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FAST FIELD EFFECT AND PHOTORESPONSE
STUDIES ON LEAD SULFIDE PHOTOCONDUGTORS

ABSTRACT: Concurrent studies of field effect and photoconduct-
ivity in thin-film lead-sulfide photoconductors have ylelded a
better understanding of the mechanism of photoconductlvity
involved. Two problems were of particular concerns (a) the:
validity of the assumptions of the majority carrier model of
photoconductivityl, and (b) the role of the electronic traps
probed by field effect in the photoconductive procesgs:.

Experimental data from chemically deposited: lead sulfide: £1lms
confirm the existence of electronic traps on the surface and/or
in the space charge reglon and demonstrate for the first time the
identity of the field effect and photoresponse time constants.

A beat frequency bridge technique applied to the fast field
effect measurements permitted heretofore impossible accuracy,
particularly if the samples are of high impedance. The majority
carrier model was extended, by including explicitly the time for
charge transfer into and out of the majority carrier traps, to
describe the field effect data. Analysis of the data shows the
rate of transfer of charge into the majorlty carrier traps to

be the limiting process., Density and capture-cross-section of
the majority carrier traps were estimated.

Principle conclusions are that (a) the assumptlons of the
majority carrier model are valid and (b) the electronic traps
probed by field effect are a representative sample of those
which csuse photoconductivity. The latter conclusion means

that field effect measurements will be a useful tool for further
classification of the mechanisms for photoconductivity in thin-
film photoconductors of the lead salt type.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND
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This report describes an experimental and theoretical study of
the fundamental mechanism of photoconductivity in lead-sulfide
thin-film photoconductors, The study 1s a part of a research
program at the Naval Ordnance Laboratory for the purpose of
better understanding the photoconductive process in lead salt
photoconductors, Experimental data consist of a series of con-
current photoresponse and field effect measurements, The
principal achievement of the experiment was the substantial
confirmation of a majority carrier model rreviously conceived
in this Laboratory for the description of photoconductivity in
the lead salt type thin-film photodetector, Theoretical contri-
butions incIude (a) the extension of the majority carrier model
to include explicitly electronic trapping on the surface and in
the space charge region and to describe field effect, and (b) an
analysls of experimental results which provides for the first
time estimates of values for such fundamental properties as
offective capture crose section and densities of the traps which
cause photoconductivity in the lead sulphide films,
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I. INTRODUCTION

A. Objectives

The overall problem is to identify the
fundamental mechanism of photoconductivity in
thin-film infrared detectors of the lead selt
type. The specific objectives are to determine:
(?S the role of electronic states probed by
ficld effect in the photoconductive process and
(b) the validity of the majority carrier modsll
for describing photoconductivity in the films,

B, Summary of Previous Investigations

1. @%meerin_g and Scientific Interest:
Thin f1ilm photodetectors, sometimes called
photoconductors or photocells, are of consider-
able interest to the militsry and to industry.
Their remarkable sensitivity, fast response
time, small size, convenient geometry, light
weight, and high gain are all desirable
properties. Therefore, thin-film detectors
are nov produced in large quantity for use in
a wide variety of scientific, military, and
industrial instruments, There is also con-
siderable scientific interest in the properties
of these detectors., rcfxtensive bibliographies
in review papers 2, 3, L, 5 show the quantity
of experimental data and number of theories
concerning the physical, electrical, and
optical properties of the films., However, in
spite of the intense academic and industrial
interest, particularly during the past decade,
the identification of the fundamental mechanism

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/01/16 : CIA-RDP81-01043R002800140011-0




Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2014/01/16 : CIA-RDP81-01043R002800140011-0

NAVORD Report €16k

for the observed photoconductivity in the

lead salt type of film remains one of the 2
tantalizing problems of photoconductor theory
and the films are still fabricated by
empirically developed processes which are not
completely understood. The identification and
understanding of this mechanism has obvious
practical as well as scientific value, e.g.
novel and improved photocells can then be
engineered with properties required for
specific applications.

2. Physical Properties and Fabrication
Techniques: Physical properties and fabrica-
tion techniques are particularly important
when considering the mechanism for photo-
conductivity. Films are a composite of
microscopic crystallites formed by either
vacuum evaporation or chemical deposition of
the lead-salt to a thickness of about one
micron on a glass substrate. The chemically
deposited films are sensitized, i.e. rendered
photosensitive, during deposition. This
sensitization may be optimized after deposition
by baking the film in air or oxygen. Vacuum
evaporated films are sensitized by exposure
to oxygen either during or after the condensation.
According to %-ray and electron microscope
observations, the crystallites have overall
dimensions of the order 0.1 micron and are
separated by intercrystalline barriers with
thicknesses of the order of 10 A°, (see Fig. 1).
The individual crystallites are lead salts,
while the intercrystalline barrliers are an
oxide of the lead salts or of lead. The
microscopic dimensions afford a relatively
large surface to volume ratio, thus emphasizing
the role which surface states might play in the
photoconductive process.

3. Photoconductivity in the Lead-Salt Type
Detectors: Although photoconductivity was
discovered in selenium by W. Smith in 1873,
the marked photoconductivity of the lead-salt

NAVORD Report €1€k

type mategials was not discovered until 1917
when Case” studied oxygen treated thallous
sulfide ghich he named thallofide., According
to Rose,” photoconductivity was not interpreted
in terms of the lifetime of a free carrier and
the capture cross section of a bound state for
free carriers before abouf 1945., The excellent
review papers by Rittner, Moss,u Smith,5 and
Petritz and Humphrey-“ reveal the numerous
theories and models proposed between 1945 and
1957 for describing photoconductivity in these
films. The experimental effort was correspond-
ingly large. Research on the electrical and
optical properties of the lead-salt type films
will now be summarized by considering the
fundamental processes involved in a mannes
similar to that of Petritz and Humphx'ey.l »11

The principal processes of photoconductiv-
ity are the generation and the recombination
of free carriers. The generation of free
carriers by the absorption of photons was
shown to be a main band transition Eg the
agreement of the thermal energy gap—< with.
optical transition energy determined from t?e
long wavelength limit of photoconductivity. 5
Since the optical transitions are main band
ones, they occur in tEe crystallites rather
than in the barriers. Having established the
process of generation, a significant remaining
problem is to establish the process of re-
combination. The prior research on this
problem will be classified and discussed under
one of three categories depending on the
carrier lifetime of importance. The first
category is the intrinsic carrier model in
which recombination is either by recombination
centers or directly between bands. Both the
number and the lifetime of free electrons and
holes are approximately equal, a condition
presumably achieved by the sensitization
process._,The early theory of von Hipple and
Rittner,l4 which is typical of this category,
proposes photoresponse to be characteristic
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of a uniform intrinsic semiconductor produced
by detalled balancing of n and p-type im=-
purities. A basic deficiency of this model i1s
the failure to predict the measured small ratio
of £ilm to single crystal mobilities.2 The
second category is the minority carrier model
in which photoconductivity depends on a long
minority carrier lifetime. The £ilm is
visualized as a composite of microscopic n-p-n
junctions. In a theigy for this model
developed by Slater, barrier modulation plays
an important role. Barrier modulation theory
has been successful in predicting certain
electrical gnd Ehotoconductive properties of
PbS films.l® The third category is the
majority carrier model in which photoconductivity
presults from the predominance of the majority
carrier. The free minority carrier created by
the photon is thought to be trapped, leaving
the corresponding majority carrier free to
conduct. Petritzl developedfalt?eory fgrtihis

el ich has been successiu. n pr cting
ﬂgise Y? responsitivity, sensitivity,Eg Hall
coepficient, and resistivityl9 measurements on
PbS films.

In identifying the photoconductive processes
in the lead-salt type films, history has
demonstrated that while success in describing
the experimental data at hand is necessary, it
does not lead to a unique theory. Rose con-
cludes that a unique deduction of the mechanism
of photoconductivity by the study of a par-
ticular substance is hardly possible, and
Slaterl5 points out. that more than one mechanism
might be present simultaneously in PbS. In
spite.of these inherent difficulties, certaln
recent experiments furnish strong evidence as 1
to the appropriate model. Humphrey and Scanlon2
reported studles on evaporated PbS films which
showed that although other oxidizing elements
formed acceptor sites in the film, only oxygen
produced photoconductivity at room temperature.
If either the intrinsic or minority carrier

"
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models were applicable, any acceptor element
should produce photoconductivity. A plausible
interpretation is that oxygen was the only
acceptor element which formed the minority
carrier required by the majority carrier model.
Also, Woodsl9 concluded from his measurements
of resistivity and Hall coefficient of il-
luminated chemically-deposited PbS films, that
photoconductivity is entirely due to the in-
crease in the number of carriers and that
barrier modulation does not occur.

The theoryl for the majority carrier model
does not specify where the minority carriers
are trapped. The mean free path of the minority
carriers is sufficiently long_relative to the
dimensions of the crystallite? to permit trap-
ping in either the sgrfaee or bulk states.
Estimates by Petritz 2 show that the density
of the surface traps, i.e. bound electronic
states on the surface of the crystallite, is
adequate to account for the observed photo-
conductive time constants. If the trapping
cross section of the surface states for the
minority carriers is sufficiently large, the
surface instead of the bulk traps could pre-
dominate in the photoconductive process.

4, Electronic Surface States: Although
there is 1ittle in the literature concerning
the electronic surface states of PbS, there
1s considerable relevant information on other
materials in the review article by Kinﬁston23
and in Semiconductor Surface Pk_\xsics.2 The

concept gg surface states was first proposed

by Tamm, who in 1928 showed theoretically
that an abrupt discontinuity of the crystal

at the surface allows an energy level within
the forbidden gnergy gap of the crystal. In
1939 Shockley2 showed theoretically that pailrs
or bands of energy levels exlst on the surface
of semiconductors (he considered diamond) and
all metals. In 1947 Bardeen2! showed that
electronic states on the surface of seml-
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conductors could, under favorable conditions,
control the electrical properties of the
material. Numerous experiments23s2% since the
advent of the transistor have confirmed
Bardeen's postulate as applied to germanium
and silicon. As a result of these experiments,
an electronic energy level model of the semi-
conductor surface of the type shown in Fig. 2
is now generally accepted.

