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We report the observation of oscillatory features~OFs! in the photoreflectance~PR! and contactless
electroreflectance~CER! spectra of CdTe films grown on Si substrate, at energies below the band
gap of CdTe. The simultaneous observation of OF in the reflectance (R) spectrum having the same
period as those in the PR and CER spectra~as also their dependence on film thickness! provides a
direct proof for optical interference effects as being the source of these features. However, in the
present case the amplitude of the OF gets damped towards shorter wavelengths while remaining
nearly wavelength independent in the longer wavelength region indicating a modulation mechanism
different from those reported earlier. A series of experiments and simulations performed by us seem
to indicate that while in PR the principal mechanism is the pump beam induced periodic temperature
changes which in turn modulates the optical path length of the CdTe film, in CER the mechanism
is the electric field induced modulation of the subband gap refractive index of the film through the
electro-optic effect. The damping of the OF has been explained on the basis of subband gap
absorption by the CdTe film. ©1997 American Institute of Physics.@S0021-8979~97!09009-9#
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I. INTRODUCTION

Photoreflectance~PR! and contactless electroreflectan
~CER!1 spectroscopies are becoming widely used tools
studying the electronic energy levels of semiconductors
their heterostructures. A host of other physical proper
which are either influenced by or influence the electro
structure of these materials have also been investigate
this technique.1,2 It has been extensively used in the study
thin multilayered semiconductor structures such as quan
wells and superlattices. However apart from the features
to direct interband transitions~DITs!, a typical spectrum can
have oscillatory features at energies higher than the
which can be either Franz–Keldysh oscillations2,3 or transi-
tions associated with unconfined states4 in quantum wells. At
energies below the fundamental gap it can have features
to impurities1 and also oscillatory features~OFs! due to in-
terference effects.5–7 In fact, in quantum wells and superla
tices, interference effects play a major role in determin
the lineshapes associated with the interband transitions8–13

These OF often distort the lineshapes of the signals ass
ated with interband transitions which makes it difficult to
conventional lineshape functions to them and thereby
loses a lot of information. Thus the study of interferen
effects in these spectra is important for proper analysis
interpretation of the features seen in them.

Huanget al.5 were the first to show that the subband g
OF in a PR spectrum arises due to interference effects. T
showed that the modulation of the refractive index of
doped substrate by the pump laser beam gave rise to
flected beam at the film-substrate interface in phase with
laser chopping. This beam interfered with the beam reflec
from the film-air interface giving rise to the OF. These fe
tures were then used by Kallergiet al.6 to measure homo

aElectronic mail: sangho@tifrvax.tifr.res.in
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layer thickness of GaAs films on doped GaAs substra
Thereafter, Lipsanenet al.7 showed that one can observ
such features even in case of films grown on undoped s
strates with short subband gap PR tails. All that was requ
was that the film be sufficiently thick so that the period of t
OF was small enough for some to be seen before they
damped out. Two modulation mechanisms were proposed
the change in the refractive index of the substrate. The
was the electric field induced changes in the subband
dielectric function through the Franz–Keldysh effect. T
field changes at the interface were produced either
electron-hole pairs generated by the pump laser beam re
ing the substrate or by charges produced at the surface
fusing towards the interface. The second mechanism p
posed was the pump beam induced modification of
occupancy of the impurity band tail states which in tu
would modify the absorption and hence the refractive ind
of the substrate. Both these mechanisms give rise to str
damping of the OF away from the band gap towards low
energies which was consistent with their experimental ob
vations.

In this article we report the observation of OF in the P
and CER spectra simultaneously with OF in the reflecta
(R) spectra of CdTe films grown on Si substrate, at energ
below the band gap of CdTe. Unlike the previously me
tioned reports, we find that in these spectra the OF sh
damping in the opposite direction~i.e., towards higher ener
gies! and is practically photon energy independent at low
energies suggesting a different modulation mechanism t
the two mentioned earlier. In order to estimate the magnit
of the changes in the optical properties of the sample
quired to produce the OF in PR and CER spectra we p
formed a series of simulations. Thereafter we conside
various physical processes that could give rise to th
changes and present the results of the experiments perfo
to resolve the modulation mechanism.
81(10)/6968/7/$10.00 © 1997 American Institute of Physics
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II. EXPERIMENT

