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A. Carbone and P. Mazzettia)
Istituto Nazionale di Fisica della Materia, Dipartimento di Fisica del Politecnico di Torino,
Corso Duca degli Abruzzi 24, 10129 Torino, Italy

~Received 3 January 1996; accepted for publication 22 April 1996!

According to a barrier photoconductance theory recently developed, two current noise sources can
be envisaged, related respectively to the fluctuation of the barrier height~photoinduced noise
component! and to the trapping–detrapping processes in shallow states within the photoconducting
material~g–r and 1/f noise component!. It is shown that the first noise component, which can be
separated by the second one, gives information on the energy gap and on the photoionization cross
section of the deep energy levels of the photoconducting material. In particular for thin films it will
be shown that the photoionization cross section of the deep energy levels varies inversely to the total
number of photons impinging on the photoconductor and proportionally to the noise power spectral
density as the photon energy changes. Such relationship suggests that the wavelength dependence of
the noise power spectrum provides the correction to be taken into account if the constant
photocurrent method is used and the variations of the minority carrier lifetime with the photon
energy cannot be disregarded. Results concerning the energy gap and its temperature dependence,
in the interval ranging from the room temperature to 200 K, are reported and compared with the
results found in the literature for CdS based samples. The photoionization cross section of the deep
centers as a function of the photon energy, at room temperature, is reported for the same sample.
Such quantities have been obtained by measuring the spectral density of the photoinduced noise vs
wavelength at constant photoconductance value. As for the other kinds of noise spectroscopy, the
main advantage of the present method is to work out in the operative condition of the semiconductor
device. © 1996 American Institute of Physics.@S0021-8979~96!00315-5#
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I. INTRODUCTION

The interest in the study of the spontaneous conducta
fluctuations is mainly related to the attempt to improve
performances of an electronic device.1 However, in many
cases, the analysis of the conductance fluctuations is a p
erful tool to obtain detailed informations about the physi
mechanism to which they are related. In particular, for se
conductor materials, the fluctuation of the electrical cond
tance shows some features which are related to the proce
of generation–recombination~g–r noise! and trapping–
detrapping~1/f noise! of the carriers.2 Since the pioneering
work of McWorther,3 the current noise spectroscopy h
been therefore considered a powerful tool to analyze
electronic states in the forbidden energy gap of the semic
ductor materials~see Ref. 4 for a review!. It is commonly
recognized that the absolute value of the noise power s
trum is in fact related to the total number of electronic sta
taking part to the fluctuation process, while, if the transitio
from and to the localized levels are thermally activated,
cutoff frequency 1/~2pto! provides information about the ac
tivation energy and the capture cross-section area of the s
low energy levels. A wide literature exists, showing that t
noise spectroscopy techniques can be used to study
shallow centers affect the performances of a solid-s
device.5 Actually, the noise spectroscopy is generally w
comed in the solid state physics with respect to other stea
state and transient techniques~deep level transient spectro
copy, junction techniques, thermally stimulated conductiv

a!Electronic mail: mazzetti@pol88a.polito.it
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optical techniques6,7!. One of the advantages of the nois
spectroscopy is the high sensitivity. In fact, a continuou
signal produced by the spontaneous fluctuation of the oc
pancy of the levels in stationary conditions is detecte
Moreover, it allows to characterize the semiconductor ma
rials in the actual operative conditions rather than in a devi
ad hocprepared for the measurements to be performed.

In this paper, we report on a noise spectroscopy tec
nique for photoconducting materials. When light impinge
on a photoconductor, generation of electron-hole pairs
ionization of deep donor centers occurs, according to t
value of the light wavelength. Thus a further conductan
fluctuation source adds to the generation–recombination a
to the 1/f noise. The average time constant of the photoe
cited transitions between deep energy levels and conduct
band is in general longer than for the thermally activate
transitions from the shallow levels. This allows to distinguis
the corresponding fluctuations from the g–r and 1/f noise
components in the noise power spectrum. Since these ti
constants depend on the intensity and on the wavelength
the exciting light, the photoconductance noise power spe
trum will change accordingly.8–10