In the studies on germanium and sillcon
surfaces, the bound states have been classed
as i3low! or "fast" depending on the time
required for net transfer of charge between the
surface states and the bulk. Slow states have
time constants in the range from milliseconds
to minutes and are visualized as resulting from
acceptor or donor sites located either on
or/and in the high resistance oxide layer which
coats the semiconductor crystal. Estimates
pbased on experimental data indicate that the
densities of slow suﬂfacg states are in the
range of 1012 to 1014 cm These states are
strongly affected by ambient atmosphere. The
fast states have time constants of the order
of microseconds and are believed to be located
on or near the oxide-semiconductor interface.
They are often called interface states. These
states may result. from several sources such as
the abrupt discontinuity in crystal structure,
crystal défects, and foreign acceptor or donor
atoms or molecules at the crystal surface.
Fast states seem to be relatively insensitive
to amblents and their densities are egtimated
%o be in the range of 1041 to 1012 cm?.

Recent experiments have shown that
electronic surface states exist on PbS films
in much the same manner as theg exist on

ermanium and silicon, Zemel2C® reports slow

%tates with time constants of the order of
several minutes. Rezewoskl and Sosnowski
found that electronic states exist on the
surface of ‘PbS films which can affect the

6
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electrical conductance., Sorrows3O reported
fast field effect studies on a PbS film which
not only confirmed the findings of Rezewoskl
and Sosnowski, but showed that the field effect
time constant and the photoresponse time con-
stants were approximately equal. Methods of
sensitizing, particularly in the case of the
vacuum evaporated films, suggest that surface
states play an important role in establishing
both the electrical and photoconductive
properties. Resistivity and thermoelectric
power measurements show that films formed by
vacuum evaporation are "n" type prior to
sensitization. Upon sensitization by exposure
to oxygen the films are "p" type. Conceivably,
the change in electrical and optical properties
is caused by surface states formed during the
exposure to oxygen. The manner in which the
surface states could change the electrical
properties of the film is explained by use of
Fig. 2. The presence of oxygen on the
crystallite surfaces creates accepter sites
which trap electrons. The electrostatic field
from these trapped charges causes the indicated
bending of the electron energy level bands near
the surface. In fact if sufficient charge 1s
trapped, an inversion layer is created, i.e.
the region near the surface is changed from

"n" to "p" type. The space charge regions in
PbS erystallites have not been studied experi-
mentally; however, theoretical calculations
indicate that the region extends about 0.07
micron into the crystallite. The space charge
region of the small crystallites of the PbS
films could control the electrical properties
of the film. In the case of chemically
deposited films of the type used in this study,
considerable sensit&zation occurs during the
deposition process.” The crystallites which
compose the film are then thought to be "p"
type with an accumulatlon layer at the
surface.’t This concept is illustrated in the
energy level dlagrams (Figs. 3 and 4) for a

‘PbS photoconductive film.

7
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Trapping in fast surface states on
germanium has peen studied by field effect
measurements. This measurement probes only
those states which are on the surface or within
the space charge layer of the surface.
According to the energy level diagram for the
PbS photoconductive £ilm surface shown in Fig.
4, the states which exist on the surface
crystallites of the £11m are a representative
sample of those on the surfaces of all the
crystallites which compose the film (Fig. 1).
Field effect measurements should then provide
information concerning the nature of the sur-
face state and space charge region traps of
the crystalllites.

C. Approach

In view of (a) the success of the majority
carrier model! in describing both the electrical
and photoconductive propertggs of the lead-salt
£ilms and (b) the suggestion that electronic
surface states might be the traps required by
the majority carrier model, it was decided to
further investigate the basic assumptions of
the majority carrier model and the role of
electronic surface states. To do this a series
of concurrent field effect and photoresponse
measurements were made on PbS fllms. Two
fundamental differences in fileld effect and
photoresponse are pertinent in this study.
First, only majority carriers are induced into
the £ilm in field effect measurements, whereas
hole-electron ‘pairs are created in the film by
the photons in the photoresponse measurements.
Second, cnly the surface and space charge
region traps are probed in field effect,
whereas surface, space charge, and bulk traps
affect the photoresponse.

The‘main coﬁponenta for the study are
shown in Fig. 5. In field effect measurements,
a voltage on the fileld effect plate causes an

8
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external electric field transverse to the film
surface. This field is superimposed on that
from the surface state charge. Th2 external
fleld then affects the electrical properties
gﬁn:he spage gﬁar%e layer in much the same

er as do e trapped surface charges. T
field effect measurements can providegthe tigz
constant t; associated with the charge transfer
between the space charge region and the surface
traps, the fraction « of the total external
field lines terminating on immoblle charges
at quasi-equilibrium, and the mobility
of the excess charges induced into the fflm.
In measuring photoresponse, the change in
electrical conductance caused by incident light
pulses is determined as a function of either
time or light pulse repetition rate. The
measurement yields 7, , the photoresponse time
constant. Transient and steady state field
effect and photoresponse were measured as a
function of background illumination, film
surface condition, and sensitivity of the film.

PbS films were chosen for the study be-
cause (a) they are typical of the lead-salt
type photodetector, (b) the art of fabrication
is far more advanced than for other members of
this class of photodetector, and (c) there is
already a considerable accumulation of informa-
tion concerning the electrical and photo-
::gdgaiivg propﬁit;es of PbS in both the film

nd by orm which aids in in f
experimental data. terpretation of
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II. EXPERIMENT

A. Apparatus

: ion of
1. Film Samples: With the except.

le furnished by the Naval Ordnance
g:io:::gry, samples (similar to that shownt;:n
an insert in Fig. 5) were furnished bybEas
Kodak Company. The £11ms were formed ty |
chemical deposition on a glass substrate an
some of the samples had the free surfacec oa
coated with varnish. The Eastman Kodak f?.lrl: ny
£11ms were sensitized when received. A im
furnished by NOL had purposely not been s
sitized and the surface was uncoated.

) H Figs.
. Sample Holder: The holder,
6a ang b, was made Trom teflon stock. When
assembled with the sample properly mounte(:iL ,1
one surface of the f£ilm surface was paralle

. _effect plate. The
to the solld brass fieid o b the controlled

late on one sl 2 im a
iigﬁgtsgurcés on the opposite side. A perforated
field-effect plate, fabricated by pressinghnEt
fine mesh wire into a heated transparent sheet,
permitted a series of measurements with the

field effect plate and the 1lizht sources on the
same side of the film.

y in
. Sample Housing: The housing shown
Figs.37a anEPB was made of heavy brass stock iod
afford a large heat capacity and could be seale
off from the atmosphere. This design was chosen

10
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to prevent rapid fluctuations in both film
temperature and ambient during measurements.

The housing consisted of two sections separated
by a fine mesh screen; the sample holder was
firmly mounted in the bottom section, and the

top section contained the background illumination
and the pulsed light sources. A standard
incadescent lamp (6-8 volt Mazda 82) was used (Figh)
and its intensity was selected by adJjusting

the dc voltage across the lamp terminals. The
source for the light pulses was a 0.4 watt

neon glow tube (NE-2). - Electromagnetic

coupling between the circuitry assoclated with
the sample and that assoclated with the light
sources was prevented by use of the fine mesh
screen. A

4, Balanced Bridge: The commercial titles
of the principal electrical instruments used in
the balanced bridge shown in Fig. 8 are as
follows:

Function Commercial Title

Stabilized Voltage Supply Lee Model R-10
Voltage Pulse Generator Tektronix Type 105
Differential Amplifier Tektronix Type 122
Cathode Ray Oscilloscope Tektronix Type 512
Micro Amp Meter Weston Model 625

5. Beat-Frequency Bridge: The commercial
titles of the prlncipa* electrical instruments
used in the beat-frequency bridge shown in Fig.
9 are as follows: ' ’

Function Commercial Title

Sq. Wave Voltage Gen. Tektronix 105

Audio Signal Gen., Freq. b (Hewlett Packard

Audio Signal Gen., Freq. f Model 205 AG

Vacuum Tube Voltmeter, V,, General Radio 1800 A

Vacuum Tube Voltmeter, Vf Ballentine 300 .

Wave Analyzer .General_Radio:.T36A or
H.P. 300A
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B. Procedure

1. Transient Field Effect and Photo-
response Measurements: Transient changes in
film conductance caused by both square wave
field effect voltages and pulsed light signals
were observed with the balanced bridge shown in
Fig. 8. The square wave voltages used to drive
the field effect plate and the neon glow tube
were purposely made asymmetrical in time in
order to establish the relative signs of the
respective bridge responses. The initial step
for field effect measurement was to balance the
bridge with no film current Ig and a square
wave voltage Vp applied to the field effect
plate. This was done by alternately ad justing
Ry or Rz and the trimmer capacitors (labeled
1.5 - 7.5u«f/) until the differential output
voltage across the film terminals was a minimum.
When the bridge was balanced and a current
was in the film, the field induced transient
conductance change AG caused a transient
voltage AV, across the film terminals. AV,
was amplifieéd by the differential amplifier
and displayed on the_cathode ra{ oscilloscope.
A\/, and AG are related as follows
(dergvatzion in Appendix A).

AG = “AVe (R/+ Ry +R) , (1)

T LRMR+R)

where R is the film resistance. Equation 1 is
valid for photoresponse as well as field effect
measurements. It is not necessary to balance
the bridge for the photoresponse measurements.
Since AG is a linear function of AV,, the
field effect and photoresporise time constants
Z; and ?, respectively were estimated
directly from the-oscilloscope patternms.

