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Temperature dependence of the Raman spectrum of AlxGa12xAs ternary alloys
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We have studied the effect of the temperature on the first-order Raman spectra of AlxGa12xAs alloys. The
temperature induced frequency shift is studied over the full composition range between 300 and 650 K. It is
found that the frequency temperature coefficient,dv/dT, is higher for AlAs-like modes than for GaAs-like
modes and it increases withx. Linewidth and frequency shift data were analyzed in terms of anharmonicity,
thermal expansion, and cation dilution. Anharmonicity was found to be the dominant term in the variation of
the temperature dependence of the frequency of AlAs modes for different alloy compositions, while thermal
expansion has a high influence on GaAs modes. The linewidth data are interpreted in terms of the contribution
to the Raman spectrum of phonons withqÞ0 and cation dilution.@S0163-1829~98!07339-1#
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I. INTRODUCTION

The Raman spectrum of solids is highly sensitive to
lattice temperature.1 This allows us to use Raman spectro
copy as a temperature probe. Furthermore, the availabilit
Raman microprobes opens the possibility of using Ram
scattering as a contactless local temperature probe with
micrometer spatial resolution. A potential application of t
Raman microprobe is the local temperature assessmen
power devices under operation.2,3 This is a crucial issue
since heating limits the maximum output power, and it is o
of the main causes for device failure. In particular, loc
temperatures have been measured in the mirror facets o
ased laser diodes using a Raman microprobe.3–5 Usually, this
measurement is done by means of the Stokes/antiStoke
tensity ratio.6 Potentially, the other Raman parameters, f
quency and linewidth, can provide the same information w
higher experimental simplicity and accuracy. The use of f
quency and linewidth demands a previous knowledge of
evolution of these parameters with the temperature for
material under study. This information is available for ma
rials such as silicon, for which a huge body of literature h
described the temperature behavior of the Raman spec
from low temperature to melting.1,7–9This is not the case fo
III-V compounds, for which only some reports exist.10–13

Less information exists for ternary and quaternary allo
which are basic materials for many power devices. To
best of our knowledge, there are no reports covering te
perature ranges above 300 K, nor systematic studies a
the temperature dependence of the Raman parameters
the alloy composition. AlxGa12xAs is one of the main com
pounds for different devices, such as laser diodes
herostructure-based transistors. Thus, the study of the
perature dependence of the Raman parameters of these a
presents a high interest for understanding their vibratio
properties and the assessment of the thermal dissipatio
devices based on these materials. The Raman spectru
Al xGa12xAs ternary alloys displays two mode behavior ov
the full composition range.14,15 It exhibits two AlAs-like Ra-
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man bands, LO1 and TO1, and two GaAs-like bands, LO2
and TO2, respectively.

We present herein a study of the temperature indu
changes in the first-order Raman modes of AlxGa12xAs over
the full composition range in the temperature interval 30
650 K. We show that the thermally induced frequency sh
increases moderately withx, and that such a shift is mor
important for AlAs-like modes than for GaAs-like mode
The analysis of these data is presented in terms of ther
expansion, phonon-phonon interactions~anharmonic cou-
pling!, and cation dilution.

II. EXPERIMENT

Al xGa12xAs alloy samples were grown by molecula
beam epitaxy~MBE! on ~100!-oriented undoped GaAs sub
strates. The composition was measured by x-ray diffract
and confirmed by Raman spectroscopy.14 Samples with five
different compositions,x50.2, 0.45, 0.58, 0.73, and 0.82
were studied. Bulk GaAs samples were cut from undop
~100! liquid encapsulated Czochralski~LEC! wafers. The
samples were mounted on a heater stage~Mettler FP82 HT!.
The temperature range explored was 300–650 K with
accuracy better than 0.1 °C.

