Current noise spectroscopy of deep energy levels in photoconductors
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According to a barrier photoconductance theory recently developed, two current noise sources can
be envisaged, related respectively to the fluctuation of the barrier hgilatoinduced noise
componentand to the trapping—detrapping processes in shallow states within the photoconducting
material(g—r and 1f noise componeptlt 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 Physidss0021-89766)00315-3

I. INTRODUCTION optical techniqués’). One of the advantages of the noise
spectroscopy is the high sensitivity. In fact, a continuous
The interest in the study of the spontaneous conductanasignal produced by the spontaneous fluctuation of the occu-
fluctuations is mainly related to the attempt to improve thepancy of the levels in stationary conditions is detected.
performances of an electronic devicélowever, in many  Moreover, it allows to characterize the semiconductor mate-
cases, the analysis of the conductance fluctuations is a powals in the actual operative conditions rather than in a device
erful tool to obtain detailed informations about the physicalad hocprepared for the measurements to be performed.
mechanism to which they are related. In particular, for semi-  |n this paper, we report on a noise spectroscopy tech-
conductor materials, the fluctuation of the electrical conducnique for photoconducting materials. When light impinges
tance shows some features which are related to the process§s a photoconductor, generation of electron-hole pairs or
of generation—recombinatioig—r nois¢ and trapping— jonization of deep donor centers occurs, according to the
detrapping(1/f noise of the carriers. Since the pioneering value of the light wavelength. Thus a further conductance
work of McWorther} the current noise spectroscopy hasfluctuation source adds to the generation—recombination and
been therefore considered a powerful tool to analyze they the 1f noise. The average time constant of the photoex-
electronic states in the forbidden energy gap of the semicortited transitions between deep energy levels and conduction
ductor materialysee Ref. 4 for a review It is commonly  pand is in general longer than for the thermally activated
recognized that the absolute value of the noise power spegransitions from the shallow levels. This allows to distinguish
trum is in fact related to the total number of electronic stateshe corresponding fluctuations from the g—r andl apise
taking part to the fluctuation process, while, if the transitionscomponents in the noise power spectrum. Since these time
from and to the localized levels are thermally activated, the;onstants depend on the intensity and on the wavelength of
cutoff frequency 12wr,) provides information about the ac- the exciting light, the photoconductance noise power spec-
tivation energy and the capture cross-section area of the shalym will change accordingl§°
low energy levels. A wide literature exists, showing thatthe  The goal of the papetsl® was mainly addressed to
noise spectroscopy techniques can be used to study hoyheck the barrier photoconductance model and the photocur-
shallow centers affect the performances of a solid-statgent noise theory against several experimental results con-
device: Actually, the noise spectroscopy is generally Wel- cerning the noise and other physical quantities characteristic
comed in the solid state physics with respect to other steadyst the photoconductive process. In particular, a large set of
state and transient techniqueieep level transient Spectros- gata concerning the dependence of the photocurrent noise on
copy, junction techniques, thermally stimulated conductivity,ihe Jight intensity and on the temperature have been reported
respectively in papérand!® In the present paper, it will be
dElectronic mail: mazzetti@pol88a.polito.it shown that the analytical results of the noise theory can be
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used to extract the value ¢&) the energy gap and its tem- length. Actually, according to the model, the positive charge
perature dependence afty) the spectral dependence of the created by the photoionized centers lowers the potential bar-
photoionization cross section of the deep impurity centers. Imier existing near the electrode—photoconductor interface, al-
order to that, the behavior of the photocurrent noise when thiowing the electron conduction process. For a given device,
light wavelength changes has been investigated every 5 nthe average photoconductanGewill thus depend only on

in the range of visible spectrum, in several C88 _, based the average numbery of ionized centers or trapped holes.
devices. The technique here presented is indeed based on flike fluctuation of the barrier is a stochastic process that
variation of the photocurrent noise power spectrum as phomodulates the electron injection from the electrode into the
tons with energy close t&y,,impinge on the photoconduc- photoconductor and gives rise to the photoinduced noise
tor and the value of the device conductance is kept constamiomponent of the power spectrum. In this section, we shall
by varying the photon flux. It will be shown that the varia- show that the photoinduced component of the noise power
tion of the noise power spectral density with the photon enspectrum can be used to get information on the value of the
ergy yields directly the value of the energy gBp,,. Fur-  forbidden energy gap of the photoconductor as well as on the
thermore, by using the results of the noise theory developelight quantum efficiency of the photosensitive centers.