2. Steady State Field Effect and Photo-
response Measurements: Steady state ac field
effect and photoresponse were both measured on

12
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the beat-frequency bridge shown in Fig. 9. The
bridge was bilased with a sinusoidal voltage
Vp of frequency b and then balanced by alternately
adjusting R and C until the wave analyzer tuned
to b indicated a voltage minimum. Application
of either a sinusoidal field effect voltage
Vr at frequency f or a pulsed light at frequency
£ caused a resistance modulation & R at frequency
f which beat with the bias voltage. The wave
analyzer measured the beat frequency voltage
Vw when tuned to_either f+b or f-b, where
w=T+b or f-b. In order to compare readily the
field effect measurements on the various films
studied, a normalized factor Fg, the fractional
change in film resistance per field-effect volt
at frequency f, was calculated for each measure-
ment from the following equation:

S AR LV 2)

TR VY,

In photoresponse measurements, the fractional
change in film resistance for a pulsed-light
of given intensity was calculated from

AR L
—_ = __._".V—\/ki 3)

R \/b )

Equations 2 and 3 are derived in. Appendix 2;
Vs> Ve and Vi, are rms values. The loading of
tge fglm resistance by the bridge and wave
analyzer circuits is accounted for by the factor
Ly and had to be determined for each film and
for each selected background illumination
intensity by an experimental technique
described in Appendix 2. Because of its
frequency dispersion, see Fig. 10, the value
of L, was chosen in each measurement for the
frequency corresponding to Vy.

The selected background illumination
intensity and bridge bilas frequency were held

13
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constant while both the field effect and phato-
response were measured at a number of selected
frequencies covering the range from 20 to
15,000 cps. The response Fr and AR/R of each
frequency run were plotted on log-log paper and
compared directly with- the corresponding
universal curves of Fig. 11. bi;rgm ghéi cox:i
ison T, were obtalne rec
s was'caicu{ated £rBm the experimental data.,

C. Discussion of Measurement Methods

1. Balanced Bridge: Although the
balanced bridge method has been widely used in
surface state studies“for both transient and
steady state field effect measurements, the
method is not entirely satisfactory for
quantitative field:efféct measurements. The
inherent difficulty is that a asmall response
voltage must be measured in the presence of a
large capacitively induced voltage at the same
frequency or freq ies. In this particular
experiment, the induced voltage was of the
order of 125 volts and the response voltages
were only a few millivolts. This large ratio
of voltages necessitates a very precise balance.
In spite of the care taken in mounting the
sample securely, in the prevention of thermal
and ambient changes, and in wiring the bridge
circuit for minimum unbalanced stray capacitance
and lead inductance; the balance was both tedious
to achieve and subject to small but disconcerting
drifts, The large resistance of the films and
the lack of common mode range of the commercially
available differential amplifier also cantributed
to the inherent difficulties of the measurement
method. A differential amplifier with in-
creased common mode range could have been con-
structed using already established techniques,
but at the sacrifice of the high frequency
amplification necessary to measure the field
effect transients.

NAVORD Report 6164

In the transient measurements, the mag-
nitude of the resistance of the bridge arms
(Ry and Rp) was relatively small, of the order
of 10K ohms or less,to permit charging of the
condenser formed by the field-effect plate and
film in less than a microsecond. This relatively
short charging time was necessary in order to
avoild masking field-effect transient responses,
the time constants of which were as short as
100 microseconds. The condenser charging time
was that required for the charge to flow
through the Earallel resistance of R
The relative small resistance in tﬁe bridée
arms reduced the bridge sensitivity consider-
ably below optimum.

The balanced bridge is also often used in
steady-state ac field-effect measurements.
All of the information contained in the
transient response can be obtained from a
measurement of steady-state response versus
field-effect frequency. To obtain the informa-
tion, response must be measured at each of a
number of frequencies covering.the..frequency
band of interest. Several such frequency runs
were made. The balancing at each frequency
was found tedious and the small higher
harmonics of the field effect frequency
source were annoying.

Both transient and steady state photo-
response measurements can be made with the
balanced bridge setup without balancing the
bridge. These measurements are thus simple
and reliable.

2. Beat-Frequency Bridge: The beat-
frequency bridge, which was applied to fleld-
effect measurements for the first time in this
study, 1s well suited for quantitative steady
state ac field-effect measurements. This
bridge circumvents the basic difficulty of
balanced bridges by measuring the field effect
response voltage at a frequency different from
the applied field effect or blas voltages.

15
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The beat-frequency bridge operation is based
on the field-effect modulation of the film
resistance which beats or mixes with the bias
voltage to produce sum and difference frequency
voltages. There is no inherent need for bridge
balancing. However, in this experiment, the
bridge was sufficiently balanced to prevent

the bias voltage from saturating the wave
analyzer. The degree of balance required was
easy to achieve and maintain. Small drifts

off balance, which were disastrous in the
balanced bridge measurements, caused negligible
difficulty in the beat-frequency bridge. The
principal requirements in the beat-frequency
bridge measurements were that the field effect
and bias frequencies be sufficiently stable to
permit the sum or difference frequencies to
remain within the pass band of the wave
analyzer, and that the harmonic content of the
field effect and bias voltages be sufficiently
low to permit accurate measurement of these
voltages with vacuum tube voltmeters. These
requirements were not stringent. The ease of
operation of the beat-frequency bridge is
important; however, its principal virtue is

the precise measurement of small field effect
or photoresponse voltages.

D. Experimental Data

1. Transient Field Effect and Photo-
response Data: A large number of oscilloscope
patterns of field effect and photoresponse
were observed using the balanced bridge.
Figure 12 1is typical of the oscllloscope
patterns of the transient response to a square
wave field effect voltage. Figure 13 indicates
the sign and time relation between transient
field effect, transient photoresponse, and
driving voltage. A negative deflection in the
oscilloscope pattern indicates an increase in
film conductance. Both the photoresponse
time constant Tp and the field effect time

16
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constant Ty were estimated from oscilloscope
patterns for selected intensities of background
illumination. The qualitative correspondence
of Ty and T¢ is shown in Fig. 14.

A number of exploratory type experiments
were made using the balanced bridge. Those
experiments, which contribute to the general
understanding of fast surface states but are
not relevant to the objectives of this study,
are discussed in Appendix 4,

2. Steady State Field Effect and Photo-
response Data: The experimental data are
presented for the most part in pairs of figures
which present field effect and photoresponse
measurements for a given surface condition and
selected intensities of background illumination.
The circles represent the experimental data
and the solid line the universal curve which
best fits the data. Figures 15 and 16 are the
data for Eastman Kodak Company sample 1-B which
had an uncoated surface. The field effect
plate faced the uncoated surface of the film.
Figures 17 and 18 are data of a film, EK Co.
sample 1-A, which was of the same type as
sample 1-B except for a coating on the free
surface of the film, The electric field was
induced through the coating. Figures 19, 20
and 21 are concerned with EK Co. sample 16, an
uncoated film: in Fig. 19, the field effect
plate faces the free side of the film surface;
in Fig. 20, the electric field is induced
through the glass substrate; and Fig. 21 is the
photoresponse data. Figure 22 is the field
effect response on a film, NOL 5-11-9, purposely
made to be approximately 20 times less sensitive
than the above films, Figure 23 compares the
field effect on different types of surface and
degree of sensitization.

'3, Field Effect Mobility Product: The
mobility product {1+ Bf)H#f was calculated from
Eq.(76) for several samples. A typical set of

17
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results for sample EK Co. 1-B as a function of
background illumination is

Lamp Voltag (1+Br)Mr
4,0 em“/volt-second
u."l’ n " n .

)
.5 3.0 wo,ooom n

The product is approximately 4 cm2/ volt-
second with no definite trend as a function of
background illumination.

4, Summary of Experimental Data: In the
transient measurements, a negative square wave
field effect voltage caused an instantaneous
increase followed by an exponential decrease
in £ilm conductance. The decrease was a
fraction a of the initial increase. When the
negative field effect voltage was removed, the
conductance decreased by the same increment as
the initial increase and then increased ex-
ponentially with time to the equilibrium value.
The time constants associated with the ex-
ponential increase and decrease of conductance
were equal within experimental error and were
both a function of background illumination.

. In the photoresponse measurements, upon
exposure of the film to a light pulse of con-
stant intensity, the conductance increased °
exponentially to an equilibrium value. When
the light pulse was removed, the conductance
decreased exponentially with time to the
original equilibrium value. Time constants
for increase and decrease in conductance were
approximately equal and were a function of
background illumination intensity. The
qualitative data indicate a correlation of -
field effect.and photoresponse time constants
as a function of background illumination (See
Fig. 14). . :
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Steady state ac field effect and photo-
response measurements with the beat-frequency
bridge were a quantitative verification of the
qualitative results of the transient measure-
ments. The field effect response was a
maximum at high frequency and decreased at
low frequencies to a fraction (1 - a) of the
maximum (See Fig. 24). Photoresponse was
maximum at low frequencies and decreased at
high frequencies. The concurrent field effect
and photoresponse measurements showed that |
a, Tf and Tp were inversely dependent on back-
ground illuﬁination intensity. There was a
one-to-one correlation between Tf and T, as a
function of background illumination intSnsity.
@ was a function of the side of the film from
which the field was induced, but t¢ was not.
Tp was independent of the side - e film
from which the pulsed light was incident. a
was a function of the surface conditions. An
insensitive film showed a negligible value of
a. A comparison of the experimental data with
the theoretical universal curves indicates
single effective time constants T and o for

both field effect and photoresponse respectively.

The mobility product (1+ Bf)A4ys for field
effect was found to be approximately equal to
the mobility {1;{ as determined by Hall effect
measurements.19 .
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where T is the RC time constant:

r=fR_ .