The goal of the papers8–10 was mainly addressed to
check the barrier photoconductance model and the photoc
rent noise theory against several experimental results c
cerning the noise and other physical quantities characteris
of the photoconductive process. In particular, a large set
data concerning the dependence of the photocurrent noise
the light intensity and on the temperature have been repor
respectively in paper9 and.10 In the present paper, it will be
shown that the analytical results of the noise theory can
15599/8/$10.00 © 1996 American Institute of Physics
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used to extract the value of~a! the energy gap and its tem
perature dependence and~b! the spectral dependence of th
photoionization cross section of the deep impurity centers.
order to that, the behavior of the photocurrent noise when
light wavelength changes has been investigated every 5
in the range of visible spectrum, in several CdSxSe12x based
devices. The technique here presented is indeed based o
variation of the photocurrent noise power spectrum as ph
tons with energy close toEgap impinge on the photoconduc-
tor and the value of the device conductance is kept const
by varying the photon flux. It will be shown that the varia
tion of the noise power spectral density with the photon e
ergy yields directly the value of the energy gapEgap. Fur-
thermore, by using the results of the noise theory develop
in Ref. 8, the value of the relative photoionization cross se
tion of the deep donor centers or of the valence band state
a function of the photon energy can be obtained.

Steady state and modulated optical measurements are
standard method to analyze the electronic properties of
energy bands and to evaluate the energy corresponding to
minimum of the forbidden band gap. A deep insight into th
structure of the forbidden energy bands can be achieved
processing the data obtained by the optical measurement
the basis of analytical relationships.6

A reliable estimate of the energy gap and of the optic
properties of the semiconductors can also be obtained by
steady-state and the transient photoelectronic spectrosc
techniques: photocurrent spectral response, photocap
tance, photoconductivity decay, optical and thermal quen
ing of the photoconductance, constant photocurrent spect
copy, dual and multiple beam modulation technique.7,11 By
comparison with other standard photoelectronic methods,
photocurrent noise spectroscopy turns out to be independ
of the photocurrent decay times, whose determination
quires delicate measurements and deconvolution techniq
This is an important aspect of the present method.

In the following section, the theoretical basis of the ph
tocurrent noise spectroscopy is explained. In order to sh
the feasibility and the reliability of the method, experiment
results for a CdS based photoconductor devices are repo
in Sec. III and discussed in Sec. IV.

II. THEORETICAL BACKGROUND OF THE
PHOTOCURRENT NOISE SPECTROSCOPY

As above mentioned, an analytical relationship descr
ing the photoconductance noise power spectrum was
tained in Ref. 8 on the basis of a barrier model of the ph
toconductance. A brief summary of the theory and a fe
analytical relationships useful to a better understanding
the present paper are reported in the Appendix. It is sho
that two noise components, defined respectivelyintrinsic and
photoinducedon the basis of their different origin, can b
distinguished in the power spectrum of the photoconductan
fluctuations. The intrinsic noise component is related to t
generation–recombination and to the trapping–detrapp
processes of the free carriers in shallow centers~g–r and 1/f
noise!, while the photoinduced noise component is genera
by the fluctuation of the number of photoionized cente
~holes or deep donor levels, depending on the light wav
1560 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996

Downloaded¬08¬Mar¬2004¬to¬130.192.10.151.¬Redistribution¬subjec
e
In
the
nm

the
o-

ant
-
n-

ed
c-
s as

the
the
the
e
by
on

al
the
opy
aci-
h-
os-

the
ent
re-
es.

-
ow
al
rted

ib-
ob-
o-
w
of
wn

ce
he
ing

ed
rs
e-

length!. Actually, according to the model, the positive charg
created by the photoionized centers lowers the potential b
rier existing near the electrode–photoconductor interface,
lowing the electron conduction process. For a given devic
the average photoconductanceG will thus depend only on
the average numbernd of ionized centers or trapped holes
The fluctuation of the barrier is a stochastic process th
modulates the electron injection from the electrode into t
photoconductor and gives rise to the photoinduced no
component of the power spectrum. In this section, we sh
show that the photoinduced component of the noise pow
spectrum can be used to get information on the value of t
forbidden energy gap of the photoconductor as well as on
light quantum efficiency of the photosensitive centers.

