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We have measured far-infrared and infrared reflectivity as well as Raman scattering in an
[(INP)5(Ing 4dGay 5:/AS)s]30 Superlattice grown by molecular beam epitaxy. A numerical model for
calculating the reflectivity coefficient for complex systems which includes superlattice, buffer layer,
and substrate has been developed. The far-infrared reflectivity spectra consists of the superlattice
confined and interface modes as well as the modes from the buffer layeg®hg 54As) and the
substratéInP). In the infrared spectral range above 1000 ¢rve observe only interference fringes

from the buffer layer. A good agreement between calculated and experimental spectra is achieved.
The folded longitudinal acoustic phonon doublet appears at about 39 ienthe Raman scattering
spectra. The frequency agrees well with a continuum model calculation. In the optical phonon
spectral region we observe confined modes corresponding to both constituents. The modes
representing vibrations of atoms at both interfaces: InP/InG286 cm ' mode and InGaAs/InP

(240 and 260 cm! mode$ have also been observed. The geometrical parameters of the sample,
obtained from the fitting of the reflectivity data, agree well to the values of the layer thickness
obtained by double crystal x-ray diffraction. @000 American Institute of Physics.
[S0021-897€00)01017-3

I. INTRODUCTION be related to the InGaAs/InP interface. Gewtsal® have
In,Ga,_,As/InP is a very attractive material system of assigned these peaks to In-As anq Ga—Ag vibrational modes
consiéerat;l)((e interest for applications in modern optoelecpf quarternary InGaAsp layers, which originate from the ex-
tronic devices and high-speed electrorlids spite of the f:hange petwe_en P and As atoms at the InQaAs sur_face dur-
great interest in this kind of systems, there are only a feV\I/ng purging prior fo the InP molecular organic chemical va-
works related to the characterization o,f the confined phonon or deposition(MOCVD) growth. On the other hand, the
Eeak which appears at about 230 ¢his assigned to the

and interface modes in the InP/InGaP heterojunction. It i S
) . —As vibration of InAsP, formed due to a carry-over of the
well known that the performance of real devices is enhance{

. . S precursor into the next InP layer.
by the quality of the interfaces. In the case of n ve

. . In this article we have used far-infrared and infrared
InXGai‘XAS.”nP supe rlatticesSP9 it has been sugggsted spectroscopy as well as Raman scattering measurements to
that undesired strain layers, a few monolayers thick, ar

present at both InP—InGaAs and InGaAs—InP interfaces. R haracterize an InP/InGaAs superlattice grown by molecular

$eam epi i i in-
- 2 pitaxy(MBE) techniques. For the analysis of the in
cently, Boscherinet al= have demonstrated the presence Offrare d reflectivity(IR) spectra we have developed a model

unwanted interface layers between InP andi® _,As (and which includes superlattice, interface, buffer, and substrate

\_II_'ﬁg Vrif(?elljeséntghexgsﬁc?ﬁgnfsf:(;f: (S)gzgtgosfr?emt\ﬁg%min I?yer properties in the calculation of the coefficient of reflec-

Iaye)r/s plus IpAs, P and Iy < Ga 7Aps P s),/trained nter- fon. A good _agreement between measured and calculated
face layers Thé_Sresence -gf th(:se iln_térfyace layers has alsgectra is achieved. The Raman spectra shows folded phonon
i ddublet as well as confined and interface phonon modes. The

?neeC:Smu?egiﬁfSSS;r%ngagﬁrnpge;qlrﬂ?ggsrt]?ﬁrzof;g;;zcen%%ometrical parameters obtained by the fitting procedure of
q infrared and far-infrared reflectivity spectra are in accor-

characterization of the interface abruptness of lattice- . . :
matched InGaAs/InP multiquantum wells by Raman specEjance with the x-ray diffraction data.
troscopy is given in Refs. 4 and 5. On one hand, th
interface-like peaks around 240 and 260 ¢nare shown to . EXPERIMENTAL DETAILS