Rt R, (5)

III. THEORY The similarity of the field effect and circuit
responses leads to the following empirical

- equation for the voltage AV, across the film
A. Empirical Equations Developed terminals in response to a step function
By RC Circuit Analogies field-effect voltage Vr:

-

1. General: In the initial stages of the AV =C V [(I-—e()-*—dc "“c] . (6)
study reported herein, the empirical equations ° Tt ¥
developed by RC circult analogies were quite
useful in describing and analyzing the experi- The parameters Grt, @, and Ty are uniquely
mental data. Later, these equations served as determined by a single observation of the
a gulde in developing the theory. Because of transient field effect response to a step
the success of the empirical equations in ' function field effect voltage. Gpt is the
describing the experimental data, any models ratio AVo/Vr at the start of the field effect
or theories for photoconductivity or field pulse, a 1s the fractional decrease in response
effect in PbS must give the same equations. from t=0 to q si—eguilibriwn and is analogous

to Ra/(Ra+Rp), and 1r is the time constant

2. Description of Experimental Field of the exponential delc'gnand is analogous to

Effect: The overall appearance of the T. a and Tf are dete ed solely by the
oscilloscope patterns g?‘ the transient field properties of the film. Grg is determined by
effect response AV, (see Figs. 12 and 13), the properties of the bridge and the film to
was similar to the transient voltage response field effect plate capacity, as well as the
of the RC circuit shown in Fig. 25. For this properties of the film.,

circuit the transient voltage response Vp

to a step function input voltage Vi is The RC circuit stead%/astate response Vp

to a sinusoidal input voltage Vi of angular
frequency w 1is ’

R . R 2 \# Rw? \2 I
% R % (B (%)

= . + = Rt R Rat ¥y
Ve V(Ea‘*‘eb Rﬁ‘ﬁue )’ V.=V ( blﬁ-w“c" —. (7)

i

The corresponding field effect response Vw
1s then

Veve LOmogeds cenyF
W ¥ 5s

8
e )
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Referring to Fig. 24, a is the fractional de-
crease in response from maximum to minimum
and Tf can be calculated from wgTf=l, where
wg is the angular rfequency at which the re-
sponse is (l—aitaz) of maximum., Therefore
a and Tf can be determined from the relative
steady state ac field effect response as a
function of frequency while an absolute cal-
ibration is needed to_obtain Grg. The cal-
culations of universal curves, ﬁig. 11, for
relative field effect were based on Eq. (8),
in which

[(-xrou)sdsw ]t

relative response = Tt
. [+ co t,;

Since the frequency dependent part of Eq. (8)
becomes unity and Vy is maximum at high
frequency

G = v, (may)

#s v - (10)

The fractional change in resistance per field
effect volt as obtained from Egs. (25J and (8)
is

R =AR/RY,

A n
2 12 LG [(-a+ety?) 4 d'w"'c;.‘] J
) 1+ m"?_‘;’-

vb

3. Description of Photoresponse: The
transient response to a pulsed 1ight signal
(see Fig. 13) was simlilar to that of the RC
circuit shown in Fig., 26. The transient
response V. to a step function input voltage

(11).
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Vi for this RC circuit is

Voo e (1-®)

where the RC time constant T is

LA
T R*PR, C . (13)

Using the RC analogy, the response AVg to a
step function 1light pulse is °

A\é:gGPt(l—e_%") , (14)

where g 1s the rate at which majority carriers
are created in the film when the light is on,
Gpt is a proportionality constant involving
both film and balanced bridge properties, and
rg 1s the photoresponse time constant. The
Steady state response at a frequency w=(fb) is

vw.=?Gps/(‘+w"e;):li ’ (15)

Gps is the steady state proportiénality constant.
Tps the parameter of primary interest in this
study, can be calculated from the equation
WoTp=l where wy 1g the lar frequency at
which the response is 1/ of maximum. The
universal curve for photoresponse, the dotted
line in Fig. 11, was calculated using the
frequency dependent term of Eq, (15), i.e.

23
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|
relative response= ——————,
1+ g )e

B. Theoretical Equations Based »
On Majority Carrier Model

1. Statement of Problem: As stated pre-
viously, the majority carrier model has been
developed and applied to the calculation of
the electrical and photoconductive properties
of lead salt type films.l The objective here
is to extend the model to describe the field
effect by explicitly including the electronic
surface states, Later the theoretical equations
obtained from the extension will be compared
with the experimental data, i.e. the equations
developed from RC analogies. Certain concepts
of Petritz' paper are restated as background
material for extending the model, particularly
those pertinent to the interpretation of the
experimental data. The procedure is to develop
the equations for the macroscopic conductance
and resistance of the film from a consideration
of the microscopic properties of the crystallites
and intercrystalline barriers. The ideas and
equations developed are then used both in the
description of photoconductance and in the
extension-of the majority carrier model to
describe field effect.

2. Film Conductance and Resistance: The
microscopic semiconductor crystallites which
compose the film have a resistivity Pc. These
crystallites are separated by thin dielectric
partitions which provide an effective resistivity

to electron current. The total series

x/:zgistivity P of the crystallite and barrier is

P =l (17)

NAVORD Report €16%

The film resistivity is much larger than that
of the crystallites, o, 5> /% » therefore /e
can be neglected in comparison with APp in

the expression for the macroscopic consuctivity
of the photosensitive film. The current voltage
relationship for the barrier is

Y av,
(R 1), (18)

J.=M'f’ec

where § is the current density, q the charge
of a carrier, Pb_the mean density of majority
carriers in the bulk, i.e. the crystallites,
¢ 1s the effective potential height of the
barriers relative to the valence band edge,

k Boltzman's constant, T the absolute tempera-
ture, AVp the voltage drop across the barrier,
and M a parameter dependent on the specific
nature of the barrier but independent of ¢ .
Because of the microscopic dimensions of the
crystallites the voltage per crystallite is
so small that AVp << q/kT, The barrier
current-voltage relationship can then be
written as

. - av,
| jompeta . a9)

The conductivity o of a film of length £ is
given by

g = 118/\/5 N (20)

where Vp is the voltage drop across the fiim
and is related to the barrier voltage AVp by

V,=LmavYy,, (21)
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where n 1s the number of barriers or crystals
per cm, From Egs. (19), (20), and (2111{

0 =Mp, e_ﬂ%/mﬂ Ve (22)

From Eq. (22) we find that

A ™ MC_ﬁ/ﬂt*ﬂ: (23)

where is the effective mobility of the p-
type ri‘fﬁ. Breaking Eq. (23) down

+
/‘:’ﬂ ’/“' e s (24)

= MYkT (25)

ere « 1s the mobility of the holes indep_en nt
g:’.‘l thé“potential hill at the barrier and e ?E/e""
accounts for the reduction in mobility caused
by the potential hill of the barrier. From Eq.
(22) the conductance and the resistance are

-3
Cog=Ylo = lgmMee™, (26

where w and d are the film width and thickness
respectively.

3. _Photoconductivity: According to the
majority carrier model, photoconductivity in
the lead-salt type of thin films results when
photons of sufficient energy enter the

26

g
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crystallites and create excess hole-electron
pairs by exciting main band transitions. The
excess electrons are trapped, thus permitting
the relatively long hole lifetimes required to
explain photoconductivity. While the trapped
electrons are immobile and cannot contribute
directly to the photocurrent, they might affect
the barrier potential ¢ . If the light source
has sufficiently small intensity so that the
fractional change in the density of holes is
small and if the Possibility of barrier modula-
tion is admitted, the conductance change re-
sulting from the photon induced holes Afab is
given by

80 =g pp bt t G o Lt (27)

The total change in density of majority carriers
in the crystallites i1s assumed to contribute to
the change in conductivity. This assumption
requires a minority carrier diffusion length
which 1s long compared to the crystallite
dimensions. Long diffusion length for the .
minority carriers means that the photon created
hole-electron pairs do not recombine in-
stantaneously. A parameter is selected to
characterize the relative effect of ‘barrier
modulation on the conductivity in comparison
with the effect of Apy, by the following
equation

_/4 /-4e
Bp = (7%:)/( )" » (28)
Equation (27) may then be written as
B0 =gl (14 B )0p,. (29)
27

.
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The rate equa‘bion for the photon injected holes
is -

S 2

is the lifetime of the photon produced holes,
Tge rate of creation of hole-electron pairs

per unit volume by absorption of the incident
photons, is given by

4" y I/hvd, (31)

where J is the incident signal light flux in
watts per cm2, hy is the energy per photon, and

is the probability that an incident photon
will excite a hole-electron pair. According
to Rittner2 the carriers can be assumed to be
produced uniformly throughout the crystallites.
Tp can then be written in terms of the bulk
trapping time and the effective surface
recombination &me Tg as

T
= ; (32)

In the case of a thin sheet-like single crystal
semiconductor, Tg is expressed in terms of a
recombination velocity S and the cx'ystal
thickness d as

=
T =—.
L=

as
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In the case where the film is a composite of
crystallites, Tg is proportional to d/2s
where d is a representative crystallite
dimension.

If the light is switched on att=0, the
solution of the rate equation (30) is

ap =95 (-F), (34)

If Eq. (34) is placed into Eq. (29), we obtain
the change in conductance

tl
Bo = g (4B (1me 7). (5)

The corresponding response to incident light
pulsed or chopped at an angular frequency o is

po= BLe1Beg% (36)

(1+ u.)"t"',‘)'k :

In a film of length A, width w, and thickness
d, the change in conductance AG is

(37i

The output voltage AVo of the balanced bridge
in response to a conductance change AG in the
£ilm is given in Eq. (1). Using Egs. (1),
(35) and (37), we find that the transient
voltage response is
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Aav,=

' wd w (|+e—%f)

._%,(HB‘,)/U,T?t; T (R+R,*+ R) * (38)

The relation between beat-frequency bridge
response Vy and a change AR in film resistance
is given in Eq. (3). Since AR = R2AG, Eqgs.
(3), (36), and (37) yield

'+ wd RV | (39)
Vo= (4854 T L, T 0t

We restate for emphasis that the response,
either Eq. (38) for transients or Eq. (39) for
steady state ac, which this theory predicts
should be observed experimentally is proportional
to the rate of generation and lifetime of the
holes (majority carrier). The direct contribu-
tion of electrons to photoconductivity is
ignored. In fact, we assumed that although
incident photons create hole-electron pairs
the electrons are immediately trapped and only
the photo-holes live long enough to affect the
conductivity.

