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A theory of current noise in photoconducting devices, developed on the basis of a large set of measure-
ments concerning the behavior of photoconductivity, photoresponsivity, and noise as a function of light
intensity and wavelength in CdS-based photoconductors, is presented. The theory is based on a barrier-
type photoconduction model and embodies, in a single general expression of the noise power spectrum,
the contributions due to the generation recombination and to the flicker noise (intrinsic noise) as well as
to the noise generated by the fluctuation of the potential barrier that controls the electron injection from
the metal electrode into the conduction band of the photoconducting material (photoinduced noise). Ac-
cording to the model, the height of this barrier depends on a balance effect between the light-induced
positive static charge (ionized deep donor centers or trapped holes) and the negative space charge due to
the injected electrons. The fluctuation of the number of ionized centers or trapped holes causes a fluc-
tuation of the potential barrier and thus of the conductance of the device. The transport process is de-
scribed as a stream of conduction electrons crossing the fluctuating potential barrier and undergoing
thermally activated trapping-detrapping processes within the photoconductor bulk. General expressions
for the behavior of the photoconductance vs light intensity and for the photoconductance fluctuation
power spectrum are worked out on the basis of this model and checked in the following paper by com-
parison with the experimental results. As shown there, the theory accounts for the shape and the rela-
tive changes of the noise power spectra, when the light intensity and the wavelength are varied, without
any free parameter. The absolute value of the noise power density is also well reproduced without free
parameters in the low-frequency range, where the photoinduced noise dominates. At higher frequencies,
where the intrinsic noise becomes important, the noise power spectrum is also nicely fitted with very
reasonable values of those quantities that have not been directly measured on the device. The same
values of the quantities giving the correct photoconductance fluctuation spectra also reproduce the pho-
toconductance vs light intensity curve calculated according to the proposed barrier photoconductance
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model.

I. INTRODUCTION

Current noise measurements in photoconducting de-
vices can be used to obtain important information on the
physical mechanisms ruling the conduction process. By
comparing experimental power spectra, obtained under
different physical conditions, with the results of a theory
developed on the basis of a suitable photoconduction
model, a check of the model itself can be performed.

An extensive theoretical investigation concerning
different sources of noise in a photoconductor has been
made by Van Vliet and Blok.! * The analysis concerns
the effect of the spontaneous fluctuations of the photon
flux, taking into account Bose-Einstein statistics,
generation-recombination noise produced by transitions
between two or more levels, thermal and shot noise relat-
ed to diffusion and injection-extraction of electrons at the
electrodes. An experimental check of the noise theory
developed in papers 1 and 2 is reported in Ref. 5. Elec-
tron mobility modulation due to the fluctuation of inter-
grain barriers in the ambit of the barrier photoconduc-
tivity theories has been considered by Petritz and
Lummis.%’

Other authors® ' have considered particular aspects
of the photoconduction noise. The interpretation was
generally based on the Van Vliet theory, but specific as-
sumptions, concerning the 1/f noise component generat-
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ed by trapping levels localized near the electrodes and the
electron mobility fluctuations due to inhomogeneities
within the photoconducting material were also intro-
duced.

More recent papers in this field are mainly devoted to
practical aspects related to the performance of the photo-
conducting device or, on the contrary, to theoretical
analysis of the fluctuations in presence of light.”> "' In
these papers specific aspects of the noise power spectrum
have been accounted for, but a number of free parameters
have always been introduced to obtain a suitable agree-
ment with the experimental results. The lack of a paper
reporting a complete set of measurements, optical and
electrical, made on the same specimen on which noise
measurements are performed and extended over a wide
range of light intensities and wavelengths, prevents the
possibility of a complete check of any theory of current
noise based on a particular photoconduction model.

In the present paper we report on a theory of current
noise based on a barrier-type photoconduction model. In
addition to an important aspect concerning the effect of
the barrier fluctuation, this theory embodies most of the
results of the previous theories (generation-
recombination, 1/f, and shot noise) in a single compact
expression of the noise power spectrum. All the parame-
ters entering this expression have a clear physical mean-
ing and can be obtained by suitable measurements per-
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formed on the same specimen. This allowed us to check
many aspects of the theory without introducing any free
parameter.

As shown in the following paper (hereafter referred to
as paper II), the theory permits us to explain the shape
and the magnitude of the power spectrum as well as its
variations with the wavelength and intensity of light. In
particular the theory accounts for the strong variation of
the amplitude and slope of the power spectrum occurring
when the light wavelength is varied in correspondence
with the critical value A,,,, the device conductance being
kept constant by varying the light intensity.

The relative variations of the noise power density when
the light intensity is varied in a range covering about
three orders of magnitude are reproduced without free
parameters. The observed change from a near-
Lorentzian to a 1/f-shaped power spectrum, when the
light intensity is decreased below a given threshold, is ex-
plained by the theory as due to the gradual decrease of
the noise component related to the barrier fluctuation.

A further confirmation of the theory is reported in a
recent paper'® concerning the effect of temperature on
the photocurrent noise. The strong changes that temper-
ature variation produces on several quantities appearing
in the theoretical expression of the power spectrum of the
photocurrent noise were shown to be consistent with the
changes actually observed experimentally.