As shown in the Appendix, the power spectrum of th
photoinduced noise component can be written as

FG
ph~v!5

1

p
~Dg!2nfa(

j

hl
~ j !td

~ j !2

11v2td
~ j !2

, ~1!

whereDg is the photoconductance derivative with respect
the total number of ionized centernd ,nfa is the number of
absorbed photons,hl

( j ) and td
( j ) are, respectively, the contri-

bution to the quantum efficiency and the lifetimes of thej
centers.

At frequency values for which the following condition
holds:

v2td
~ j !2@1, ~2!

Eq. ~1! can be rewritten

FG
ph~v!5

1

p

~Dg!2

v2 nfa(
j

hl
~ j ! . ~3!

Since the quantity( jhl
( j ) corresponds to the total photoion-

ization efficiencyhl , the following equation is obtained:

FG
ph~v!5

1

p

~Dg!2

v2 nfahl . ~4!

According to the Eq.~A5!, this equation can be written as

FG
ph~v!5

1

p

~Dg!2

v2

nd
td
, ~5!

wheretd is the average lifetime of the positive charge andnd
has been defined above. In the ambit of the present mode
photoconductivity, if the wavelength~or the temperature! are
changed while the photoconductanceG is kept constant by
varying the light intensity, the quantitiesnd andDg must not
change. On the contrary, the quantitytd shows an abrupt
increase in correspondence of wavelengths longer th
lgap.

9,10 Thus, if the condition~2! holds, the spectral density
of the photoinduced noise component varies as the inverse
the quantitytd when the photon energy is changed and th
average photoconductance is kept constant. In particu
FG

ph(v) undergoes an abrupt variation in correspondence
lgap, thus allowing to determine the value of the energy ga
of the photoconductor material, as it will be shown in th
following sections.

By solving Eq.~4! with respect tohl , one obtains

hl5
FG

ph~vo!vo
2p

~Dg!2nfa
. ~6!
A. Carbone and P. Mazzetti
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where vo is a value ofv for which the condition~2! is
satisfied.

Since, as stated above,Dg does not vary when the light
wavelength changes, the relative variations ofhl with the
photon energy are determined only by the variations of t
photoinduced noise spectral densityFG

ph(vo) and of the pho-
ton flux nfa , needed to keep the photoconductanceG con-
stant.

According to the theory, since at high light intensity, th
quantityDg will tend to the constantg defined by

g5
em

d2
, ~7!

wheree is the elementary charge,m is the electron mobility
andd the interelectrodic distance, the absolute value ofhl

can be obtained from Eq.~6! with a good approximation. It
can be observed that, at high illumination value, the pho
induced noise component of the noise power spectrum va
proportionally toG, which, in its turn, varies linearly with
the photon fluxnf .

8,9 The value ofhl obtained from Eq.~6!
is thus independent of the light intensity, as expected. T
average quantum efficiency is also related to the total pho
ionization cross-sectionsph by the following relationship:

hl5
sph

so
, ~8!

whereso is the average optical cross section of the cente
Thus, Eq.~6! can be written in terms of the photoionizatio
cross section as follows:

sph5
FG

ph~vo!vo
2p

~Dg!2nfa
so . ~9!

As shown in the Appendix, since the quantityso is propor-
tional to the absorption coefficienta, the previous equation
turns out to be practically independent ofa if the condition
as!1 holds, wheres is the film thickness. In this condition,
from Eq. ~9!, since the quantityDg is independent of the
light wavelength, as discussed above, the spectral dep
dence of the photoionization cross section is given by t
inverse of the photon flux multiplied by the noise powe
spectral density. We can thus conclude that the method h
proposed presents several analogies with the constant ph
current method~CPM!, according to which the photoioniza
tion cross section is given by the inverse of the photon nu
ber at constant value of the photoconductance. As alre
cited the change of the noise power spectral density with
light wavelength at constant photoconductance value p
vides the correction to the CPM results, required when t
minority carrier lifetime depends also on the photon energ

In the next section, several experimental results conce
ing the measurements of photocurrent noise power spe
and of other quantities entering Eqs.~6! and ~9! will be re-
ported.