Raman spectra were recorded in backscattering confi
ration with a DILORX-Y Raman spectrometer attached to
metallographic microscope~Olympus BHT!. Multichannel
detection was done with a liquid-nitrogen-cooled charg
coupled device~CCD!. The Raman spectra were record
after a stabilization time long enough to avoid temperat
fluctuations. The excitation was done with the 514.5-nm l
of an Ar1 laser, the laser power density was below 1
kW/cm2. The incident laser beam was polarized parallel
crystallographic axeŝ100& for ~001! surfaces and̂110& for
~110! surfaces, while the scattered light was not system
cally analyzed. All of the spectra were obtained with a hi
signal/noise ratio; the spectral resolution was 2 cm21. They
were numerically fitted, which allowed a frequency peak u
certainty better than 0.2 cm21.
10 463 © 1998 The American Physical Society
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III. RESULTS AND DISCUSSION

Typical Raman spectra for different alloy compositio
and the reference bare GaAs substrate are shown in Fi
An example of fitting is shown in Fig. 2. The LO mode
were obtained on~100! surfaces, while cleaved~110! sur-

FIG. 1. Raman spectra~plane 100! for different alloy composi-
tions.

FIG. 2. Example of fitting, experimental~full line!, calculated
~1!.
1.

faces exhibited in some of the samples backscattering le
age and the four modes, LO1, LO2, TO1, and TO2, were
observed simultaneously. The peak wave number and t
relative intensities are determined by the all
composition.13,14 Composition and room-temperature pe
frequencies are given in Table I. An example of the Ram
spectra obtained at different temperatures is shown in Fig

The peak frequencies of the different Raman modes
represented as a function of the temperature in Figs. 4 an
The frequency shift with temperature was nearly linear in
studied temperature range~best fit by least squares withr
.0.95). The slope,dv/dT, of these plots is represented as
function ofx in Fig. 6. The temperature coefficients,dv/dT,
lie in a narrow margin for all the compositions; however,
slight increase withx is observed for all the modes and su
an increase is larger for AlAs like modes. Such a behavio
reported in Fig. 7 for the sample with a compositionx
50.82, for which the four first-order Raman modes we
obtained simultaneously on a cleaved~110! surface of a thick
film ~2 mm! grown along thê 001& crystal axis. Also, the
temperature coefficient,dv/dT, is higher for longitudinal
than for transverse modes.

The temperature dependence of the Raman peak shift
been successfully described by perturbation models.1,7,16Fol-
lowing this, the peak frequency of thei mode can be ex-
pressed as a function of the temperature1 as

FIG. 3. Raman spectra at 40 and 270 °C.

TABLE I. Room temperature wave numbers of the Ram
bands TO1, LO1 ~AlAs like!, and TO2 and LO2 ~GaAs like!.

Composition
~x!

LO1

~cm21!
TO1

~cm21!
LO2

~cm21!
TO2

~cm21!

0.00 293.8 270.3
0.20 368.8 283.7 271.0
0.45 284.2 356.7 272.9 262.4
0.58 388.2 271.3
0.73 294.3 360.6 266.4 259.4
0.82 397.5 361.7 263.4 249.6
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Dv i5voiFexpS 23g iE
To
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a~T8!dT8D 21G
1A1iS 11(

j 51

2
1

ex j21
D 1higher-order terms,

~1!

wherevoi is the harmonic frequency of thei mode;g i is the
corresponding mode Gruneisen parameter g i
52d ln vi /d ln V5(1/v ib)dv i /dp, where b is the com-
pressibility, andV and p are the volume and pressure, r
spectively!, a the linear thermal expansion coefficient,A1i
the cubic anharmonic constant of modei, and

(
j 51

2

xj5
hvoi

KT
. ~2!

FIG. 4. Frequency vsT for LO1 ~AlAs-like! Raman band.