A practically unstrained (InP)s(Ing 4dG& 5:/AS)glzp SU-

perlattice with a buffer layer of fudGay 5/As was grown on

30n leave from Institute of Physics, 11080 Belgrade, P.O. Box 68, Yugo

slavia. a (00D-oriented InP substrate using molecular beam epitaxy.
Electronic address: cantarer@uv.es; URL: http://www.uv eshtarer The sample was grown by solid source atomic layer molecu-
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lar beam epitaxy(ALMBE) at a substrate temperatufig
=425°C. The actual period of superlattice was measured
with a high-resolution double-crystal x-ray diffractometer.
The thickness of the individual InP and InGaAs layers were
determined to be 14 and 23 A , respectively. The thickness of
the monolayers in th€d01) direction isay/2, wherea, rep-
resents the bulk lattice constants, 5.8687 and 5.8518 A for
(InP) and (Iny 4Gay 54AS), respectively; thus the number of
monolayers in the superlattice studied is 5 and 8 of InP and
InGaAs, respectively. The lattice mismatch is only 0.3% at
room temperature. The thickness of the buffer layer is 5005
A and significantly exceeds the critical thickness 200 A°
in such a way that misfit dislocations which were produced
during the growth, accommodate the strain energy and per-
mit the buffer layer to relax to its natural, bulk, lattice con-
stant. Ar

The infrared measurements were carried out _Wlth %IG. 1. A schematic presentation of a three-layer structure with correspond-
BOMEM DA-8 FIR spectrometer. A DTGS pyroelectric de- ing dielectric constants, , €,, andes.
tector was used to cover the wave number range from 100 to
700 cm %; a liquid nitrogen cooled HgCdTe detector was
used from 500 to 5000 cnt. The spectra were collected

with 1 cmi ! resolution. The Raman spectra were measured N,—N;y Ve, — e
in backscattering configuration using migimacrg—Raman ro1= —Te= -~ '
. . . . Ve ++/
systems with a DilofJobin Yvon triple (doubleé monochro- 2t €27 Vel
mator including liquid nitrogen(Peltier effect cooled N,—N; e,—ves
; S [ 5= = ,
charge-coupled devid€€CD)-(photomultiplie) detector. An BTN, N5 Jept e, (2

Ar ion laser was used as excitation source.

4n1n2 . 4\ €1€)
NNy Je+Ve,

Summing the components given by a series that takes into

account multiple-beam interference effefEq.(1)], results
The penetration depth of the infrared electromagnetidn the following expression:

waves into a nontransparent crystal is aboyir8. The su- e i

perlattice thickness is usually less thaph, as the investi- R _Ar_T1p€ THTrpge _ 3)

2
tito=1—r1,=

Ill. THE PROPAGATION OF ELECTROMAGNETIC
WAVES THROUGH SUPERLATTICES

gated one, and the reflectivity spectra, in general, contains ATA R O Y-
information from the superlattice together with information
from the substrate and additional layébsiffer) if the inves-
tigated sample contains them.

We shall briefly review the propagation of plane mono-
chromatic electromagnetic waves with near normal incidence S .2
in absorbing uniaxial crystal films on isotropic substratesR= [1-1/es]cosa—i [ Ves /es— 1/\/€_SL]Sma‘
Figure 1 schematically presents a three-layer structure with |[1+1/\Ves]cosa—i[Ves /es+ 11 eg Isin al
corresponding dielectric constantg, €,, ande,. If medium 4
“1" is air with dielectric constante; (=1), medium “2” is
a thin absorbing crystal layeisuperlattice with e,= eg ,
and medium “3” is a substrate witle;= €5, then the am-
plitude of the reflected beam becorhs

The reflectance of the crystal thin filfsuperlatticg on the
isotropic semi-infinite substrate, after introducing E@)
into Eq. (3), becomes

The dielectric constants of the superlattice constituents and
the substrate, which takes into account the absorption of the
lattice vibrations, are given in factorized form as

noo2
. ) 0o —®
A=A 1o+ (tato)r 25€7 * + (tiatp) T pir 55 e=e.]] ]

_ =1 0~ 0 +iyro) ©
+ (tytp)rayragefiat .. ], (1) o
where wtg and w o are the transverse and longitudinal op-
where A; is the amplitude of the incident beamy  tical vibrations,yrq andy, o their damping constants, ard
=2mwd\eg the complex phase change related to the abthe high-frequency dielectric constant. The superlattice is
sorption in the crystal layer with thickneds=dg, ; 12, r1, treated as a unique uniaxial crystal layer with a dielectric
I3, t12, andtyy are the Fresnel coefficients of reflection and constant which corresponds to the effective medium nfodel
transmission on the “1-2,” “2-1,” and “2-3" interfaces, S d
respectively, expressed by complex refractive indiogsr P — i€i (6)
. . K SL eff S .d: ’
dielectric constants: idi

2 .
+|‘}/|_OJ' w

: ®
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where¢; (d;) denotes the dielectric constafihicknes$ of
the SL constituents. Equatidd) was successfully applied in
the calculation of the reflection coefficient of superlattices on
isotropic substratés'! without buffer layers.