III. EXPERIMENTAL RESULTS

The photocurrent noise measurements have been car
out on commercial photoconductive CdS based devices.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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The experimental setup and the scheme of the electri
circuit used to perform the photocurrent noise measureme
are reported in Ref. 9. An halogen lamp is used as lig
source. The light is sent to a grating monochromator havin
a wavelength resolution of 3 nm. By means of a beam spl
ter and two optical fibers, the monochromatic light is sent
the cryostat containing the sample and to a calibrated pho
cell.

Photocurrent noise measurements have been carried
in the visible region of the light~from 450 to 800 nm! at
different temperatures, ranging from liquid nitrogen to room
temperature. The actual value of the temperature of t
samples has been obtained by measuring the Nyquist no
power spectrum in quasithermal equilibrium under illumina
tion as explained in Ref. 10. To obtain the photoconductan
noise power spectra, the voltage noise power spectrum giv
by the signal analyzer were corrected according to th
equivalent circuit reported in paper.9 In Figs. 1~a!–1~c!,
some typical results concerning the photoconductance no
power spectra at different wavelengths of the incident lig
are shown. The device temperatures were respectively eq
to 295, 235, and 205 K. Lower temperatures brought to th
persistent photoconductance effect and were thus dis
garded. The conductanceG of the sample was kept constan
and equal to 531026 S for all the curves, by changing the
light intensity when the wavelength was changed. A rap
change both of the shape and of the amplitude of the no
power spectra can be observed when the wavelength ta
values near tolgap.

As it has been cleared up in the previous section,
order to obtain the photoionization quantum efficiency, me
surements of the photoconductance noise power spectrum
high light intensity are required. In Fig. 1~d!, the photocon-
ductance noise power spectra are reported for a higher lig
intensity, corresponding to a conductanceG5231025 S.

The power spectral density of the photoinduced nois
componentFG

ph(vo) can be obtained by subtracting the in
trinsic noise component, given by the first term of the Eq
~A1!, from the total noise power spectrum. In Fig. 2, thi
procedure has been applied to two power spectra correspo
ing to a conductanceG5231025 S. In this figure, points
correspond to the total noise power spectra taken resp
tively at l5490 nm andl5510 nm. Continuous and broken
lines correspond, respectively, to the photoinduced and to
intrinsic noise components. The experimental noise pow
spectrum given by the signal analyzer has to be correct
according to theFG(v)5[1/(4p)]FG( f ) before being in-
troduced into the Eqs.~6! and ~9!. In Fig. 3, the spectral
densities of the photoinduced noise component vs lig
wavelength are reported at a frequency of 400 Hz for diffe
ent temperatures.

In Fig. 4, the curves of the photoconductance vs ligh
wavelength~at a constant photon flux! and of the photocon-
ductance noise power spectral density vs wavelength~at con-
stant photoconductance! for a CdSSe compound are re-
ported. These results show the remarkable improvement
the determination of the energy gap achievable by means
the noise technique with respect to the standard spectral
sponse measurements. The reason is that the average ph
1561A. Carbone and P. Mazzetti

t¬to¬AIP¬license¬or¬copyright,¬see¬http://jap.aip.org/jap/copyright.jsp



FIG. 1. Power spectra of the conductance fluctuation noiseFG( f ) taken at different values of the wavelengthl of the incident light, as indicated by the
legend. The average electrical conductance was kept constant for all the spectra, by varying the light intensity. The value of the conductance is 531026 S.
Broken lines represent the limits to which the noise power spectra tend, respectively, forl,450 nm~upper curve! andl.800 nm~lower curve! ~see Fig.3!.
~a! Room temperature;~b! 235 K; ~c! 205 K; ~d! room temperature and conductanceG equal to 231025 S.
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conductance depends on the light wavelength through
parameters: the quantum efficiencyhl and the photoioniza
tion relaxation timetd , whose variations vs waveleng
partly compensate each other. On the contrary, the spe
density of the photoinduced noise component, depends
on td , as Eq.~5! shows.

