
PH YSI CAL REVI EW VOLUM E 105, NUM BER 2 JANUARY 15,

Noise, Time-Constant, and Hall Studies on Lead Sulfide Photoconductive Films

FRANcEs L. LUMMIs AND RIcHARD L. PETRITz
United States naval Ordnance Laboratory, White Oak, Maryland

(Received October 4, 1956)

Measurements of the noise in seven lead sulfide photocon-
ductive films over the frequency range 20—16000 cps show that
the noise consists mainly of a 1/f component at frequencies
below 100 cps, a generation-recombination component between
100 and 10000 cps and a Nyquist component at higher fre-
quencies. The data are analyzed to give the magnitude, A,p(G-R),
and the time constant, 7-„, of the generation-recombination noise.
The signal time constant, 7.„is found by measuring the frequency
dependence of the photoconductive response. The product of the
majority carrier density and the film thickness, Pd, is found from
measurement of the Hall voltage. Representative values are

11 80(G-R) = 45X10 9 rms noise volts/L(dc bias voltX(hf) I],
r = 230 psec, r, =280 microseconds, and pd=3.0X10's/cms.

From 7, and Pd, a theoretical value of N, p(G-R) is calculated
and found to be in good agreement with the experimental value.
From this and the reasonable agreement between 7., and r it
is concluded that these measurements furnish a verification of the
theory of photoconductivity in semiconductor films recently
published by one of us. Calculation shows that the generation-
recombination noise is mainly due to lattice processes; less than
1% is due to radiation fluctuations. It is also shown that noise
can be used in place of Hall measurements to evaluate certain
semiconductor parameters.

I. INTRODUCTION

A THEORY of photoconductivity in semiconductor
films of the lead salt family was recently de-

veloped' which considers the primary photoeGect to
be a change in the number of majority carriers in the
crystallites. Secondary amplification can occur from
the lowering of intercrystalline barrier potentials. It
was shown that the noise in such a detector should
have four components: 1/f, generation-recombination,
Nyquist, and shot noise. The intercrystalline barriers
give rise to a Nyquist and a shot component of noise
while the crystallites give rise to a Nyquist and a
generation-recombination component. The 1/f com-

ponent is believed to be associated with surfaces and
intercrystalline barriers. The Nyquist terms are inde-
pendent of current, the shot term is proportional to
current, and the generation-recombination and 1/f
terms are proportional to the square of the current. For
biasing currents normally used in photoconductors, the
1/f component dominates at low frequencies, and the
Nyquist and shot components at high frequencies.
Generation-recombination noise, which establishes the
fundamental limit of sensitivity, should be observable
in sensitive detectors at intermediate frequencies.
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FIG. 1.Block diagram of the apparatus for noise measurements
including a schematic diagram of the cell biasing circuit; sketch
defining dimensions of a photoconductive film deposited on glass;
and a sample recorder trace of noise voltage.

' R. L. Petritz, Phys. Rev. 104, 1508 (1956) (called I in text).
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The primary generation-recombination noise is a
fluctuation in the number of charge carriers (holes) in

the crystallites; it will be amplified if barrier modula-
tion occurs. The number of holes fl.uctuates because of
fluctuations in the rate of absorption and emission of
background radiation, and because of fl.uctuations in
the rate of absorption and emission of lattice phonons.
The generation-recombination noise spectrum is of the
form 1/$1+(ter. )'$, where r, is the photoconductive
time constant. This spectrum is the same as the fre-

quency dependence of the signal response to pulsed
radiation. '

Prior to 1951, semiconductors showed' a noise
spectrum having an inverse frequency dependence,
called a 1/f spectrum We b.egan noise experiments at
that time with the hope of finding a generation-recom-
bination component in the spectrum. The chemically
deposited lead sulfide film of Eastman Kodak was
chosen for study because it was known to be a very
sensitive detector. Photo conductive measurements4
showed r,—280 microseconds. Noise measurements4
made over the audio-frequency range (20—16000 cps)
showed a clear deviation from the 1/f law which was
identified as generation-recombination noise. The time
constant obtained from the noise data was in reasonably

good agreement with that of the signal response. This
was the first experimental verification of the predicted
relation' between the frequency dependence of the
photoconductive response and the spectrum of the
noise. It was also one of the first observations of a
generation-recombination component of noise in semi-

conductors. Herzog and van der Ziel observed such a

' R. L. Petritz, Phys. Rev. 86, 660(A) (1952).
3 Extensive references to papers on noise in semiconductors will

be found in A. van der Ziel, apoise (Prentice-Hall, Inc. , New York,
1955);A. van der Ziel in Advances in E/ectronics (Academic Press,
Inc. , New York, 1952), Vol. 4; and R. L. Petritz, Proc. Inst. Radio
Engrs. 40, 1440 (1952). Reference to papers on noise in the lead
salt photoconductors will be found in T. S. Moss, Proc. Inst.
Radio. Engrs. 43, 1869 (1955).

