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We report the observation of strongly polarization sensitive sub-band gap oscillatory features in the
contactless electroreflectance spectrum Ghg_,P layers grown on GaA&O01) substrates. At a

given energy in the sub-band gap region, the peak strength of these oscillatory features decreases
from a positive maximum to a negative minimum passing through zero as the polarization of the
incident probe beam is rotated by 90° fr¢al0] direction to[110] direction in the(001) plane. The

origin of this phenomenon is explained on the basis of optical interference coupled with linear
electro-optic effect induced changes in the sub-band gap refractive index of,@Ga IQP layers.
Numerical simulations based on the above mechanism are shown to reproduce the polarization
dependent observations quite well. 98 American Institute of Physics.

[S0021-897€08)04210-9

I. INTRODUCTION CER configuration. As such none of the above mechanisms,
o ) ) including the F—K effect, can account for the observed po-
The study of polarization dependent optical properties Ofrization anisotropy in the OF reported here. An understand-
sem_lconductors give important mfprmatlon about their elec—ing of the mechanism of the subgap refractive index modu-
tronic band structure. In recent times, such measurementgtion leading to the OF can help in separating out its
have been used to study the process of ordering in epitaxigfistorting influence on the DIT lineshapes. In this article we
In,Ga,_,P alloy layers on (00) GaAs substrates. provide an explanation for the observed polarization depen-
Photoluminescenéeand electroreflectantemeasurements dence of the OF on the basis of the linear electro-optic effect
on these samples have shown that the spectral features as§@yuced modulation of the sub-band gap refractive index of
ciated with the direct interband transitidbIT) change as  the epilayer and show that simulations based on this pro-
the polarization of light is rotated frof. 10] to [110] direc-  posed modulation mechanism reproduce the experimental
tion in the (001) plane, in accordance with theoretical ppservations quite well.
predictions? This article deals with polarization dependence
of the oscillatory feature€OF) seen in the electroreflectance
spectra of InGa P samples, at energies lower than the|; ExpPERIMENTAL DETAILS
fundamental DIT energy. It is well established that in the
case of heterostructure samples, these OF arise in modulation The samples used in this study were undopg&Gé_ P
spectroscopy experiments such as photoreflectéP@ebe-  layers grown using metal organic vapor phase epitaxy
cause of a combination of optical interference and sub-banMOVPE), on (001) GaAs substrates with a nonintentionally
gap refractive index modulation of the film or the substratedoped GaAs buffer in between. Polarization sensitive OF
or both® In PR the proposed physical mechanisms responwere observed in many samples out of which we present two
sible for the refractive index modulation giving rise to the cases. In sample A the JGa _,P layer was 2um thick
OF in the sub-band gap region &ii¢ electric field induced while in B it was 1 um thick. In the contactless electrore-
photon assisted sub-band gap tunneling through the FranZflectance(CER® measurements the samples were placed be-
Keldysh(F-K) effect®® (ii) pump beam induced band filling tween two electrodes in a capacitorlike arrangement with the
of the impurity tail states,” and as was shown recenilji)  top electrode kept=0.3 mm from the sample surface. A
pump beam induced periodic modulation of the epilayermaximum of 3.5 kV(pp) sinusoidal voltagg330 H2 was
temperaturé However two of the above mechanisms cannotapplied on the top transparent electrd@@O on glass for
be invoked in the present case because the absence oftie purpose of modulatioll. The probe beam was obtained
pump beam in contactless electroreflectance spectroscofy dispersing light from a 150 W quartz tungsten halogen
(CER) rules out the band filling mechanism or temperaturelamp using a 1/8 m monochromator wits4 nm bandpass
rise due to it. Furthermore, there is no resistive heating in th@nd detected using a silicon photodetector. Phase sensitive
detection of the modulated reflectivity signal was performed
JElectronic mail: sangho@tifrvax.tifr.res.in using a lock-in am'plifier. Polymer fiIm. polarizer; were used
bOn deputation from Center for Advanced Technology, Indore-452 01310 obtain the polarized probe beam with transmission for the
India. orthogonal polarization being smaller than 1% in the wave-
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FIG. 1. Experimental CER spectra of samples(@ and B (b) for two o [1’131‘;)]
orthogonal polarizations of the probe beam al¢hg0] and[110] crystal- ol b e B
lographic directions(c) The measuredcircles and the fitted(line) reflec- 1.5 16 1.7 1.8 1.9
tivity spectra of sample B. The vertical dotted lines show that the peaks of Energy (eV)
the oscillatory features in the CER spectrum coincide with the halfway ) ]
points of the interference oscillations in tRespectrum. FIG. 2. (a) The experimental andb) the simulated CER spectra of the

sample B for different polarizations of the incident probe beam.