in Ref. 8, the value of the relative photoionization cross sec- As shown in the Appendix, the power spectrum of the
tion of the deep donor centers or of the valence band states pbotoinduced noise component can be written as

a function of the photon energy can be obtained. 1 nQ)TE,“Z
Steady state and modulated optical measurements are the d)%h(w) =—(AQ)n¢, 2 PR (@)
standard method to analyze the electronic properties of the . I 1t oty

energy bands and to evaluate the energy corresponding to thgere g is the photoconductance derivative with respect to
minimum of the forbidden band gap. A deep insight into theine total number of ionized centey,n;, is the number of
structure of the forbidden energy bands can be achieved byygorped photon97§\” and 7.&1‘) are, respectively, the contri-
processing the data obtained by the optical measurements @ftion to the quantum efficiency and the lifetimes of jhe
the basis of analytical relationships. centers.

A reliable estimate of the energy gap and of the optical At frequency values for which the following condition
properties of the semiconductors can also be obtained by thg,qs:
steady-state and the transient photoelectronic spectroscopy , (j2
techniques: photocurrent spectral response, photocapaci- worg’ >1, @
tance, photoconductivity decay, optical and thermal quenchiq. (1) can be rewritten
ing of the photoconductance, constant photocurrent spectros- 1 (Ag)? _

N 7 (3)

copy, dual and multiple beam modulation technigd&By DY(w)=
comparison with other standard photoelectronic methods, the ,
photocurrent noise spectroscopy turns out to be independefince the quantity; 7 corresponds to the total photoion-
of the photocurrent decay times, whose determination reization efficiencyz, , the following equation is obtained:
quires delicate measurements and deconvolution techniques. oh 1 (Ag)?
This is an important aspect of the present method. G(w)= P Nia?y - 4

In the following section, the theoretical basis of the pho- ) ] ) ]
tocurrent noise spectroscopy is explained. In order to sho/ccording to the qu%)’ this equation can be written as
the feasibility and the reliability of the method, experimental O 10) = 1 (Ag)" ng ®)
results for a CdS based photoconductor devices are reported ~ © T w2 79’
in Sec. Il and discussed in Sec. IV.

v w2

where is the average lifetime of the positive charge aRd
has been defined above. In the ambit of the present model of
photoconductivity, if the wavelengtior the temperatujeare
changed while the photoconductan@eis kept constant by

As above mentioned, an analytical relationship describvarying the light intensity, the quantities; andAg must not
ing the photoconductance noise power spectrum was olzhange. On the contrary, the quantity shows an abrupt
tained in Ref. 8 on the basis of a barrier model of the phoincrease in correspondence of wavelengths longer than
toconductance. A brief summary of the theory and a fevv)\gap.g'10 Thus, if the condition(2) holds, the spectral density
analytical relationships useful to a better understanding obf the photoinduced noise component varies as the inverse of
the present paper are reported in the Appendix. It is showtthe quantityry when the photon energy is changed and the
that two noise components, defined respectiygiiynsicand  average photoconductance is kept constant. In particular,
photoinducedon the basis of their different origin, can be <I>th(w) undergoes an abrupt variation in correspondence of
distinguished in the power spectrum of the photoconductancky,,, thus allowing to determine the value of the energy gap
fluctuations. The intrinsic noise component is related to theof the photoconductor material, as it will be shown in the
generation—recombination and to the trapping—detrappinépllowing sections.
processes of the free carriers in shallow centgrs and 1f By solving Eq.(4) with respect toz, , one obtains
noise, while the photoinduced noise component is generated

