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SUMMARY

The exsmination by eleetron diffraction and microscopy of chemi-
cally precipitated films of high and low photosensitivity has shown that
both £ilms have resolved lead sulfide crystallites of the order of O.l-mi-
cron diameter along with some irregular agglomerates of 2 to 3 microns.

The agglomerates form & nearly continuous framework in the high-sensitivi-
ty films but sppear in a much lower average concentration on the surface
of the low=-gensitivity filmg., This is the firat indication of a structur-
&l difference between films of different sensitivities, The characteriza-
tion of the oxidized phamse in these films requires the preparation of films
especially mounted for transmission diffraction photographs.

Condensed films of lemd sulfide about 0.15 micron thick can now
be controlled in particle size between 0.01 and O.l1 micron by altering the
temperature of the substrate between 200° and 350°C, Preferred orienta-
tions in the lead sulfide occur to a small degree on glass under heat treat-
ment, and are far more pronounced on selected single crystal substrates,

‘No extra phase has been identified in films condensed and heated
at 10-% mm pressure, although extra diffraction rings appear under conditions
not favoring the larger particle sizea. ‘That they disappear on heating
for three minutes &t 350°C or longer at 300°C makes the formation of an
oxy-sulfate on the surface of the lead sulfide an unlikely explanation of
the extra rings.

‘Future work will include & more systematic study of the struc-
tures of chemical films, the oxidation of condensed films both on glass
and single-crystal substrates, the formation of agglomerates in partislly
oxidized condensed films, and the testing of photoconductive sensitivity
in condensed films with c¢ontrolled particle size and orientation.

iv



— ENGINEERING RESEARCH INSTITUTE -+ UNIVERSITY OF MICHIGAN —

ELECTRON DIFFRACTION INVESTIGATION
OF

PHOTOCONDUCTIVE CRYSTALLINE LEAD SULFIDE SURFACES

STATEMENT OF PROBLEM

The use of microcrystalline lead sulfide in the preparation of sen-
sitive photoconductive surfaces has been developed by empirical methods,ls2s3
Various recipes have been deviged for depositing lead sulfide films on nonecon-
ducting substrates elther by chemleal precipitation or by. condensation from
the vapor followed by partial oxidation. Variations in the preparastive pro-
cedures have a strong influence on the optiecal properties of the films. While
most of the empiriesl informstion on film preperation has not been published,
some reports are available"’5:6 on studies of photosensitivity, time of re-
sponse and noise level in relation to the method of preparing the film, the
frequency of the incident radiation, the temperature of the film, and the com-
position and pressure of the gs in contset with the film, On the other hand,
kngwledge of the chemieal and physical ecomposition of the films in relation
to -either the method of preparation ar the optieal properties is very meager,
gven though an understanding of the nmture of photeecnductivity certainly de-
pends on information concerning the composition of the phases involved, the
relative distribution of the phases, the effect of crystallite size and ori-
entation in each phase, the possible variations from one crystallographic sur-
face plane to another, and other such questions. With such information it
should be possible to develop a more satisfartory control of the properties
of lead sulfide surfaces and to understand something of the fundamental nature
of their phatoconduetivity.

An investigation of surféces to determine phase compositions and
distributions as well as particle size and orientation requires electron dif-
fraction and mieroscopy. The low penetrating power of electrons makes them
vell adapted for détecting and identifying crystalline films as thin as 30 }
when used by the reflection technique, so that it is possible to study oxida-
tion products on & surface in the very esrly stage of the reamction. Collodion
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replicas of the surface examined in an electron microscope contribute infor-
‘mation on particle size, shape, and distribution. These two uses of electrons
are an indispensable part of the attack on the problem of photoconductive sur~
faces.

Electron diffraection has been used prefvioualy'?:S to identify one of
the possible oxidation products of lesd sulfide, nsmely, lansrkite (PbO -
PbSO) ), but no systematic study. hes been reported of the oxldized phases in
relation to varistions in the method of preparation. The electron microscope
examinmtiond of replicms of & PbS film showed particles ranging in dismeter
from 0.1 to 1.0 mierons.