length range of interest. The reflectivtir) spectrum was [110] and[110], however it cannot explain the above phe-
normalized using a standard aluminium coated mirror. nomenon especially since it occurs at energies far below the
fundamental gap.
We note here that there is a considerable body of litera-
IIl. RESULTS AND DISCUSSION ture devoted to the study of “spectral rotation” of sub-band
gap features in electroreflectance which has been reviewed
Figures 1a) and 1b) show the CER spectra of the two by Pollak and Shelt The spectral rotation in these cases
samples A and B respectively with the incident probe lightrefers to the energy shift, observed as a phase shift, of the
polarized along th¢110] and[110] crystallographic direc- sub-band gap features with change of the dc bias applied in
tions. The structure in these spectra beyond 1.8 eV is due taddition to the modulating voltage. The strength of these
the DIT at the fundamental gap of the,@e, _,P alloy. The features is strongly damped at energies lower than the fun-
strength of the DIT differs for thg¢110] and the[110] po- damental gap. In these cases, interference effects due to re-
larizations due to ordering which is commonly observed infractive index modulation caused lj) exciton quenching
these material® However the most prominent difference be- and(ii) F—K effect under inhomogenous fields have been put
tween the two light polarizations alorfd10] and[110] is  forth as the causes giving rise to this phenomenon. In our
the “phase rotation” of the OF seen at energies below thecase, the spectral rotation with variation in the polarization
In,Ga, _,P band gap DIT. A more detailed study shows thatof light is evidently quite different from the above mentioned
the peak strength of these OF actually decreases gradualphenomenon. The distinguishing features of the phenomenon
from a positive maximum to a negative minimum passingobserved by us arg@) for a given polarization the amplitude
through zero as the polarization of the incident probe beam ief the OF remains practically unchanged even upto 380 meV
rotated by 90° fronf 110] direction to[110] direction in the ~ below the band gagii) strong anisotropy betweg10] and
(001) plane. This is depicted in the CER spectra of the[110] directions resulting in a 180° phase reversal of the OF
sample B in Fig. 23) for various polarizations of the incident for light polarized along these two direction@j) a direct
beam with respect to thf110] crystallographic axis. Al- dependence of the amplitude of the OF on the angle between
though such a phenomenon was apparent in the polarizatiaghe principal orientationgl10] or [ 110] and the polarization
dependent electroreflectance spectra of orderg@dn ,P  vector, and(iv) a sudden phase reversal by 180° as the po-
alloys reported by Kanatat al.® these authors did not dis- larization angle goes through 45°. We shall show here that
cuss it in their article probably because of its weak strengthall these aspects are related to the linear electro-optic effect
as compared to the main transitions at thegGa _,P band in these structures.
edge. Ordering does break the fourfold symmetry of the The fact that the OF in the present case are related to
(001) plane of a crystal with ZnS structure and creates eoptical interference is evident from the following two obser-
difference in the refractive indices for light polarized alongvations. First, the periods of the OF in CER match those in
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the plainR spectra which can be seen by comparing the CERend to cancel out resulting in no OF in the CER spectrum.
spectrum of sample B in Fig.()) and its R spectrum That this is indeed so is shown in Figia2for light polarized
(circles in Fig. 1(c). The OF in theR spectra arise because at 45° to the[110] direction.

of interference between the light reflected from the  \We note here that in the E=K theory, the external modu-
In,Ga, P surface and the |Ga _,P/GaAs interface. Sec- |ating electric field affects the dielectric function at the band
ond, comparing Figs.(& and Xb) we find that the period of 455 and higher energies by modifying the transition prob-
the OF in the CER spectra scale with the thickness of the;jiies of electrons from the valence band to the conduction

