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Grain-boundary effects on photocurrent fluctuations in polycrystalline photoconductors

A. Carbone and P. Mazzetti
Dipartimento di Fisica, Politecnico di Torino, Corso Duca degli Abruzzi 24, I-10129 Torino, Italy

and Istituto Nazionale di Fisica della Materia, Unita` del Politecnico di Torino, Torino, Italy
~Received 12 June 1997!

The effect of light-dependent potential barriers at the grain boundary interface has been taken into account
in the derivation of the photoconductance noise in polycrystalline photoconducting films. The noise power
spectrum has been calculated considering the contribution of many elementary systems constituted by two
homogeneous crystalline grains separated by an adjacent photosensitive potential barrier. The noise relative to
each elementary system has been studied taking into account the modulation effect on the current crossing the
grains of the spontaneous fluctuation of the intergrain barrier under illumination. The theoretical results are
compared with a set of experimental data concerning the photoconductance noise in polycrystalline PbS under
several experimental conditions. The proposed model allows us to explain several features of the current noise
both in the dark and under illumination. In particular, the origin of the 1/f noisecomponent, arising in the
power spectrum in the presence of light, and the unusual behavior of the noise spectral density vs conductance
when light intensity is changed are discussed and clarified on the basis of the present theory.
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I. INTRODUCTION

The charge carrier transport through grain boundarie
polycrystalline semiconductors has stimulated continuous
vestigation over a long period of time, owing to the wid
applied and theoretical interest of the electronic propertie
these materials. The recognition of the role played by
intercrystalline barriers in the electronic transport proces
both in the dark and under illumination, has been pointed
since the early studies concerning such materials.1–6 Never-
theless, the charge transport properties of polycrystal
semiconductors still represent an open question in the s
conductor physics community.7–17

The intergrain potential barriers result from the char
trapped on gap states localized between two adjacent gr
Such interface states are created either by dislocations in
duced by the crystallographic misfit between the adjac
grains or by impurity or dopant atoms trapped at the int
face and acting as acceptor or donor levels. The trapped
riers create a potential barrier of heightf0 within the adja-
cent grains, which reduces the mobility of free carriers, a
increases the local resistivity. In several cases the interg
potential barriers show a remarkable photosensitivity. In
dark, only thermally activated electronic transitions from a
to the shallow energy levels in the grain are allowed. In
presence of light of suitable wavelength, electronic tran
tions from the photosensitive traps at the intercrystall
boundary can also occur. The optically activated transiti
produce several effects: they increase the density of free
riers, decrease the intergrain barrier height, or reduce
depletion layer width at the end of the barrier. The predo
nance of one of the previous effects over the other two
pends on the electronic properties of the material and on
operative conditions~temperature, voltage!. When the barrier
reduction is more effective than the carrier generation p
cess in increasing the charge transport in the presenc
light, the device is said to operate according to thebarrier
570163-1829/98/57~4!/2454~7!/$15.00
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mechanism of photoconductivity.18

Several experimental techniques have been adopted to
as many physical quantities as possible depending upon
characteristics of these intergrain barriers. To this purp
also the properties of the current noise of polycrystall
semiconductors have been exploited by a few authors~see
Ref. 19 for a recent review!. The characteristic behavior o
the resistance fluctuations has been first related to that o
grain boundary potential barriers in Refs. 5 and 6. A mo
recent study has been carried out by Madenach
Werner,20 who analyzed the resistance fluctuations in the
crystal and in the multicrystal ofp silicon in the dark. The
voltage fluctuations at the end of the samples have been
lated to the stochastic capture and emission processe
holes at the interface states of the intercrystalline barrier
to thermally activated transition. The fluctuations of the
terface charge give rise to fluctuationsdf of the barrier
height, which controls the currentJth across the boundary
according to the Richardson-Dushmann law. By interpret
the capture and emission of holes at the interface as a
tuating currentJT , the mechanism of fluctuation of the cu
rent across the boundary can be assimilated to the me
nism of current amplification in a bipolar transistor, givin
rise to considerable fluctuations in the emitted currentJth .

