistance values were from 1000 to Looo
ohms after condensation and before oxidation; during oxidation, the resistance al-
ways rose by a factor of 100 or more. At the same time the temperature rose by
10° or 12°C. On pumping out the air, the temperature dropped again while the re-
sistance remained high until the new layer of PbS was added.

For comparison of the results at different final oxidation temperatures,
each of a number of films was treated in the following way. After the oxidation
at 290°C, the film was cooled to room temperature and the photoconductivity was
measured as described in Section IV-C with the pressure at 0.5 mm, then at 1 at-
mosphere of dry air, and finally after exposure to the normal room atmosphere.
The film was then transferred to the electron-diffraction unit and its diffrac-
tion pattern recorded. Back in the evaporation unit the film was heated to L405°C
in 0.5 mm of dry air, cooled, and its photoconductivity measured as before. Once
more the electron-diffraction pattern was taken, and the film was then heated to
465°C in 0.5 mm of dry air and the photoconductivity again measured and a third

diffraction pattern taken. The data on surface compositions versus photoconduc-

tive sensitivity was thus obtained for different conditions on the same film.
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Figure 7 shows representative patterns for unoxidized film and for the three
stages in oxidation. The patterns did not :differ between films prepared with or
without pre-oxidations of the PbS powder before evaporation. The patterns showed
excellent reproducibility from one film to another and showed no extra lines be-
yond those of the identified phases. At 290°C for the final oxidation, the film
surface shows PbS and the orthorhombic form of PbO; oxidation at 405°C shows some
PbS along with the basic sulfate 4Pb0O.PbSO, (with occasionally a very weak PbO
pattern). After 465°C oxidation, only the basic sulfate is observed.

The observed specific sensitivities (S;) are listed in Table II for two of
these series of films. The conditions of sensitivity measurements were: 15-volt
d-c bias potential, 30-cm lamp to film distance, 6.0-ampere lamp current (repre-
senting a black-body temperature of about 1800°C) 200 microwatts cm™2 illumina-
tion on the film. All the films oxidized at 290°C showed S; values of about 0.01
and had PbS and PbO on the surface. After L05°C oxidation the films from pre-
oxidized powder had an average sensitivity of 0.9 compared with 0.3 for the films
from powder not specially pre-oxidized; both have some L4Pb0-PbSO4 on the surface.
After oxidation at 465°C the corresponding average S; values are 15 and 2.4, and
the films show only 4PbO.PbSO, on the surface.

The table also shows the effect of prolonged exposure to the atmosphere. The
cells in the series made with pre-oxidized powder increased in sensitivity on
standing for 60 days by a factor of 4- to 6-fold; the increase is less in the
other series listed. Measurements made more frequently than shown in the table
indicated that the cells fluctuated in intensity with changes in relative humid-

ity, but the short time fluctuations were not more than 25 or 30%. It was also

noted that some cells showed a large (as much as 10-fold) increase in specific

30



* (suxe3jed uOT3OBIJITP) uotqeIedaad sy utr safe3s
SATSS200NS 9B SWTJ SAd 2AT3onpuodozoud pagexodeay ) ‘314

1°e €0 T0°0 0
¢t 6°0 10°0 0
Yosad
¥0gad-0adty ‘0,69t 3B -0adt; + Sad ‘0,G0% 3® 0ad + sad ‘0,062 3®
PoZTPIXO WITJ pPatake] P POZIPIXO WTF paxske] °O DIzTPTXo WITJ paxsfe] -°q Sad pazTprxouf

(II)Ts

(I)ts

31



TABLE IT

SPECIFIC SENSITIVITY AND SURFACE COMPOSITION OF PHOTOCONDUCTIVE
LEAD SULFIDE FILMS IN ROOM ATMOSPHERE

After Oxidation at After After After After
Cell No.
290°C Losec Lé65°C 7 Days 20 Days 4O Days 60 Days
Series I. Pre-oxidation of PbS Powder
*
259 ABC 2.0
260 AC 0.87
261 AB 0.01 ABC 0.80
262 AB 0.01 0.70
265 AB 0.01 AC 0.43
266 AB 0.01 ABC 1.1 c 12 4o 60 67 70
271 C 22 28 70 67 87
275 AB 0.0l AC 0.70 (C 12 37 50 50 50
276 C 12 33 T3 70 65
Series II. No Pre-oxidation
267 AB 0.02 AC 0.50 C 3.3 20 13 13
269 AB 0.02 AC 0.10 C 1.7 3.7 3.3 3.0
270 ¢ 0.50 1.0 1.3 1.1
273-1 c 1.8 1.0 1.6 1.8 1.7
273-2 ¢ 1.6 0.93 1.9 1.3 1.3
C 5.3 6.0 1k 14 13

o7k AB 0.01 AC 0.25

*Phases observed: A - PbS, B - PbO, C - LPb0-PbSO,.