If an additional crystal layer exists between the superlat-
tice and the substrat@ buffer layer, for example, with a
lattice parameter different from the substjatee multibeam
reflectance analysis becomes more complex. Zenal!?
have suggested a rather simple way for solving the problem , , - ,
of the reflection on multilayer structures by iteration includ- 200 250 300 350 400
ing the effects of single layers. Using this idea, thgcoef- Raman shift (cm”)
ficient, in the case of one additional layer between substrat
and superlattice, becomes

A=457.9nm
T=300K

Intensity (arb.units)

z(X'y")z

EIG. 2. Raman spectra of tH€lnP)s(Ing 4dGay 5/AS)glso Superlattice mea-
sured at room temperature with parallel and crossed polarization.

ryse Btrgelf
= 7)

e Ptrygge’ The properties of all mentioned phonons in superlattices
dave been previously discuss€dn the case of001) ori-
ented superlattice with ZnS-type crystal structure constitu-
ents it is possible to observe longitudinal optic (})Ocon-
fined modes as well as longitudinal acoustid) folded
_N3™Ny ®) phonon modes in the backscattering geometry. For parallel

ng+n, polarization &’x"), (y'y’), wherex’=[110], y'=[110],

wheren, the refractive index of the buffer layer amg the ~ Poth m=(odd, even LO, confined _mode§ are expected in
one of the substrate. In the same way it is possible to inclug&aman spectra. Fogﬁcrossed polarizationy/() the Raman
additional layers in the calculations of the reflection coeffi-modes are forbiddetr.

M3
B=2mwdgy/eg being the complex phase change due to th

absorption in the buffer layer of thicknedg. The reflection
coefficientr;, now becomes

34

cient. The Raman spectra of our SL sample in the optical pho-
non region for parallel and crossed polarizations are given in
IV. RESULTS AND DISCUSSION Fig. 2. These spectra were measured at room temperature

with the 457.9 nm laser line. At this excitation wavelengths

There are three types of phonons in superlattices. Théhe contribution of the buffer layer to Raman scattering is
confined optical phonons are the result of the inability of twonegligible. Namely, the penetration depth is proportional to
SL constituents to vibrate with the same optic frequencied/a=\/47k, wherea is the absorption coefficient andis
due to different atomic masses and/or different force conimaginary part of the complex refractive index. Using the
stants. The energy gap between the optical dispersiogalues of x for InP, InAs, and GaAs at 514.5 nin,the
branches of the constituents causes the damping of one copenetration depth is around 1100 A. Consequently, the col-
stituent vibrations by the adjacent layers of the other confected Raman signal originated from the first 1100 A of the

stituent. This confinement leads to the formation of standingample and the thickness of our SL sample exceeds a little
waves in the growth direction with nodes near the interfaceshat limit (there is less absorption at 457.9 nm

Each mode confined in a layer with thicknegishas an ef- As it can be seen in Fig. 2 there are two sets of SL peaks
fective wave vector which depends on the ordeof the  arising from the 1g ,6Ga 5;As and InP optic phonons in the
confined mode and the effective layer thickness ranges 220—270 cnt and 300-350 cm?, respectively. The

ma frequency position of these modes were extracted by a

qm:d—, m==*1*2,+3,.... 9 Lorentzian contour deconvolution technique, as it is shown

i in Fig. 3. The identification of the bands in the, lGa, 5:AS

A superlattice exhibits a new periodicitg=d; +d, range was done in terms of a two-mode behavior for optical
along the growth direction and its unit cell becomes largephonons of the bulk materi&f~*° LO phonons can be con-
than the unit cell of the SL constituents. In consequencesidered to be confined to the individual layers due to the
mini Brillouin zones(MBZ) are formed, by folding the dis- large energy separation between the optical bands of InP and
persion curves of the bulk material. This folding producesing ,dG& 5:AS. To our knowledge, neither neutron scattering
modes with SL wave vectogg =0, but with frequencies data nor dispersion relations exist for thg InGaAs sys-
different from zero, so these modes are observable in Ramaem, except the theoretical dispersion calculated for
scattering spectra. InGaAs.?° The theoretical curves for GaAs-like and InAs-