Il. THEORETICAL BACKGROUND OF THE
PHOTOCURRENT NOISE SPECTROSCOPY

ph 2
by the fluctuation of the number of photoionized centers A:(I)G(“’OZ)“’OW ©6)
(holes or deep donor levels, depending on the light wave- (Ag)nia
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where w, is a value ofw for which the condition(2) is The experimental setup and the scheme of the electrical
satisfied. circuit used to perform the photocurrent noise measurements
Since, as stated abovAg does not vary when the light are reported in Ref. 9. An halogen lamp is used as light
wavelength changes, the relative variationssgfwith the  source. The light is sent to a grating monochromator having
photon energy are determined only by the variations of thea wavelength resolution of 3 nm. By means of a beam split-
photoinduced noise spectral densttﬂh(wo) and of the pho- ter and two optical fibers, the monochromatic light is sent to
ton flux n¢,, needed to keep the photoconducta@eon- the cryostat containing the sample and to a calibrated photo-

stant. cell.
According to the theory, since at high light intensity, the Photocurrent noise measurements have been carried out
qguantity Ag will tend to the constang defined by in the visible region of the lightfrom 450 to 800 nm at
en different temperatures, ranging from liquid nitrogen to room
9=z (7)  temperature. The actual value of the temperature of the

samples has been obtained by measuring the Nyquist noise
wheree is the elementary chargg, is the electron mobility power spectrum in quasithermal equilibrium under illumina-
andd the interelectrodic distance, the absolute valueypf tion as explained in Ref. 10. To obtain the photoconductance
can be obtained from Ed6) with a good approximation. It noise power spectra, the voltage noise power spectrum given
can be observed that, at high illumination value, the photoby the signal analyzer were corrected according to the
induced noise component of the noise power spectrum variesquivalent circuit reported in paperin Figs. 1a-1(c),
proportionally toG, which, in its turn, varies linearly with some typical results concerning the photoconductance noise
the photon fluxn; .2° The value of, obtained from Eq(6)  power spectra at different wavelengths of the incident light
is thus independent of the light intensity, as expected. Thare shown. The device temperatures were respectively equal
average quantum efficiency is also related to the total photato 295, 235, and 205 K. Lower temperatures brought to the

ionization cross-sectiony, by the following relationship: persistent photoconductance effect and were thus disre-
o garded. The conductané of the sample was kept constant
n=—2, (8) and equal to %10 ° S for all the curves, by changing the
0o

light intensity when the wavelength was changed. A rapid
whereo, is the average optical cross section of the centerschange both of the shape and of the amplitude of the noise
Thus, Eq.(6) can be written in terms of the photoionization power spectra can be observed when the wavelength takes
cross section as follows: values near toy,,
ph 2 As it has been cleared up in the previous section, in
Pel@o) @om der to obtain the photoionizati ffici
Toh=— g . (99  order to obtain the photoionization quantum efficiency, mea-
(Ag)“n¢y surements of the photoconductance noise power spectrum at