4 F.L. Lummis and R. L. Petritz, Phys. Rev. 86, 660(A) (1952).
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spectrum in germanium filaments at about the same
time. '

Having observed a generation-recombination com-
ponent in the noise, it then became possible to check
the magnitude with predictions of the theory developed
in I. To make the comparison one needs independent
measurements of time constant and Hall voltage, along
with noise measurements. In this paper we report such
measurements and compare theory with experiment.

II. NOISE MEASUREMENTS

A. Apparatus

A block diagram of the apparatus for making the
noise measurements is shown in Fig. i. The cell, of
resistance R, is biased with the voltage, V~„ in series
with the load resistor, Rl, . The input resistance of the
amplifier is R~= 1 megohm. For noise measurements
Rl.—R. The General Radio wave analyzer was used
both as a variable-frequency filter and as a detector. An
R-C filter with a time constant of 1 second was used to
smooth the fluctuations before recording the noise
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FIG. 2. Equivalent ac circuit for noise analysis given in Sec. IIB.
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voltage. The noise voltage at each frequency was

recorded for about five minutes; a typical recorder
trace is included in Fig. 1. As evident from the trace,
readings accurate to within —, db were easily obtained.
The attenuator made it possible to keep the recorder
defiection near its most sensitive position, thus mini-

mizing calibration errors.

B. Measurement Procedure and Data Analysis

To compare experiment and theory we need to
separate the G-R (generation-recombination) com-

ponent of noise from Nyquist, shot and 1/f noise. The
excess cell noise is represented by an equivalent short-
circuit noise current generator G(I2) as shown in

Fig. 2. This generator includes the 1/f, G-R, and shot

components of the cell noise. The Nyquist noise of the
cell is grouped with that of the load and amplifier
resistors and is represented by G(R„) in Fig. 2. For the
circuit of Fig. 1 and Fig. 2, with Vq, =0, the mean-

square noise voltage in a band width 6f at the grid of

' G. B.Herzog and A. van der Ziel, Phys. Rev. 84, 1249 (1951).

C„ is the total shunt capacitance of the input circuit.
The detector in the General Radio wave analyzer is

a linear detector. Theory shows' that the average
output voltage, as taken from the recorder, is related
to the spectrum of the input noise by

()'(R ))=L(4kT/R i) lZii(f) l'X 2~ l&(f) l'~f7', (4)

where E(f) is the gain of the amplifier-attenuator-filter
system at the tuning frequency, f, and hf is the band
width of the filter (elf=5 cps). Except at very low

frequencies, lE(f)'lhf is independent of f. Therefore
the plot of (V(R„)) can be expected to show a drop at
high frequencies where lZ„(f) l' decreases. The solid
circle data points of Figs. 3 and 4 are the Nyquist
noise voltage for two representative cells and show
this behavior.

When a dc voltage is applied across the cell and
load resistor, the excess cell noise is no longer zero.
The average recorder voltage is now

(V(R„,I,))= (LG(I )+4kT/R„7l Z, i(f)
&&l l&(f) I'~f): (5)

6 J. L. Lawson and G. E. Uhlenbeck, Threshold Signals
(McQraw-Hill Book Company, Inc. , New York, 1950), Chap. 3.
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(C) Dependence of G(I,') on Biasing Current

As shown in I LEqs. (59) and (60)], G(I 2) should be
of the form

G(I,') =X,'(16','/A)+2qIq, /ALL, (9)

where 'I', is independent of current and represents the
G-R and 1/f components of noise, A is the cell area,
2qIq, /eL is the shot noise of the barriers, nis the,
number of barriers in series per unit length of film, and
I, is the length of the film.