The theory has been tested against an extensive set of
experimental results (reported in paper II) concerning
photoconductance, photoresponsivity, photocurrent de-
cay, and noise power spectra taken at different light in-
tensities and wavelengths on the same CdS-based photo-
conducting device having a very low dark conductance
value (lower than 107° S).

The behavior of the noise spectra versus light wave-
length has also been tested on CdSe-based photoconduc-
tors and, except for the different value of the critical
wavelength (500 nm for CdS and 720 nm for CdSe), very
similar results have been obtained.?’

II. PHOTOCONDUCTION MODEL

Before developing a theory of current noise in photo-
conductors, some basic aspects of the photoconduction
mechanism must be introduced. In the present paper the
main assumption concerning this mechanism is related to
the so-called theory of barrier photoconductivity,?! whose
main aspects are briefly described below.

Barriers to free charge carriers in a metal-
photoconductor-metal device may be present either at the
metal-photoconductor interface or at grain boundaries in
polycrystalline materials.?

Different mechanisms are introduced to explain the
dependence of these barriers on the light intensity. In the
case of polycrystalline materials, it is assumed that the
barrier is lowered by the trapping of either holes or elec-
trons in deep traps or in localized states at the grain inter-
face.%?**! For what concerns the electrode-photo-
conductor interface, models have been developed for the
rectifying as well as for the ohmic contacts.?22425
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Even if the photoconduction noise theory developed in
the following can be easily extended to the case of a dis-
tributed set of light sensitive barriers, the experimental
results reported in paper II are consistent with the as-
sumption that the excess noise related to the presence of
the barrier is due to the fluctuation of the height of a sin-
gle barrier localized near the metal-photoconductor inter-
face. Actually, the absolute noise intensity due to the
normal fluctuations of the trapped charge turns out to be
in good agreement with a single barrier model. Multiple
barriers at grain boundaries would smooth out the fluc-
tuation, leading to a much lower photoinduced current
noise than the one observed.

As stated in the Introduction, we consider a photocon-
ducting device consisting of a thin film of photoconduct-
ing insulator with symmetric ohmic contacts (e.g., CdS
with indium electrodes?®). Also in the case of matching
work functions between metal and photoconductor and
in the absence of surface states, a potential barrier can be
present near the metal electrodes, depending on the
difference between the work function ¢, and the electron
affinity y, of the material.?’ Such a difference, which in a
near intrinsic semiconductor corresponds roughly to half
band gap, is sufficiently large in insulating photoconduc-
tors to prevent electrical conduction in the dark even if
the contact is ohmic.

In the presence of light of suitable wavelength, ioniza-
tion of deep donor centers or creation of electron-hole
pairs occurs. If trapping of holes or ionization of deep
donor centers is allowed, a positive space charge builds
up, which lowers the metal-photoconductor barrier
height, thus determining the photoconducting behavior
of these devices. This is the case of CdS and of other in-
sulating photoconductors.

In Appendix B the photoconduction model sketched
above is quantitatively developed. Such a development is
not strictly necessary to work out the theory of current
noise, since a linearization of the dependence of the pho-
toconductance on the positive trapped charge under light
biasing conditions is allowed by the smallness of the fluc-
tuation and, on the other hand, the parameters entering
the final expression of the noise power spectrum can
directly be measured on the device. However, it is re-
ported here because the fact that the model accounts for
the behavior of both the photoconductance and the pho-
toconductance noise power spectrum of the device in an
extended range of light intensities and wavelengths is a
further confirmation of the model itself.

Let us now consider how the different processes are re-
lated to the photocurrent noise. Several sources of noise
can be envisaged in the photoconduction model sketched
above. Apart from thermal noise, which will not be con-
sidered further in the following, three sources of current
noise will be taken into account in the theory developed
in the following section.

A first noise source is related to the fluctuation of the
barrier height, due to the fluctuation of the number of
ionized donor centers or trapped holes in steady state
conditions. Since the lifetime of the positive trapped
charge depends on light wavelength and intensity, the
power spectrum of the current noise related to the barrier
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height fluctuation will also be dependent on these quanti-
ties. This noise source also includes the shot noise due to
the electron injection from the electrode into the photo-
conducting material.

The other two noise sources are inherent to the con-
duction processes within the photoconductor bulk. Since
electrons are injected in the conduction band, before
recombination with ionized deep donor centers or with
holes in the valence band, a quasithermal equilibrium
condition exists. This is characterized by an electron
quasi-Fermi level slightly below the conduction band. In
these conditions, electron trapping processes in shallow
centers or in surface states, balanced by thermal excita-
tions from these states, cause generation recombination
and flicker noise. These last two noise sources, normally
detected in semiconductors, can be observed in photocon-
ductors at low light intensities or in the high-frequency
part of the spectrum, where the photoinduced noise relat-
ed to the barrier height fluctuation becomes negligible, as
shown by the theory and confirmed by the experiments
reported in paper II.

III. NOISE THEORY

On the basis of the photoconduction model sketched in
the preceding section and described in detail in Appendix
B, the whole transport process causing the photocurrent
noise will be considered as a stochastic superposition of
nonindependent current pulses.”® These pulses are relat-
ed to the injection into the conduction band of the photo-
conductor and to the trapping-detrapping processes that
each free electron undergoes during its drift toward the
anode. Both the injection process and the trapping-
detrapping processes are noisy.