The interface modes originated from the dielectric con-like vibrations are lower than one could expect. The LO-
stant difference(discontinuity at the interfaces of the SL dispersion curves for InGaAswhich correspond to GaAs-
constituents. These Raman inactive modes, with wave vedike oscillations are almost dispersionless. Thus, confined
tors in the SL layers plane, appear in the Raman spectmodes could not be resolved. On the other hand, the InAs-
owing to a deviation from the strict backscattering geometnjike LO frequency increases with the wave vector and the
or to interface imperfections. The interface modes are beeorresponding confined modes frequencies are expected to
tween LO and TO confined modes frequencies. be higher than the frequency of the bulk material. It is obvi-
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FIG. 3. Raman spectra of tHéinP)s(Iny 4dGa, 51/AS)glsp superlattice in the
optical phonon region of InP and InGaAs deconvoluted by Lorentzian line
profiles. 0¢ 0.0
- [.0.0] x

_ . FIG. 4. Phonon dispersion curves of InP calculated using a bond-charge
ous that Only the mode at 266 ¢rhhas LO character. This model. Experimental data fay=0 (Raman andq>0 (neutrorn) are shown

mode can be assigned as {@ode. For k'x") polarization by open(LO) and solid(TO) circles, respectivelysee Ref. 28
we can expect the appearance of .@odes withm odd and
even. Because the GaAs like optical branch is practically
dispersionles&’ this mode can be the superposition of sev-
eral LO,, modes. For crossed polarizationsy’), Fig. 3b), louin zone edge. Thus, these modes can also be observed in
this mode weakens and shifts to lower energies. Because &aman scattering. The appearance of all mentioned “Raman
that, we assigned this mode to an interfacein plane  forbidden” (interface-like¢ modes in the spectra for parallel
mode. The other three optical modes from Figa) &t about  polarization is a consequence of the relaxation of selection
230, 242, and 255 cnt also appear in crossed polarizations rules induced by interface disorder.
[Fig. 3(b)]. This means that these modes are not confined The continuous line in Fig. 4 shows the dispersion rela-
modes. We assign these modes to an InGaAs alloy mode, dion calculations for InP calculated by means of a bond-
interface mode, and an InGaAsP alloy mode, respectivelycharge model. The model parameters were taken from the
The support for this assignment can be found in Refs. 18 antiterature®® There is no satisfactory agreement between the
21. Namely, Quaglianet al?* have investigated the vibra- neutron scattering data and the calculated curves, as already
tional properties of thin InAs layer directly grown on InP stated by a bond-bending force moé&Wwe also found that
substrate. They resolved broad bands at about 232 and 322utron and Raman scattering data differ significantly. We
cm™ ! originated from atomic vibrations of the ternary alloy believe that new neutron data are necessary to clarify this
InAsP. This alloy is formed by the incorporation of arsenic problem.
on the InP substratén our case on the next InP layeiThe Raman scattering by folded acoustic phonons in (001)
mode around 230 cnt is also found in Refs. 4 and 5. Be- and high-index planéhkl) GaAs/AlAs superlattices is well
sides the broad structures, Quagliagtoal. have found in- documented®?® As predicted by selection rules for
tense narrow lines at about 244, 343, and 311 tnwhich  (001)-oriented superlattices of zinc-blende crystal structure,
they assigned as InAs, InP, and InAsP interface modes. Benly the LA component is Raman active. Figure 5 shows the
sides that, Guertst al,®> showed that the two modes at 240 Raman spectra forx() polarization in the spectral range 30
and 260 cm® can be assigned to the quaternary InGaAsPand 50 cm! obtained at 300 K with 514.5 nm line of an
alloy mode, which appears at the InGaAs/InP interfaces. Thér™ ion laser. The doublet£{1,+1) of the folded LA-
lowest frequency mode in Fig.(® at about 221 cm! isa  phonon modes at 37.5 and 42 this clearly observed. We
TO like InGaAs IF mode. have compared the frequencies of the observed folded-
In the InP optical phonon regidrrigs. 3c) and(d)] we  phonon modes with a calculation based on a continuum
have resolved the LOconfined mode of InP at about 349 model. Folded-phonon dispersion curves calculated with this
cm 1, the InP interface mode at 342 ¢y the InAsP alloy model are given in the inset of Fig. 5 together with the ex-
mode at 322 cm!, and TO-like InAsP interface mode at perimental frequencies obtained with the 514.5 nm line of an
about 311 cm?. Besides these modes, two additional broadAr™ ion laser. Our experimental data for the LA folded
modes at about 318 and 329 chare observed. We assign phonons in the InP/InGaAs superlattice are fully in agree-
these modes as T®) and LOX) modes, respectively. Ac- ment with the continuum model calculation, which means
cording to neutron scattering data shown in Fig? there are  that the stiffness constants, taken from the bulk matéfiafs
several modes around these frequencies. This producesaae correct. Sharp and well defined folded phonons are evi-
high density of phonon states near tkepoint of the Bril-  dence of abrupt interfaces in the sample.