The dependence of G(I,') on Iq, was explored. The
inverted triangles of Fig. 3 are data for I~,= 23 pa,
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FIG. 4. Signal and noise data for cell A15-4, I=22.4 pa.
Symbols the same as in Fig. 3.

The triangular points of Figs. 3 and 4 are plots of
(V(R„,I,)).

We find (V(I,)), the spectral shape of G(I 2), by
solving Eqs. (4) and (5);

(v(I,))=LG(I.')2~!K(f)!'~f]' „
= (L(V(R„,I.))'—(U(R, ))']f1+(~r, )')) ' (6)

That is, first the square root of the diRerence in the
squares of the total noise data (erect triangles) and the
Nyquist data (solid circles) is calculated. Then curve 8,
which is a plot of L1+(cur„)'] & is used to make the
frequency correction in Eq. (6). The method of ob-
taining curve 8 will be described in Sec. IIIC. Finally,
there is a small correction at low frequencies because
K(f) decreases in the amplifiers. The crosses ()('s)
are the data after being corrected.

The magnitude of the gain'-band-width factor,
—,~!K(f)!'Af, is found by calibration with the Nyquist
noise. From Eq. (4) we have, at low frequencies,

—',m!K!'Df=(V(R ))'/4kTR„. (7)

Substituting Eq. (7) into Eq. (6) we have for the
absolute magnitude of the spectrum,

DV(R[,&Iq)) (V(R~))']4kT
G(I.') =

(V(RII))'RII
(V(R„,I,))' 4kT

(g)
(U(R„))' R„

(u«1/r„.

while the erect triangles are for Iq, =46 pa. Examination
shows G(I 2) ~ Iq,', from which we conclude that there
is no shot component of noise in the region of bias
current used in this study.

'V, normalizes G(I, ) to unit biasing current and unit
sensitive area and is called the specific noise. We cal-
culate .V, from our data; this is a numerical operation
on the corrected data (X's) of Figs. 3 and 4 and does
not change the frequency dependence. The right-hand
ordinates of the figures are in terms of lV, .

D. Discussion

The above corrections do not change the original
data appreciably at low and intermediate frequencies.
However, at frequencies above 1000 cps the corrections
are needed to get an accurate slope for the spectrum.
The net corrections depend on the load resistor; a
small value makes the capacitance correction small but
increases the Nyquist noise relative to the excess cell
noise as shown by Eq. (5).It was found that the matched
condition, Rl, ——R, was a good compromise. Note that
at high frequencies the net correction is to raise the
data in Fig. 4 while in Fig. 3 it is to lower the data.

By the above analysis we have separated the excess
cell noise, G(I,'), from the Nyquist noise of the cell
and load resistors; that is, we have obtained the correct
frequency dependence of G(IP) and its absolute mag-
nitude. Our next step in the noise analysis is to separate
G(I 2) into its G-R and 1(f components, but before
doing this we discuss the measurement of the photo-
conductive time constant.

III. PHOTOCONDUCTIVE RESPONSE
MEASUREMENTS

A. Apparatus

The radiation signal source was a neon bulb pulsed
by a square wave generator. The cell was biased in the
same manner as for the noise measurements as shown
in Fig. 1, except that R1,=50 000 ohms to minimize the
eRect of circuit capacitance. The same basic ampli-
fication setup was used, but since less gain was needed
the Hewlett-Packard amplifier and the at tenuator
could be eliminated. Signal voltage was read directly
on the wave analyzer, so the filter and recorder were
not used.

B. Procedure for Measuring ~,

The neon bulb was pulsed at frequencies ranging from
20 to 16 000 cps, and the corresponding signal voltage
was read from the wave analyzer tuned to the funda-
mental frequency of the pulse. The diamond symbols on
Figs. 3 and 4 show the signal voltage versus frequency.
The data are fitted by curve A according to the equa-
tion,

U, = V,o/L1+ (f/f, ) ]', r,= 1/2mf, . (10)

The characteristic frequency f, is marked on each
curve; we calculate r, and include it in Table I.
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TABLE I. Cell parameters, noise, time constant, and Hall data on seven lead sulfide photoconductive films. '
Noise values on first line; Hall values on second line.