sensitivity on the first exposure to dry air at atmospheric pressure following
the low pressure (0.5 mm) used in the oxidation of the film. The effect was not
general for all cells. Since the change in sensitivity required an hour or more
to develop, it was possible to take electron-diffraction patterns both before and
after the change; no alteration in the diffraction pattern accompanied the in-
crease in sensitivity. Indeed the only changes in surface composition were those
described above as depending on the temperature of the final oxidation, which al-
so afforded control of the specific sensitivity over a more than 1000-fold range.
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L. Other Observations.—A later re-study of the oxidizing conditions used

on evaporated films of lead sulfide showed that it is possible to produce fairly
high photoconductive sensitivity without the "layering" technique. This tech-
nique was devised when it appeared that surface oxidation on the particles through-
out the evaporated film could not be produced by one oxidation treatment subse-
quent to the evaporation of a film as thick as 0.3u. The later experiments dif-
fered from the previous ones in providing a long pre-oxidation of the lead sulfide
powder (15 minutes at 500°C in air at 1 atmosphereh this pre-oxidized powder was
evaporated and condensed on glass in a single 0.3-p layer and then oxidized for

20 minutes at 290°C at 1 mm air and heated during 15 minutes to a final tempera-
ture of 465°C. The specific sensitivity, S;, observed under the conditions listed
above was 30 and the only phase appearing in the diffraction pattern of the oxi-
dized film was again the basic sulfate, 4PbO.PbSO,.

Some observations were made on the layered cells of the photosensitivity at
elevated temperatures. For example, Cell No. 271 with S; equal to 22 at 24°C
showed a decrease in S; with increasing temperature until it became less than
0.01 at 195°C, and its resistance had decreased from 900,000 to 30,000 ohms. On
cooling again (still in the 10™* mm vacuum), the resistance increased to 1.5
megohms and S; reached 1.7. A further increase to a value of 28 for S; was ob-
served after one-hour contact with dry air at l-atmosphere pressure; the resist-
ance did not increase on exposure to air.

The electrical resistances of the cells were measured at all stages in their
preparation. The resistances were always a few thousand ohms for unoxidized lay-
ers of PbS and rose to approximately one megohm on being oxidized. Increase in

temperature for a film of any given state of oxidation showed a decrease in re-
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sistance, amounting to 90% or more for a 150° temperature rise in the final oxida-
tion state. Long exposure to dry air often increased the photosensitivity but not
the electrical resistance. The resistance of the cells was sensitive to exposure
to atmospheric air, variations in humidity having an appreciable effect.

The noise voltages of the cells ranged from 0.3 to 3 microvolts with no cor-
relation with the specific sensitivity. The lowest value for the noise equivalent
power of all cells prepared in this study was 5 x 1010 watts. A photovoltaic ef-
fect was exhibited by some cells as measured by interrupted illumination of the
cell without bias voltage; the photovoltaic signal was no more than a thousandth
of the signal from the biased cell.

Sensitivity contours were determined for one cell (No. 125) by the Naval Ord-
nance Laboratory, Corona. The sensitivity map (Fig. 8) has contours marked in

percentages of the most sensitive region.

SENSITIVITY CONTOUR

This example shows how irregular the dis-
tribution can be. The. hope of identifying
oxidizing phases at the sensitivity peak

led to an attempt to get electron-diffrac-

tion patterns only from the approximate

area about 0.1 mm square, but it was not Goorer 2A

<.
successful. | //// /////////i//:

0S5 cm.