‘For a gystemstic gpplication of electron diffraction and microscopy
to the study of photosensitive films 1t was decided to examine such chemicglly
prepared films as weuld be readily available and to concentrate at first on a
more intense study of the factors affecting the structure and camposition of
evaporated films. The program for evaporated films includes the use of vari-
¢us substrates (glass and single erystals of mica, magnesia, quartz and sodium
chloride)end investigations of the effect of changing the temperature of the
gubstrate during evaporation of the lesd smlfide in the range from 200°C to
k0o0°C, the effect of different rates of condensation and different total film
thickness, the effeet of aging the films at various temperatures subsequent to
econdensation, the effect of oxidation at varieus oxygen pressures and temper-
atures, and finally the effeet of exposure to normal air at simospheric pres-
sure., Limited tests of variation in photosensitivity with these factors are
also to be made. More complete optical examinations of sppropriste films will
be made under the direction of Professor Brian O'Brien at the University of
Rochesgter, v

EXPERIMENTAL, PROCEDURES

Electron Diffraction

The electron diffraction technique directs a well-defined monpener-
getic beam of electrons onto the specimen and the pattern of diffracted elec-
trons 1s recorded photographieally. The pattern yilelds two kinds of informe-
tion: (&) the identity of the eprystalline phases contributing to the pattern
‘a8 recognized from the Bragg d values and the relative intensities of the dif-
fraction maxims, and (b) the oceurrence of nonrendom orientation in polyery-
gtalline specimens or recognition of the orientation of single crystals.

Lead sulfide films on glass are most readily studied by the "reflec-
tion" technique ¢f electron diffraction in which the eleéctron beam is directed
across the £1lm at an angle of about 1* or 2°. Because of the low penetrating
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power of electrons, the resulting diffrsetion pattern is characteristic of an
outer layer of the surface only about 30 to 50 X thick when the surface is
very smooth. On rougher surfaces, ridges as thick as sbout 1000 X mey be pen-
etrated by the electrons, Since the roughness of the surface 1s a prineipal
factor in determining whether all areas ¢f the surface can be reached by the
beam, the examingtion of surface replicas by electron microscopy is an impor-
tant aid in evaluating the diffraction patterns obtained from any surface,

The transmission technique can be used on lead sulfide films which
¢an be removed from the substrate and supperted on & wire gauze. Specimens
mounted in this way are turned normal to the beam so that the electrons pene-
trate the film in areéas with thickness not exceeding their maximm range.
Whenever possible, both transmission and reflection techniques are used to de-
tect variations in composition between the surface and the bulk of the f£ilm.

The electron diffraction equipment used in this study 1s & standard
RCA unit, Model EMD-2, purchased for this investigation. The electron beam
is accelerated by 50 kilovelts and &8 usied hére has a diameter at the specimen
| positions aof about 0.5 mm.,

The electron miersscopé provides informmtion on surface contmirs by
recording an -enlarged pattern of the varimtions of electron transmission over
a specimen consisting of & thin film, In certain phases of this study it was
not feasible to remgve the lemd sulfide from the substrate; therefore surface
replicas were uged, The genersl field of electron mieroscopy, as well as the
techniques of surface repliemtion, has been discussed extensively,?s10 The
microscope studies were made with an RCA Model EMU-2A, made available through
the courtesy of Dr. T. Franeis #nd Miss Hilda Kurtz of the University of Mich-
igan School of Publie Health.

Replicas of the lead sulfide surfaces were prepared as follows, A
thin layer of & solution of epllodion in amyl acetate (1:9 by volume) was
Plowed over the surfece, On drying, the collodion film is spproximstely 1000
! thick. The usuml "dry stripping" method of separating the collodion with
cellophane tapelQ is not very suecesaful because of the strong adhesion of the
sollodion to the lemd sulfide. Therefore a "wet stripping” methed using di-
lute nitrie acid to logsén the collodion from the lead sulfide was developed.
One end of the glass substrate is dipped into the aeld in such & way that the
acid resches the edge of the collodion-lead sulfide beundary while keeping
the upper surface of the colledion dry. As the lead sulfide dissolves, the
collodion graduaslly comes free and on further slow immersion of the glass the
collodion flomts free on the surface of the acid. It 1s transferred to the
surfuce of distilled water and allowed to soek for & few seconds, Several
specimen mounts (1/8-inch-diamester wire gauzes) mre then lsid on top of the
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collodion replica, and it 1s lifted from the surface of the water with a strip
of wet paper (newsprint). After drying, the specimen supperts and the adher-
ing replicas sre trimmed away from the remaining pertions of the collodion.
The mounted replica has & smooth surface next to the wire support and the de-
tail of the lead sulfide surface 1s repreduced in negative on the side of the
colledion away frem the support.