A conventional experimental arrangement1 was used for
obtaining the PR spectrum. It consisted of a 4 mW He–Ne
laser ~632.8 nm line! as the pump beam while the prob
beam was obtained by dispersing light from a 150 W qua
tungsten-halogen lamp using a 0.125 m monochromator w
a 1mm blazed grating. The detector used was a Ge ph
diode. In the CER experiment, the front electrode consis
of a transparent conducting ZnO layer on glass, which w
kept at a distance of 0.5 mm from the sample surface w
the sample itself was fixed on the ground electrode us
vacuum grease. A maximum peak to peak alternating volt
of 3.5 kV was applied to the front electrode~in 3.031024

mbar vacuum! during the CER measurements. Phase se
tive detection of the PR and CER signals was made usin
lock-in amplifier and the data was recorded on a compu
The reflectance of a Au coated mirror was used to m
correction for the spectral response of the measurement
tem. For low temperature measurements the sample
cooled using a closed cycle He refrigerator. Other relev
details of the experimental setup have been describe
Ref. 14.

The samples used in the study were CdTe films gro
on ^100& Si substrates by molecular beam epitaxy. The x-
diffraction measurements show that the CdTe films are
ented in the@111# direction. The epilayer thickness of th
samples studied are approximately 11 and 15mm. As such
the sample surface appears very smooth. However cons
ing the large lattice mismatch (.16.2%) between the film
and the substrate, it is expected that the epilayer cont
misfit dislocations.

III. RESULTS AND DISCUSSION

Figures 1~a!, 1~c! and 1~e! show the experimentalR, PR
and CER spectra, respectively, of one of the samples.
feature near 0.82mm in the PR and CER spectra is due
direct interband transition~DIT! at the fundamental gap o
CdTe. Beyond 0.875mm we see OF in all the spectra. No
that the normalized PR or CER spectrum (DR/R
5 I 0DR/I 0R, whereI 0 represents the measurement system
spectral response,R the sample’s reflectance andDR the
change in reflectance due the external perturbation! can have
OF simply because of its presence inI 0R even though the
I 0DR spectrum may not have any such OF. However
would like to emphasize that in the present case, the
occurs in both theI 0R and theI 0DR spectra.

The OF in theR spectrum is associated with optic
interference. For photon energies smaller than the band
of CdTe, light gets reflected from the air/CdTe as well
from the CdTe/Si interface. These two beams interfere
give rise to the OF in the reflectance spectrum. For pho
energies higher than the band gap of CdTe, the light g
absorbed by the CdTe film, hence the beam reaching
CdTe/Si interface is strongly attenuated and the OF
damped out. This is evident in the spectrum shown in F
1~a!. By considering a model consisting of two dielectr
layers with the top layer having a finite subband gap abso
tion coefficient~Urbach tail! we were able to fit theR spec-
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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trum and obtain the parameters determining the subband g
absorption coefficient. The relevant formulas and paramete
used for fitting are described in the Appendix. The calculate
R spectrum is shown in Fig. 1~b!. We note here that in the
previous reports on this subject5–7 the systems studied were
mainly AlGaAs, InGaAs and GaAs films on doped GaA
substrates with very small difference between the refracti
indices of the film and the substrate, hence the OF in theR

FIG. 1. ~a! The experimental reflectance~R! spectrum of a CdTe film grown
on Si substrate.~b! The simulatedR spectrum which takes into account a
finite subband gap absorption by the CdTe film.~c! Experimental photo-
reflectance~PR! spectrum.~d! Simulated PR spectrum. The OF in PR was
obtained by consideringddCdTe5.01 Å anddnCdTe50.0 in the subband gap
region. The simulated OF fordnCdTe5231027 andddCdTe50.0 is identical.
~e! Experimental contactless electro reflectance~CER! spectrum.~f! Simu-
lated CER spectrum. The OF in CER was by obtained consideringdnCdTe
5 5.83 1026 andddCdTe50.0 in the subband gap region. The simulated O
for ddCdTe5.23 Å andddCdTe50.0 is identical. Note that both the above
simulations reproduce the observed damping of the OF.
6969S. Ghosh and B. M. Arora
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spectra of these samples was not seen. We see such fe
even in theR spectrum in the present case essentially
cause of the large difference between the refractive ind
of the film ~nCdTe;2.9222.76) and the substrat
~nSi;3.6423.5) in thel range 0.875–1.35mm.