Finally a few determinations were
made of the p- and n-type of the cells by Fig. 8. Photoconductive sensitiv-
ity contour map (Cell No. 125).

a qualitative measurement of thermoelec-

tric power. For a known temperature difference applied between the two ends of a

cell, the polarity of the thermoelectric current was observed. Galena specimens
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of n-type were powdered and on evaporation gave n-type films. When the powdered
galena was first heated with 1 mole percent of sulfur, the evaporated and con-
densed films were p-type; prolonged heating at 300°C and 10_4—mm pressure caused
a reversion to n-type. Sensitive cells prepared by the regular oxidation pro-
cedure (final heating above 400°C in 0.5-mm air) were nearly always p-type for

either n- or p-type films before oxidation.

B. EVAPORATED FILMS ON SODIUM CHLORIDE CRYSTALS

1. Structure of Unoxidized Films.-—Single-crystal substrates were consid-

ered for PbS films since they afforded tﬁe:opportunity for giving preferred ori-
entation and relatively large areas for various crystallographic planes in the
surface of the PbS crystals. Some films were condensed on sodium chloride, mica,
magnesium oxide, and diamond; but sodium chloride was used most because it af-
forded the most complete control of the crystallographic orientation of the con-
densed PbS, and it allowed the removal of the PbS film for examination by trans-
mission diffraction and microscopy. The surfaces were prepared as described in
Section IV-A.

Films of PbS condensed on NaCl at 25°C (Fig. 9a) show a higher degree of pre-
ferred orientation than on glass even at 350°C. Substrate temperatures of 100°
and 200°C (Fig. 9b and 9c) give increasing order in the orientation although some
random particles of PbS still show in the persistence of rings in the diffraction
patterns.

At 300°C a completely oriented film of PbS is formed. The diffraction pat-
tern (Fig. 10a) obtained by transmission through the film after dissolving away

the NaCl shows that the film is a single crystal of PbS with a (100) face of the
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a. 25°C b. 100°C

c. 200°C

Fig. 9. PbS films on NaCl (diffraction patterns).
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a. Electron diffraction b. Replica of surface
by transmission (electron micrograph
25,000X )

c. Original film
(electron micrograph
20,000X)

Fig. 10. PbS films on NaCl at 300°C.
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cubic structure lying parallel to the surface. While each section of the film
was only 3 mm in diameter after being mounted on the specimen support for the
diffraction unit and microscope, the uniform orientation observed over the area
of each such specimen makes it very probable that the whole 8-x-8-mm area of the
film represents a monocrystalline sheet of approximately 0.2y thickness. The rep-
lica of the surface (Fig. 10b) shows no discrete crystallites, although short
surface cracks running parallel to the cubic axis directions appear. A direct
micrograph is shown in Fig. 1Oc.! where cleavages parallel to the axes appear; this
specimen was accidentally folded during mounting and the double thicknesses in
the corners of the figure, recognized in the micrographs by their lower transmis-
sion of electrons, give rise in diffraction patterns to a variety of secondary
scattering effects. The cleavages shown in Fig. 10c did not occur in specimens
handled with great care and mounted on collodion film supports on the wire spec-
imen gauzes of the microscope.

In addition to the complete (100) orientation of the PbS crystal on NaCl,
other less complete orientations were observed on other single-crystal substrates
with one or more zone axes of the PbS crystals normal to the substrate while hav-
ing random rotations around the zone axis. For example, the <111> and <100> zones
were normal to the surface in PbS condensed on freshly cleaved mica at 300°C;
<100> and <110> vertical zones appeared in films on the (100) face of Mg0 at 200°C;
only the <111> axis appeared in the vertical position in films on & natural (111)
face of diamond at 200°C.

It is accordingly possible to prepare films of PbS ranging from the complete

randomness of 0.1-0.3u crystals on glass at various temperatures to the completely

oriented single crystal with a (100) face on sodium chloride, including the inter-
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mediate cases of selected zone axes normal to the surface with random rotations
around the zone axes. Of these various preferred orientations, only the complete
one produced on NaCl at 300°C was studied in oxidation.

2. Properties of Films Heated in Air.-—Oxidations were carried out on sin-

gle layers of PbS on NaCl in dry air at 300°C and at pressures of 0.1, 0.2, and
2 mm, and at atmospheric pressure, for times ranging from 1 to 35 minutes. In
addition, the procedure found to produce high photoconductivity in films on
glass (successive layers condensed and oxidized with a final heating about 450°C)
was applied to a few films condensed on NaCl.