© 4, 'Field Effect: The majority carrier
model is now extended to describe the field
effect., In studying the field effect phenomena,
the field effect plate is capacitively coupled
to the film. A voltage difference between the
field effect plate and the film induces excess
positive charge either into or out of the film
depending on the polarity of the voltage. Let
Ap be the total number of excess positive
charges induced per unit film area exposed to
the field effect plate. Of these charges App
are assumed to be mobile in the space charge
region of the bulk and Apf, are trapped.

30
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We use the term "trapped" to designate those
excess charges which are immobilized at sites
elther on the surface or in the space charge
region. According to the law of conservation
of charge

Dp=0p,+0p (40)

A signifies an excess over the equilibrium
value for zero field effect voltage. Ap

causes an incremental change AG g in consuctance
per unit area. From arguments s¥milar to those
used to obtaln the change in conductivity due
to photoconductivity,

Ao;:Aﬁ%,(HB;) . s (81)

where Be results from field induced barrier
modulation and 4¢ is the effective mobility
of the excess holes in the space charge region.
This definition of At ¢ 1s to be contrasted
with one often used in surface state physics
which defines the effective mobility on the
basis of all the induced charges. In the
latter case 4. = AGs/qAp, where Ap is the
surface density of excess charges including
those which are trapped as well as those
which are mobile. The excess charges Apg
are bound and do not contribute directly to
the measured conductance change of the film;
however, these charges terminate electric
field lines from the field effect plate,

The induced charges enter the film through
the terminals. If charge enters the traps
only from the space change conduction region,
the time rate of lncrease in trap occupancy
is given by

31
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doppolte_ Lt

20
ax "t T T,

(42)

where l/fbt is the probability of an excess
carrier transferring from the space charge
region to a trap in a second, and 1/%tb is the
probability per second that an excess surface
charge will transfer from a trap to the space
charge region.

A time derivative of Eq. (40) yields a
continuity equation;

. d .
% LAp= Eﬂfb—*-d_t O . (43)

This can be written in terms of the efi‘e((tixe
time constants Ttp and T b by using Eq. (42).
The time rate of change B excess charge
carriers in the space charge region 1s given by

7 N (44)

dppadpp-
dt Aﬂ’ dat be ™ oy

If Eq. (40) is placed in Eq. (44), apy can be
elmina.t(;ed)m P (84,

d Lyt \ap =2 2

New parameters 14 and o' are now defined as
|

IS + 46)
Ttk T ’ (

32
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(48)

If the new parameters are placed in Eq. (45),
the resulting simplified equation is

4 Y} 1-a'
A L S S

Consider the solution to the rate equation
(49) in response to a step-function field ef-
fect voltage which is zero up to time t = 0
and some value Vp thereafter. The total
induced charge is

Ap=0 at t<o, (50)

A,f=_la\4 at t20, (51)

where k is the charge induced per unit area
per field effect volt, i.e. the field effect
plate to film capacity per unit area. Since

33
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there are no excess charges in the film bulk
prior to the initiation of the field effect
voltage,

A'f’b=o at t<O. (52)

At the initiation of the field effect voltage,
all of the induced charges Ap are assumed to
appear instaneously as excess carriers, l.e.

bpp=mRY € o0 (53)

With the boundary conditions of Egs. (52) and
(53) imposed, the solution to Eq. (49) is

Dpy=-kV,[(-a) 42'e %] (54)

If this is substituted into Eq. (41), the
change in surface conductivity with time is

AG; =—k\£(l+5‘c)/a,;?[(/—a') +e<'e_%']_ (55)

The change AG in conductance of a film exposed
to a field effect plate of length £ and width
w 1is,

AG =49 . (56)
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For this same film with a field effect plate
to film capacity Cg

IQ,=CF /wk. (57)

From Eqs. (55), (56) and (57), the total con-
ductance change in the film is then:

-t
AG, =% (‘—m'}‘&z‘c—'[('—d') tale ¥ (s8)

and if measured in the balanced bridge described
in II.B.1l., the response voltage is

R(R4R, %
AK:W”BJ/“*C*?'%‘(@{»E:&)) [ryvesce ;J- (59)

Equation (59) predicts the transient response
of the type shown in Figs. 13 and 28. At the
start of the negative field effect voltage,
excess holes (majority carriers) are induced
into the space charge region of the crystallite.
These excess holes flow into film through -the
film terminals in order to achieve overall
charge neutrality of the film and field effect
plate. The electric field from the field
effect plate attracts the excess holes into
the space charge region where their presence
both increases the conductance and upsets the
equilibrium of the traps. These surface and/oz-
space traps tend toward equilibrium by a net
transfer of charge. In keeping with Gauss's
theorem, 47 of the electric lines of force of
the transverse electric field terminate on
each trap which has effectively immobilized a
hole, (see Fig. 27). The nature of these traps
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will be discussed further in Chapter IV. The
experimentally observed exponential decay
results from this net transfer of induced holes
to the traps. At quasi-equilibrium a fraction
a of the induced holes is trapped. The term
quasi-equilibrium is used to acknowledge the
presence of slow states which require much
longer times to achieve equilibrium. When

the field effect voltage is suddenly removed,
the excess surface density of holes in the
space charge region is decreased causing a
corresponding decrease in conductance. Since
the traps cannot transfer charge instantaneously,
they momentarily have an excess of positive
charge. The net transfer of this charge to the
space charge region causes the observed ex-
ponential rise of film conductance. The
description of response to a positive square
wave field effect voltage is similar except
that at the start of the voltage pulse, holes
are induced out of the space charge region.
Note that in the analysis we assume the RC
charging time to be vanishingly small, in
agreement with the experimental conditions.

We also neglect the time involved for charge
to enter the space charge region; this time

is the dielectrii relaxation time which is of
the order of 10-12 seconds and therefore come=
pletely negligible.’

Consider now the solution to the rate equa-
tion (49) when the field effect voltage is
sinusoidal. The density of excess charge Ap
induced by the field effect voltage Ve is then
given by the real part of

A (wl
dp=-kVe . (60)
The time derivative is

Dip=viwap, (61)
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and the rate eq. (49) becomes
r—a’ A (wt
Z ke . (62

A..ﬂ,+%,ﬂ = —(tw+
'3

If we assume a solution to Eq. (62) of the form

((wt+6)

Ap,= —Ae ) (63)

the time derivative is

A;’b: +iwd gy

and Eq. (62) becomes

c(wit+6) ) A
< (it )RV e
*

3 >

(wt

aw+é)ﬁe

from which

e

A iw@}'*l"q'
05 w7 (i)

Cwl v

Then A 1s given by.
L
[(1-x + 59 4 W' ]*
w‘;‘"-l-/ 4

ﬂ=é2
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g = tan" (—M—) . (68)

Tt ) o !
W G T+

By plac the values of A and © from Egs.
(67§ and (68) into Eq. (63) the density and
phase of excess holes in the bulk in response
to the field effect voltage 1is

< .
~ . \.c,ln L xa,z ‘(Nt'.g)
Dpo=-k¥ [O-arw's) a0 g " o)

wlt,,:‘-_*l

By substituting Eq. (69) into Eq. (41) and the
results into Eq. ?56) we find the change in
film conductance to be

a6, l

_(.J,B‘L)g[z c,‘//; [(l-u'+w‘t;1}1+o(‘a&;‘t;" .ec' :.atmj(v?o)

wt+l

The theoretical equation for Fr 1s then

L
R 1—a' 4w ? ‘-l»d'a err]E e
E=(H— )/z: + [( w :-) w & ] e"‘ (1)

O
w + +

N 1
In this study, Tf and a' were evaluated from
the relative amplitude of Eq, (71) as a function
of frequency. Equations (71) and (3) predict

V, = V: W &
R L (72)
i 2,02\ R PMLILY
:\/;v@.,.a,)ﬂ‘g.c,ﬁ {(l—auw‘t; +d W't )3
b ﬁJLwla :

Wty

73
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Equation (72) predicts the measured steady state
ac field effect response, e.g. Fig. 24. The
reason for the maximum response at high
frequency is that the traps do not have time

to capture the excess charges induced by the
field effect during a cycle. All induced
charges are then mobile and contribute directly
to the induced conductance change. At low
frequency, the traps have time to capture a'

of the induced charge. I’I‘he response is then
reduced by a fraction a from that at high
frequency. The transition between maximum

and minimum indicates the fraction of induced
charges which are trapped per cycle as a
function of frequency.

C. Comparison of Empirical
And Theoretical Equations

1. Photoresponse: Equations (14) and
(38), the empirical and theoretical equations
for describing the transient photoresponse as
measyred with the balanced bridge, are identical
if Tp = Tp and

L(B+R+R)
(148 )t = Gt grpwd LR(E R | (13)

Equations (15) and (39), the empirical and
theoretical equations for describing the steady
state ac photoresponse as measured with the
beat frequency bridge, are identical if

Tp = "p and

(H’B?) = —Eﬂfz_M—

A %deﬁ to- (74) A
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Because of the agreement between theory and
experiment indicated in the previous comparisons,
Tp will be used in place of Tp in further dis-
cussions.

2. Field Effect: The empirical equation
(6) and the theoretical equafion (59) are
identical if a = a', Tf = Tf , and the mobility
product is

_ . LY RrRrR)
<|+ BF)/“'F = G{-t C‘%l_; E'(E,-rk?z) . (75)

Also Egqs. (8) and (72), the empirical and
theoretical equations for describing steady
statelac field effect are identical if
a=a, Tf = Tr! and

= ﬁ Lw'ézcls
(+ By = 0", (76)

All of the parameters on the right side of

Egs. (75) and (76) can be determined by
electrical or physical measurements. From the
agreement between the theoretical and empirical
equations, we conclude that the extended majority
carrier model describes field effect ip the PbS
films. o and Tf will replace a' and Tf in
further discussions.
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IV. INTERPRETATION OF EXPERIMENTAL DATA

A. General

In this section, the experimental data
is applied to a series of basic problems of
the physics of photoconductivity in PbS films
for the purpose of specifying in more detail
the mechanism of photoconductivity.