Two further stéps are used in preparing the specimens. An internal
seale for calibration 14 provided by spherical polystyrene latex perticleslls2
of 2580 + 30 X diameter; these are deposited on the specimen frem a drop of a
very dilute water suspension Just prior to shadewlng. The replicas are shadow-
cast with palladiuwm to increase the contrast in electron transmission between
different areas and to show the relief on the surface; the palladium is evap-
orated onto the colledion replica at an angle of 30* and the shadows of the
latex particles prgvide a scale of distances normal to the surface and aid in
distinguishing between depressions and projections on the original lesd sul-
fide surface. |

Preparatign and Treatment of Specimens

The present repeort describes the examinsition of certain chemlcally
prepared specimens supplied by the BEastman Kodak Company and of condensed lead
sulfide films prepared in this laboratory. The latter have been eveporasted in
vecauum onto gmeoth glass under various condition of evaporation rate, glass
temperature, and subsequent heat trestment, This has provided & study of the
means of controlling the crystallite size and orlentatlion of the lead sulfide
before oxidation,

The glass substrates were l-inch by 1/2-inch pileces cut from stand-
ard mleroscope slides. They were cleaned by immersing for fifteen minutes in
eoncentrated chromic-sulfurie #eid, rinsing in tap water snd in hot distilled
water directly from the still, and drying at 110°C in & gresse-free oven. The
gluss pleces were handled only with clean metsl tweezers. The lead sulfide
used was the B and A reagent grade.

The eveporation unit was purchased from Optiecal Film Engineering
Co., and modified by the inserticn of & liquid nitrogen trap between the vac-
uum chamber and the high-veemm valve,

The set-up for evaporation is shown in Figure 1, The specimen heat-
er 18 a strip of 0.005-inch by 3/hk-inch Nichrome shest bent as shown; it has
the advantage of low heat capacity for rapid cooling after the specimen has
been eondénsed. The glass plate is held onto the heater by two small scerew
clamps, one of which a8lso holds a thermocouple Junction in position on the
face of the glass. The iron-constantan Jjunetion is brazed to a thin stainless-
steel plate, 3/16 ineh by 7/16 inch, which is caught under the clamp to insure
good thermal contact between the Junction and the glass.

4
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Thermocouple
Substrate
on
Heater

Platinum
Evaporating Cup
in Tungsten Coil

Metal Shields

Wall of Vacuum
Chamber

Figure 1, Top Viey of Vacwum Eveporation Equipment.

The procedure usually employed in prepseing & lead sulfide f1ilm on
gluss is the following. The platimm cup ls charged with & messured amount
of lead sulfide powder snd mounted in the tungsten filament (Figure 1), and
a glass slide iz mounted on the hemter, The chinber iz evacumted to & pres-
sure of 10-% mn Hg and the temperature of the gizss Teised to 2 predetermined
value., The tungsten filament 1s then hemted for & definite time &t g definite
current setting to evaporate the lesd sulfide at & reproducidble rate., A pres-
sure rise for s few seconds is noted it the begimning of the evaporation, &p-
parently due to degamsing of the filament. A shiny métallic-sppearing £ilm of
lesd sulfide condenses gn the glass., The spesimen heater is twrned off at the
end-of the condensation gr later according to the heat trestment desired,

When the specimen temperature resches about 35°C, dry air is admit-
ted to the chamber and the gpecimen i transferred quickly to the electron
diffrection unit. The four mimte exposure to &ir before the vaowm is re-
‘gtored over the speeimen in the diffrastion unit probably his very little ox-
idizing effect on the specimen =t room temperature; nongtheless the patterns
“are always examined for evidence of such axiditien, An effect of this air ex-
posure on the particle size or orientation was net expected.