We will call photoinduced noise the excess noise related
to the fluctuation of the electrode-photoconductor barrier
height, determined by the fluctuation of the number of
ionized deep donor centers or trapped holes produced by
light. The barrier height fluctuation modulates the
stream of electrons injected in the conduction band of the
photoconductor and thus the stream of current pulses re-
lated to them.

The current noise created by thermally activated
trapping-detrapping processes involving the generation-
recombination and the flicker noise sources can be en-
visaged as an intrinsic noise, because it is typical of the
conduction process within any semiconducting material.

Obviously these two noise components are not simply
additive, but, as will be shown in the following, the total
noise power spectrum can still be written as the superpo-
sition of an intrinsic and a photoinduced noise com-
ponent arising from the modulation of the injected
current.

Disregarding for the time being this modulation pro-
cess, the stream of current pulses causing the photo-
current can be considered, according to the classical
theories of 1/f and generation-recombination noise in
semiconductors,”’ as a superposition of independent
trains of Poisson distributed rectangular pulses of indi-
vidual length ng“, characterized by an average length
(7"} and an exponential length distribution:

1
()

The set of pulse trains characterized by the same value
of (TL”) is attributed to a given type of trapping or
recombination center, whose number will be proportional
to 1/{7}"), if a flat distribution of activation energies or
of tunnelling barrier widths is assumed.? Since, under
the same hypothesis, the average number of pulses per
unit time in each train is also proportional to 1/{7y’),
we obtain a probability distribution function P,({7{)))
proportional to 1/(7{")2. This distribution can also be
obtained with other assumptions.’®”3* Taking into ac-
count also the existence of a g-r noise component, which
has a Lorentzian spectrum with a cutoff frequency

f,=1/2m7, this function can be written as

P(rh)= exp(—7y /(7)) . 3.1

P,({r"))=K, +K,8((r) — 1)

1
()2
[T ({70 ] . (32)

Equations (3.1) and (3.2) describe a stream of pulses giv-
ing rise to a current whose fluctuation is characterized by
a 1/f as well as by a Lorentzian spectral component cor-
responding to the generation-recombination noise.

In the standard theory of current noise in semiconduc-
tors, the constants K, and K,, determining the relative
amplitude of these components, are calculated on the
basis of specific models concerning the processes of gen-
eration recombination and trapping-detrapping of the
carriers. The quantities 7., and 7, are, respectively, the
lower and upper limit of irg’ ). It is useful to introduce
another quantity T%, which is the average value of (TL,”)

i) ) )’

according to P,({r,

Tg:ng2<Tg)>P2((T(gi)>)d(<T(gi)>) . (3.3)
Tgl

The explicit expression of 7, is worked out in Appendix
A.

Now we will take into account that the stream of
current pulses described above is further modulated by
the fluctuation of the potential barrier that controls the
electron injection. From the statistical point of view, the
noise can still be considered to be generated by a superpo-
sition of rectangular pulse trains characterized by a wide
distribution of pulse lengths, given by Egs. (3.1) and (3.2).
Each train is generated by the processes of ionization and
neutralization of a single deep donor center (or by the
creation and annihilation of a trapped hole), which
enhances or reduces the probability of electron injection.

Since the ionization processes relative to different
donor centers are assumed to be independent and the
photocurrent fluctuation is small, the total noise power
spectrum is given by the sum of the spectra of the ele-
mentary pulse trains produced by the ionization neutral-
ization of each single center, the number of all the other
ionized centers being kept constant and equal to its aver-
age value. Obviously it would be wrong to assume that
the photocurrent is the sum of the set of pulse trains gen-
erated in this way by each center: the model is correct
only to evaluate the fluctuation of the photocurrent with
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respect to its average value.

Each train is essentially characterized by the quantities
7'f" and 7\, representing the average time intervals when
the center j is, respectively, ionized or neutral. The index
Jj is used here to characterize different types of centers
having different values of 7{’ and 7'/ under the same il-
lumination conditions, a fact that can be attributed to
their different localization both in space and in energy.

We are dealing with a sort of random telegraph process
that modulates the elementary pulse density within the
train. The power spectrum of such a pulse train cannot
simply be obtained by the well-known Machlup expres-
sion.** The pulses occurring in each train are character-
ized by a length distribution given by P, (T‘”) and
p, ((T(‘))) as described above, and are spaced in tlme ac-
cordmg to a distribution function Q (x) which represents
the probability density of the time interval x separating
subsequent pulses within the train. A suitable distribu-
tion function Q(x), which describes the situation dis-
cussed above, is given below. The elementary pulses
within each train are clustered in the time interval Az,
and are absent in the contiguous time interval A¢,. Asin
a random telegraph signal, these intervals are distributed
according to the two Poisson exponentials

P,(At;)= 1e:xp ﬁ?fd , (3.4)
7y 7d
_ —At,

P, (At )= 0 T(rj) (3.5)

A similar process has been considered in a previous paper
concerning the clustering of Barkhausen pulses in the
magnetization noise.>® As shown there, Q (x) can be writ-
ten as

Q(x)=Q(x)+Q,(x), (3.6)
where

Q(x)=cexp(—pux), (3.7)

Q,(x)=c exp(—pu,x) . (3.8)

The quantities ¢;,c,, 1,1, appearing in these equations
can be related to other three quantities having a clearer
physical meaning:

[ 7xQ,(x)dx

J @idx

which represents the average time interval between subse-
quent pulses within the cluster,

[ 70,(x)dx
J 0 xdx

which represents the average number of pulses within the
cluster,

(3.9)

’TO=

p= (3.10)

1 1
YT [ "xoxdx

(3.11

which is the average number of pulses per unit time. A
further condition is provided by normalization

Jowax=1.