InXG.ai*XP '?yer n accordance with Wh_at IS expe_cted on thEz‘oand. In this theory, in the expression for change in the di-
basis of optical interference. The OF in CER arise because . . : ST .
glectric function, there does arise a term which is linear in

the external modulating ac electric field modulates the refrac,[-he electric field in the case of noncentrosvmmetric crvstals
tive index of the InGa, _,P layer in phase with the modu- y Y

lating field. This modifies the optical path length of the beambut 't_s effect s only .to cause a shiftsually not measure-
reflected from the IfGa, ,P/GaAs interface which in turn gble) |n.the critical point energﬁ? However there are reports
affects the interference oscillations. The difference betweel! the literature of structures in the electroreflectance spectra
the interference oscillations in the reflected signal with and@t energies higher than the band gap and strongly energy
without the external modulating field results in the OF in thedependent whose strength varies linearly with the applied
CER spectra. electric field. Their origin has been explained on the basis of
We suggest that the mechanism of sub-band gap refragiezoelectric effect induced changes in the dielectric
tive index modulation in the present case is the lineafunction!*!>The linear electro-optic effect invoked here has
electro-optic effect. Due to the linear electro-optic effect, in asimilar tensorial characteristics. The change in the dielectric
semiconductor alloy crystal having ZnS symmetry with anfunction at sub-band gap energies due to the linear electro-
external electric field k) applied along th€001) direction,  optic effect arises from modification of the polarizability of
the refractive index as seen by ||ght incident on (bél) the valence e|ectror‘(at Optica' frequenciegjue to the ex-
face polarized alond110] direction is increased to=nq ternally applied modulating fieltf In such a case the quan-
+6n while for the[llO] polari;atiqn it is. decreased to tity n8r4l has a very weak energy dependence in the sub-
=No— on whereny is the refractive index in the absence of 54 gap regiot¥1thereforesn for all practical purposes is
the field and a constant in the 400 meV range below thedg, _,P band
gap considered here. Simulations performed by us show that
the OF amplitude is proportional to the magnitude &,

. . . - hich explains the observed nearly energy independent am-
r ,1 being the linear electro-optic coefficient of thgGg _ P W. .
epilayer'? This can explain the observed polarization anisot—p“tUd? of the _OF n the_CER spectra presented here. ".1 the
ropy of the OF as follows. When the incident light is polar- following sections we discuss the details of the s_|mulat|0ns
ized along[110], the increased refractive index, due to thePerformed to reproduce the observed polarization depen-
applied electric field, shifts the interference oscillations indence of the OF in the CER spectrum, based on the linear
the reflected light to one directioftowards lower energigs ~electro-optic effect. _ _ _
while for the [110] polarization, the decreased refractive ~ FOr the purpose of simulations, in the energy range
index shifts them in the opposite directitowards higher 1.45—1.9 eV, the reflectivityR) spectrum of our structure
energies As a result the difference signal between the re-was modeled by considering reflection in &medium 1
flected light under field off and field on conditions would from a dielectric film of thicknesd (In,Ga _,P=medium 2
have opposite sign for the two polarizations of the light. Thison a semi-infinite dielectric substra@aAs=medium 3. In
is the origin of the observed polarization anisotropy in thethe above energy range, the 30f-thick GaAs substrate
OF. Also the fact that the OF in CER arise mainly due tohas a finite absorption coefficientg,=2x10*cm™1), so
shifts in the interference oscillations in the reflected signait completely absorbs all the light penetrating it. This pre-
rather than a change in their amplitude can be infered agents any light from reaching the 8, _,P/GaAs interface
follows. Comparing the CER an spectra of sample B in  after reflection from the back of the GaAs substrate and pro-
Figs. 1b) and o), it is evident that the peak of the OF in yides for the assumption of a semi-infinite substrate. How-
CER c_oinci<_je with the halfway points qf the interft_arenceever the imaginary part of the refractive indegas (=0.2)
oscillations in theR §pe_ctrum(see the. vert|cal.dotte(_j linEsS  is too small in comparison with its real pargas (=3.7). As
a phenomenon which is also seen in our simulations t0 bg g ¢, . has negligible contribution to the reflectivity at