In the diffraction camers, the noncondweting substrete of the ledd
sulfide £1lm allows some sccummlation of charge from the eleetrdn beam which

5
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mst be neutralized by sn electron spray from an smxilisry gun. Because of
poesaible thermnl effects on the surface from the amwxdlinry spray, the dif-
fraction exposures are made Iin as short a time as possible,

The collodicn replicas are usually prepared from the specimen wpon
remyvel from the diffraetion wnit.

RESULTS

Three series of chemically precipitated lead swifide films of known
photoeonductive sensitivity were prepared and supplied by Di, Hammmr at Fast-
man Kedsk Cp., Rochesteér, New York, Fach plece wes spprécimately 1/h ineh by
3/h inech with & 1/8-inch-wide band of gpld evaperated on éuch end for making
eleetrical eantact with the f£ilm, Nedther the method ¢f preparstion nor any
subsequent treatments of the surfeces were speeified,

Series A contained six pieces showing gradations in photosensitiv-
ity; Series B cpntained three pieces, sll of very high sensitivity; Series C
econtadined six pleces of low sensitivity,

Electrpn diffraction patterns were gbtained by reflection from all
of the pleces; the seme pattern with enly mingr veriatisns was obiained from
#ll (Figare 2¢). The contimmous rings correspand to lead sulfide, the slight-
ly grainy cheracter of the rings indicating & nearly rendem orismtation of the
eryatallites.

The appéarance of # second phase 1z suggested by & fev diffraction
speta showing in Figure 2¢ as bright specks between the positions of the lead
sulfide diffraction rings, These specks #rg fur too fev in mmber to allow
‘an identifiestion, While the presence of mn oxidized phse 1s presumed to be
required for photosensitivity, the £ilms as supplied do not show Epprepisble
anounts of 8 seeond phage lying en the morfare in positigns that emn be
rexched hy the €lectron bstm in the rpflection teckhnioue., An attempt to strip
the £ilm frem the glass for & tranmsmission experimsnt wits not suceessful.

The electron micvegraphs taken fram ¢olledion surface replicss do
ghow differemces correlating with photesensitivity, The dry-stripping tech-
nique was not completely suecessful here, @0 that replieds could be obtained
from pnly two gpeelmens in #seh series, A typlesl micrograph from Series B
is shewn in Figure 24 and from Series C in Figur® 2b, The white cirele in
each of these figures is & latex bill of 0,258-mieron diameter. Both figures
ghow well crystallized particles ranging frem ghout 0.05 to 0.2 mieren, In




a. High Sensitivity b. Low Sersitivity

c. Typical Electron Diffraction
Pattern

d. OSpecial Film of High Sensitivity

Figure 2. Electron Micrographs (20,000 X) and Electron Diffraction Patterns
of Chemically Prepared Photoconductive Lead Sulfide Films.
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the high-sensitivity films large, well compacted agglomerates appear, reach-
ing 2.0 or 3.0 microns in size (as shown in Figure 2a to the upper right of
the center). From the study of the available micrographs it appears that
these agglomerates are distributed over the surface forming an almost contin-
uous framework., The low-sensitivity films in Series C show a much lower av-
erage concentration of these agglomerates and have a much more nearly uniform
distribution of the small crystallites.

Both series show that the surfaces are rough, with high and low
spots differing by several tenths of a micron. If any second phase occurring
in the high spots has been removed by accidental rubbing of the surface, the
failure of the diffraction pattern by the reflection technique to show the
second phase is understandable.

Figure 2d is included to emphasize the fact that variations occur
among sensitive films. This specimen was prepared by chemical precipitation
at a different time from the three series mentioned above and while it was re-
ported to have a good photosensitivity, it differs in three respects from the
Series B: (a) the individual crystallites are larger (averaging nearly 0.9
micron), (b) the crystallites appear to be separated by a different phase
showing nearly white in the figure, and (c) a high degree of preferred orien-
tation of the crystallites is indicated by the diffraction patterns.