Finally in Fig. 5, the inverse of the photon number p
unit time nf is reported as a function of the photon wav
length. Each curve has been obtained at constant photo
ductance valueG, corresponding to the value used for t
noise power spectra above reported, respectiv
G5531026 S andG5231025 S. These curves have bee
reported for two different reasons. The first one is that
inverse of photon number enters directly in the Eq.~9! giving
the photoionization cross section. Furthermore, these cu
correspond to the photoionization cross section accordin
the CPM technique providing that the minority carrier lif
time be independent of the photon energy. By compa
1562 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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these results with those obtained in the following sectio
according to the present technique, a noticeable improv
ment will be observed.

IV. DISCUSSION AND CONCLUSION

In this section, the energy gap and the photoionizatio
cross section will be obtained from the experimental resu
reported in the previous section, and compared with the da
already existing in the literature.

From the spectral densities reported in Fig. 3 the ener
gap of the photoconducting material can be determined~for
CdSlgap>500 nm!. The shift oflgap toward the blue region
of the visible spectrum as the temperature decreases
clearly deduced. It turns out to be in good agreement wi
the data reported in the literature, as can be deduced from
following relationship, describing the dependence of th
band state energy on the temperature:12
A. Carbone and P. Mazzetti
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Ec~T!5Ec~0!1bT, ~10!

where the coefficientb takes the valuesb525.231024

eV/K for the CdS.13

Let us now discuss the behavior of the average pho
inization cross sectionsph vs the photon energy. As ex-
plained in Sec. II, the determination ofsph is not directly
obtained from the experimental data of the noise power sp
trum, as for the energy gap. In fact the experimental da
relative to the photocurrent noise have to be processed
cording to the Eq.~6!, which requires that other physica

FIG. 2. Photoinduced noise component~continuous lines! and intrinsic
noise component~broken lines! corresponding to the experimental photocu
rent noise power spectra reported in the same figure~points!. The upper
curves correspond tol5490 nm, the lower tol5510 nm. Photoinduced
noise components of the types shown in this figure are used to obtain
average photoionization efficiency at each value ofl, as explained in Sec.
II.

FIG. 3. Spectral densities of the conductance fluctuation noiseFG( f o) taken
at different temperatures as a function of the wavelengthl of the incident
light. All the curves were taken at the same value of the electrical cond
tanceG5531026 S and correspond to a frequencyf o5400 Hz.
J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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quantities, characteristic of the material, must be known.
particular, it is necessary to determine the number of t
absorbed photonsnfa by suitable optical measurements
However, if the absorption coefficienta or if the sample
thicknesss are such thatas@1, the number of absorbed
photons can be reasonably approximated with the total nu
ber of photons impinging on the active area of the photoco

-

the

c-

FIG. 4. Photoconductance vs light wavelength at constant photon fl
~circles! and photoconductance noise power density at 400 Hz vs lig
wavelength at constant photoconductance~triangles! for a CdSSe compound
~CdS photocell model P368 of the Hamamatsu Optical Detectors Ca
logue!. Comparison between the curves shows that the noise techni
yields a more accurate and univocal determination of the energy g
~lgap5610 nm!.

FIG. 5. Inverse of the photon fluxnf as a function of the light wavelengthl
at constant photoconductance value@respectively,G5231025 S ~triangles!
andG5531026 S ~circles!#. These data have been introduced in the Eq
~6! and ~9! to obtain the average quantum efficiencyhl or the relative
photoionization cross-sectionsph , as explained in Sec. II. The inverse of the
photon flux has been given instead ofnf in order to compare the photocur-
rent noise spectroscopy with the continuous constant photocurrent te
nique.
1563A. Carbone and P. Mazzetti
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Furthermore, if the absolute value ofsph has to be deter-
mined, the electron mobilitym and the interelectrodic dis
tanced of the sample are required.

In Fig. 6, the quantitieshl andsph, obtained from Eqs.
~6! and ~9!, by using the experimental data reported in t
previous section, are shown.

The value ofvo has been chosen in correspondence
f o5400 Hz where the photoinduced noise component
comes 1/f 2 sloped. The photocurrent noise power spectr
densities are thus taken from the curves of Fig. 1~d!. The
value ofg has been obtained taking into account thatd>1
mm for our CdS sample, and the electron mobil
m5331022 m2 V21 s21.14 It resultsg55310215 S.