Cell

old
L m R =Rm/L

mm mm megohms megohms

Ngp(G-R) Ns(f =90)
X10' X1o

rms noise volts
dc bias volts

X X(hf)& @sec p,sec mv

R~/d pd
X10 tl X10 "

cm' No.
coul cm2

cmm Nl 2(G-R) Ng12(G-R)
N p'(G-R) Ne~(G-R)

B1—4

82—2

B2—3

C2-2D

A7—4

A15—4

15-2

4.1 1.0 1.2
0.74 2.15

4.1 1.0 1.8
0.58 5.0

4.1 1.0 1.6
0.64 2.9

3.2 0.5 3.0
0.36 3.95

3.0 2.5 0.52
1.75 0.57

3.0 2.5 1.1
2.5 1.3

3.0 3.0 0.415
3.0 0.30

0.30
0.39
0.45
0.72
0.40
0.45
0.47
0.44
0.43
0.33
0.92
0.92
0.415
0.30

41
3.75

32
2.05

18
3.2

16
2.5

46
7.8

22
5.5

135
21

1/30 3.75
5.1

1/100 6.15
6.95

1/30 3.8
6.6

1/30 3.6
4.5

1/30 4.53
4.8

1/100 5.2
4.1

1/30 3.4
4.7

4.0 250 300

6.15 290 400

4.3 170 260

4.6 93 215

5.1 230 280

5.5 140 230

4 0 215 265
0.28 2.1

0.98 2.5

4.7 4.4
2.9 5.6
2.6 3.4

0.34 3.55 2.1 4.2
4.5 3.4

0.73 4.9 1.5 9.1
4.2 3.15

0.33 2.8 2.6 5.4
3.4 4.25

0.91 2.45 3.0 6.3
2.1 3.2
3.5 2.0
5.6 2.7
3.0 5.0

0.006

0.007

0.015

0.004

0.004

0.001

0.005

0.994

0.993

0.985

0.996

0.996

0.999

0.995

a H =9.4 X103 gauss except for cell 15-2 where H =3.7 X103 gauss.

C. Determination of Circuit Capacitance
Correction

As mentioned in Sec. IIB, it was necessary to use a
load resistance approximately equal to the cell resistance
for the noise measurements. Our method of determining
the frequency correction of the R„C„eGect was to
make a second signal run with R& equal to the value
used in the noise run. These data are plotted in Figs. 3
and 4 using square symbols. Curve 8 illustrates the
diGerence in frequency dependence of the two signal
curves (diamonds and squares) and gives directly a plot
of [1+(p&r„)'] &, which was used in Eq. (6).

IV. ANALYSIS OF EXCESS NOISE INTO
GENERATION-RECOMBINATION

AND 1/X COMPONENTS

From Eq. (60) of I, we write

A' ' = -'7 p'(G-R) I[1+(f/ f-)'j+cV p'(1/ f)I(flf-),
&*=-~'.p(G-R) ([1/1+(flf-)'j+X/(flf-) }',

where
f„=1/27rr„, X= cV,p(1/f)/iV, p(G-R),

and the subscript 0 indicates frequency independence
of the coefficients.

From the theory of I, f„should be equal to f„but
we did not assume this to be the case in the following
analysis. To find X,p(G-R), X, and f„ from the cor-
rected data (X 's) of Figs. 3 and 4, the family of curves
shown in Fig. 5 were calculated from Eq. (11).An over-

lay was drawn from which the best fit was obtained;
curves C of Figs. 3 and 4 were obtained in this way. X,
f and 1V,p(G-R) are shown on the figures and are listed
in Table I; .''V, (f=90) is also tabulated.

In Fig. 3, curve C fits the data over the whole fre-

quency range, while in Fig. 4 the curve deviates from
the data at high frequencies. In fitting the data, prefer-

ence was given to the knee of the curve since this is the
region where the G-R term is most pronounced.

Table I lists the significant parameters of seven
different cells. The amount of 1/f noise present relative
to G-R noise is shown by the value of X; X=1/100
indicates very little 1/f noise. Noisy cells in which

X)1/30 are not included.
While theory indicates that f„should equal f„ it

was found that the best fit could not be obtained with
this assumption; rather it was obtained with f„20—30/&
greater than f, as is shown on the figures and in the
table. This is discussed further in Sec. VI.
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FiG. 5. Theoretical curves for determining the ratio, X, of 1/f to
generation-recombination noise, as given by Eq. (11).