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



6386 J. Appl. Phys., Vol. 88, No. 11, 1 December 2000 Popovic et al.

R IR TABLE |. Optical parameters used in the present stdigquencies and
50 damping coefficients are in cm).

+1

(InAs)(InP),

"% A=514.5nm 40

S T=300K sl WTQj Y710 WL Qj YLoj €

£ 2 302 2 345 2 96  InP-substrate

2 0 228.8 12 234 16 123 Buffer-InAs

%‘ A i 255 10 275 11 10.8  Buffer-GaAs

[= Wave vector q[n/d] 231 7 233 9 InAsP aIon

E | o a ‘ 241 6 243 3 IF InASP

- T AEE R S ., 245 6 257 9 InGaAsP alloy
Sy . 252 8 265 7 InGaAsP alloy

28 32 36 40 44 48 52 303 5 345 L5 LQ InP

Raman shift (cm”)

FIG. 5. Raman spectra of tHéinP)s(Iny 445 5:AS)slso superlattice in the ~ cONfined INP mode in the fitting procedure in order to obtain
spectral range from 30 to 50 ¢th measured with the 514.5 nm line of an  good agreement with the experimental data.
Ar* ion laser at 300 K. The inset shows the continuum-model results for Two more well pronounced modes in the inset of Fig. 6
folded-phonon dispersion curves together with experimentally observed LAare the bulk modes of the IngGay 5:AS buffer Iayer; the
folded phonons. : : .

other modes observed are the confined modes of the

Ing..Gay 5/AS component of the superlattice or interface

modes. The TO and LO frequencies of the buffer layer are

The far-infrared and infrared reflectivity spectra of the the same as for the bulk. The intensity of the modes in the

[(InP)5(Ing.4dGay 5:AS)s]30 SUperlattice is presented in Fig. 6. buffer observed in the FIR spectra is stronger than that of the
Circles are experimental data and the solid line is the calcuSL confined modes because the thickness of the buffer layer
lated spectra obtained by the fitting procedure described iis larger. The complete assignment of all observed modes in
Sec. Ill. The best fit parameters are presented in Table Far-infrared spectra is given in Table | and we do not repeat
These parameters, together with the geometrical parameteitshere again. We have also found a very good agreement
dinp=14 A andd, , 54 . As=23 A, L=30 A, anddz=5550  between infrared and Raman mode frequencies.

A, give the best fit between the experimentally obtained
spectra and the calculated ones. The highest intensity oscil-
lator in the far-infrared region around 300 chrepresents a \/ CON(?LUSDNS _
superposition of the lattice vibration of the InP substrate  Far infrared and Raman scattering have been used to
mode and the SL confined mode. The complex structure becharacterize the InP/InGaP interface. This gives us a com-
tween 220 and 270 cnt (inset in Fig. 6 contains oscillators ~ plete picture of all the optical mo_des, confined and_interface
from the superlattice, buffer, and interface layers as furthemodes, as well as folded acoustic phonon modes in the het-
discussed. It is obvious that the values of the SL geometricagrojunction. For the analysis of the IR reflectivity spectra we
parameters obtained from the fitting procedure are in excehave developed a model which includes superlattice, inter-
lent agreement with those obtained with x-ray diffractionface, buffer, and substrate layer properties in calculating the
techniques. reflection coefficient. A good agreement between measured
The confined mode in the superlattice could not be comand calculated spectra is achieved using the geometrical pa-
pletely resolved in the Fourier infraréBIR) spectra given in  rameters obtained from the fitting procedure of infrared and
Fig. 6. The InP confined modes are hidden by the strondar-infrared reflectivity spectra agree well with the x-ray dif-
substrate peak, but it was necessary to include at least oféaction data. The Raman spectra shows folded phonon dou-
blet as well as confined and interface phonon modes.