As shown in the Appendix, since the quantity is propor- high light intensity are required. In Fig(d), the photocon-
tional to the absorption coefficient, the previous equation ductance noise power spectra are reported for a higher light
turns out to be practically independent @ff the condition  intensity, corresponding to a conductar@e2x10™° S.
as<1 holds, wheres is the film thickness. In this condition, The power spectral density of the photoinduced noise
from Eq. (9), since the quantit\g is independent of the componentb2Y(w,) can be obtained by subtracting the in-
light wavelength, as discussed above, the spectral depeffinsic noise component, given by the first term of the Eq.
dence of the photoionization cross section is given by théAl), from the total noise power spectrum. In Fig. 2, this
inverse of the photon flux multiplied by the noise powerprocedure has been applied to two power spectra correspond-
spectral density. We can thus conclude that the method hetg to a conductanc&=2x10"° S. In this figure, points
proposed presents several analogies with the constant photeerrespond to the total noise power spectra taken respec-
current methodCPM), according to which the photoioniza- tively atA=490 nm and\=510 nm. Continuous and broken
tion cross section is given by the inverse of the photon numlines correspond, respectively, to the photoinduced and to the
ber at constant value of the photoconductance. As alreadyitrinsic noise components. The experimental noise power
cited the change of the noise power spectral density with thépectrum given by the signal analyzer has to be corrected
light wavelength at constant photoconductance value proaccording to thebg(w)=[1/(4m)]Ps(f ) before being in-
vides the correction to the CPM results, required when thdéroduced into the Eqgs(6) and (9). In Fig. 3, the spectral
minority carrier lifetime depends also on the photon energydensities of the photoinduced noise component vs light
In the next section, several experimental results concerrwavelength are reported at a frequency of 400 Hz for differ-
ing the measurements of photocurrent noise power spectent temperatures.
and of other quantities entering Ed8) and (9) will be re- In Fig. 4, the curves of the photoconductance vs light
ported. wavelength(at a constant photon flipand of the photocon-
ductance noise power spectral density vs waveletajtbon-
stant photoconductancdor a CdSSe compound are re-
IIl. EXPERIMENTAL RESULTS ported. These results show the remarkable improvement in
the determination of the energy gap achievable by means of
The photocurrent noise measurements have been carri¢lde noise technique with respect to the standard spectral re-
out on commercial photoconductive CdS based devices. sponse measurements. The reason is that the average photo-
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FIG. 1. Power spectra of the conductance fluctuation ndigéf ) taken at different values of the wavelengttof 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 conductant&is 5
Broken lines represent the limits to which the noise power spectra tend, respectively;460 nm(upper curvg and\>800 nm(lower curve (see Fig.3.

(@) Room temperaturep) 235 K; (c) 205 K; (d) room temperature and conductar@eequal to 2107° S.

conductance depends on the light wavelength through twthese results with those obtained in the following section
parameters: the quantum efficiengy and the photoioniza- according to the present technique, a noticeable improve-
tion relaxation timery, whose variations vs wavelength ment will be observed.

partly compensate each other. On the contrary, the spectral

density of the photoinduced noise component, depends onll)</_ DISCUSSION AND CONCLUSION

on 74, as Eq.(5) shows.

Finally in Fig. 5, the inverse of the photon number per In this section, the energy gap and the photoionization
unit time n; is reported as a function of the photon wave- cross section will be obtained from the experimental results
length. Each curve has been obtained at constant photocoreported in the previous section, and compared with the data
ductance valués, corresponding to the value used for the already existing in the literature.
noise power spectra above reported, respectively, From the spectral densities reported in Fig. 3 the energy
G=5%x10"°S andG=2x10"° S. These curves have been gap of the photoconducting material can be determitied
reported for two different reasons. The first one is that theCdS\y,;=500 nm. The shift ofAy,,toward the blue region
inverse of photon number enters directly in the B .giving  of the visible spectrum as the temperature decreases is
the photoionization cross section. Furthermore, these curvedearly deduced. It turns out to be in good agreement with
correspond to the photoionization cross section according tthe data reported in the literature, as can be deduced from the
the CPM technique providing that the minority carrier life- following relationship, describing the dependence of the
time be independent of the photon energy. By comparingand state energy on the temperattfre:
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FIG. 2. Photoinduced noise componefebntinuous lines and intrinsic  F|G. 4. Photoconductance vs light wavelength at constant photon flux
noise componertbroken lineg corresponding to the experimental photocur- (circleg and photoconductance noise power density at 400 Hz vs light
rent noise power spectra reported in the same fignoints. The upper  wayvelength at constant photoconductaftdangles for a CdSSe compound
curves correspond ta=490 nm, the lower t\=510 nm. Photoinduced (cds photocell model P368 of the Hamamatsu Optical Detectors Cata-
noise components of the types shown in this figure are used to obtain th@gue)_ Comparison between the curves shows that the noise technique
ﬁverage photoionization efficiency at each value\phs explained in Sec.  yields a more accurate and univocal determination of the energy gap
: (\gap=610 n).