dls_cussed later. This can happen only if p_eak shifts were th e InGa,_,P/GaAs interface so it is taken to be zero in our
main cause for the appearance of the OF in CER because OF . _
. : ; . . Simulations. On the other hand, to account for the vanishing
dominated by change in amplitude of the interference oscil- . .
. ! : of the OF at energies higher than the band gap of the
lations would have resulted in the peaks in the CER and th G b film (~1.83 | ith | ¢ of th
R spectra occuring at the same energy. Finally the above * G- 1M (~1.83 eV), along with reaf part ot the re-
mechanism also suggests that if both the polarizati@t8] fractive mdelx of th? _IQG?&*XF film Nin,Gay_ . it is n_ece.s-
and[110] have equal intensityi.e., when light is polarized Sary to consider a finite imaginary part of the _refractlve index
at 45° to thg110] direction then it is likely that the shifts in  Kin,Ga,_ p Of the INGa;_P film at those energies. For such a

the interference oscillations for the two polarizations wouldmodel, the reflectivity is given by

on= % ndr,F. (1)
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(1T0) then added to the simulated OF to get the total spectrum. For
& -~ the sake of simplicity, the same parameters were used to get
\,/: the DIT line shape for all values @f. This procedure there-
fore will not reproduce the experimentally observed variation
-+ GaAs . . ; .
substrate of the DIT amplitude(due to ordering with change in the
[110] j angle of polarization, but we overlook this point as it is not
e In Gay_, P the main aim of the present study. The resultant combined
e 9\9& simulated spectra as a function of the polarization argie
b——” . shown in Fig. 8b). To match the experimental datadm
i 4 =2.8x10 ® was required in the simulations. It is evident
o that the polarization dependence of the OF is well repro-
4""‘\;;'«\51@“ duced in the simulations including their absence ¢or45°.
;//«: p - polarization Next, we explore the consequences of the spatial depen-
oy 6 = Angle of incidence = 8 ° dence ofén inside the InGa _,P layer. In the depletion
s~ polarization ¢ = Angle of polarization approximation, the field=(x) as a function of distance

inside the space charge region of a uniformly doped semi-
FIG. 3. Schematic of the relative orientation of the sample B with respect taconductor falls off linearly from its valug ,,,, at the surface
the incident probe beam and its polarization. (x=0) to zero at a distance/ as

R=r5%" cog ¢+rPrP" sirt ¢ eNy 2¢
. F(X): Fmax_ — X W= N (Vbi+VeXI)1
with € eNg
s,p S,Paidmd(us+ivy)/N
e Mio+rse 2 2 @ 2Nge
1+r§’2pr§'3"e'4”d(“2+'”2)“ ! Fmax: T (Vbi+vext)7

where ¢ defines the poIaIization anglf of the incident bean\/\/heree is the electronic chargdy, is the doner concentra-
as shown in Fig. 3r5(r*) andrP(rP") are the complex ign (=1x10cm™3 in our samples e(=11.8<8.85
(complex conjugateamplitude reflection coefficients f@& 1014 cmY) is the dielectric constany/y,; the built in
an_dp polarized components of th_e inc_ider_lt probe beam_an‘f.l)otential at the surfacgypically =0.5 V), andV,,, the mag-

\ is wavelength of the incident light in air. The quantities njyge of the externally applied modulation voltage at the
rey andrz'?'f’ are complex amplitude reflection coefficients at g,rface?® Thus even in the absence of the externally applied
the air/inGa, P and 1RGa,_P/GaAs interfaces, respec- yjtage (/.= 0) there exists a nonzero electric field at the
tively. These along with the quantities andv, depend on  grface and a corresponding depletion width which with the
Nin,Ga, P KinGa P Neans: @nd the angle of incidend®)  apove parameters comes\é~0.26 xm. This field would

of the light in air. The detailed formulas relating these quan-already create a difference in the refractive indices for the
tities are taken from Ref. 17. The dependent values of two orthogonal polarizations of the light but their effects
NGaasWere taken from Ref. 18 while those of, g, pand  would be too small to detect in a simple reflectance experi-
Kin Ga,_,p along with 6 andd were estimated by fitting the ment. In CER spectroscopy, the_ fiNNg bri_ngs_about_z;d-
experimentaR spectra. FOky g5 _p, an Urbach tail in the d!tlonal che_mge in the existing _fleld, resulting in additional
absorption coefficient of the Jfsa, P film had to be con- dlffergncg in the ref_ractlve indices fpr thel Fwo orthogongl
sidered to account for the damping of the OF inhand the polarizations of the light. Although this additional change is