Equations (3.9)-(3.12) allow us to determine the four
parameters c,C,,[41,/4, appearing in Q(x) in terms of
To»P> Vo, Which can be directly bound to quantities related
to the conduction process, as shown in the following.
One obtains

(3.12)

B TR . S

7T comy (cp3+e,pd)
¢, ¢
< +2=1. 313
K1 M2

The quantities 7, p, v, characterize a train of pulses of the
type described above with
1— vgj ’T{)j )

Td/)__,r(j)p(j) (1)_p(j) g ,

N0 (3.14)

where the index j refers to a particular type of center.
The power spectrum of a pulse train of this type can be
calculated by means of a general expression>¢

<I>(a))=vo[(a2)(|5(w)|2)‘
+2(a )?*|[(S(w))|?
f 0 (x)e'“*dx

XRe . (3.15)
(1—[ 0 (x)ei“*dx

where S(®) is the Fourier transform of a single pulse of
unitary height, a is the pulse height, v, represents the
number of pulses per unit time, Re indicates the real part
of the expression within square brackets, and ( ) indi-
cates an averaging operation over the pulse ensemble.
Taking into account Egs. (3.13), the following expression
of the power spectrum is obtained:

®(w)=v, |(a?)(|S(w)]?)

+2(a)?|{S(0)|?
p(1—vy7o)?
o*3p+1—pvyry)?+1

(3.16)

It may be pointed out that vy{a?)(|S(w)|?) represents
the power spectrum of the same pulse sequence in the ab-
sence of clustering. The second term within square
brackets is thus due to the effect of clustering and, as it
will be shown in the following, it is strictly related to the
photoinduced noise, i.e., to the noise component arising
from the stochastic processes of ionization of photosensi-
tive donor centers, which influence the barrier height. In
Eq. (3.16), it is thus possible to distinguish an intrinsic
and a photoinduced noise component.

In the following we will apply the general results given
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by Eq. (3.16) to the case of photoconductors. It is con-
venient to calculate the conductance fluctuation power
spectrum ®;(w), since it is independent of the applied
voltage. The linearity between applied voltage and pho-
tocurrent, for a given light intensity, has been verified for
all measurements reported in paper II. Furthermore, the
proportionality of the current noise power spectrum to
the square of the bias current ensures that noise arises
from conductance fluctuations. Conductance pulses are
thus proportional to the current pulses introduced above.

According to the model described in Sec. II, each elec-
tron injected in the conduction band gives rise to a series
of conductance rectangular pulses of height g and dura-
tion 7';”. The quantity g is related to the mobility p of the
free electrons by the relationship

ey
ar’

where d is the distance between the metal electrodes of
the device, and e is the elementary charge.

In the present model, the effect of mobility fluctuations
will be disregarded, so that in Eq. (3.16) it can be as-
sumed that (a?)=(a)?=g2 In the following, we will
refer to a single pulse train of pulses relative to a center j.
The total power spectrum will be then obtained by sum-
ming up the spectra obtained for each center j. Let n/
be the excess average number of electrons crossing the
device during 7). According to the model, while 7’ de-
pends on the particular type of center considered, the
average increment of conductance Ag is independent of j
and can be written as

g= (3.17)

(j)

TV (3.18)

Then the average number of conductance pulses in a clus-
ter is given by

_ ) 4
pu):nm_d_zﬁ_dj_ _ (3.19)

& Vur, g T,

Equation (3.19) has been obtained from the relationship

plgr,=Agry , (3.20)

taking into account Egs. (3.17) and (3.18).
Another term appearing in the general expression of
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the spectrum [Eq. (3.16)] is vy7(, which can also be ex-
pressed in terms of physical quantities characteristic of
the photoconductor. Actually, by definition

(j)
. T
TB]):% ’ (3.21)
P
' 0 ()
vy =P U)zﬂ "(j)L, (3.22)
T + 1y § N/ 74
o 7y nth
N = ¢ -2
Vo0 = G U 6.23)
7 +7; N

In these equations n'/ is the average number of ionized
donor centers of type j in stationary conditions, while
N1 is the total number of these centers. The relation in-
volving these quantities can be written
()
Dy Y
n net
n f zj N ’

where n, is the number of photons impinging on the ac-
tive area of the photoconductor per unit time, 7'/ is an
efficiency factor that depends on A and may depend on j,
and N/N represents the relative number of j centers.