E.(T)=E.(0)+ 8T, (10 guantities, characteristic of the material, must be known. In

where the coefficient3 takes the valuegd=—5.2x10"* particular, it is necessary to determine the number of the
eV/K for the Cds3 ' absorbed photons;, by suitable optical measurements.

Let us now discuss the behavior of the average photo,'[-:]c.)vl\iever’ if the abio,:ﬁt';n >c$eftf;1mertt orb|f thf st?mptl)e q
inization cross sectiorr,, vs the photon energy. As ex- ICKNESSS are suc alas>21, the number ol absorbe

plained in Sec. II, the determination of, is not directly photons can be reasonably approximated with the total num-

obtained from the experimental data of the noise power spe@-er of photons impinging on the active area of the photocon-

trum, as for the energy gap. In fact the experimental data
relative to the photocurrent noise have to be processed ac-

cording to the Eq.6), which requires that other physical 107"
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FIG. 5. Inverse of the photon flux; as a function of the light wavelengih
at constant photoconductance valuespectivelyG=2x10"° S (triangles
Alam] and G=5x10"% S (circles]. These data have been introduced in the Egs.

(6) and (9) to obtain the average quantum efficiengy or the relative

FIG. 3. Spectral densities of the conductance fluctuation rbjgd ;) taken photoionization cross-sectiar,,, as explained in Sec. Il. The inverse of the

at different temperatures as a function of the wavelengtf the incident photon flux has been given insteadrgfin order to compare the photocur-

light. All the curves were taken at the same value of the electrical conducrent noise spectroscopy with the continuous constant photocurrent tech-

tanceG=5x10° S and correspond to a frequenty=400 Hz. nigue.

450 475 500 525 550
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of the deep energy levelgbtained according the Lucovsky
mode) will appear in a following papetr®
We can summarize the previous results as follows. As in
the case of the constant photocurrent measurent@f),
the noise spectroscopy technique requires to be carried out at
constant average photoconducta®eThe advantage of the
present technique with respect to the CPM is related to the
fact that it does not require the recombination time of the
minority carrier to be constant. This constitutes the main
difficulty of the CPM method, that have to be preferably
performed with modulated or transient light to overcome this
problem. The present technique exploits the spontaneous
fluctuation of the photoconductance, and thus the measure-
ments are carried out in quasiequilibrium conditions. The
3.0 photocurrent noise spectroscopy thus turns out easier and
holeV] more reliable, because it does not introduce out-of-
equilibrium conditions in the samples to be analyzed. Fur-
FIG. 6. Average photoionization cross-sectiop, (circles and average thermore, as already pointed out in the Introduction, another
photoionization efficiencyz, (triangles vs photon energy in the region advantage of the noise spectroscopy technique lies in the
close to the valence band edge of a typical CdS sample. I . . .
possibility to obtain the results directly on the semiconductor
device in its operative conditions, rather than in a suitable