CER spectra at energies slightly below the band gap of thgsusall_y s_,maller still, nevertheless in CER we are aple to
In,Ga,_,P film. The fited R spectrum for sample B is detect it since we are tuned to measure effects due to just the

shown by the continuous line in Fig(d. The OF in the change in the refractive indices. We also note here that in the

. . . . . 74 19
CER spectra can be simulated by calculating the differenci?" field regime(which is valid herezz adR/R<10"%)," the
between the reflectivity of the structure with and without theD!T @mplitude is proportional ta\ Fr.,, which means that it

4

applied modulating fieRias follows should vary linearly withV,. Figure 4a) shows the varia-
tion of the DIT amplitude as a function of the high voltage
(ﬁ) _ Réiela on™ R 3)  (Vapp applied to the front electrode. The DIT amplitude was

R i R estimated by fitting the TDFF line shape funcfidro the

In order to determineRqqq o, We replacen;, Gop P by experimental da_ta. The variation_is evidently Iir_1e§1r which
ok X=X suggests tha¥ e, is directly proportional td/,,. This is not
Nin,Ga,_pF oN when calculatingr®(r>") and byNinca ,»  surprising since by modeling the CER experimental configu-
—én when calculatingp(rp*) as explained earlier. Initially ration as two capacitors in series, one due to the depletion
we assume a constadh change throughout the |63, _,P  capacitance of the samp(thicknessW and relative permi-
film thickness. To account for the DIT transition at the tivity =11.8 and the other due to the air gépickness=0.3
In,Ga _,P band gap, the conventional third derivative line-mm), we get the same result thdt,, is directly proportional
shape functiof TDFF)'® was fitted to the experimental CER to Vapp though many orders of magnitude smaller.
spetra for¢=45° polarization. The parameters thus obtained As indicated previously, the OF in CER arise due to
were used to get the simulated DIT line shape which washifts in the positions of the interference fringes occuring as
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g 30 ' ‘ invoked earlier. Also this value of . tallies very well with
% 20 ;(a) ] its estimated value based on the two capacitor in series
g | model for CER discussed previously.
=
Z10- -
E L . IV. CONCLUSION
T | | !
00 1000 2000 3000 4000 In conclusion we have explained the origin and the po-
Vapp (V) larization dependence of the sub-band gap oscillatory fea-
&1 (b)‘ ‘ o ] tures in the CER spectrum of J@a _,P films on GaAs
s 0 2 (001) substrates and have been able to simulate the experi-
3 8 N ] mental observations. We have, to the best of our knowledge,
= 4+ - for the first time provided direct evidence for the linear
5 oL L ] electro-optic effect being the modulation mechanism respon-
0 1000 2000 3000 4000 sible for giving risgito the OF in the CER spectra of hetero-
Vapp (V) structures. In addition our work shows that the OF can be

supressed and its distorting influence on the line shapes can

FIG. 4. The dependence of the amplitudes of the DIT transi@m=nd the

OF (b) on the high voltage applied to the front electrode. be eliminated if the incident probe light is polarized at 45° to

the [110] direction. A situation where this may prove ex-

tremely useful is the following. In the CER spectrum of a

GaAs quantum well with thick kGa, _,P barriers on001)
a result of the additional phase difference of the beam reGaAs substrates, the presence of the OF in the energy range
flected from the IpGa,_,P/GaAs interface because of the 1 451 82 eV can distort or render indistinguishable the tran-
modulation of the refractive index of the J@8a P layer.  sitions associated with the quantum well which are also ex-
Our simulations show that for a small total additional optical pected to occur in this energy range. With the incident probe
path differenceAW, the OF amplitude is directly propor- Jight polarized at 45° to th¢110] direction the OF can be
tional toAW. In the present situation, taking into account thesypressed while bringing out the undistorted spectral features
spatial dependence of the field and the linear electro-optigssociated with the quantum well.

effect, the total additional optical path difference is given by
The authors wish to thank Professor K. L. Narasimhan

w’ we o
F'(x)dx— FY(x)dx
0 0
for his help and encouragement.
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