In Ref. 21 it has been shown that a light-dependent
tential barrier strongly affects the average current as wel
its fluctuations, by adding a modulation component to
noise power spectrum. Such a mechanism has been ado
to explain photocurrent noise in insulating photoconductor22

and in single-quantum-well infrared photodetectors.23 In the
present paper the theory developed in21 will be extended to a
polycrystalline photoconducting device characterized by~a!
an appreciable dark conductance and~b! a distributed set of
light-sensitive intergrain barriers localized at the grain int
faces. A comparison with the experimental results obtain
on polycrystalline PbS is given and discussed in Sec. IV. T
proposed theory explains some aspects of the behavior o
2454 © 1998 The American Physical Society
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57 2455GRAIN-BOUNDARY EFFECTS ON PHOTOCURRENT . . .
noise power spectrum in infrared~IR! photoconductors unde
different conditions: in particular, the onset of a 1/f noise
component under illumination results from the modulati
effect of the light-sensitive barriers.

An estimate of the contribution of the quantum 1/f noise
is also reported.24 Since there is no quantum 1/f noise in the
photogeneration of electron-hole pairs,25 the source of quan
tum noise should be envisaged in the conductance fluc
tions in the grain and in the intercrystalline regions.26 Quan-
tum 1/f noise should also be expected from the fluctuat
of the intergrain barrier crossing rate. As reported in Sec.
the power spectrum of this noise arising from the abo
mentioned processes turns out to be some orders of ma
tude lower than the experimental one in the analyzed ra
of illumination and frequency values.

II. PHOTOCURRENT NOISE MODEL

A polycrystalline semiconductor can be schematica
represented as a collection of more or less homogene
grains coupled to each other by higher resistive intergr
regions. In the case of a photoconductor such a system
be represented as a network of noisy resistors whose va
depend on the degree of illumination of the device. The f
lowing discussion will be restricted top-type semiconduc-
tors, in order to compare theoretical results with the exp
mental ones obtained on PbS infrared photoconduc
devices. With minor modifications this approach can be
tended also ton-type semiconductors. Each branch of t
network is constituted by a pair of crystalline grains se
rated by an adjacent photosensitive barrier, whose en
band diagram is shown in Fig. 1. It behaves as a resi

FIG. 1. Energy-band diagram at the interface between
grains of ap-type polycrystalline semiconductor. The positive i
terface charge is due to electrically charged defects, which ac
hole traps. It is compensated by negative acceptor ions within
space-charge region. The currentJT represents the capture an
emission of holes by the interface states and corresponds to a
tuation of the barrier heightefo , which modulates the currentJ
induced by the applied voltageUo ~after Ref. 20!. In the present
case, the capture and emission of holes by the interface stat
activated by light.
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characterized by an average value and a fluctuation o
resistance strongly dependent on the illumination. The the
developed in Ref. 21 will be applied to the calculation of t
current noise power spectrum relative to such a system.
nally, the whole resistor network will be considered in ord
to obtain the total current noise power spectrum.

Let our attention be focused on the elementary sys
shown in Fig. 1. We shall first consider the stochastic p
cesses occurring in the dark. In this condition only therma
activated electronic transitions from and to shallow accep
centers are allowed. If the charge carriers have enough
ergy to overcome the intergrain potential barrier, an elec
current will pass through the photoconductor. While t
charge carriers pass across the region indicated in Fig.
series of stochastic processes~trapping-detrapping or
generation-recombination! occurs, giving rise to a noise, th
power spectrum of which can be calculated on the basis
the standard theories ofg-r noise in semiconductors. In th
ambit of the random point processes approach, the contr
tion of each transition to the intergrain conductance can
described as a rectangular pulse of heightg and durationtg

( i )

representing the carrier lifetime. As a good approximati
tg

( i ) may be considered the capture time of a given shal
acceptor center. The quantityg is related to the mobilitym
by the following relationship:

g5
em

dg
2

, ~1!

wheredg is the average dimension of the crystalline grain.
the present context mobility fluctuations are disregarded.
suming, as usual, thattg

( i ) is distributed according to an ex
ponential law,

P~tg
~ i !!5

1

tg
expS tg

~ i !

tg
D , ~2!

the dark conductance noise power spectrumFdark(v) can be
easily calculated, and is given by

Fdark~v!5
1

p
nd g2

tg
2

11v2tg
2

5
1

p
Gd g

tg

11v2tg
2

, ~3!

wheretg is the average value oftg
( i ) , nd is the number of

elementary pulses per unit time in the dark, andGd is the
dark conductance. As will be shown in the following sectio
the experimental results concerning the current noise in d
conditions in PbS polycrystalline photoconductors agree w
with the results of Eq.~3!.