Owing to different physical processes giving rise
separate features in a PR spectrum, the lock-in ampl
phase setting at which the amplitude of a particular feat
peaks is different.2 Such a behavior is evident in the PR a
CER spectra of our samples as shown in Fig. 2. We find
the DIT and the OF signals peak at 5.5° and 47.0° in PR
at219.5° and22.0° in CER, respectively, clearly indicatin
that these features have different physical origins. The
that the periods of the OF in the PR and the CER spe
match the period of the OF in theR spectrum provides direc
evidence for optical interference being the source of th
features in the PR and the CER spectra. Also the freque
of the OF in all three spectra increases with CdTe film thi
ness~measurements on the thicker film have not been sho
here! consistent with what is expected on the basis of opt
interference.

PR and CER measurements on the Si substrates gav
signal, indicating that the modulation of the refractive ind
of the substrate cannot be responsible for the OF see
these spectra.5 Therefore the OF in the PR and the CE
spectra must arise because of a modification of the op
path length in the film which occurs in phase with the pe
odic perturbation viz the chopped pump laser beam in

FIG. 2. The dependence of the signal amplitude of the DIT and the OF
the phase setting on the lock-in amplifier. The phase settings are thos
which the DIT signal is a maximum or zero in PR and CER, respectiv
Note that the OF signal does not go to zero for the phase settings at w
the DIT signal is zero.
6970 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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and the high alternating voltage in CER. The optical pa
length may change due to a change in the refractive inde
the CdTe film (dnCdTe), thickness of the CdTe film
(ddCdTe) or both. To estimate the magnitude of the
changes we performed a series of simulations, the detail
which are given in the Appendix. The relativel indepen-
dence of the OF amplitude at longerl prompted us to con-
sider, as a first approximation, al independentdnCdTe.
From the results, shown in Fig. 1~d! and Fig. 1~f!, it is evi-
dent that the inclusion of a finite subband gap absorption
account for the observed damping of the OF at shorterl. To
estimate the upper limits ondnCdTeandddCdTeonly one was
considered at a time. We founddnCdTe ~max! and ddCdTe
~max! to be 231027 and 0.01 Å in PR and 5.831026 and
0.23 Å in CER, respectively. A variety of physical phenom
ena can give rise to these small changes. However, b
filling of the impurity states and Franz–Keldysh mechanis
for change in refractive index~which were the principal
sources of modulation in the previous reports5–7! are ruled
out in the present case since as explained earlier they ca

n
for
.
ich

FIG. 3. ~a! The linear dependence of the DIT amplitude~A! on the loga-
rithm of the pump beam intensity~I ! in PR.Amax andImax correspond to the
maximum amplitude and the maximum pump beam intensity, respectiv
~b! The linear dependence of the OF amplitude~A! on the pump beam
intensity~I ! in PR.~c! The dependence of the DIT and the OF amplitude
the pump beam chopping frequency~f m) in PR. The dashed line is a fit to
the model of Shenet al. ~see Ref. 2!, while the continuous line represent
the solution of Equation~1!.
S. Ghosh and B. M. Arora
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account for thel independence of the amplitude of the OF
longerl. The following section describes the results of t
experiments performed to determine the origin of the
changes inddCdTe anddnCdTe.

A. Photoreflectance

It is known that the amplitude of the DIT transitio
scales logarithmically with the pump beam intensity beca
DR is proportional to the amplitude of the changing surfa
electric field, which in turn varies logarithmically with th
pump beam intensity.15 A plot of the DIT amplitude versus
logarithm of pump beam intensity in our case@Fig. 3~a!#
clearly shows this behavior. However the amplitude of
OF does not follow this trend and instead scales linearly w
the pump beam intensity as shown in Fig. 3~b!. This indi-
cates that the changednCdTeor ddCdTe is not due to the pump
beam induced changes in the electric field. An effect lin
f

t

b
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l
a

r

ng

th

th
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with pump beam intensity would be refractive index modi
cation by the pump beam generated plasma. However
mechanism has to be ruled out as our calculations show
such a phenomenon leads to a wavelength dependent ch
of dnCdTe, varying by a factor of 2 in the range 1.0–1.3
mm, which clearly does not agree with our observation
nearl independence of the OF amplitude in thisl range.