It is useful to introduce an average efficiency factor 7,
depending only on A,

(3.24)

> NUpd
= .LT . (3.25)
Then
ng=3 n(j)z.)hnf b b ')="7Anf7d . (3.26)
j j
In this equation
(3.27)

b(j)=N(j)n(j)/2 Nl
J

represents the ratio of the number of ionizations of the j
centers to the total ionization processes, 7, represents an
average time constant weighted over the different j
centers, and ny is the total average number of deep ion-
ized centers.

Substituting into Eq. (3.16) the quantities given by Eqgs.
(3.19)—=(3.23) and multiplying by N, the power spec-
trum of the noise generated by each center j is obtained:

agd [ a0 |
. L g T N
DY(0)=N"Gg? {{|S(@)]2) +2[(S(w))|? £ m — |- (3.28)
2 (|1 8 ‘&
1+ |1 N T Ag 7Y

The quantity Nv{’ can be obtained from Eq. (3.22) and the final expression of ®{(») becomes
q 0

2

Ty) . n(j)
. . 2 . 2 N
<I>(({’(cu)=gn(1)Agrg—<—|—S(T(;’—)|>—+2n"’(Ag)2|<S(w)> | = - (3.29)
g g 14 o272 l—n] g g

N g )
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In general, except for very high illumination values, it is
reasonable to assume

n
NG <«<1. (3.30)
It can also be assumed that the quantity
T,
£ £ (3.31)

Ag Ty),

which, according to Eq. (3.19), represents the inverse of
pY, is <<1. For instance, the data reported in paper II
show that this quantity varies from about 1073 at the
highest light intensities to about 10~! at the lowest. In
this case Eq. (3.29) can be simplified and becomes

(|S(w)]?)
7
(S T

ff, 14?2

P (w)=gn""AgT,

+2n(Ag)

(3.32)

The final step to obtain the whole photocurrent noise
power spectrum is to sum over j:
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2
<I>G(w)=gAng——————< |S(:2>)| >nd
14
) D)
foagpliSenl? 5 a7t gy,

R e e

In Eq. (3.34) ng=3,;n'" represents the total number of
ionized donor centers or trapped holes given by Eq. (3.26)
and

n(ﬂ

En(j)
J

al= (3.35)

represents the relative weight of the centers j, having a
lifetime 7, in determining the actual photoconductance
decay after a small pulse of light superimposed on the
background illumination. As shown in paper II, the a'/’s
and the 7{”s can be determined from photoresponsivity
versus frequency measurements. Also the quantities n,
and Ag will be experimentally determined from measure-
ments of the photoconductance G and of the average re-
laxation time 7, versus the photon flux n;. In particular,
74 will be obtained as the area to height ratio of the pho-
toconductance relaxation pulse, at different values of the
average conductance G and of the light wavelength A.
The quantities ([S(w)|?)/72 and [{S(w))|*/7},
which, according to the model, are independent of the
particular center j and depend only on the distribution of

Os(0)=3 o@(0), (3.33)  the duration of th.e conductance pulses, can be calculated
I by means of the distributions given by Egs. (3.1) and (3.2).
Explicit calculations are given in Appendix A.
which can be written as One obtains
|
K To1 T '
(IS(0)2) =L | =L (arctanwr,,—arctanor, )+ |1+K, -5 &2 , (3.36)
g gl 1 2
T| o To1Te2 | 1+’
2
T — T wr?
|<S(m)>|2=L K |(arctanwr,, —arctanor, )+ [1+K, LM >
2T Tg1Tg2 1'%&)7%
R 2
T2V 1+ 0?7 To1 ™ T
+ | Kn—E a1+, = (3.37)
TV 1402, ToiTgr | 1to’r
T T —T
re=Kn-+ [1+k, £ —2 |7 (3.38)

Tkl Tgﬂ}Z

The constant K, can be expressed in terms of the angular frequency o, where the 1/f spectrum of the intrinsic noise
component crosses the generation-recombination Lorentzian spectrum:

wc7?7§1Tg2

K,

Since at low light intensity the photoinduced noise com-
ponent becomes negligible, w, can be obtained with
sufficient accuracy from the experimental spectra.

As shown in Sec. IV, where a detailed discussion of the
above results is given, the constants 7,, and 7,, have a
negligible influence on all the quantities defined above as
long as w7, <<1<<wT,,. This condition is usually as-

(arctano, g, —arctan, 7,1 )7, 1 Tpo( 1 +0272) + 0, (1, — 772

(3.39)

-
sumed to be true in a rather wide range of frequencies.
For what concerns the dependence of Egs. (3.36) and
(3.37) on w, it can be observed that, under the same con-
dition, (|S(w)|?)/7} has the expected 1/f behavior at
low frequencies and tends to become a constant equal to
1/ at higher frequencies. The constants K; and K, in
Eq. (3.2) determine the relative amplitude of the
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FIG. 1. Behavior of (|S(w)[*)/7; (curve 1) and

[{S(w)}|*/7% (curve 2) versus frequency. The second of these
quantities is a constant equal to 1/27 and is completely in-
dependent of the parameters characterizing the distribution
function P,({7}’}) given by Eq. (3.2) if wr, <<1<<w7,,. On
the contrary, the first one tends to a constant equal to 1/7 at
high frequencies and has a 1/f behavior in the low-frequency
range. Its actual shape depends on the value of the quantity o,.

generation-recombination and flicker noise components
characterizing the intrinsic noise. As we will see in paper
II, noise measurements at very low light intensity allow
us to characterize the distribution given by Eq. (3.2) for
the explored frequency range.