Let us now consider the conductance fluctuations un
illumination. As will be reported in the next section, the
are several indications that a different mechanism of no
generation is switched on by light. Actually, the experime
tal results show that the noise power spectra in the prese
of light cannot be simply interpreted in terms of an enhan
ment of the noise related to the increment of the conducta
G ~due both to a lowering of the intergrain barrier and to t
interband electronic transitions produced by light! nor to a
change oftg . The deviations of the noise behavior from th
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2456 57A. CARBONE AND P. MAZZETTI
simple Lorentzian given by Eq.~3! will be accounted for by
considering the effect of light on the intergrain potential b
riers.

In the presence of light of suitable wavelength, electro
transitions from the deep traps at the intercrystalline bou
ary are allowed. As already mentioned, optically excit
transitions increase the average conductance by increa
the density of free carriers and by decreasing the interg
barrier height, thus allowing the charge carriers to overco
more easily the barrier. The latter mechanism accounts fo
optical gain larger than unity, as found in these devic
Since the electronic transitions from and to the photose
tive traps lying at the grain boundary interface are stochas
the height of the potential barrier will fluctuate according
Such a mechanism strongly affects the probability distri
tion describing carrier injection: time intervals between
ementary events cannot anymore be considered Poisson
tributed, as in the dark@Eq. ~3!#, since their occurrence
depends upon the statistics of the filling-emptying proces
of the grain boundary interface traps. Therefore the calc
tion of the noise power spectrum has to be performed tak
into account this correlation between the elementary eve
As already pointed out, the modulation noise arising fro
this process can be described according to the mecha
cleared up in Ref. 21. In practice the noise power spectrum
obtained by a superposition of elementary pulse trains
lated to the emptying-filling processes of each single trap
correspondence to the random emission~capture! of each
hole from the interface traps, the barrier will be slighty r
duced~enhanced!. The stochastic reduction will allow an ex
cess number of charges to pass over the barrier. The st
of excessinjected carriers can be described by means o
train of clusterized elementary conductance pulses of he
g and durationtg

( i ) distributed according to the same exp
nential distribution function used for dark condition. Furthe
more each train is characterized by the quantitieste andt f ,
representing, respectively, the average time intervals du
which the trapping interface state is respectively empty
filled. These quantities also represent the average duratio
the cluster and the average time interval between cluste
each train corresponding to a given interface trap. It is
sumed thatte

( i ) and t f
( i ) , corresponding to each elementa

event of emptying-filling of the trap, are exponentially di
tributed, as expected for processes having a constant p
ability to be excited by light in any time interval. Furthe
more, if the elementary eventswithin the clusterare assumed
to be Poisson distributed, the current noise power spect
is given21

f~v!5n0g2^uS~v!u2&

12n0g2u^S~v!&u2
r~12n0t0!2

v2t0
2~r112rn0t0!211

.

~4!

The quantitiesn0 ,t0 ,r, in this relationship represent, re
spectively, the average number of pulses per unit time,
average value and the average number of the time inter
between subsequent pulses within the cluster. Furtherm
S(v) indicates the Fourier transform of the elementary u
-

c
-

ing
in
e

an
.
i-
c,
.
-
-
is-

es
a-
g

ts.

sm
is
e-
n

-

am
a
ht

-

g
r
of
in

s-

b-

m

e
ls
re
-

tary pulse, the bracketŝ& indicates an averaging operatio
over the pulse ensemble and the barsuu represent the modu
lus. It must be observed that the first term in the Eq.~4!
represents the power spectrum of the same pulse sequen
the absence of clustering. It corresponds to an intrinsic no
related to the transport process within the grain of the exc
carriers crossing the barrier for each ionized photosensi
trap. The second term is the effect of clustering produced
the stochastic emptying-filling processes of the photose
tive trap. This term gives the power spectrum of the no
component generated by the barrier fluctuation when the
fect of all the photosensitive traps localized at the gr
boundary interface is considered.