In the oxidation of single layers, the monocrystalline nature of the PbS
had a strong effect on the oxidation product. PbO crystallites produced in 35
minutes exposure to 2 mm of dry oxygen occurred with the <100> zone normal to
the PbS surface; a comparable treatment of PbS on glass gave PbO crystallites
in random orientation (although it is probable that each PbS crystal in the film
on glass did have an orienting effect on its own cover of Pb0). Predominantly
single orientations of PbO on monocrystalline PbS could be produced in 15 min-
utes at 300°C with the oxygen partial pressure in air reduced below 0.1 mm. At
air pressures of 1 atmosphere, the oxidation products showed strongly preferred
(perhaps even single) orientations, but they could not be described in relation
to any simple crystallographic plane.

The observations of the Pbb phase formed at 300°C were made by reflection
of the electron beam at glancing angles. In transmission experiments on oxi-
dized films removed from sodium chloride, only lead sulfide was usually observed,
indicating that the oxidized surface layer was never more than about 10% of the

total film thickness even after prolonged oxidation. This conclusion does not
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necessarily apply to films oxidized on glass since the higher specific area ex-
posed by the small crystallites should produce a proportionally greater degree
of oxidation.

In transmission experiments with beam diameters of less than 200y, occasional
areas of the film were found to give patterns with diffraction rings superimposed
on the array of spots due to PbS. Tilting the specimen brought new rings into
the pattern. This behavior, together with the measured ring diameters, indicated
the presence of the basic lead carbonate 2PbCOs-Pb(OH)2, with a random rotation
of crystals around a particular zone axis normal to the surface of the film.

This phase is produced by the contact of the lead sulfide film with air-saturated
water during the process of dissolving the sodium chloride substrate. The ex-
amination by transmission of many oxidized and unoxidized films showed that the
basic carbonate is formed much more readily from the oxidized films; evidently
the oxidation products react more readily with the carbon dioxide and water than
the PbS itself does. This observation explains why the carbonate was the only
oxidized phase observed in the transmission experiments.

Some films of PbS were applied on NaCl in successively oxidized layers with
final temperatures above 450°C in order to compare the composite film with those
on glass which exhibited good photosensitivity. Oxidation products on the upper-
most surface gave rise to a profusion of diffraction spots but it was not possi-
ble on the limited number of films prepared in this way to make positive identi-
fication of any oxidized phase. It is not known with certainty whether the other
two oxidized phases formed on the polycrystalline films (i.e., PbO.PbSO. and

LPb0-PbSO,) ever were formed on the monocrystalline films.
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Measurements of the photoconductive sensitivity of oxidized films on NaCl
gave values of S; (specific sensitivity) no higher than 0.1. The electrical re-
sistance of these films was always lower than of those on glass; the increase in
resistance on oxidation was also low. The observations suggest that condensation
of a single crystal of PbS onto the NaCl substrate provided a low resistance path
between the electrical contacts on the ends of the substrate. Subsequent oxida-
tion was largely confined to the surface of the PbS crystal and did not material-
ly affect the resistance of the body of the thin crystal. Different effects might
have been observed with an arrangement of only one electrode placed on the sodium
chloride covered successively by a crystalline layer of PbS, the layer of oxida-
tion product, another layer of PbS evaporated subsequent to the oxidation, and
finally the second electrode placed on top; this would provide a path between
electrodes which must include the oxidized layer.

It should be noted that the experiments with PbS films on NaCl were much
less extensive than on glass since the procedure for making reproducible films
of good sensitivity on glass was discovered first and prosecuted with all avail-
able facilities. It still appears that a more complete study of films on sodium
chloride would show the effects of different orientations of the oxidation prod-

ucts and of different areas of contact between the oxidized and unoxidized phases.

C. CHEMICALLY DEPOSITED FILMS

The examination of chemically deposited films was carried out mainly on com-
mercial cells having known photoconductive sensitivities. While more than two
hundred individual films were also prepared in this laboratory in chemical depo-

sition experiments, it became evident that control of the many variable factors

L1



(chemical composition of the solutions; temperature, order and rate of mixing;
subsequent aging and thermal treatment; etc.) to yield films of reproducible sen-
sitivity could not be achieved without repeating the very extensive but unpub-
lished work of the commercial laboratories. For this reason the examination of
sensitive films was made on commercial cells.