The quantity |(S(w))|? is instead a constant equal to
1/27 even in the low frequency range (see Fig. 1). This
means that the spectrum of the photoinduced noise com-
ponent is essentially a superposition of Lorentzians whose
cut-off frequencies are determined only by the values of
7. It is not much different from the energy spectrum of
the relaxation pulse of the photocurrent after a brief light
excitation superimposed on the background radiation.

In the following section a discussion of several aspects
of the theoretical noise power spectrum is given.

IV. DISCUSSION

In this section we will consider the influence of
different physical quantities, such as light intensity and
wavelength, on the noise power spectrum. The main in-
terest concerns the shape and the relative weight of the
two noise spectral components given by Eq. (3.34),
representing the intrinsic and the photoinduced noise.
Anticipating the results of the discussion given below, we
can say that at medium to high illumination values the
photoinduced noise dominates in the low-frequency range
of the spectrum up to a few kHz and is mostly responsi-
ble for the abrupt change of the power spectrum ampli-
tude and slope in correspondence to wavelengths near
Agap (see paper II).

We will now discuss separately the behavior of these
two components.

Figure 1 shows the behavior of the two dimensionless
quantities (|S(w)?) /72 and [{S(w))[*/72, which, in
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spite of their rather complicated expressions given by
Egs. (3.36) and (3.37), are only slightly dependent on the
actual values of the parameters characterizing the distri-
bution function P,({7{")), given by Eq. (3.2).

The frequency behavior of the intrinsic component is
reported in Fig. 1 (curve 1). Since the photoinduced com-
ponent becomes smaller than the intrinsic one at low il-
lumination levels, particularly at high frequencies, the
value of w, appearing in Eq. (3.39) can be determined ex-
perimentally. As shown in paper II, for CdS, w. depends
on A when A is near A,,,. This fact can be explained ob-
serving that, for A <A,,,, light absorption becomes very
strong and electrical conduction takes place mostly at the
surface. This results in an increment of the 1/f noise
component.

Another important aspect of the intrinsic spectral com-
ponent lies in the behavior of its amplitude versus light
intensity. Since the quantity Agn,, from the data report-
ed in paper II, turns out to be nearly proportional to G,
this amplitude is expected to drop as 1/G, a fact that is
well supported experimentally in a range of G values cov-
ering about three orders of magnitude.

Since [(S(w))|*/7% is practically a constant close to
1/2m, the shape of the photoinduced spectral component
is determined by the quantity

a(j),r&j)

— 5 4.1)
1+a)27'(a/)2

2
J
which is a weighted superposition of Lorentzian spectra.
The abrupt change of the noise power spectrum ob-
served in different photoconductors (CdS and CdSe) when
A equals Ag,, can thus be explained taking into account
that the 7"s distribution depends strongly on the light
wavelength A in the vicinity of A,,,. Let us assume, for
simplicity, that a single lifetime 7; dominates the spec-
trum of the 7{’s. Then, at frequency values where
*7% >>1, but the photoinduced component is still much
larger than the intrinsic one, the relative change of the
power spectral density is given by the ratio

Td(}">)"

)

gap

<Ay . 4.2)
For CdS this ratio turns out to be about 10 (see Fig. 13 of
paper II) and is actually in good agreement with the ratio
of the power spectral densities measured at two wave-
lengths A above and below A, in the range of frequen-
cies between 10 Hz and 1 kHz, as shown in Figs. 4 and 5
of paper II.

At high-frequency values (typically above 10 kHz for
CdS) the change of the photoinduced noise component
does not influence the total noise power density, since,
owing to its 1/f? slope, it drops below the intrinsic com-
ponent. Thus at high frequency the noise power density
becomes insensitive to A, as confirmed by experiments.

A final point to be discussed is the behavior of the am-
plitude of the photoinduced component when the light
intensity is changed. Since the intrinsic component am-
plitude of ®;(w)/G? behaves as 1/G, it is sufficient to
consider the behavior of the ratio between the amplitudes



of the photoinduced and of the intrinsic component
versus electrical conductance G. Considering only the
quantities that depend on G, this ratio is proportional to
the quantity
g < @A)
=¥ —— . (4.3)
g 2 1roX)

According to the fact that Ag/g increases with the
light intensity approaching 1 at the highest values, it is
expected that the amplitude of the photoinduced com-
ponent drops with a slope smaller than 1/G. This predic-

tion is also confirmed by experiments, as shown in paper
IL.