Another possibility is heating of the sample due to t
absorbed pump beam photons. To estimate the rise in t
perature we consider a model consisting of a sample~s
[CdTe! of thicknessds on a backing (b [ Si! placed in a
fluid medium ~l[air! on which is incident a light beam o
intensity I 0(.3.23103 Wm22) chopped at a frequencyf m
~5260 Hz!. The solution due to Mandelis16 gives the ampli-
tude of the change in temperatureDT ~complex quantity! at
the surface to be
DT5
A

as
22ss

2 S ~r21!~h11!essds2~r11!~h21!e2ssds12~h2r !e2asds

~g11!~h11!essds2~g21!~h21!e2ssds D ~1!
n-
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A5
asI 0
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, aj5Ap f m
D j

, Dj5
k j

r j cj
, ~ j[s,b,l !,

ss5~11 i !as , r5~12 i !
as

2as
, h5

abkb

asks
,

g5
alk l

asks
, i5A21,

whereas(.4.63106 m21) is the absorption coefficient o
the sample at the wavelength of the incident light~0.632
mm!, k j is the thermal conductivity,cj is the specific hea
and r j is the density of thej th medium. Using the above
formula and the relevant material parameters given in Ta
I, one getsuDTu.0.005 K. Since the film~CdTe! thickness is
much smaller than its thermal diffusion leng
(LCdTe5A4pk/rs f m .800 mm! the temperature rise wil
be uniform throughout the film. This temperature rise c
cause bothdnCdTe andddCdTe change given by

dnCdTe5S ]nCdTe
]T DDT and ddCdTe5dCdTebDT. ~2!

Using the value of]nCdTe/]T (.1.031024 K21)17 and
that of the linear thermal expansion coefficientb for CdTe
(.4.831026 K21 at room temperature!18 we get dnCdTe
55.031027 andddCdTe.0.003 Å. Thus we see that first fo
the sameDT, the changednCdTe is more important with re-
spect to the origin of the OF as compared to the cha
ddCdTe and second the order of magnitude ofdnCdTe as esti-
mated above matches well with the value estimated from
simulations.

To test the above hypothesis further, we studied
pump beam chopping frequency~f m) dependence of the DIT
and the OF signal amplitude. The results@Fig. 3~c!# show
le

n

e

e

e

that the amplitude of the OF falls off much faster with i
creasingf m ~at smaller frequencies! than that of the DIT.
This again proves that the two features, the OF and the D
have different physical origins. In general the frequency
pendence of the amplitude of the DIT signal arises from
finite trapping time of the photo generated carriers wh
affects the profile of the changing electric field at the surfa
By fitting the model of Shenet al.2 @dashed line in Fig. 3~c!#
we estimate the trapping time to be 0.2 ms. On the ot
hand as shown by the continuous line in Fig 3~c!, which
represents the change in the OF signal amplitude with pu
beam chopping frequency as estimated from Equation~1!,
matches very well with the experimental values giving cle
indication that their origin is related to pump beam induc
temperature variation. In the wavelength range 0.875–1
mm, ]nCdTe/]T has very weakl dependence17 and this
matches well with our observation ofl independence of the
OF amplitude at longerl, while its damping at shorterl is
well explained on the basis of subband gap absorption by
CdTe film as shown in the simulated PR spectrum@Fig.
1~d!#. Thus the above results prove that pump beam indu
temperature modulation is the source of the periodic chan
in the optical path length leading to the OF in the PR sp
trum. It also seems likely that out of the two temperatu
induced changesdnCdTe and ddCdTe, the former makes the
dominant contribution to the change in the optical pa
length of the CdTe film.

B. Contactless electroreflectance

Since in CER there is no conduction current, joule he
ing of the sample is ruled out. Also as shown in Fig. 4~a!, the
amplitude of both the DIT and the OF signals scale linea
with applied high voltage. For the OF, this implies th
6971S. Ghosh and B. M. Arora

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



.
de
ct
uc
fi
n

e

-

fo
d
e
co

in
T

-

ap
E

er
e
i-
t l

n

g
-

-
F
d

he

-
n
-
-
s

-
p-
e

-

y

.

ra

i
d

dnCdTe or ddCdTemust also scale linearly with applied field
Furthermore, the OF amplitude is nearly wavelength in
pendent at longer wavelength. There are two possible ele
field related physical phenomena that may give rise to s
changes having weak wavelength dependence. Since the
is preferentiallŷ 111& oriented there is a possibility of strai
induced by the applied external field~F! through the piezo-
electric effect. In such a case the change in the film thickn
is given by19,20

ddCdTe5
2e14dCdTeF

A3C44
SC1112C1222C44

C1112C12
D , ~3!