The behavior ofsph vs photon energy is in good agre
ment with the data obtained by other photoelectro
techniques.15–17 Very similar results concerning the photo
ionization cross section were obtained by Grimmeiss by
ing the photocapacitance technique in CdS:Cu samples
Ref. 17, a similar distribution of the deep energy levels w
obtained by theoretical consideration on the effect of the c
mium vacancies on the electronic structure of the ene
bands in cadmium compounds.

Finally we want to point out that the photoionizatio
cross section can be related to the energyEd of the deep
centers in the forbidden band gap. The first analytical re
tionship betweensph andEd was obtained by Lucovsky

19 by
considering ad-function potential energy model. A modifi
cation of the Lucovsky model by Grimmeiss and Ledebo20

the hard-sphere model21 and other quantum defects mode
have been later proposed.22 In all cases, a threshold of th
sph at an energy value ofEd is obtained. On this account, th
photoionization cross section of Fig. 6 should correspond
a deep energy level located at an energy of about 1.7 e
the band gap. Further results concerning the photoioniza
cross section of several CdSxSe12x compounds~obtained ac-
cording the present technique!, and the corresponding value

FIG. 6. Average photoionization cross-sectionsph ~circles! and average
photoionization efficiencyhl ~triangles! vs photon energy in the region
close to the valence band edge of a typical CdS sample.
1564 J. Appl. Phys., Vol. 80, No. 3, 1 August 1996
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of the deep energy levels~obtained according the Lucovsky
model! will appear in a following paper.23

We can summarize the previous results as follows. As
the case of the constant photocurrent measurements~CPM!,
the noise spectroscopy technique requires to be carried ou
constant average photoconductanceG. The advantage of the
present technique with respect to the CPM is related to t
fact that it does not require the recombination time of th
minority carrier to be constant. This constitutes the ma
difficulty of the CPM method, that have to be preferabl
performed with modulated or transient light to overcome th
problem. The present technique exploits the spontaneo
fluctuation of the photoconductance, and thus the measu
ments are carried out in quasiequilibrium conditions. Th
photocurrent noise spectroscopy thus turns out easier
more reliable, because it does not introduce out-o
equilibrium conditions in the samples to be analyzed. Fu
thermore, as already pointed out in the Introduction, anoth
advantage of the noise spectroscopy technique lies in
possibility to obtain the results directly on the semiconduct
device in its operative conditions, rather than in a suitab
structure as for other high sensitive photoelectronic tec
niques~DLTS, photocapacitance! or for optical method.

APPENDIX: NOISE THEORY

As already mentioned, the current noise theory deve
oped in Ref. 8 is based on a barrier-type photoconducti
model. According to these models, the photoconducting b
havior of a semiconductor device is strongly influenced b
the presence of light sensitive potential barriers. The barr
mechanism assumed to be responsible of the photocond
tivity in CdS and CdSe based devices has been quantitativ
described in paper,8 where a comparison with the experimen
tal data has also been reported. A brief account of this p
cess is given below. In the case of CdS and of CdSe ba
devices with indium electrodes, a potential barrier exists ne
the metal–semiconductor interface. The presence of this b
rier prevents the electrical conduction in the dark. Whe
photons with energy near toEgap imping on the photocon-
ductor, a positive static charge~deep donor centers or
trapped holes according to the wavelength! is created. This
positive charge lowers the potential barrier allowing the ele
tron conduction. The fluctuation of the photoionization pro
cesses, creating the positive static charge, origins a fluct
tion of the height of the barrier, that modulates the char
carrier injection into the photoconductor. The other nois
sources are related respectively to the generatio
recombination and trapping–detrapping processes in shal
centers. They give rise to the well-known 1/f and g–r noise
component commonly found in the semiconductors.

Omitting the details of the analytical development of th
theory, the final expression of the photoconductance no
power spectrumFG~v! is reported below:
A. Carbone and P. Mazzetti
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FG~v!5gDgndtg
^uS~v!u2&

tg
2

12~Dg!2nd
u^S~v!&u2

tg
2 (

j

ajtd
~ j !

11v2td
~ j !2

. ~A1!