V. SUMMARY

A theory of current noise in CdS photoconducting de-
vices based on a barrier-type photoconduction model is
presented. The transport process is described as a stream
of conduction electrons crossing a potential barrier,
whose height depends on the positive trapped charge pro-
duced by light (trapped holes or ionized deep donor
centers) and has a normal fluctuation related to the fluc-
tuation of this charge. A general formula of the power
spectrum of pulse trains, characterized by a set of proba-
bility density functions describing their slope, amplitude,
and time distributions has been used to work out the pho-
toconductance noise power spectrum of the device. The
final expression consists of two components which are re-
lated to different aspects of the fluctuation process. One
component corresponds to an intrinsic noise produced by
the transport process within the photoconducting materi-
al and consists of the generation-recombination and flick-
er noise contributions, while the other one is generated by
the fluctuation of the potential barrier height (photoin-
duced noise component). All quantities appearing in this
expression have a clear physical meaning and can be mea-

|

(US(@, (7PN = [ "IS(@, (NP N (7))

1
T
while the square modulus of its mean value is

(St (D P=] [ 7S @, (PN [

= -21—# [K i(arctanoT,
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sured by suitable experiments on the photoconducting de-
vice. Thanks to this, a thorough check of the noise
theory and of the barrier photoconduction model on
which the theory is based is reported in paper II and in
Appendix B.
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APPENDIX A

In this appendix, the evaluation of (|S(w)|?) and
|{S(w))|?* will be performed using the probability density
function introduced in Sec. III,

. 1 .
Py({r") =K\ ays +K8((r)—7) . (AD
g

The normalization condition

® (i) (1)) —
J TP Nd (A =1 (A2)
gives
To1— T,
K,=1+kK, | 22 (A3)
TgZTgl

The Fourier transform of an elementary rectangular
pulse of length (T‘g") is given by

i ( A1)
iy, 1 i)
S(w, (g ))—Tr———lﬁw(#)) : (A4)

The mean value of the square modulus of this quantity
becomes

i (A5)
+a)2*r§ ’
2
co‘rf 'rgz\/1+co2 21 TS
Troi2 K = z
1+CO T.% TglV1+QZT§2 l+(l) T?
2
T 2 Tg2 \/1+w2 21 Ts
ro2 | O e, Tt
DT gl \/1+(o 1’;2 DTy

(A6)

The parameter K, appearing in these equations can be expressed in terms of the quantity ., defined in Sec. III as the
angular frequency where the 1/f and the Lorentzian spectral component intersect:
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—K—l—(arctanw T,,—arctanw,7,,)= |1+K Tg1 g2 i (A7)
o, o e Vg | 14e2?
One gets
0, TT,T
K, = c s glg? (A8)

T . . X T
Te= ff iz( P, Nd (7)) =K11n;_£ +K,7, .
g 8!

(A9)

Using Egs. (A3) and (A8), Egs. (A5) and (A6) can be ex-
pressed in terms of w,, and Egs. (3.36)-(3.38) are ob-
tained.

APPENDIX B

In this appendix it will be shown that the barrier pho-
toconduction model, used to develop the photocurrent
noise theory, permits us to obtain a good fit of the curves
of the photoconductance versus light intensity reported
in paper II. Even if this calculation is not necessary to
the development of the photoconductance noise theory, it
is given here since it shows that the same parameters
reproducing the noise power spectrum in different light
conditions also give the right photoconductance value. It
should be pointed out, however, that several further as-
sumptions made here, such as, for instance, the specific
transport mechanism through the potential barrier, are
not needed to calculate the noise power spectrum. In
fact, whatever the dependence of photoconductance G on
the number of ionized centers n,, linearization is always
possible for the small fluctuations causing the noise.

As already stated, we consider a CdS-based photocon-
ducting device with indium electrodes making ohmic con-
tacts.® It is further assumed that the Fermi level of CdS
is far from the conduction band, as appropriate to a near-
ly intrinsic material or to a material characterized by
deep donor centers. In the absence of surface states, tak-
ing into account the values of the indium work function
é,, =4.12 eV (Ref. 37) and of the CdS electron affinity
X, =4.79 €V, in thermal equilibrium the energy band
scheme in correspondence of the metal-electrode inter-
face is represented in Fig. 2. Indium diffusion within CdS
would change this situation a little by anchoring the Fer-
mi level slightly below the conduction band at the CdS
surface. In any case, an accumulation layer is formed in
correspondence to the metal-photoconductor interface,
which does not work as a virtual cathode, since a barrier
(whose height ¢, —yx, is of the order of 1 eV for near-
intrinsic CdS) is created by the band bending near the in-
terface.’® It is well known that in this situation in the
presence of light, a nonequilibrium stationary condition
is reached where the potential barrier is lowered by a
trapped positive charge.® To evaluate the dependence of
the barrier height on the light intensity, we will consider
the effect of the space charge, under steady light condi-
tions, on the band structure represented in Fig. 2. The
space charge consists of a positive static charge uniformly

_ 2 — .
(arctane, 7,, —arctan, 7,1 )7, 7oy (1 + 0} 12) 0, (15— 74))72

f

distributed in the photoconducting film due to ionized
deep donor centers or to trapped holes, according to the
light wavelength, and of a negative mobile charge consti-
tuted by electrons injected from the cathode into the con-
duction band of the photoconducting material.

As shown in the following, at high illumination values
the barrier height is controlled by the feedback effect of
the negative injected charge and a linear behavior of the
device photoconductance versus light intensity is
reached. At low light intensity, since the feedback effect
becomes negligible, an exponential-like behavior of the
photoconductance versus light intensity is expected.

In a single barrier mechanism of charge transport, con-
sidering a thermally activated process, the conductivity is
given by?