wheree14~5 0.031 C m22) is the piezoelectric stress coeffi
cient, C11(55.3331010 N m22), C12(53.6531010

N m22) and C44(52.0431010 N m22) are the elastic
moduli of CdTe.18 Using the above equation we see that
a changeddCdTe 5 0.23 Å the field change required woul
be 1.673104 V cm21, which is much larger than what w
expect in the present experimental arrangement. The se
possibility is the change of refractive indexdnCdTe because
of the electro-optic effect. In the class of semiconduct
compounds, with respect to the electro-optic effect, Cd
has the highest figure of merit defined asn3r 41, wheren is
the refractive index andr 41 is the largest nonzero electro
optic tensor element. The changednCdTe is proportional to

21

dnCdTe.
nCdTe
3 r 41F

2
. ~4!

In the case of CdTe the quantityn3r 41 varies between
(101.6–107.2)310210 cm V21 in the wavelength range
~0.875–1.35mm!21 so the field change required fordnCdTe
55.831026 is .1.13103 V cm21. Thus for the same
value of the change in electric field, the changednCdTe is
much more significant~with respect to the origin of the OF!
than the changeddCdTe. The weak l dependence21 of
n3r 41 is in accordance with our observation of nearl inde-
pendence of the OF amplitude at longerl while its damping
at shorterl is well explained on the basis of subband g
absorption by the CdTe film as shown in the simulated C
spectrum@Fig. 1~f!#. The quantityn3r 41 is expected to reduce
at low temperature mainly due to reduction innCdTe~Ref. 17!
and this should decrease the OF amplitude at low temp
tures. The results of the low temperature CER measurem
presented in Fig. 4~b! clearly show that the OF signal ampl
tude decreases at low temperatures. Note however that a
temperatures the amplitude of the DIT signal@Fig. 4~a!# in-
creases significantly due to a reduction in the phenome

TABLE I. Thermal properties of the various media. These were used
Equation~1! for estimatinguDTu, the values were taken from Refs. 18 an
24.

Thermal Specific Density
conductivity heat

Material ~Wm21K21) ~J Kg21K 21) ~Kg m23)

CdTe 7.0 87.0 5.873103

Si 140.0 700.0 2.333103

Air 0.026 1040.0 1.293100
6972 J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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logical broadening parameterG @see Eq.~8!#. Thus the most
likely source of the change in the optical path length leadin
to the OF in CER seems to be the electro-optic effect in
duced refractive index change of the CdTe film.

IV. CONCLUSION

In conclusion, we have provided direct evidence for op
tical interference being the source of the subband gap O
seen in the modulated reflectance spectra of multilayere
semiconductor structures. Since in the present case, thel
dependence of the OF amplitude cannot be explained on t
basis of Franz–Keldysh or impurity band filling mechanisms
reported earlier in connection with the OF in PR, we per
formed detailed experiments to determine the modulatio
mechanism. The results indicate that for the CdTe/Si struc
ture used in our experiments, the pump beam induced tem
perature modulation resulting in refractive index changes i
the most likely modulation mechanism giving rise to the OF
in PR, while in CER the OF arise due to the electric field
induced changes in the refractive index through the electro
optic effect. We have also been able to account for the dam
ing of the amplitude of the OF in the modulated reflectanc
spectra at shorterl on the basis of a finite subband gap
absorption.
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FIG. 4. ~a! The linear dependence of the DIT and the OF signal amplitude
~A! on the applied high voltage~V! in CER.AmaxandVmax correspond to the
maximum signal amplitude and the maximum applied voltage, respectively
~b! Temperature dependence of the DIT signal amplitude.~c! Temperature
dependence of the OF signal amplitude. The baseline of the 10 K spect
have been shifted down for clarity.
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APPENDIX

The structure considered for modelling the OF in theR
spectrum consists of an absorbing dielectric film~CdTe
[medium 2! on a nonabsorbing dielectric substrate~Si
[medium 3! suspended in a isotropic, homogenous medi
~air [medium 1!. Its reflection coefficient is given by

R5 1
2 ~r sr s*1r pr p* !, ~5!

wherer s(r s* ) andr p(r p* ) are the complex~complex conju-
gate! amplitude reflection coefficients fors andp polarized
incident light for the total structure and are in turn given by22

r s,p5
r 12
s,p1r 23

s,pei4pd~u21 iv2!/l

11r 12
s,pr 23

s,pei4pd~u21 iv2!/l , ~6!

wherel is the wavelength of the incident light in air, an
d is the CdTe film thickness. The quantitiesr 12

s,p andr 23
s,p are

complex amplitude reflection coefficients at the air/CdTe a
CdTe/Si interfaces, respectively. These along with the qu
tities u2 and v2 depend on the real (n) and the imaginary
(k) parts of the refractive indices of the various media, a
the angle of incidence (u1) of the light beam in air. The
detailed formulae relating these quantities are taken fr
Ref. 22. Thenn andk values of Si and CdTe depend onl as
detailed below.