7 J.F.Woods in Photoconductivity Conference, edited by Brecken-
ridge, Russell, and Hahn (John Wiley and Sons, Inc. , New York,

V. HALL VOLTAGE MEASUREMENTS

A. Apparatus

The experimental apparatus is a modification of that
described by Woods' and is shown in Fig. 6. The 4pf-
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factor two is necessary because of the one probe con-
figuration. We did not attempt to measure d since it is
combined with R~ in the theoretical expressions.

condenser is used to filter out dc and very-low-frequency
drift. The magnetic field is reversed at a frequency of
1/14 cps. Provision is made to insert a calibrating
voltage in series with the Hall circuit.

An improvement of Woods' system was the use of
the constant current supply shown in Fig. 6. The
photocell has a nearly infinite impedance whose current
can be controlled by the light intensity. Thus drift in
the Hall voltage due to changes in cell resistance is
reduced because the current is held constant by the
phototube.

B. Procedure

Measurements of the Hall coefficient were made on
the same cells used in the noise studies. Hall contacts
made by painting a small Aquadag electrode on the cell
as shown in Fig. 7(a) proved to be very noisy. A Hall
voltage reading was possible on only two of the seven
films. Montgomery' has pointed out that such a contact
could be quite noisy even though no current flows out
of the contact. This is because current flows through the
contact as shown in Fig. 7(a). The configuration shown
in Fig. 7(b) minimizes such contact noise as first shown

by Montgomery. The films were therefore scraped to
this shape and the noise was considerably reduced.
Easily measurable Hall voltages were then obtained on
all the films. Figure 6 includes a typical recorder trace
of the Hall and calibration voltages; the Hall voltage,
VII, is given in Table I.

We calculate

Rrr/d = 2UII)& 10'/HIo, cm'/coulomb, (12)

where H is the magnetic field, Id, is the total current
through the cell, and d is the thickness of the film. The

1956), p. 636; Phys. Rev. 99, 658(A) (1955); and thesis, The
Catholic University of America, Washington, D. C., 1956 (to be
published).

H. C. Montgomery, Bell System Tech. J. 31, 950 (1952).

(1+B)g,r,
R,=

4Pdhv, [1+(por, )']&
(14)

8 represents barrier modulation eGects; if no barrier
modulation occurs, 8=0, while for large barrier modu-
lation 8»i. p, is the quantum efficiency at the spectral
frequency, v„of the signal radiation, h is Planck's
constant, and p is the density of majority carriers in the
crystallites.

A. Comparison of Time Constants Obtained from
Signal and Noise Measurements

Comparison of Eq. (13) with Eq. (14) shows that
the G-R noise should have the same frequency de-
pendence as the signal response. Comparison of curve
A of Fig. 3 with curve C shows the similarity between
the signal and noise curves. A more precise comparison
is made by comparing v-„, the time constant found from
the noise analysis, with ~„ the time constant of the
signal response. These quantities are listed in Table I
and are seen to be in qualitative agreement. However,
7„is consistently 20—30% less than r, This discrepa. ncy
may arise because the best fit of the curves of Fig. 5 to
the data depends on the shape of the noise spectrum
in the high-frequency range. As discussed in Sec. IIB,
this range must be corrected for both circuit capacitance
and Nyquist noise. It is therefore possible that we

VI. INTERPRETATION

We now compare our data with the predictions of the
theory developed in I. There we find as an expression
for the specific G-R noise,

N', (G-R) =.V, p (G—R)/[1+ (cur, )']',
Ã, p(G-R) = (1+B)X-',(~,/pd)1. (13)

A normalized expression for the signal response, called
the specific responsivity, is
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cannot expect better than 20% accuracy in our value
for 7.„.However, since v„ is consistently less than r,
the difference appears to be real, indicating that the
theory may need extension. For example, the noise
associated with minority carriers has been neglected in
the model.

3. Comparison of the Theoretical and Experimental
Magnitude of Noise

A second comparison of theory and experiment can
be made in the magnitude of the noise. Equation (13)
shows that we need independent measurements of pd,
T and B to predict a theoretical value of iV, 2(G-R). We
obtain pd from our Hall measurements,

pd =32rd/8qRII, (15)

where EiI/d was found by Eq. (12); pd is given in
Table I (second line of data for each film). 2., was
measured by signal response as described in Sec. IIIB.
Woods has found 8 to be zero in this type of film by
measuring the change in Hall coefficients and resis-
tivity under illumination.