ductor surface corrected only for the reflection coefficientStructure as for other high sensitive photoelectronic tech-
Furthermore, if the absolute value of,, has to be deter- niques(DLTS, photocapacitanger for optical method.
mined, the electron mobilityx and the interelectrodic dis-
tanced of the sample are required.
In Fig. 6, the quantitiesy, and oy, obtained from Eqgs.
(6) and (9), by using the experimental data reported in the
previous section, are shown. APPENDIX: NOISE THEORY
The value ofw, has been chosen in correspondence of _ _
f,=400 Hz where the photoinduced noise component be- AS already mentioned, the current noise theory devel-
comes 1f2 sloped. The photocurrent noise power spectrunPPed in Ref. 8 is based on a barrier-type photoconduction
densities are thus taken from the curves of Figl)1The model. According to these models, the photoconducting be-
value ofg has been obtained taking into account tHatl ~ havior of a semiconductor device is strongly influenced by
mm for our CdS sample, and the electron mobility the presence of light sensitive potential barriers. The barrier
u=3x102m?V ts 1Mt resultsg=5x10"1°S. mechanism assumed to be responsible of the photoconduc-
The behavior ofoy, vs photon energy is in good agree- tivity in CdS and CdSe based devices has been quantitatively
ment with the data obtained by other photoelectronicdescribed in papétwhere a comparison with the experimen-
techniques®~!’ Very similar results concerning the photo- tal data has also been reported. A brief account of this pro-
ionization cross section were obtained by Grimmeiss by Uscess is given below. In the case of CdS and of CdSe based
ing the photocapacitance technique in CdS:Cu samples. Igevices with indium electrodes, a potential barrier exists near
Ref. 17, a similar distribution of the deep energy levels washe metal-semiconductor interface. The presence of this bar-
obtained by theoretical consideration on the effect of the cadgg, prevents the electrical conduction in the dark. When
mium vacancies on the electronic structure of the e”erg%hotons with energy near ty,, imping on the photocon-
bands in cadmium compoqnds. ... ductor, a positive static chargéleep donor centers or
Finally we want to point out that the photoionization trapped holes according to the wavelengthcreated. This

cross section can be related to the enelgyof the deep e . . .
centers in the forbidden band gap. The first analytical relaposmve charge lowers the potential barrier allowing the elec-

tionship betweermr,, andEy was obtained by Lucovsky by tron conductiqn. The flugtgation O.f the photoio.n?zation pro-
considering as-function potential energy model. A modifi- cesses, creatl_ng the posmve_statlc charge, origins a fluctua-
cation of the Lucovsky model by Grimmeiss and Led&ho, tion of the height of the barrier, that modulates the charge
the hard-sphere mod@land other quantum defects models C&rTier injection into the photoconductor. The other noise
have been later proposédin all cases, a threshold of the Sources are related respectively to the generation—
opnat an energy value d is obtained. On this account, the récombination and trapping—detrapping processes in shallow
photoionization cross section of Fig. 6 should correspond t&enters. They give rise to the well-knownf Hnd g—r noise

a deep energy level located at an energy of about 1.7 eV igomponent commonly found in the semiconductors.

the band gap. Further results concerning the photoionization Omitting the details of the analytical development of the
cross section of several CdS®y _, compoundgobtained ac- theory, the final expression of the photoconductance noise
cording the present techniguend the corresponding values power spectrumbg(w) is reported below:

Ton [a.u.]
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<|S(w)|2> n(“:n(”n T(j), (Ad)

Pg(w)=gAgngrg ——>— N e .
Ty wheren, is the number of absorbed photons ayfl is the

0 photoionization efficiency of thg centers* The quantityng

|<S(‘2)>|2 z a7y

+2(Ag)2ng . 2 (A1) s the total number of ionized centers and has been defined as
7y T 1t ow’rd follows:
In this expressioly is the contribution to the conductanGe Ng= 7\N¢aTq (A5)

of the device of a sing_le electron in the condugtion banq 0(Nhere 7, and 74 are the average value of the corresponding
the photoconductory, is the average free lifetime of this quantities in the Eq(A4) all over the ionized center.