Condensed Films

The work to date includes the examination of lead sulfide films con-
densed on glass at temperatures of 25°C and 200° to 350°C followed in some
cases by subsequent heating at 300° to 350°C, as well as preliminary experi-
ments using as substrates single crystals of mica, diamond, magnesia and spin-
el.

The films on glass were prepared by subliming 4.5 mg of reagent-
grade lead sulfide powder during a three-minute period. The average film
thickness is estimated at 0.15 micron from direct weighing on a microbalance.
The films required twenty to thirty minutes to cool in the vacuum of the
evgporation chamber. The results are summarized in Table I, and Figure 3 and
4 show micrographs and diffraction patterns.

The principal observation from the micrographs in Figure 3 is that
the film shows a graininess of dimensions of about 0.0l micron but no dis-
tinet crystal faces at 200°C, with a gradual change to clearly defined cry-
stals of about 0.1 micron size at 350°C. Higher temperatures might lead to
still larger crystal sizes, but the present experiments in vacuum (i.e., res-
idual pressure of 10-4 mm) lead to re-evaporation of the film at higher tem-
peratures.




TABLE I

CHARACTERISTICS QOF LEAD SULFIDE FILMS

EVAPORATED ON GLASS SUBSTRATES

Sabstrete

Natﬁre of

Temperatures _ Diffraction Pattern  Electron Micrograph | &orco
200°C Somewhat blurred. Uniform, grainy, 3a, ba
Fairly intense extra No definite erystal
ringso faces at E0,000X»

225° Little change Little change

250° Sharper PbS rings. Coarser. Still no 3b
Same extras rings crystal faces.

275° Similar to 250° Still eoarser 3c, 4
Extra rings slightly than 250°,
fainter.

300° Relative intensities of Crystal faces 3d
rings different. Pre- YDbegin to sppear.
ferred orientation of
PbS., Extra rings much
fainter.

325° ‘Mare arientatin, Crystals sbout ke
Extra rings much 0,05 micron.
fainter,

350° More orientation, Crystals up 3c, 4d
Practically no extra to 0,1 mieron.

ringB .
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a. 200°C b. 275°C

c. 325°C d. 350°C

Figure 4. Electron Diffraction Patterns of Lead Sulfide Films
Condensed in Vacuo on Glass at Various Temperatures.
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The electron diffrection patterns also show the effect of increasing
crystallite size, as indicated by inereased sharpness of lead sulfide diffrac-
tion lines, &s well as the tendency with increasing temperature toward orien-
tation ‘of same crystallites relative to the glass surface. The diffraction
patterns show rings in addition to those of lead sulfide at the lower temper-
atures but not at temperatures near 350°C. Although four or five of these
"extra" rings could be measured in many of the patterns, it has not yet been
possible to mateh them satisfaetorily with any compound which might concelv-
ably be formed and for which comparison patteérns are availsble,

Mditional experiments were carried out on the effect of heasting
subsequent to condensation and of & more rapid condensation rate. Figure Sa
shows the micrograph and diffraction pattern for a film condensed at 300°C
and heated far two howrs st the same temperature, The faint extras rings ap-
parent st the end of the condensation (Figures 4b and lc) have slmost entire-
ly disappeared here, while the heating has increased the particle size and
has produced some preferred arientation of the lead sulfide with the (111)
plane parallel to the glass, Another £ilm hemted to 350°C for one hour shows
similar effects (Figure Se) with particle sizes now in excess of 0,1 micron
and some orientation of the (100) plame parallel to the glass, The diffrac-
tion pattern in Figure 5b shows the effect of condensation of the same amount
of lead sulfide in one mimite instead of the ususl three mimites, followed by
immediste cooling., In compaxrison with Figure kd it is observed that the one-
mimute condensation leaves intense extra rings similar to those produced at
lover temperatures, wheress none zppesr in the three-mimute condensation.