Three series of cells were obtained from the Eastman Kodak Company, Rochester,
having specific sensitivities (as measured under the conditions described earlier
in this report) in the respective ranges of 0.05-0.1 (six specimens), 0.1-10 (six
specimens), and 50-150 (three specimens). Each specimen was mounted on glass with
a lead sulfide area of about l/h in. square between evaporated gold electrodes.
No details of the preparation were available. All the specimens were examined
by reflection electron diffraction and by electron microscopy of surface replicas.

In electron-diffraction patterns, all the specimens appeared to be the same
with only minor variations; these did not correlate with the different sensi-
tivities. All films showed lead sulfide as the principal constituent together
with very small amounts of the basic lead carbonate, 2PbCOsz+Pb(OH)2, showing up
in some of the diffraction patterns from each of the lead sulfide cells.

The electron micrographs of surface replicas show differences which do cor-
relate qualitatively with photosensitivity. Typical areas from one of the high-
sensitivity group and one of the low-sensitivity group are shown in Figs. lla
and 11b. Both figures show well-crystallized particles of PbS ranging from about
0.05 to 0.2 micron. The high-sensitivity films show large compacted agglomer-
ates of 2 to 3 microns in diameter. From an examination of the micrographs cov-

ering an appreciable fraction of the area of two of the high-sensitivity cells,

it is evident that these agglomerates form an almost continuous framework over
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a. High-sensitivity film b. Low-sensitivity film

c. Special film

Fig. 11. Chemically precipitated PbS films (electron micrographs).
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the surface. 1In the low-sensitivity cells, the agglomerates are much more rare
and the PbS crystallites are more uniformly distributed.

Another cell with an S; value of 40 obtained later from the Eastman Kodak
Company showed some variation from the high-sensitivity series above. In the
micrograph (Fig. 1llc) the PbS particles are larger (averaging 0.5 micron), show
less random orientation and appear to be separated from each other by a second
phase. The diffraction pattern shows only traces of basic lead carbonate acces-
sible to the electron beam at a grazing angle to the surface.

While the very critical conditions for reproducing films of high sensitivity
were not established, it was possible to make some study of the phases appearing
at intermediate stages in film preparation. In the Kicinski procedure, sodium
hydroxide solution is added to a solution containing lead acetate and thiourea.
The first white precipitate redissolves but finally persists with the further ad-
dition of alkali and gradually darkens while a mirror-like deposit of lead sulfide
forms on the walls of the container. In a typical experiment, a thin collodion
substrate was used for the film support and was withdrawn from the solution when
the PbS first began to appear; the transmission diffraction pattern showed random-
ly oriented PbS with appreciable amounts of the basic lead carbonate in a one-degree
orientation (all crystals having one zone axis in common). In another experiment,
the film support was removed when the white precipitate persisted but before the
lead sulfide mirror had started; the only substance in the pattern was the car-
bonate. The carbonate was also observed in electron diffraction from the first
precipitate formed when sodium hydroxide was added to lead acetate solution with-
out thiourea; a heavy precipitate formed in this way and examined by X-ray dif-

fraction showed the pattern of a hydrated lead oxide, 5Pb0-2H20. It may be con-
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cluded that in the chemical deposition the finely divided particles (such as col-
lect on the inverted substrate for the cell) are a hydrous lead oxide which reacts
with the dissolved carbon dioxide to form some of the basic carbonate, which al-
ways appears before the lead sulfide and persists in small amounts in the completed
cell. There is no evidence for any relation between the amount of the residual

basic carbonate and the photosensitivity of the cells.

VI. DISCUSSION

The first objective of this study was to observe the dependence of the phy-
sical and chemical composition of lead sulfide films on variations in the proce-
dure used in their preparations. Preliminary examinations of a few photosensitive
lead sulfide films showed particle sizes of 0.1y or larger with nearly random or-
ientation on the substrate.

The results here show that the average size and orientation of the crystal-
lites in evapofated films can be controlled in a reproducible fashion through the
choice of substrate and of its temperature during condensation. On glass a high
rate of condensation (building up film thickness at 0.03u per second) leads to
particle sizes in the range from 0.01 to 0.1 micron according to the choice of
substrate temperature in the range from 200° to 350°C. Larger particles (up to
O.BM) are obtained at 350°C when a ten-times-lower condensation rate is used.