We shall now express the various parameters appearin
Eq. ~4! in terms of more physical quantities characterizi
the trap emptying-filling process. LetDg be the average in-
crement of the conductance produced during the trap em
ing time te . Since the elementary conductance pulse has
average areagtg , the average number of conductance puls
in a cluster is given by

r* 5r115
Dg

g

te

tg
~5!

and

te5rto ~6!

also holds. From the definition ofn0, taking into account Eq.
~5!,

n05
r*

te1t f
5

Dg

gtg

nte

Nt
, ~7!

wherente is the average number of empty traps andNt is the
total number of photosensitive traps. The quantitynte is re-
lated to the photon fluxnph and to the quantum efficiencyh
by the equation

nte5hnphte . ~8!

Finally, the quantitieŝ uS(v)u2& and u^S(v)&u2 can be
calculated by suitably averaging the Fourier transform o
set of rectangular pulses of durationtg

( i ) distributed accord-
ing to the exponential probability density given by Eq.~2!.
One obtains

^uS~v!u2&52u^S~v!&u25
1

p

tg
2

11v2tg
2

. ~9!

If it is assumed, as in Ref. 21, thatr* @1, then one also
getsr'r* . This assumption is justified by the fact that
general the optical gain is much larger than 1 and thuste
@tg . In particular, this is the case of the device discussed
the next section. We can also assume that

n0t05
te

te1t f
5

nte

Nt
!1, ~10!

which means to be far from saturation. Taking into acco
all these relationships, Eq.~4! simply becomes
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f~v!5
1

p

nte

Nt

1

11v2tg
2FgtgDg1Dg2

te

11v2te
2G .

~11!

We must now consider the contribution of all the trapsNt
to the noise. By assuming that the trap ionization proces
produced by light are independent and that the photocon
tance varies linearly withnte , then it is correct to sum up th
power spectra produced by each trap. One gets

Fph~v!5
1

p

1

11v2tg
2FgtgDG1nteDg2

te

11v2te
2G ,

~12!

whereDG5nteDg represents the contribution of light to th
intergrain conductance of the elementary system of Fig
Actually DG represents the conductance increment produ
by light through the lowering of the intergrain barrier. Ther
fore the first term at right member of Eq.~12! corresponds to
the g-r noise related to the excess carriers crossing the
tergrain barrier in the presence of light. This term simp
adds to the noise power spectrum of the dark current
pressed by Eq.~3!, giving the wholeg-r noise power spec
trum of the elementary system of Fig. 1 in the presence
light. The second term in square brackets of Eq.~12! repre-
sents the modulation noise component produced by the
rier fluctuation.

A few remarks are now required. Equation~12! holds also
if the linearity of the photoconductance vsnte is not fulfilled.
Actually the excess noise due to the barrier fluctuation
pends only on the average value ofnte and on the local
derivative Dg5dG/dnte . Therefore, if the fluctuation is
small with respect toG, the second term in Eq.~12! is cor-
rect, as shown in Ref. 21. It is only necessary to take i
account that the value ofDg depends on the operative co
ditions of the device. Concerning the first term, which c
responds to the noise spectrum in the absence of barrier
tuations, it can be independently calculated for a Pois
distributed pulse train due to the average conductance in
mentDG produced by light. Thus, the power spectrum giv
by Eq. ~12! remains unchanged. The assumptionn0t0!1
~far from saturation! andr* @1 ~large optical gain! could be
also removed, making the second term within square bra
ets in Eq.~12! more complicated but exact. Its expressio
which will not be reported here, can be easily obtained fr
Eq. ~4! by using Eqs.~5!, ~6!, and~7!, and vanishes, as ex
pected, in the two limitsr*→1 andn0t0→1.