Preliminary experiments have been started to study the effect of a
more proncunced preferred orientation of the lead sulfide, This is #&chieved
by using single-crystal substrates in place of glass., Different substrates
should lead to diffarent crystallographic planes sppeering on the surface of
the lead sulfide f£ilm with possible variations in photosensitivity following
partinl oxidation. The crystal faces used as substrates include: the cleav-
age face of mica, the (111) and (11Q) faces of diamond, the clemvage (100)
face of magnesia, and the (100) fece of spinel (megnesium aluminste). The
diffraction patterns from lead sulfide condensed on three of these are illus-
trated in Figure 6, A strong preference for the (100) plane of lead sulfide
parallel to the surfaee is shown in Figure 6b and for (111) in Figure 6¢. In
each case there is random orientation arcund the normml to the plane, Con-
sideration of the strong orienting effect of these substrates suggests the
use of sodium chloride, whose structure is the same as that of lemd sulfide
snd whose interionic spacings &are nearly the same, In general it is found
that the greater the similarity between substrate and overgrowth, the strong-
er the tendency for preferred orientation.
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a. On Cleaved Mica - 300°C b. On Cleaved MgO - 200°C

c. On (111) Diamond Face - 200°C

Figure 6. Electron Diffraction Patterns of Lead Sulfide
Films Condensed on Monocrystalline Substrates.
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DISCUSSION

The chemically prepared films in Series B and C have led to the
first indication of any consistent difference in physical structure between
lead sulfide films of high and low photosemsitivity. A systematic study of
c¢hemical films would show whether the particular structure cbserved in Series
B films is essentiml to very high sensitivity in chemical films, The question
of the nature and d‘istribution of the oxidized phase can be followed by three
different experiments: (a) the examination of chemical films carefully pro-
tected to mvoid the accidental removal of any material from the surface of the
film, (b) the mounting of chemical films on & thin contimious support such as
collodion to allow transmission diffraction patterns for the detection of sec-
ond phages in the body of the lead sulfide £ilm, and (¢) the exsmination by
diffraction of very thin deposits of lead sulfide from aqueous solution onto
& wire gauze in an attempt to study separate particles of the chemieal preecip-
itate before sgglomeration, A thorowgh study of chemical f£ilms will be under-
taken, as additionnl persommel becomes aviilable, because of the interesting
contrasts between the chemically precipitated and the eveporated films, One
exauple of this difference is the great decremge in photosensitivity on expo-
sure to air, shown by evaperated films but not by those precipitated from so-
Jlution.

The experiments on evaporated films have prescribed the conditions
for controlling the; particle size of the lead sulfide ecrystals between about
0.01 and 0.1 mieron. The results on the Series B chemieal films suggest an
attempt to produce agglomerates of the 0.1 micron condensed particles either
during or following & partial oxidation. This agglomeration might be accom-
plished by heating to temperatures of 500°C, in which case &n spprecisble
pressure of an inert gas will probably have to be present in the evaporation
chamber to suppress the evaporation of the lsad sulfide, Extended heating of
‘the condensed films without oxidation spparently leads only to an increase in
the size of the individusl crystals; an increase beyond the Q.l-micron size
without providing & coating of an oxidized phase is probably not desirable,
This suggests that the extended heating should be done with some residual
pressure of oxygen.,

The oceurrence of ‘extra rings in the diffraction patterns from spec-
imens condensed at 10"‘* ‘mm pressure raises the question of oxldation even at
this pressure (although the extra-ring pattern has not yet been identified).
Ancther possibility 1s & deficlency structure accompanying a deviation from
the stoichiometric ratio between lead and sulfur as the result of the process
of eveporation and condensstion. 'In either case, the interesting dependence
of these rings on the temperature and rate of condensation and subsequent
heating must be explained. It mey be, for example, that the higher tempera-
ture for a longer time preferentislly favors the migration and crystal growth

15
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of the lead sulfide with a covering up of the second phase., The answer to
this suggestion depends on cobtaining transmission diffraction patterns through
the heat-treated films.

In addition to & better characterization of the lead sulfide films
eveporated onto glass, further work will include studies of f£ilms on sodium
chloride and of the oxidation of films, both on glass and sodium chloride, to
produce a detectsble photosensitivity., It 1s noted that the photosensitivity
‘will have to be tested on films while mounted in the evaporation chamber to
avoid the loss associmted with exposure to the atmosphere. The chemical ef-
fect of the exposure to alr is & subject for later study.

16
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