1.0 T T pm T ACKNOWLEDGMENTS
o.e. / We thank Dr. R. Gajic for the FIR measurements. Z. V.
P. thanks the University of Valencia for financial support.
£ 06 The work has been partly financed by the Spanish CICYT
£~ : projec -102- . One of ugA.C.) would like to
Z 0 ave mamber (o) t TIC96-102-C02. O f uGA.C.) Id like t
% 0.4 thank J. Sez for her support and encouragement over many
o years.
0.2
IA. M. K. et al, IEEE Electron Device Lett14, 36 (1992.
0.0 L L L L 2F. Boscherini, C. Lamberti, S. Pascarelli, C. Rigo, and S. Mobilio, Phys.
100 200 300 400 . 500 600 Rev. B58, 10745(1998.
Wavenumber (cm'') 3F. Liaci, D. Greco, R. Cingolani, D. Campi, C. Rigo, and D. Soldani,

Solid State Communl05, 279 (1998.
FIG. 6. Infrared reflectivity of the[(InPs(Ing4dGay 5:AS)glsp Superlattice 4J. Geurts, J. Finders, J. Woitok, D. Gnoth, A. Kohl, and K. Heine, J. Cryst.
measured at 300 K. Open circles are experimental data and the solid line Growth 145, 813(1994).
represents the calculated spectra obtained by a fitting procedure. Inset: th&l. Geurts, D. Gnoth, J. Finders, A. Kohl, and K. Heine, Phys. Status Solidi
same spectra in the 220—270 cthspectral region. A 152, 211(1995.

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 88, No. 11, 1 December 2000

6V. M. Agranovich and V. E. Kravtsov, Solid State Commusb, 85
(1985.

0. Piro, Phys. Rev. B6, 3427(1987.

8G. A. Swallow and G. C. Allen, Oxid. Metl7, 141 (1982.

9B. Lou, Solid State Commur¥6, 1395(1990.

10G. Scamarcio, L. Tapfer, W. Konig, K. Ploog, and A. Cingolani, Appl.
Phys. A: Solids Surf51, 252(1990.

11G. Scamarcio, L. Tapfer, W. Konig, A. Fisher, K. Ploog, E. Molinari, S.
Baroni, P. Giannozzi, and S. D. Gironcoli, Phys. Revi®14754(1991).

12A. Zeng, J. Eldridge, C. Lavoie, and T. Tiedje, Solid State Comngin.
1039(1993.

3B, Jusserand and M. Cardona Liight Scattering in Solids \edited by M.
Cardona and G. Githerodt(Springer, Berlin, 1988 No. 66 in Topics in
Applied Physics, Chap. 3, pp. 49-152.

147. V. Popovi, Univ. Beograd, Publ. Elektrotehn. Fak. Ser. The.IFig.
(1992.

SHandbook of Optical Constants of Solidsdited by E. D. PalikAca-
demic, Orlando, 1985

Popovic et al. 6387

17sS. Yamazaki, A. Ushirokawa, and T. Katoda, J. Appl. PHy&. 3722
(1980.

18 T, P. Pearsall, R. Carles, and J. Portal, Appl. Phys. 4&{t436(1983.

197. C. Feng, A. A. Allerman, P. A. Barnes, and S. Perkowitz, Appl. Phys.
Lett. 60, 1848(1992.

20, Mintairov and H. Temkin, Phys. Rev. B5, 5117(1997.

21|, G. Quagliano, B. Jusserand, and D. OraniPimceedings of the 16th
International Conference on Raman Spectroscagted by A. M. Heyns
(Wiley, Cape Town, 1998 p. 646.

22p_H. Borcherds, G. A. D. G. Saunderson, and A. D. B. Woods, J. Phys. C
8, 2002(1975.

3. K. Yip and Y. C. Chang, Phys. Rev. ), 7037(1984.

24M. S. Kushwana and S. Kushwana, Can. J. PB#s351 (1980.

253, . Spitzer, Z. V. Popovid. Ruf, M. Cardona, R. Nzel, and K. Ploog,
Solid-State Electron37, 753 (1994).

26Semiconductors Basic Datadited by O. MadelundSpringer, Berlin,
1966.

163, p. Estrera, P. D. Stevens, R. Glosser, W. M. Duncan, Y. C. Kao, H. Y'R. Merlin, Properties of Lattice-Matched and Strained InGaAdited by

Liu, and E. A. B. lll, Appl. Phys. Lett61, 1927(1992.

P. Bhattacharydinspec, London, 1993p. 192.

Downloaded 28 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