The final expression of the photoconductance noise po
spectrum of a single grain pair thus becomes

F~v!5
1

p

1

11v2tg
2FgtgG1Dg2nte

te

11v2te
2G , ~13!

where the quantityG5Gdark1DG is the conductance of th
elementary system constituted by a grain and its interf
barrier in the presence of light. In writing Eq.~13! it has been
assumed that the pulse durationtg remains unchanged dur
ing illumination. This may be correct at room temperatu
and at low values of the light intensity, since in this case
increment of the conductanceDG is mainly due to the low-
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ering of the intergrain barrier, while carriers are produced
the thermal activation of the acceptor centers. Howev
when the light intensity is increased or the temperature lo
ered the optically generated carrier density becomes gra
ally larger and may be finally predominant over the da
carrier density. It is thus expected thattg depends on the
light intensity and that it becomes smaller at high illumin
tion values, both because of the increment of the carrier d
sity and because of the predominance of the interband t
sitions. It will be shown in Sec. IV that the experiment
results confirm these conjectures. Finally it must also be
served that Eq.~13! has been obtained by assuming a defin
characteristic timete for the intergrain trap transitions. A
distributionP(te) should however be expected either with
a given intergrain barrier or within the ensemble of t
grains making up the photoconducting film. This point w
be discussed in the next section.

III. EXTENSION TO THE WHOLE SPECIMEN

In this section we shall discuss the main aspects of
noise power spectrum expected from Eq.~13! in order to
compare them with the experimental results reported in S
IV. Let us first consider the extension of Eq.~13!, valid for
the noise generated by a single intergrain barrier, to
whole photoconducting device. In order to do this, two ge
eral expressions can be used, valid for any type of netwo
at any frequencyv with the only assumption that the e
ementary noise sources at the grain interfaces
uncorrelated:28

F~v!5
1

V4(i j DVi j
4 F i j ~v! , ~14!

G5
1

V2(i j DVi j
2 Gi j . ~15!

In the previous expressionsGi j , Vi j , and F i j (v) are,
respectively, the conductance, the potential drop, and
noise power spectrum between the contiguous grainsi and j ,
while G,V are the whole conductance and potential dr
between electrodes. If it is assumed thatGi j andF i j (v) are
the same for all the grain pairs and the potential dropsDVi j
are either equal to each other or zero, from Eqs.~14! and~15!
one gets

CG~v!5
F~v!

G2
5

F i j ~v!

Gi j
2

(
i j

81

S (
i j

81D 2 5C i j ~v!
1

ni j
,

~16!

where the8 in the sums means that the pairs havingDVi j
50 should be neglected.ni j is the number of the pairs with
DVi j Þ0, while C i j (v) and CG(v) are, respectively, the
relative conductance noise power spectrum of the grain p
and of the whole specimen. Furthermore, if the network
simply considered as a three-dimensional lattice with cu
elementary cells whose nodes are the grains,ni j coincides
with the number of the grains and, according to Eq.~16!, the
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2458 57A. CARBONE AND P. MAZZETTI
relative noise spectrum scales as the inverse of the sa
volume. It should be noticed that this does not mean t
when grains become smaller andni j increases, the total nois
of the whole specimen decreases. Actually according to
~1!, the height of the elementary conductance pulseg scales
as the inverse ofdg

2 while their average number per unit tim
n0 varies asdg

3 . From Eq.~4! one thus obtains thatF i j (v)
varies asdg . Moreover the conductanceGi j is proportional
to n0g and thus turns out to be proportional todg . On ac-
count of this, one gets

C i j ~v!5
F i j ~v!

Gi j
2

}
1

dg
3
}ni j , ~17!

which proves thatCG(v) remains unchanged. This fact ha
the important consequence that Eq.~13! can be used to cal
culate the relative conductance noise power spectrum of
whole specimen, provided that the whole set of quanti
g,G,nte ,Dg,tg ,t te are measured on the whole specimen.
any case, ifF i j (v) is, except for an amplitude factor, equ
for all the grain pairs,C(v) is a weighted average of th
C i j (v)’s and can be calculated by means of Eqs.~14! and
~15!. In general it may be, however, assumed that differ
grain pairs have rather different intergrain barriers and
characterized by different sets of hole traps.