The wavelength dependent values ofnCdTe andnSi were
estimated by fitting a smooth function@n5a1 exp(2a2l)
1 a3) to the data listed in Ref. 17. For thek values we made
the following two assumptions:

~i! In the wavelength range of interest~0.875–1.35mm!
Si has a finite imaginary part the of refractive ind
~7.831023 to , 1.531026).17 However this value is
too small to make a significant difference to the r
flectivity of CdTe/Si interface and so it is taken to b
zero.

~ii ! We see in Fig. 1~a! that as one approaches the ba
gap of CdTe from the longer wavelength side, t
amplitude of the OF is progressively damped ess
tially due to absorption of light by the CdTe film. Th
listed values17 of CdTekCdTeare not sufficiently large
to account for this damping. As such the film is e
pected to have enhanced subband gap absorption
to defects resulting from the large lattice mismat
with the substrate. Therefore to obtainkCdTe vs l we
have considered an average subband gap absor
coefficient (a) consisting of an Urbach tail23 and a
parabolic background of the form

a5a0 expFgS 1.24~1/l21/l0!

kBT
D G1al21bl1c

~l in mm and kBT in eV!, ~7!

wherekB is the Boltzmann constant,T is the temperature
1.24/l0 is band gap energy~eV! of CdTe and 1.24/l is the
incident photon energy~eV!. The parametersa0 , g, a, b and
c are constants.kCdTe is related toa by kCdTe5la/4p.

The value ofl0 is estimated by fitting the PR and CE
feature due to the direct interband transition~DIT! at the
J. Appl. Phys., Vol. 81, No. 10, 15 May 1997
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fundamental gap of CdTe~for l,0.875mm! using the con-
ventional third derivative functional form~TDFF!1

DR/R5ReS Aeif

~E2E01 iG!mD ~8!

whereA is a constant,f is a phase factor,G is the phenom-
enological broadening parameterE51.24/l and E0

5 1.24/l0 . The indexm depends on the dimensionality o
the critical point and is 2.5 in the present case~the funda-
mental gap of CdTe is a 3D critical point!. A linear term is
added to the above equation to account for the nonzero b
ground. The fitted value ofE0 andG are found to be 1.497
eV and 0.034 eV, respectively.

The remaining parametersd, u1, a0 , g a, b andc are
obtained by fitting the experimentalR data with our model.
The values ofd and u1 are found to be 11.55mm and
7.6°, respectively, and are consistent with what we exp
from experimental considerations. The fit gives the values
a0 andg for the subband gap absorption coefficient~in the
wavelength range 0.875–1.35mm! as follows

a~cm21!54.1753103 expF0.4283S 1.24/l21.497

0.025 D G
14.343103l221.1533104l

17.7513103 ~l in mm!.

The fact that the value of the absorption coefficient given
the above equation is much higher than that obtained fr
the data listed in Ref. 17 and the high value ofG is consistent
with our expectation of defects in the film.

The OF in the PR and CER spectra forl greater than
0.875mm can be simulated by calculating the difference
the reflectance of the sample as seen by the probe b
under two conditions:~i! with the modulating perturbation
on ~pump laser beam in PR and high voltage in CER!, and
~ii ! with the perturbation off, i.e.,

DR

R
5S Rpertb. on

Rpertb. off
D21. ~9!

The expression forRpertb. off is also given by Equations
~5!–~8! with nCdTe replaced bynCdTe1 dnCdTe or d replaced
by d1ddCdTe or both as the case may be. The full simulat
spectrum is given by a sum of the above equation and
TDFF equation given earlier. At this stage all the requir
parameters apart fromdnCdTeor ddCdTeare already available
from fitting theR spectrum. The magnitudes of these tw
quantities were determined by comparing the results of
simulations with the experimental PR and CER spectra. T
simulated spectra are shown in Figs. 1~d! and 1~f!.
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