electron,_ in relation to the trapping processes in shallow cen- The photoinduced noise component thus results in
ters; nq is the average number of the ionized deep donor

centers or trapped holes in the illumination condition deter- 1
mining the conductanc6&; Ag is the average increment of D)= p (Ag)%n; >,
conductance related to the change of barrier height due to the )
excess ionization of a single deep donor cefiterdue to a  Since the photoionization efficiency{ is related to the
trapped holg during its lifetime 7y and thus it is, by defini-  photoionization cross-sectian(}) by the following relation-
tion, the derivative of the conductanGewith respect tag;  ship:
al) is the relative weight of the ionized centers of tyjpe WD )
whose lifetime is7{)’, in the same illumination conditions. Tph =N \"00; (A7)
Finally the quantities(|S(w)|?) and (S(w))|” represent, where o, is the total optical absorption cross section, Eq.
respectively, the average of the square modulus and thgn6) becomes
square modulus of the average of the Fourier transform of a

02
e

+ wzrgj)z . (A6)

(i) ()2

square conductance pulse of unitary amplitude and duration oh 1 2 Nta 9ph7d
). The distribution of the, which are the individual ~ P8(@)= (A9)* %2 PN (A8)

electron lifetimes in the conduction band, is discussed in Ref.
8 and is commonly used in the literature to obtain tHeald ~ The quantitiess, andng, in the previous equation are both
the g—r noise componenkﬁs(w)bz/ TS is given by the sum dependent on the absorption coefficientThe optical cross
of a 1f and of a Lorentzian term, WhiliéS(w)>|2/r§ isvery  section is indeed related to the absorption coefficiertty
nearly a constant, whose value {@m) . The plot of the following relationshipsee Ref. 7, Vol. 1, p. 333
(|S(w)[>) and [{S(w))|* vs frequency is reported in Ref. 8.

The first term of Eq.(Al) corresponds to thantrinsic 00=Ni, (A9)
noisegenerated by trapping—detrapping of free electrons in v
shallow centers within the photoconducting material, whileN, being the concentration of the centers absorbing the light.
the second term represents thieotoinduced noiseompo- The quantityns, can be expressed in terms of the ab-
nent produced by the barrier fluctuation. It has also beesorption coefficientr in the simple following form:
shown that the photoinduced component dominates the Na=ne(1—1)(1—e 2, (A10)

whole noise spectrum in the low frequency range and con-

tains only quantities obtainable from experiments. where n; is the total number of photons impinging on the
In order to analyze the photoelectronic properties of thephotoconductor surface,is the reflection coefficient arglis

deep energy levels, only the photoinduced noise componetite sample thickness.

of the noise power spectrum has to be considered. Actually, Taking into account Eq4A9) and (A10), and that the

the photoinduced noise component is strongly affected bgonditionas <1 is generally valid for thin films, the photo-

the distribution of the deep energy levels. The intrinsic noisénduced noise component can be further simplified:

component depends very slightly on the photon energy of the i) ()2
incident light through the distribution of the electron life- q)ph(w)gi (Ag)2n(1—1)N,s> OphTd (A11)
times 7y, as explained in Ref. 8. ¢ w f U 1w

Taking into account tha{(S(w))|*/ 75~ (2m) ", the

photoinduced noise component can be rewritten in the simWhiCh turns out to be independent of the absorption coeffi-

plified form: cient o
1 a-rf,”
O (w)== (Ag)*ng>, ‘2 o (A2) S _ o
m J 0] TdJ LA. Van der Ziel,Noise in Solid State Devices and Circui@/iley, New
York, 1989.
where the termaj are defined by 2A. Van der Ziel, Fluctuation Phenomena in Semi-ConductdButter-
worths, London, 1959
. n(j) 3A. L. Mc Worther, 1f Noise and Related Surface Effects in Germanium
al)=—:. (A3) (Massachusetts Institute of Technology, Lexington, MA, 1955 Report No.
Ng 80); A. L. Mc Worther, in Semiconductor Surface Physigdsniversity of

. . i) : L. Pennsylvania Press, 1957
In this equationn®’ is the number of ionized centers of type 4g g jones, IEEE Trans. Electron Devicés 11 (1994).

(j), defined as follows: 5M. J. Kirton and M. J. Uren, Adv. Physi@38, 367 (1989.
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