As already stated in the previous section and discusse
detail in the next section, light induces a 1/f sloped noise
component, not a simple Lorentzian. This fact can be
counted for by assuming that the traps have a wide distr
tion of emptying-filling timeste , either within each inter-
grain barrier or within the intergrain barrier ensemble.
both cases, taking into account Eq.~17!, the expression of
CG(v) becomes

CG~v!5
1

p

1

11v2tg
2Fgtg

G
1

Dg2nte

G2 (
j

a~ j !te
~ j !

11v2te
~ j !G ,

~18!

wherea( j ) is the relative weight ofte
( j ) and

(
j

a~ j !51. ~19!

The second term within square brackets in Eq.~18! gives
a 1/f -like spectrum if a wide distribution ofa( j ) is assumed.
However this 1/f -like component, being multiplied by a
Lorentzian spectrum having a cutoff angular frequencyvg
51/tg , also has a cutoff frequency atv5vg . This impor-
tant result is consistent with the experiments reported in
next section.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

We shall now consider the main aspects of the noise s
trum given by Eq.~18! and compare them with the exper
mental results obtained on PbS infrared photoconducting
vices. It will be shown that the theory can explain the stro
variation that the slope of the noise power spectrum und
goes in the presence of light, particularly in the low
frequency range, where it changes from the Lorentzian to
1/f type. Furthermore, the unusual behavior of the relat
ple
t,
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noise power spectrum density vs light intensity, which p
sents a maximum instead of monotonically decreasing,
also be accounted for.

According to the present model, the light impinging o
the device introduces a further noise component, represe
by the second term within square brackets in Eq.~18!. This
component strongly enhances the low-frequency part of
spectrum, since the durationte of a cluster of pulses is al
ways larger than the durationtg of the elementary pulse. As
stated in the previous section, a wide distribution of the t
emptying timeste justifies a 1/f sloped spectrum of the
modulation noise induced by light. However a cutoff fr
quency corresponding to the one of the dark Lorentzian sp
trum must be expected, owing to the Lorentzian term in fro
of the square brackets. This is what actually happens in
experimental spectra at low light intensities. Actually, in th
case, the conduction process is still dominated by the th
mally activated acceptor centers whose characteristic timtg
remains unchanged. Figure 2 shows some typical experim
tal noise spectra obtained on a PbS-based photocondu
device ~P394A of Hamamatsu Photonics29!. These results,
taken in dark conditions~squares! and at low illumination
values~triangles, circles! show the onset of an 1/f -like com-
ponent under illumination, having a cutoff frequency corr
sponding to the dark Lorentzian spectrum.

Figure 3 shows the current noise power spectra at hig
light intensity. The device conductance takes much lar
values than in the dark. As discussed in the previous sec
in this case it is expected that, in addition to the lowering
the barrier, the density of the optically excited carriers ge

FIG. 2. Room-temperature power spectra of the relative cond
tance noise at low illumination values. Squares correspond to d
conditions. The other curves correspond to white-light irradiati
The onset of a 1/f -like component having a cutoff frequency co
responding to the dark noise Lorentzian one can be observed in
presence of light. The reported quantityCG( f ) corresponds to
4pCG(v), being normalized in the domain of the frequency a
only for positive values of this last quantity.
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57 2459GRAIN-BOUNDARY EFFECTS ON PHOTOCURRENT . . .
erated by interband transitions increases. One thus exp
that tg becomes increasingly smaller and the cutoff f
quency of the Lorentzians becomes increasingly larger
these conditions the cutoff frequency of the 1/f component
shifts towards higher frequencies.