B. Majority Versus Minority Carrier Lifetime

As stated in the introduction an im-
portant question in photoconductivity 1is
whether the recombination process (lifetime)
is minority or majority carrier limited in
infrared sensitive lead salt type films. The
majority carrier modell assumes the process to
be majority carrier limited, i.e. the experi-
mental photoresponse time constant is the
majority carrier lifetime. Field effect ex-
periments reported herein are the most direct
evidence yet in support of this assumption.
The reasoning is very simple in the case of
surfaces, such as those envisaged on the PbS
f£ilms, with nearly flat or accumulation type
space charge regions; in the field effect
measurements one induces only majority carriers
and observes their lifetime. Since the experi-
mental field effect and photoresponse time
constants are identical, i.e. Tp = T, one
concludes that Ty 1s also a ma;]grity carrier
lifetime. If thg photoconductive process
were minority carrier limited, there would
have been little correlation between Tp and 7f.

w1
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In summary, the identity of the experimental
field and photoresponse time constants, when
considered Hgﬁhig !éth a large number of other
experiments™=»=1»=2s27 gupstantually confirm
the majority carrier model for photoconductivity
in PbS films

C. Rate Limiting Pfocess

Our next objective is to determine the
rate limiting process for net transfer of
charge into and out of the photoconductive
traps. Equation (46) provides the field effect
time constant T¢ in terms of the time constants
Tpt and Ty, for hole transfer into and out of
the traps probed by the field effect. Equations
(47) and (48) relate Tpt and Tp to the measured
values of Ty and a. In a sensitized film o
is of the order of 0.9 which means that
Tf £ Tbt and that T¢h D Tot.

The conclusion is then that the rate
1imiting process for majority carrier trapping
in a sensitized film is the rate of transfer
of charge from the space charge region to the
traps. From the identity of the field effect
and photoresponse time constants, we further
conclude that the rate limiting process for
photoconductivity. is the same as for field
effect. .

D. Estimate of Trap Densities
And Capture Cross-sections -

. Field effect data will now be used to
estimate the effective density and cross- .
sections of the hole traps. We will consider
only those traps and holes which are influenced
by the field effect measurements. The total
rate at which holes in equilibrium enter the
traps probed by field effect is

Qb“t} e [t s (77)
' k2
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where pp, is the mean density of conducting holes
in the space charge region and 1/Tpt is the
transition rate per hole from space charge
reglon to traps. The total rate of hole transfer
from traps to the valence band in the space
charge region is

Bpap = /%o (78)

where pt is the mean volume density of occupied
hole traps in the region probed by field effect
and 1/Ttp is the transition rate per hole from
trap to valence band. Although pt is stated
as a mean volume density, it can readily be
converted to a surface density as shown later.
At thermal equilibrium

Fooe = Res (19)

therefore,
Polt = Pe [ty - ' (80)

In our case
_ -(E,-E)
o= NN_C T s (81)

and

__ N
e T T ;ef(e;-s_;) s (82)
W

where Ny 1is the effective density of states for
holes in the valence band; Nt is the mean
density of traps probed by field effect; and
Ey, Ef, and Et are the energy levels for the
valence band, Ferml level, and traps respec-
tively. Because of the control of the Fermi
level by the traps we assume Ef = Eg.
Equations (81) and (82) then become

—E,

£ =N, e =% (83)
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P & Nt/z s (84)

where Egy, as shown in Figs. 3 and 4, is
Et - Ey.

From Eqs. (80), (83), and (84) we obtain
The

-E
_ P 2N W 8
W N, ¢ (8s5)

From Eqs. (47) and (48) we know that

The | 1- (86)
o P

The mean density of the traps sampled by field
effect is then
- E,
Qo N»« tar 8
=22 e
Ny = 825 e TFT (87

We note that this expression is independent
of tp. -However, the cross-sections for the
traps can only be obtained by measuring both
Tr and a. )

The capture c;'oss—section of the trap is

O =

(88)

|
fbt”'<~g"ﬁ) ’
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where v 1s the thermal veloclty of the holes.
From Eqs. (47), (84), and (88) we find

=% o % (89)

vt A :

We shall now estimate the trap densities
and trapping cross-section of a typical sensi-
tized film. First the effective number of states
for holes in the valence band is

N, = 2(2mmeT/M™
Y (%0)

where mp, k, T, and h are the effective mass
of the hole, Boltzmann's constant, absolute

temperature, and Planck'!s constant respectively.

At room temperature (20°C) if m, is assumed
to be unity we find

N, = 2.4 x 10 /em. (91)

Placing this density for Ny and 0.1l electron
volts for A Egy as obtainex from Fig. 3 into
Eq. (87) we obtain

. & v
N, ¥ ‘—jl-x 10" fam®. (92)

Since the thermal velocity v is approximately
10/ cm/sec, we have

45
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~ 324 0= -as”
Gp & T X 10 em”. (93)

£y

Typical measured values of a and Ty for uncoated
sensitized films are 0.9 and 300 microseconds
respectively. Typical average volume densities
and cross-sections for traps indicated by Egs.
(92) and (93) are

&% 10"%/er? (94)
S ixio em: . (95)

If the traps are located entirely in the
bulk, i.e. negligible surface trapping, the
bulk density of traps_as indicated by Eq. (94)
is quite large. Rose> states that trap den-
sities of this order of magnitude are con-
celvable; however, above these densities im-
purity bands form.

If the traps are located on the film sur-
face, i.e. at the oxide interface of the
crystallites, if the characteristic dimension
of the crystallite dc is much larger thanlp,
and i1f LpZ2 0.1 microns; the surface density
of states would be

Ne= Lo M 2 sx10"/em. (96)
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If d,< Lp, then the surface density of states
on tfie crystallites would be

x de 0% /cwm®.
=T o fem (97)

Densities of surface traps of the order in-
dicated in Eq. (96) are reasonable. One reason
is that the traps probably arise from oxidation
at the crystallite interface. If all of the
oxide in contact with the interface were
effective %s traps then densities of the order
of 1014/cm2 would be expected. Surface den-
sities of the order indicated in Eq. (97) are
even more reasonable.

Assuming the traps to be located on the
surface and dc> Lp, the surface trapping
velocity is

Sss: Ar()-bt ic—l:—j—*- [ad 3*"’-2“/’"/5%0 (98)

If de< Lp then the trapping velocity of the
crys%all te surface is

Ne- P -z
Su=ar e "R o Lo 3xistng (99)

The cross-section estimated in Eq. (95)
is quite small which suggeststhe traps could
be a positively charged site. The Coulomb
force would repel the hole causing the long
hole lifetimes measured in fleld effect and
photoconductivity.

47
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In summary, the measurement of o and T
by field effect, allows for estimates of trap
densities and trapping cross-sections. 1In con-
trast, photoresponse measurements provide only
Tp from which only the product of density and
cross-section can be calculated. Thus field
effect measurements are an important tool in
the study of the photoconductive process of
the thin films, .

E. Location of Photoconductive Traps

We assume that the film is a homogeneous
polycrystalline structure. An average
crystallite has a characteristic dimension de
which is related to the crystallite volume

\4 = Ac&c s (100)

where A, 1s the total area of the crystallite.
Since the space charge region extends approxi-
mately a distance Lp beneath the crystallite

surface, the volume occupied by this region is

V,

sc

=A.L,y. (101)

' The volume in the crystallite exterior to the
space charge region 1s then -

Voo = A (4-L0) (202)

providecj, de>Lp, otherwise Vye - 0, The follow-

ing definitions are required for further dis-
cussion: ‘

48
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= bulk states in Vbe /emd (unoccupied)
= bulk states in Vgc / cm” (unoccupied)
= states on surface/ cm© (unoccupied)
ape = effective cross-section for
be trapping holes in Vpe
asc = effective cross-section for
trapping holes in Vic
rgg = effective cross-section for
trapping holes in surface state.

ties
assume crystallites of uniform proper .
'I'i‘ ‘:;n define the following lifetime parameters:

T = ™ e Noa 5 (10%a)

(103b)

S - O (203c)

where 1/ Tpe and 1/ Tge are the probability.

trap in
ensity for capture of charge in a

3be ang Vg respectively, S%ﬁ is the surfaceit
trapping veélocity and v is The thermal veloclty
of the majority carriers.