The orientation is completely random at 200°; some nonrandomness appears at 350°C
but is not very marked or well defined.

On single-crystal substrates, particular zones of the PbS crystallites can

be obtained normal to the surface with random rotation around the normal; these
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zones include the <111>, <100>, and <110>. A completely oriented single-crystal
film of PbS can be made to cover the whole of a sodium chloride cleavage face by
condensation at 300°C; the film has the (100) plane parallel to its surface.

In chemically prepared films the particle size was observed to range from
0.1 to 0.5 micron with the smaller sizes in this range occurring more frequently
than the large ones. The occurrence of agglomerates of particles (with total
diameters of 2 to 3 microns) was also observed in commercially prepared test cells
of high sensitivity. Sometimes the precipitated films prepared in this laboratory
showed a tendency for the crystallites to have their cube faces parallel to the
glass substrate, but the effect was not reproducible and did not correlate with
the observed sensitivities.

The study of chemical composition shows first that under all conditions both
the evaporated and the precipitated films consist mainly of lead sulfide with only
traces of other phases ever present. On films heated in air or oxygen under the
conditions used here, three oxidized phases have been observed: «a-PbO (ortho-
rhombic form), PbO-PbSO, (lanarkite) and 4Pb0-PbSO,. In addition, 2PbCOs-Pb(OH)» is
always formed when a lead sulfide film pomes in contact with air-saturated water.
The only other phase identified in this study was a hydrated lead oxide precipi-
tated on the addition of alkali to a lead acetate solution and which appears to be
the first solid phase formed in the preparation of chemically precipitated lead
sulfide films.

The distribution of these oxidized phases is largely confined to the surface
of the lead sulfide particles since electron-diffraction patterns obtained by
transmission always showed lead sulfide predominantly. Even with the multiple

layers oxidized between successive condensations of lead sulfide, the amount of
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chemical oxidation was small since the X-ray beam never showed the pattern of a
second phase.

The second principal objective of this study was the observation of photo-
conductivity in correlation with observation on the chemical and physical compo-
sitions. This was achieved for a particular method of preparing films with re-
producible properties and led to three major conclusions. (a) The specific sen-
sitivity of the photoconductive films increases over a range of at least 2000-
fold as the temperature of the final exposure to air is increased from 290°C to
hes5°c. (b) A change in chemical composition of the surface accompanies the in-
crease in sensitivity. At the lowest detectable sensitivity (S; = 0.01), PbO is
the only oxidized phase. With increased temperatures of oxidation and increased
sensitivity, 4Pb0O:PbSO; is formed in increasing amounts until only this compound
is observed on the surface of the most sensitive films. (c) The presence of a spe-
cific compound is not a sufficient condition for fixing the sensitivity since the
sensitivity can be affected as much as 20-fold by a combination of mild pre-oxida-
tion of the PbS before evaporation and of exposing the final film to the atmosphere
without causing any appreciable change in the diffraction pattern of the final
film surface.

The observed correlation between increased sensitivity and increased amounts
of 4LPb0-PbSO, is interesting, but it cannot be concluded that the presence of this
phase causes the increased sensitivity. There are indications that a role is
played by oxygen which is taken up without producing any well-characterized change
in phase. For example, during the process of building up a layered photoconduc-
tive film, there are suggestive changes observed in the electrical resistance of

the film. The resistance of the film increases as each freshly condensed layer
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of lead sulfide is exposed to air, but the increase is delayed more and more as
the film thickness increases; this suggests a diffusion of oxygen occurring be-
fore the change of resistance takes place. On pumping the air away from the oxi-
dized layer, there is little change in resistance unless the film is several lay-
ers thick; in that case the resistance drops sharply as the air is removed. Ap-
parently much of the oxygen introduced during the later stages of the preparation
is held with a very low binding energy and does not effect a chemical change in
the surface but still has a marked effect on the electrical resistance. Further,
the first exposure of the completed film to dry air at room temperature and one
atmosphere causes a slow increase over an hour or more to a nearly steady value
for the photoconductive sensitivity. Exposure to air for 20-30 days further in-
creases the photosensitivity in some films; but none of these later treatments
causes a detectable change in the electron-diffraction patterns.
b3