In this expressiong is the contribution to the conductanceG
of the device of a single electron in the conduction band
the photoconductor;tg is the average free lifetime of this
electron, in relation to the trapping processes in shallow c
ters; nd is the average number of the ionized deep don
centers or trapped holes in the illumination condition det
mining the conductanceG; Dg is the average increment o
conductance related to the change of barrier height due to
excess ionization of a single deep donor center~or due to a
trapped hole! during its lifetimetd and thus it is, by defini-
tion, the derivative of the conductanceG with respect tond ;
a( j ) is the relative weight of the ionized centers of typej ,
whose lifetime istd

( j ), in the same illumination conditions.
Finally the quantitieŝ uS~v!u2& and u^S~v!&u2 represent,

respectively, the average of the square modulus and
square modulus of the average of the Fourier transform o
square conductance pulse of unitary amplitude and dura
tg
( i ). The distribution of thetg

( i ), which are the individual
electron lifetimes in the conduction band, is discussed in R
8 and is commonly used in the literature to obtain the 1/f and
the g–r noise components.^uS(v)u&2/tg

2 is given by the sum
of a 1/f and of a Lorentzian term, whileu^S(v)&u2/tg

2 is very
nearly a constant, whose value is~2p!21. The plot of
^uS~v!u2& and u^S~v!&u2 vs frequency is reported in Ref. 8.

The first term of Eq.~A1! corresponds to theintrinsic
noisegenerated by trapping–detrapping of free electrons
shallow centers within the photoconducting material, wh
the second term represents thephotoinduced noisecompo-
nent produced by the barrier fluctuation. It has also be
shown that the photoinduced component dominates
whole noise spectrum in the low frequency range and c
tains only quantities obtainable from experiments.

In order to analyze the photoelectronic properties of
deep energy levels, only the photoinduced noise compon
of the noise power spectrum has to be considered. Actua
the photoinduced noise component is strongly affected
the distribution of the deep energy levels. The intrinsic no
component depends very slightly on the photon energy of
incident light through the distribution of the electron life
timestg

( i ), as explained in Ref. 8.
Taking into account thatu^S(v)&u2/tg

2;(2p)21, the
photoinduced noise component can be rewritten in the s
plified form:

FG
ph~v!>

1

p
~Dg!2nd(

j

ajtd
~ j !

11v2td
~ j !2

, ~A2!

where the termsaj are defined by

a~ j !5
n~ j !

nd
. ~A3!

In this equation,n( j ) is the number of ionized centers of typ
( j ), defined as follows:
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wherenfa is the number of absorbed photons andhl
( j ) is the

photoionization efficiency of thej centers.24 The quantitynd
is the total number of ionized centers and has been define
follows:

nd5hlnfatd , ~A5!

wherehl andtd are the average value of the correspond
quantities in the Eq.~A4! all over the ionized center.

The photoinduced noise component thus results in

FG
ph~v!>

1

p
~Dg!2nfa(

j

hl
~ j !td

~ j !2

11v2td
~ j !2

. ~A6!

Since the photoionization efficiencyhl
( j ) is related to the

photoionization cross-sectionsph
( j ) by the following relation-

ship:

sph
~ j !5n l

~ j !s0, ~A7!

whereso is the total optical absorption cross section, E
~A6! becomes

FG
ph~v!>

1

p
~Dg!2

nfa
so

(
j

sph
~ j !td

~ j !2

11v2td
~ j !2

. ~A8!

The quantitiesso andnfa in the previous equation are bo
dependent on the absorption coefficienta. The optical cross
section is indeed related to the absorption coefficienta by
the following relationship~see Ref. 7, Vol. 1, p. 323!:

so5
a

Nv
, ~A9!

Nv being the concentration of the centers absorbing the li
The quantitynfa can be expressed in terms of the a

sorption coefficienta in the simple following form:

nfa5nf~12r !~12e2as!, ~A10!

wherenf is the total number of photons impinging on t
photoconductor surface,r is the reflection coefficient ands is
the sample thickness.

Taking into account Eqs.~A9! and ~A10!, and that the
conditionas !1 is generally valid for thin films, the photo
induced noise component can be further simplified:

FG
ph~v!>

1

p
~Dg!2nf~12r !Nvs(

j

sph
~ j !td

~ j !2

11v2td
~ j !2

, ~A11!

which turns out to be independent of the absorption coe
cienta.
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