Using B=O and our values for pd and 2., we use
Eq. (13) to calculate a theoretical value of lV, 2(G-R)
for each film. This is also listed in the second line of
data for each film. The corresponding experimental
value of .V,o(G R), as fou-nd directly by noise measure-
ments, is given on the first line. Inspection shows
generally good agreement between the two values. We
do not expect exact agreement because the noise and
Hall data were taken at diferent times and the charac-
teristics of these cells change somewhat from day to
day. Furthermore, the cells had to be scraped to obtain
satisfactory Hall measurements as mentioned above.
This scraping was done after the noise measurements
had been completed. In the table we list the resistance
per unit area,

Eq. (53) of I:
(1+B)2, (21,J,+el iJi) '

iV, (G-R) =
2Pa(1+ (~r,)q&

(17)

g„J„=~ic~' z(v)n„(v)dv quanta/cm' sec,
0

(v) g~v2/~2 (vhv/kT 1)
&19)

where p(v) is the quantum efficiency at a spectral
frequency v and 22, (v) is the density of photons in the
background radiation field. The wavelength dependence
of the quantum efficiency can be derived from the
spectral dependence of the responsivity according to
Eq. (14).The absolute value of g can be estimated from
crystal absorption data as discussed in I, Sec. VI. Kith
such data, a graphical integration of Eq. (19) can be
performed. Moss has done approximately this for PbS.'
He has graphically integrated the product of the re-
sponsivity curve and the blackbody formula, obtaining
the flux in watts/cm' absorbed by the detector. He
assumes g~i at short wavelengths. To find the quanta/
cm' sec he divides his power expression by hc/X„, where
X,= 2.9p. His result for gJ, is 2.9X10"quanta/cm'-sec.

A simple approximation for g„J„is to use for q„ the
value of the quantum efficiency in the spectral region
of maximum photoresponse, and for J„

g„J„and q~J~ are respectively the mean background
radiation flux in photons/cm' sec and the mean flux
of the lattice vibrations in phonons/cm' sec absorbed
by the electronic system of the detector. Formal expres-
sions for g„J,and rl&J~ are given by Eqs. (37) to (42) of I.

In order to determine whether these PbS cells are
limited by radiation noise, we set J~ ——0 and calculate

.V.,(G-R) = 1V,(G-R, Ji——0).
An exact expression for gg, is

p/d =h/1. , (16)

when the noise data were taken (first lines) and when
Hall measurements were made (second lines). It is
seen that while no radical change resulted from scraping
and aging, some changes had occurred.

C. Conclusion

In summary, the general agreement between iV, 2 (G-R,
theory) and E p(G-R, expt) and between 2-„and 2.,
constitutes a verification of the theory of photocon™
ductivity developed in I. Further investigation is
required to explain the 20—30% difference between 2.„
and 7

VII. IS THE PbS DETECTOR SEEING
RADIATION NOISEP

In I we show that the G-R noise arises from Quctu-
ations in radiative and lattice processes. The noise
expression which explicitly shows these two sources is

J„=', c
i

n„(v)dv, -
E2~h

(20)

where E; is the intrinsic energy gap of the semicon-
ductor. J„has been evaluated by Eq. (20), neglecting
the minus one in the denominator of 22„(v) This ap-.
proximation is valid for infrared photoconductive de-
tectors. The resulting values of J, for some detectors
of current interest are listed in Table I of Petritz's
work. "For lead sulfide we used E;=0.41 ev and found
J,=3.5X10" quanta/cm' sec. The agreement of this
with Moss's value indicates that the approximation is
reasonably good. We shall use his value here but
mention the approximate method because it may find
use when spectral data are not available, or when a
rough estimate is sufhcient.

9 T. S. Moss, J. Opt. Soc. Am. 40, 602 (1950).
' R. L. Petritz in Photocondlctivity Conference, edited by

Breckenridge, Russell, and Hahn (John Wiley and Sons, Inc. ,
New York, 1956), p. 49.
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VIII, USE OF NOISE INSTEAD OF HALL
MEASUREMENTS TO EVALUATE
SEMICONDUCTOR PARAMETERS

It is not always desirable or convenient to place a
Hall probe on a film. When this is the case, the G-R
noise provides a method of evaluating semiconductor
parameters. ' On the basis of the above theory, we can
use the noise data to calculate pd from Eq. (13).Table
I (first lines) lists pd calculated this way; they are seen
to be in reasonable agreement with the Hall values
(second lines).