Schwarz has adopted the postulate that photosensitivity depends upon the
presence of a chemisorbed monolayer of oxygen, which sets up intercrystalline
potential barriers by trapping electrons; and he suggests that the sensitivity
will be destroyed if the oxygen atoms are lost from the surface by desorption,
diffusion into the lattice, or formation of oxide. The results of the present
study do not fit this interpretation. The effect of heating in 0.5 mm of air at
465°C instead of 290°C is to produce more oxide and to accelerate both desorption
and diffusion rather than the adsorption of oxygen; yet 1000-fold increase in spe-
cific sensitivity (as measured at room temperature) is also produced by this change
in treatment.

The change observed in n-type film to p-type on oxidation which produced good

photosensitivity is related to the observed effect of exposure to oxygen on the
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electrical conductivity. The n-type conductivity of the freshly evaporated layer
of PbS is probably due to some loss of sulfur during evaporation and condensation.
The first decrease in the conductivity of the layer observed on exposure to oxy-
gen is due to the adsorption (or chemi-sorption) of oxygen atoms which trap elec-
trons. The decrease is not reversed by reducing the gas pressure on the film.

The oxygen taken up in the early stages of the oxidation treatment is not easily
removed; it is held very tightly in some fashion although no new phase is detected
by diffraction when the decrease in conductivity occurs on the first exposure to
oxygen. Continued treatment with oxygen, particularly at temperatures near 400°C,
leads to a state in the film which is now a p-type conductor, which shows (1) the
presence on the surface of an oxidized phase (4LPbO-PbSO, on the sensitive films),
(2) a reversible change in conductivity on exposure to and removal of oxygen gas,
and (3) good photoconductive sensitivity. The causative relations among these
different factors are not evident from the data obtained in this study, but any
finally successful theory must account for the correlations observed here.

The sensitivity contours observed by the fine-spot scanning technique sug-
gested the desirability of studying the composition of those small areas of the
film showing exceptionally-high-sensitivity values. This was not achieved by
electron diffraction since in reflection at the required small angles the beam
path in the flat specimen is several millimeters long and in transmission the
beam traversed the body of the film containing mainly PbS.

The examination of monocrystalline films made here demonstrates the feasi-
bility of choosing the crystallographic surfaces exposed to oxidation. A more
intensive study of the consequences on photoconductivity would require a tech-

nique of applying the electrodes on opposite sides of the thin film to allow
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only conduction paths involving the oxidized surface layer.

The results of the investigation under the conditions used show that there
are definite correlations between the method of preparation of the films, their
compositions, and the photoconductivity. The information on physical and chemi-
cal composition of the kind obtained here combined with an examination of other
properties (e.g., spectral response) will be required for any detailed explana-

tion of photoconductivity in oxidized lead sulfide films.

VII. APPENDIX

The identification of certain phases by comparison of the observed diffrac-
tion data with standard data for known compounds is indicated in the accompanying
tables. The Bragg interplanar spacings, d, as measured on the diffraction pat-
terns are compared with the values appearing in published reports on known mate-
rials or obtained in this laboratory by diffraction examination of known speci-
mens.

Table III shows the d values observed on two oxidized films (Figs. 5a and b)
and the standard patterns for PbS, PbO, and PbO-PbSO,. The letters indicate rel-
ative intensities (strong, medium strong, medium, medium weak, weak, very weak);
the underlined digits in the standard patterns indicate the strongest lines in
decreasing order of intensity beginning with 1.

Table IV shows the 4 values observed on the four films of graded photosensi-
tivity whose patterns appear in Fig. 7. The standard patterns are for PbS, PbO,
and L4PbO-PbS0O,.