If we postulate that the majority carriers
are uniformly distributed throughout a
crystallite, the transitlon rates for hole
capture in an average crystallite are
= L d-c'l-o
7277 ™ Nb! Voe /V,_ B (104a)

L9
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V,
OGN Vee | L L
———"——-\/Q . _f > (104b)

3

oA P NN

V. Td, (104c)

The total prbbability density for hole capture
in the crystallite 1s

P \ -4 : (104d)
~ tl
Cut e be

If hole trapping is the rate limiting process
in the net transfer of charge in a sensitized
£ilm, then the photoresponse time of the
crystallite for dg> Lp is

| ! | L l
- = — | +5 z
% L e Teb Tee e - (105)

< c

We neglect the effect of Ttb in the following
analysis for reasons discussed in Section )
above. From Egqs. (1Ok4a, Db, ¢, d) and (105)
the photoresponse time of the crystalllte in
terms of 1ts lifetime parameters and character-
istic dimensions 1s

St Ly, L L .S
= — (I-= — == 42 (106
. t,,<' d'r.> e do 4, (206)

s
ks

We next determine ‘the photoresponse time
constant for the film as a composite of
crystallites. Let N be the volume density of
crystallites and assume the majority carriers

50
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to be equally distributed throughout all
crystallites. The probability densities for
trapping a majority carrier in the bulk states
exterior to the crystallite space charge region,
the space charge region, and in the surface states
respectively are

| _ ~% Nh V“N _

= [ _"be be Dbe

|
W o aore)

_ o~ a5 Nsa v;: N _
V. N (107p)

n Oos Nss A N

= MO ss © o L (107¢)
Ve N s

The photoconductive time constant 7p \ g for the
£ilm is then obtained from . .

i ! |
+ + .
N (108)

se

We now see that the film and crystallite time
constants are equal: ’

L] 2 L Le 4 5,
| %, 4" 4L (109)
2 :

c

To obtain the field effect tiie constant,
we postulate that the induced majority carriers
are restricted. to a region within the sur- .
face of the film facing the field effect plate.
If Lp<{d,» the probability densities:'for ' - -
induced charge trapping in the surface states
and in the space charge region are, respectively,
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T Nys QF _ Su
Lo

(110p)

where Ap is the area. of the film exposed to

the fieid effect plate. The field effect time

constant for the film in terms of lifetime

parameters and characteristic dimensions 1is

then

o Ss 4L (121)
Lo ts&

A
%

£

We note that the\/Tp |  does not depend
on Tpe, that is trapping in bulk states ex-
terior to the space charge regions.

Consider now the case where >d,. By
peasoning similar to that above we can show
that

| \ »
—_— = 4 I35
A NS (112)

l_l o Ly S (113)
tG F Ve d. ?

The principal Eqs, (109), (111), (112) and
(L13) derived in this’ section are collected
in the following table in which we no.longer
carry the ‘subscript F:
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Field Effect \ Photoresponse
| ! Loy 4.Ss
L =-=2)+3s
! Firn

These results can be used to derive
information from measurements of Tf and Tp.
Consider for example that we Xnow Tf, Tps
Lp and d¢, where in general Tf # Tp. Assume
further that d¢ > Lp. Then from lgne one in
the table we have two similtaneous equations
involving three unknowns, Tsc, The and Ssse.
Thus we can f£ind two of the unknowns in terms
of the third. If one can assume that
tsc = The, as would be true if the space
charge potentlal does not differ radically -
from the bulk potential, then from line two
we can find Tsc and Sss. That is, we can
separate the effects of bulk and surface trap-
ping. When dc § Lp line three shows that we
expect that 'rg = and we cannot separate
Ttge from Sgs by thgse measurements.

The above discusslon illustrates the
general usage of the.table; we now apply our
experimental result that Tf = T 4o derive
further information. From line three of the
table we see that one expects Tf = T if
de ¢ LDp. This may well be the case gor these
rilms although we do not have data availlable
on crystallite size. For this case we cannot
achieve a further separation between Tsc and
Sgg from simply field effect and photoconductive
measurements. However, our estimates of the
bulk and surface densities in Section C above
favor surface over pulk traps. The reason
peing that fgr bulk traps one needs a density
M =5 x 1048/cm3, while for surface traps the
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density required is Ngg & 5x10%3 cm. While both
densities are possible, past experience in other
photoconductors3 would.tend to favor the surface
density. However, further study is needed to
clarify this point and it may well be that both
bulk and surface traps are important.

If the crystallites are much larger than
a Debye length (d¢>>Ip), then the data of
Tf = Tp indicates that bulk traps are dominant.
This 1s shown in line two of the table where
we also assume Tgc = Tpe.

F. Evidence Concerning Barrier Modulation

The field effect measurements give support-
ing evidence that the majority carrier model
can be based entirely on changes in the number
of majority carriers in the crystallites, i.e.
barrier modulation of the effective mobility by
small densities of excess carriers is negligible.
This Igsult was previously established by
Woods: who compared the change in resistivity
with the change in Hall coefficient under
illumination. Confirmation of Wood's results
is based on the agreement between the measured
field effect mobility and the Hall mobility in
these films (See Section II-D.3 where Br = 0).

- Our experiment is not entirely equivalent
to Woods' since the field effect induces only
majority carriers, while Woods used radiation,
which induces both majority and minority carriers,
Stated more precisely, the field effect shows
that there is no barrier modulation resulting
from changes in the density of majority carriers.
Woods' experiment showed that there is no barrier
modulation resulting when both minority and
majority carriers are generated by light. Taken
together the two experiments strongly support
the model of photoconductivity based purely on
-& change in the_density of ma ority carriers;
no barrier modulation or mobility modulation
occurs, .

54
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The homogeneous model also suggests that
the field effect mobility product 1+Bf)/‘{'
should be approximately equal to the Hall
mobility. The point being that the space
charge reglon adjacent to the outer surface
of the film is representative of the crystal-
lites throughout the film. Thus one expects
the same mobility from field effect as from
Hall effectas was found to be the case ex-
perimentally (see p. 17, Chapter II-D-3).

55
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V. CONCLUSIONS

A. Experimental Contributions

Four specific contributions to the field
of experimental photoconductivity and surface
physics were made:

1., A beat frequency bridge method was
conceived and developed for field effect studies
which allows for an accurate determination of
field effect time constant, the combined trap-
ping efficiency of the surface and space charge
states, and the effective mobility.

2. The identity of the field effect and
photoconductive time constants, independent of
background illumination, film surface condition,
and side of film probed, was established for
chemically deposited PbS films.

3, Field effect mobility was determined
to be equal to the Hall mobility.

4, One insensitive film was also studied.
The results indicated no clear field effect
time constant and that o = O.

B. Theoretical Contributions
1. The majority carrier model was extended
so as .to. describe field effect measurements by
including explicitly the time constants for

charge transfer into and out of the majority
carrier traps.
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2. Equations were developed for estimating
the densities and capture cross-sections of the
majority carrier traps. These equations demon-
strate the usefulness of field effect in further
identifying the fundamental mechanism of photo-
conductivity in thin films,

3. An analysis was made of homogeneouspoly-
crystalline films for crystallite dimensions both
larger and smaller than a Debye length. The
analysis yields both photoresponse and field
effect time constants in terms of the time
constants which characterize the bulk, space
charge, and surface state trapping.

C. Summary of Conclusions

Interpretation of the experimental data
with due consideration of the theory developed
ylelds the following principal conclusions
concerning the PbS films studied:

1. The majority carrier lifetime is
predominant in the photoconductive process.

2. The rate limiting process in a
sensitized film is the rate of transfer of
charge into the traps.

3. The density of majority carrier traps
is high while the capture-cross-section is very
small, conditions required for the long
majority time constants measured. The estimated
density of surface traps required to provide
the time constants measured is of the order
expected on crystallites with dimensions of
the order of 0.1 microns. The density of bulk
traps estimated to provide the time constants
is larger than would be expected.

4. The film is a homogeneous poly-
crystalline structure composed of crystallites
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with dimensions of the order of a Debye length
or less.

5. The traps probed by field effect
measurements are a representative sample of
those which cause photoconductivity. Field
effect measurements will provide a useful tool
for the further clarification of the mechanism
of photoconductivity in thin films, and its
relation to the sensitization process.

D. Recommendations for Future Research

1. Additional surface state studies
should be made on sensitive film to further
determine the effective density, energy relative
to the main bands, and effective cross-
sectional area of the traps. This pertinent
information should be obtainable from a series
of measurements of the time constant and a as
a function of temperature and ambients.

2. Surface studies should be made on a
series of films covering a range of sensitivity
along with other fundamental measurements of
sensitivity, time constant, responsitivity and
noise. The measurement of a and Tf offer a
direct means of evaluating the density and
cross-section of the photoconductive traps.
Such measurements, when correlated with the
sensitization conditions should lead to an
improved understanding of the sensitizatlon
_process.

3. A series of precision absolute field
effect measurements should be made to determine
accurately the extent of barrier modulation and
the space charge region mobility.
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APPENDIX

1., Balanced Bridge Equations

Refer to Fig. 29 for nomenclature and
assume that either the FE or a light pulse
causes a change AR in the resistance R of the
film. The resulting voltage change AV, across
the film terminals is then

Av,= I,AR +RAI, , (A-1,1)

where Ig is the dc current through the film
and AIg is the change in current in the film
produced by AR. The equation for Ig is

L= V,/(R+R.4R) , (a-1,2)

-Vp AR

d AT = —m88m ———"—"""—+
an s (E‘+EZ+E)(E‘+E‘+E+AE>’

(a-1,3)

where Vp 1s the bilas provided by a stabllized
voltage, i.e. low impedance source. We may
now write:
- Ri+R+AR
_ Rtk Yok
v, = J-aAE(R‘+El+ RH}.E) . (a-1,4)

In this particular bridge Ry = R2 = 10k ohms,
R~1000k ohms, and AR < 4k ohms even for the
maximum resistance change; therefore
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R}l’ £l Rl
‘qpe~ 1 microsec., The mEasured FE

NAVORD Report 6164

AR Ry +Ro~+R and AR<Rj + Rp. In the follow-
ing we consider terms to AR, and neglect terms of
order AR2 and higher. The voltage across the
output terminals of the bridge as measured with
an infinite impedance detector 1s then

R, + R )
R +R,+R/ "

av, = I, 4% (

(a-1,5)

Since R = 1 and AR =’12 8G =-AG R2, Eq.
(A-1,5) can be written as

AV, = 1,06 R‘(E——f‘—fngg . (A-1,6)

From the equivalent circuit (Fig. 30) for Eq.
(AL, 5), one sees that AR causes an open-
circuit voltage Voo across the film terminals.
The film is loaded with R; and Rp in series
which decreases the voltage output to V.
This equivalent circuit is useful for esStimating
the effect of a loading of the detector by a
differential amplifier with_an 1n€ut resistance
of 10 megohms. The total input capacity Cg in-
cluding the amplifier, the lead capacity, and the
self-capacitance of the film, was of the order
of 50 micro-micro Farads., -The RC time constant
for the equivalent bridge circuit is

_(R¥RIR @
Re T R+Rt R

For the values of and C4q used,

gnd photo-
reésponse time Tf and Tp were longer than
100 microsec, so that ghe capacitance loading

of the detector was negligible.
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Defining a quantity I‘; as
(a-1,7)

which is the fractional change in resistance
per field effect volt. An equation relating
the field effect voltage to AV, can be
obtained by substituting Eq. (A-1,7) into
Eq. (A-1,5), so that

R +R, )
R+R,+R/ °

av, = LERY,(

(A'l:8)
where I:‘F is a function of time.