The results of Fig. 2 and Fig. 3 are summarized in Fig
showing the behavior of the relative conductance no
power spectral density vs the conductance~filled symbols! at
room temperature. The relative conductance noise at lo
temperature is also reported~open symbols!. Within a fully
Poissonian linear model of the fluctuations,CG(v) should
monotonically decrease as 1/G. The unusual behavior o
CG(v) can be explained on the basis of Eq.~18!. Let us
consider the low-frequency spectral density, where this ef
is more enhanced. Since the second term within squ
brackets in Eq.~18! dominates the power spectrum in th
low-frequency range, we can limit our check to the behav
of this term as a function of the light intensity. It can b
shown thatnteDg2/G2 reaches its maximum value in corre
spondence of 2Gdark. Let the conductanceG be linearly de-
pendent on the photon fluxnf :7,14,18,29

G5Gdark1kfnf5Gdark1ktnte ~20!

with kp and kt constants. The second relationship deriv
from Eq. ~8!, taking into account that at room temperatu
the quantum efficiencyh and the photoconductance rela
ation time te are practically independent of the ligh
intensity.7,14,18Since the quantityDg is the derivative of the
average conductance with respect tonte , one gets from Eq.
~20!:

FIG. 3. Same as Fig. 2, but at higher light intensity. In this ca
the cutoff frequency of the 1/f component shows a gradual sh
towards higher frequencies and the intensity of spectrum decre
Both of these aspects are accounted for by the photoconduct
noise theory here developed.
cts
-
In

,
e

er

ct
re

r

s

nteDg2

G2
5kt

~G2Gdark!

G2
, ~21!

which has a maximum atG52Gdark and decreases as 1/G
for G@Gdark.

At lower temperatures, since a slight decrease of the
laxation time is observed when the light intensi
increases,7,14,18the maximum value of the relative photoco
ductance noise is expected to occur at higher conducta
values, as actually observed. Finally, it is worth remarki
that a similar nonmonotonic dependence of the low f
quency 1/f noise upon illumination intensity has also be
observed in Si and GaAs semiconductors.27

For completeness, an estimate of the quantum 1/f noise is
given in the physical conditions where its power spectrum
maximized, i.e., at room temperature, high light intensit
and for the coherent quantum state. The effective numbe
carriersN has been evaluated from the value of the cond
tanceG, being the carrier mobilitym55 cm2 V21 s21 Ref.
18 and the specimen dimensions given in Ref. 29. The r
tive intensity of the noise turns out to be about two orders
magnitude lower than the experimental one in the range
the explored frequencies reported in Fig. 4. A still low
value of the power spectrum has been obtained by consi
ing the incoherent quantum 1/f noise for the elementary sys
tem of Fig. 1, due to the recombination processes in the g
and in the intergrain region, and to the fluctuations of t
crossing rate of the intergrain barrier.26

V. CONCLUSIONS

In this paper an approach to the calculation of the cond
tance noise power spectrum in polycrystalline infrared p

FIG. 4. Power spectral densities of the relative conducta
noise as a function of the conductanceG respectively atT5300 K
~circles! and atT5233 K ~squares!. The first point of each curve
corresponds to the dark conductance conditions. The curves ha
maximum corresponding to a conductance value of about two ti
Gdark, as expected by the theory.
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toconductors is reported. The model is based on the m
barrier theory of photoconductivity and assumes that
excess noise in the presence of light is generated by
normal fluctuation of the intergrain photosensitive barrie
This brings us to a unified mechanism of noise generat
according to which, at low illumination values, the Lorent
ian g-r noise produced by the thermally activated carriers
modulated by the barrier fluctuation, giving rise to a 1/f -like
component having a cutoff frequency determined by
g-r noise Lorentzian. At higher light intensities, where t
carrier density increases by effect of the interband elec
transitions produced by light and the average lifetime of
on

na
b

.

ti-
e
he
.

n,

s

e

n
e

carriers decreases, the noise spectrum becomes grad
fully 1/ f -like. Both these aspects, together with the behav
of the relative conductance noise spectral density, which p
sents a maximum atG'2Gdark, are found in the experimen
tal spectra, as shown in the previous section. The final
pression of the theoretical power spectrum contains o
quantities obtainable by means of suitable measurement
correct order of magnitude of the noise is obtained with v
reasonable values of the quantities entering Eq.~18!, while
the changes of the noise power spectrum correspondin
different physical conditions have been shown to be con
tent with those observed in the experiments.
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