Table V shows the sources in the literature of standard diffraction data

for the lead-containing phases considered in this study.
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TABLE IIT

COMPARISON OF DIFFRACTION PATTERNS OF OXIDIZED LEAD
SULFIDE FILMS WITH STANDARD PATTERNS

Interplanar Spacings d (R)

Fig. 5 Standard Patterns
a b PbS PbO  PbO-PbSO,
6.27 L
6.15 w 6.15 L
5.89 5.88
5.43 vw
L.46 w L.39
k.22
3.78
3.69 mw 3.69 3
3.40m 3.46 w 3.43 2 -
3.3h s 3.32 1
3.22 vw 3.21 °
3.05 ms 3.07 1
2.99 4
2.96 ms 2.97 1 -
2.9 s 2.95 2 2.95 2
‘ 2.8% m - 2.8 7
2.72 m 2.7h 2 2.76
- 2.70
2.62
2.56 vw
2.49 2.47
2.43 w 2.42 3
2.37 ms 2.383 2.0
2.33 vw
2.2T m 2.28 2.27
2.23%
2.20
2.09 m 2.13 m 2.10 3
2.07T m 2.06 3
2.01 2.03
1.98 vw 1.9 1.97
1.92 vw 1.91
1.84 vw 1.8 m 1.85 1.85
1.78 mw 1.79 vw 1.79 4 1.80
1.71 w 1.73m 1.71 1.72 4
1.68 m -
1.63 mw 1.62 vw 1.64
1.60
1.5 w
1.53 vw 1.53
1.51
147w 1.48 1.47
1.41
1.36 w 1.%6 1.37

51



TABLE IV

COMPARISON OF DIFFRACTION PATTERNS OF EVAPORATED PHOTOCONDUCTIVE

LEAD SULFIDE FILMS WITH STANDARD PATTERNS

Interplanar Spacings d (&)

Fig. 7 Standard Patterms
a b c d PbS a-PbO  4PbO*PbSO,
8.30 w 8.6 mw 8.23
7.32 vw 7.4 w 7.38
6.32 vw 6.4 w 6.22
6.1 mw 5.89
5.78
5.4 w 5.45
5.25 vw 5.17
h.2 w 4,28
3.7  vw
3.45 ms 3.45 mw 3.47 ms 3.43 2
3.23 s 3.28 s 3.24 1
3.14 vsb 3.13 s 3,12 2
.. 3.07 s 3.06 s 3.07 1 3.08%
2.96 s 2.97 vs 2.97 s 2.97 1 2.95 2 -
2.88 m 2.87 m - T 2.8 2
2.73 ms 2.74 2 -
2.67 ms 2.67 ms - 2.68 2
2.60 w 2.62 w 2.59
2.49
2.4 vw 2.43 vw
2.36 s 2.38 3
2.32 vw 2.31 vw - 2.35
2.28
2.21 vw 2.22 w 2.20 2.23
2.09 ms 2.09 mw 2.10 ms 2.10 3
- 2.06
2.02 w 2.01
1.96 ms 1.98 msb ‘ 1.9 1.97 4
1.95 msb ‘ 1.95 §
1.87
1.85m 1.83 m 1.83 m 1.85 1.84
1.79 mw 1.79 ms 1.79 w 1.80 mw 1.79 & 1.80
1.71 w 1.73 m 1.72 m 1.72 mw 1.71 1.72 4 1.73
1.66 mw - 1.66
1.64 mw 1.64 mw 1.64
| 1.62
1.59 mw 1.59 mw 1.60 1.60
1.53 w 1.53
1.51
1.48 w 1.47 mw 1.48 1.47
1.36 w 1.36 w 1.%6
1.34 w 1.32 w 1.33
l.21 w 1.2l w 1.21
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TABLE V

LIST OF REFERENCE MATERTIALS CONSULTED IN IDENTIFICATION
OF ELECTRON DIFFRACTION PATTERNS

Material Literature Reference
Pb e
PbS Ls
Pr0 (orthogonal) 45
PbO (tetragonal) 45
Pbo0 b7
Pbz03 L7
Pba04 B ' L7
PbOo 47
Pbs0s 48
0-PbOy 49
B-PbOy . _ k9
PbOp 48
PbSO5 R
PbS0,4 46,50
PbS203 L7
Pb0O-PbS0, 21,50
2Pb0.PbSO, 47,51
3Pb0. PbS04 L7
3Pb0- PbS04 - H20 51
4LPb0.PbSO, 21,51
PbCO5 : 45
2PbCO5+Pb(0H) 5 L7
5Pb0-2Hz0 52
PbCls L5
Zn0 : L7
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10.
11.
12.
13.
1h.
15.
16.
17.
18.

19.

20.
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