The efI'ective mobility can be found from the defining
equation,

~*=4'6/d)(P~)j ', (22)

where we use pd as found by the noise data and p/d
from Eq. (16). The values of p* thus calculated are
listed in Table I (first lines) for comparison with those
calculated from Hall values (second lines),

= 87IPII)
3

~~= (~~/d) (d/c).

(23)

(24)

It is of interest to note that we calculated p,
* from

noise data as described above at the time of our first
measurements4; we assumed 8=0. The values found
were in reasonable agreement with values found by
Lothrup, '2 who obtained p* on evaporated films of

"B.Wolfe, Rev. Sci. Instr. 27, 60 (1956).
'2E. W. Lothrup, Jr. , thesis, Northwestern University, Evans-

ton, Illinois, 1949 (unpublished).

We calculate !V„(G-R) from Eqs. (17) and (18)
using Moss's value for gQ„, our measured values of r,
and pd, and 8=0. The results are expressed as the ratio
L!V„(G-R)/1V,(G-R)]' in Table I; the experimental
noise value is used for .V, (G-R).

Lacking independent information concerning q~J~,
we cannot directly calculate the lattice contribution to
the noise. However, we can calculate

!VgP(G-R) =1V '(G-R) —N '(G-R)
=!V,2(G-R)(1—LcV„(G-R)/iV, (G-R) j'), (21)

using the experimental noise value for X,(G-R) and
the calculated value of LX„(G-R)/!V,(G-R)]'. The
results are tabulated as [iV.i (G-R)/1V, (G-R))' in
Table I.

Comparison of

I!V,~(G-R)/!V. (G-R)]' with I!V,„(G-R)/!V,(G-R)]'

shows that the noise is principally due to interaction
with the lattice. J„would have to be at least 100 times
larger for the observed noise to be due to radiation
fluctuations. Thus, we do not agree with Wolfe's" con-
clusion that Eastman-Kodak PbS cells are limited by
radiation noise at room temperature. It should be pos-
sible to decrease J~ by cooling and thereby reach the
radiative limit.

PbS from Hall and resistivity measurements. Thus our
noise measurements and their interpretation were the
first indication that no appreciable barrier modulation
occurs in these films. The Hall and resistivity studies
of Woods' were of course necessary to establish directly
that 8=0.

Another use of the noise measurements is to evaluate
the quantum efficiency. Substituting Eq. (13) into Eq.
(14) and solving for g„we obtain

q, =R.hv, (1+8)/!V,'(G-R). (25)

Thus responsivity and noise measurements can be used
to evaluate the quantum efficiency without Hall
measurements, if we assume that 8 is known.

In conclusion, we emphasize that Hall measurements
are preferable to noise measurements as a method of
finding pd and related quantities. The noise should
be considered as a supplemental method, useful when
it is not desirable or convenient to place a Hall probe
on the film. It is obviously necessary that the noise
spectrum show the presence of G-R noise for this
procedure to be valid. Unfortunately in most semicon-
ducting films, 1/f noise still dominates the G-R noise. "

IX. CONCLUSIONS

This study has shown that the noise in chemically
deposited lead sulfide films is dominated by a 1/f term
below 100 cps, a generation-recombination component
between 100 and 10000 cps, and finally by Nyquist
noise at higher frequencies. The data have been
analyzed to give a magnitude and time constant for
the generation-recombination component and a mag-
nitude for the 1/f component. The values of time
constant as found by noise measurements are in reason-

ably good agreement with those measured by photo-
conductive response, although somewhat lower. The
magnitude of the noise is in general agreement with
values predicted from theory. This constitutes a veri-
fication of the theory of photoconductivity in semi-
conductor films developed in I and outlined in the
introduction of this paper. The generation-recombina-
tion noise is due mainly to interactions with the lattice;
radiation noise accounts for less than 1% of the
observed noise. Furthermore, noise measurements are
shown to be a useful supplement to Hall measurements
for evaluating semiconductor parameters when the
generation-recombination noise is observable.

"D.Barker, Proc. Phys. Soc. (London) B68, 898 (1955).
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