2. Beat-Frequency Bridge Equations

At the beginning of each measurement of
field effect or photoresponse with the beat-
frequency bridge shown schematically in Fig.
31, the bridge was balanced at the bridge
bias supply frequency b by adjusting R and C
for minimum signal on the wave analyzer when
tuned to b. At balance, the resistance R
and capacitance C of the bridge were equal to
the resistance and self capacity respectively
of the PbS film sample. When either a
sinusoidal voltage of frequency f was applied
to the field.effect plate or a pulsed light
of frequency f was incident on the film, the
bridge was not unbalanced at frequency b;
however, a voltage n was observed when the
wave analyzer was b 33 to either (£+Db) or
€ - b). The purpose of this Appendix is to
relate V(W} to the field effect and photo-
response ‘of the film,

Conventional balanced bridge type equations
are not used in this analysis as the bridge
was balanced only for the purpose of preventing
the bias supply voltage from saturating the

62

roved for Release @ 50-Yr 2014/01/16 : CIA-RDP81-01043R002800140011-0

NAVORD Report 6164

wave analyzer. The phenomenon of interest is
the modulation of the film resistance at the
field effect or light signal frequency f.

The time dependent incremental modulation

ORg of the film resistance R by the fleld effect
is

AR, = —FRV,sin 27ft, (a-2,1)

where E 1s defined as the fractimd change in
film resistance at the field effect frequency
per field effect volt. An ac change in the
film resistance arises due to the bridge bias
voltage which changed the film potential
relative to the field effect plate at
frequency b. This resistance change is

AR = FF RV, sin ambt, (a-2,2)

where Fy, is the fractional change in film re-

sistance at the bias frequency per bias volt.

Fp 1is divided by 2 because the voltage between
tge field effect plate and the film increases

linearly along the film from O to Vp.

AR/R per field effect volt was shown ex-
perimentally to be independent of the bias and
field effect voltages (see Fig. 32). AR is
interpreted as a linear function of the fileld
effect voltage. Because of this linearity and
the ohmic nature of the film as shown in Fig.
3%, the principle of superposition was used to
predict the total AR/R in terms of Vp and V.
The resulting equation is

2%
R

—F\sin anFt + 3RV, sin anbt. ) o o)
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The relative phases of the field effect voltage
and the bias voltage sources at t=0 are not
considered since the sources are not synchron-
ized.

The instantaneous open-circuit resistance
of the film in response to the field effect and
bias voltages is

R.=R(+E8E). (a-2,4)

The current Ig through the film as a result
of the bias voltage Vy is

I.=V, sinambt. (a-2,5)

From Eqs (A-2,3), (A-2,4) and (A-2,5), the
equation for the open-circuit voltage Vg,
across the film terminals is
Vo =L, Roc )
. A-2
=V, sin awbt (1-F Vs sinanft + L RV, sin nthS‘ ’
Using the trigonometric identity

sin & siny = * [c‘.os(‘&‘j)—cos(\ﬁg)] B
Vn= Vb sin arbt
FV, Vg [cos am (-0t - cos am(F+b) t]

+ 5 RV [_|— cas(:zrr:zbt)] o

(A-2,7)

Equation (A-2,7) states that the open-circuit
voltage across the film terminals is the
superposition of the bias voltage at b, sine
wave voltages at sum (f+b) and difference

6l
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(f - b) frequencies, a dc voltage, and a voltage
whose frequency is 2b. There are no cross
modulation terms, i.e. F and F,, are independent.
The possibility of cross modulation was elimin-
ated in the derivation when linear modulation
was assumed. There is considerable latitude

in selecting the specific voltage component to
be measured in the field effect measurements.
Field effect could be determined from a
measurement of either the dc, second harmonic
2b, sum (£+Db) or difference (f - b) frequency
components of Voc. Those measurements involving
the second harmonic require bridge blas sources
with low harmonic content, particularly low
second harmonic. Field effect measurements
which involve the dc components of Vpe usually
are made by placing a dc current meter in series
with the bridge .3 The current meter must be
capable of precise measurement of quite small
currents. In this experiment the sum and/or
difference frequency components V(f-: b) were
measured with a wave analyzer.

From Eq. (A-2,7) the magnitude of Frin
terms of the rms values of Vp, Vf, and

V(t+p) is
_ 72 Vigan
= v, Vo (a-2,8)

The open-circult voltage V(g + p) was not
measured directly. The film terminals, across
which the open-circuit voltage was calculated,
were loaded with the self-capacity of the film
due to the field effect plate, the resistance

R, the capacitance C, the capacitance C, of

the leads from the bridge to the wave analyzer,
the input impedance Zy of the wave analyzer,

and the resistance Ry/ 2 of the bias transformer
T. According to Thevinen's theorem, the circuit
in Fig. 34 may be equated to the beat-frequency
bridge of Fig. 31 to determine the relation
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between V(r + p) and V\S 2‘. A1l of the elements
of the equivalent circ g Fig. 34 could have
been measured individually and the relationship
petween V(r + p and V(y)then obtained by direct
but tedious circuit calculations. A more
practical procedure was to insert a relatively
low-impedance generator of known frequency and
voltage in the place of Vg4 g, i.e, in series
with the PbS film, and note tR ratio (known
voltage/Vé )) which is L,. The known voltage
was insert g in series with the f£ilm by changin%
the positions of switches 1 and 2, (see Fig. 31
from a to b.

Because of the high impedance of the film
and the wave analyzer input, capacity loading
caused the ratio L,to be frequency dependent
as shown in Fig. 10. L,is plotted for selected
values of background illumination intensity
stated in terms of light bias voltage.

Having experimentally determined L,,Eq.
(A-2,8) can be modified to present E in terms
of measurable parameters including V(w)‘

= Mw) _
E VAV . (A-2,9)

The field effect voltage is at frequency f;
however, V(w) is the voltage indicated by the
wave analyzer which is tuned to either (£+1)

or (f - b). Because of the frequency dispersion,
the value of L,selected must correspond to the
frequency (£ + b) or (f - b) to which the wave
analyzer is tuned.

In the case of the photo-response measure-
ments using the beat-frequency bridge, the pulsed
light incident on the PbS £ilm modulates the
£ilm resistance R by an amount AR at the pulse
repetition rate f. The fundamental component
of AR beats with bias voltage Vy at frequency
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b to provide open-circuit voltages Vp . p) and
V(f - b) and in turn V(w was measured with
the wave analyzer. Of course, the higher
harmonics of AR beat with the bias voltage to
provide signals at the bias plus or minus the
harmonic frequency. These harmonic components
of the bridge output were rejected by the wave
analyzer which measured V(f = b) Just as in
the field effect measurements. From (A1,9)
and (A-2,9 the fractional change in the film
resistance AR/ R due to the incident light
signal is

AR _ 7ZLY.,
= = v, ) (A-2,10)

an equation which holds independent of what
causes the AR at the frequency or pulse
repetition rate f.

3. Check on Ohmic Nature
Of PbS Photosensitive Films

The ohmic nature of the film resistance
was determined by a series of dc current versus
voltage measurements at selected values of
background illumination intensity. Figure. 33
shows the film to be ohmic within the accuracy
of measurement.

4, Exploratory Measurements
Using Balanced Bridge

The circuitry of the FE plate was modified
to permit the application of large (up to 105
volts per cm) dc electric fields transverse to
the film surface during FE and photoresponse
measurements. For a brief period,often as long
as a minute, immediately following the applica-
tion of the dc field spurious electrical tran-
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sients prevented méasurements. After this
period, the response to both light and FE
differed by as much as 10% from the response
with no dc fields. Within several minutes,
this change in sensitivity gradually decreased
to zero. - The sensitivity decreased when the
dc potential of the plate was made negative
and increased when.it was made.positive. This
phenomenon is believed to be due to the £i11-
ing of the slow or outer states on the sur-
face. When the dc potential was negative
majority carriers, in this case holes, were
induced into the bulk which caused a decrease
in resistance. As time progressed, first the
fast surface states came to equilibrium, then
the slow states, until finally the bulk was
partially shielded from the dc field. Pre-
sumably, there was-an insufficient density of
induced surface charge to substantially change
the time constants associated with net transfer
of charge between the bulk and fast states.
This assumption is substantiated by the fact
that neither the amplitudes nor time constants
of the field effect or photoresponse were ap-
preciably altered by the presence of the dc
electrostatic field.

. In a somewhat similar experiment on a
number of different films, attempts to invert
the space charge layer by the application of
large dc_ and 60 cps voltages on the FE plate
were not successful. The amplitude of field
effect voltages were increased until the
oscilloscope monitor of the bridge response
indicated considerable bursts of noise as might
be- expected for!weak breakdown or arcing. The
fact that a surface inversion layer could not
be induced is further confirmation that dc or
show ac fields do not substantially alter the

properties of the film interface.

.On one fiim, the space charge region
properties were altered by background illumina-
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tion in a unique manner. As shown in Fig. 35ga
the response for no background illumination ’
was a maximum at the initiation of a FE voltage
pulse and then decayed to a quasi-equilibrium
value, However, if the background illumination
was sufficiently large, the response was not

a maximum immediately following the FE pulse
but increased in a somewhat non-exponental
fashion to an equilibrium value. These par-
ticular experiments were repeated using ac

FE voltages over a range of frequencies with
with approximately the same results. No
interpretation 1s attempted.
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