T (B1)

a=%(27rm'kT)3/2exp ey ,

where m* is the effective mass of the electrons, k is the
Boltzmann constant, 4 is the Planck constant, T is the
absolute temperature, e is the elementary charge, u is the
electron mobility, and ¢,, is the barrier height. As al-
ready mentioned, in the dark the barrier height ¢, is
given by the difference between the extraction potential
¢, and the electron affinity ¥,

¢M=¢s —Xs =¢O ’

According to Eq. (B1), this barrier reduces the conduc-
tivity, as expected for a metal-insulator contact. The

(B2)

FIG. 2. Ideal energy-band diagram at the interface In-CdS.
According to Refs. 37 and 38, ¢,, =4.12 eV, ¥,=4.79 eV, and
Eg.;=2.49 V. The barrier ¢, —y, depends on doping. To fit
the data reported in Fig. 3, a dark barrier height of 0.54 eV is
needed. The band bending and the corresponding lowering of
the barrier in the presence of light (dotted lines) is given by Egs.
(B4) and (B5). The contact may be defined as ohmic since the
condition ¢, <Y, holds, but it does not work as a virtual
cathode in the dark owing to the presence of the barrier.
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function describing the barrier shape along the x direc-
tion (see Fig. 2) can be written, as a good approximation,
in the following form:

*toy (B3)

d(x)=¢y(1—e
where L, is the effective Debye length.*! In the presence
of light a positive trapped charge is created and the bar-
rier height is lowered, giving rise to the photoconduction
process.

Let nj be the density of ionized donor centers or
trapped holes and n) the density of the electrons
thermally injected from the cathode into the conduction
band of the photoconductor. The electric field created by
this charge, uniformly distributed within the photocon-
ducting film, is proportional to the net charge and may be
considered constant for distances of the order of Lp,
since Lj <<d, near the metal electrodes. This corre-
sponds to approximating the parabolic potential created
by the charge with its tangent near the metal electrode.

Then
x
Lp

where E, is an appropriate constant whose value will be
discussed in the following. The maximum value ¢,, of
¢(x) can be found from Eq. (B4) by putting
d¢(x)/dx =0:

—eEy(nf—nt)x , (B4

d(x)=¢y | 1—exp

¢

I+h——m | .
LpeEy(n;—n})

dy=¢o—LpeEy(n;—np)

(B5)

The quantity n* is related to the photoconductance G of
the devices through the equation

G =n;ﬂ;—s : (B6)

where S is the photoconducting film cross-section area
and d the distance between electrodes. From Egs. (B1),
(BS5), and (B6) one finally gets

LpeE, Gd
G=G «_
OV |" T s
X [1+In %o , (B
Gd
LpeE, [nf—2%
péLg g eusS
where
2 S
G0=;l—3-(27rm*kT)3/2exp —k—;, en (B8)

This last quantity represents, to a good approximation,
the dark electrical conductance of the device.
Equation (B7) gives an implicit relationship between

the photoconductance G and the positive static charge
density n] which can be solved by numerical standard
methods. It reproduces the experimental behavior of the
photoconductance G versus the total number of ionized
donor centers or trapped holes n,, as Fig. 3 shows. The
quantity n; =ngSd is related to the photon flux n, by Eq.
(3.26). Experimental data are taken from the results re-
ported in Fig. 14 of paper II, which also show that photo-
conductance becomes closely independent of the light
wavelength A, when expressed in terms of n,, as expected
from the present photoconduction model. Theoretical
curves are obtained from Eq. (B7), introducing the cross
section S=1.5X10"5X2X 1072 m? and the interelect-
rodic distance d =1 mm. The dark barrier height ¢, has
been derived using Eq. (B8) and the experimental value of
the dark conductance G, of the device (G,=4X107108),
taking into account that the electron effective mass for
CdS is 0.2 times the electron rest mass and the relative
dielectric constant is €, =9¢,.*

The factor LyeE,, which determines the initial slope of
the photoconductance curve in the semilogarithmic plot
of Fig. 3, has been obtained as a best-fit parameter for the
experimental curve (LpeE,=9X107%" J m?). Even if
the exactness of this value cannot be proved directly,
since the value of L, is not known, it can be shown that
it is physically senseful. Actually, since the quantity E,
represents the electric field due to a uniform charge den-
sity corresponding to a single ionized donor center or

10 o
1074 =1
m o
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-5 (o] 9
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- 0= 510 nm
B 107t
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FIG. 3. Comparison between experimental (dots and squares)
and theoretical (full line) results concerning the behavior of
photoconductance G versus the total number n; of ionized
donor centers (A>500 nm) or trapped holes (A <500 nm) for
the photoconducting device described in Sec. II of this paper.
While the behavior of G versus n; is very different as the wave-
length is changed (see Sec. II), the behavior of G versus n, is
very closely independent of A, in agreement with the barrier
model developed here. Fitting is good for the whole range of
photoconductance values explored. The parameters are the
same used to reproduce the photocurrent noise spectra reported
in Sec. II.
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trapped hole per unit volume, averaged over a length L),
near the metal electrode, an approximated evaluation of
L, can be worked out.

Numerical calculations of the tangential component of
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the electric field in correspondence with the metal elec-
trode give the approximate value of Ea=1X10"n} V
m~!. This value corresponds to a Debye length

L;,=0.5 um, which does not seem unreasonable.
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