FIG. 5. Frequency vsT for LO2 ~GaAs-like! Raman band. The
wave number of the TO and LO bands of GaAs are also plotte
The first term of Eq.~1! corresponds to the thermal ex
pansion contribution; it depends on the alloy composit
and mode polarization, sinceg i and voi are different for
each mode and alloy composition anda is a function of the
alloy composition.15 The second term accounts for the cub
anharmonic phonon coupling~three phonon processes!; the
higher-order terms are quartic~four phonon processes! and
higher anharmonic contributions. In GaAs the zone cen
optic phonons decay in two longitudinal acoustic~LA !
phonons with energy half of the optical phonon and wa
vectorsq and 2q, respectively,10,12 which was assumed in
our calculations as well. The contribution of high-ord
~quartic and above! anharmonic terms was found negligib
within the experimental uncertainty in the temperature ran
studied.

The linewidth analysis is more difficult to achieve sin
different contributions have to be considered. Among the
the finite resolution of the spectrometer,13 the disorder inher-

FIG. 6. Temperature coefficients (dv/dT) for LO1 ~AlAs-like!
and LO2~GaAs-like! modes as a function of the alloy compositio

FIG. 7. Frequency shift vsT for the four Raman bands (TO1,
LO1, TO2, and LO2) (x50.82).
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ent to the alloy15,16 and the broadening due to the anha
monic decay of phonons. The finite resolution of the sp
trometer demands a correction of the measured linewi
The alloy potential fluctuations induce asymmetric Ram
line broadening;17,18 a priori, such a broadening is indepen
dent of the temperature. Besides, it is well known that
alloy disorder depends on the experimental conditions du
growth.18 The pure anharmonic broadening is a temperat
dependent effect through the phonon occupation number
these points make difficult the assessment of the linew
data, which are more scattered than the frequency shift d

The anharmonic broadening can be written according
the perturbation theory as:7–10,12

G i~T!5Goi1B1iS 11(
j 51

2
1

ex j21
D

1higher-order terms, ~3!

whereGoi is the harmonic linewidth independent of the tem
perature andB1i is the corresponding cubic anharmonic co
stant.

The anharmonic decay of phonons can be enhanced
defects and disorder. Vermaet al.13 demonstrated thatP1

implanted GaAs exhibited higher anharmonic constant t
the bare GaAs substrate. Also, the anharmonicity was fo
to vary with the composition in In12xGaxP.19 Brafman and
Manor20 observed differences between the effects due to
loying and those produced by ion implantation. Also, t
relaxation of the momentum conservation rule, which is
considered in ideal random element isodisplacement~REI!
models21 and residual stresses can contribute to the p
broadening. It follows that the linewidth has to be studi
with extreme caution in order to obtain reliable anharmo
constants and temperature coefficients,dG/dT.

The GaAs-like LO phonon band was significantly broad
than the AlAs-like LO Raman peak for samples withx
50.45, 0.58, 0.73, and 0.82; also GaAs-like LO modes w
also more asymmetric. These data are summarized in T

FIG. 8. FWHM vsT for TO1, LO1, and TO2, Raman bands of
samplex50.82. FWHM vsT of TO and LO bands of GaAs are als
plotted.
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II. It should be noted that out of the low values ofx, Al
diluted, the GaAs-related modes are broader than the co
sponding AlAs-related mode. However, the ratioGLO2 /GLO1
remains nearly constant fromx50.45 tox50.82, Table II.

The GaAs-like LO Raman bands were not only broad
than the AlAs-like bands but their asymmetry,G l /Gh , is also
more important forx.0.45 ~whereG l and Gh are, respec-
tively, the low- and high-frequency half-widths of the peak!.
When the Raman band is broadened only because of
finite phonon lifetime (Gat21, wheret is the phonon life-
time! the Raman band is still Lorentzian, which was only t
case for the binary compound (x50). The asymmetry can
be described assuming a finite phonon correlation lengt17

FIG. 9. Frequency shift (LO1 and LO2 modes! due to the ther-
mal expansion term vs the Gru¨neisen parameter. The dark circle
correspond to the contributions calculated for the experimental
ues of the Gru¨neisen parameters of these alloys~see text!.

FIG. 10. Cubic anharmonic constant (LO1 and LO2 modes! vs
the Grüneisen parameter. The dark circles correspond to the co
butions calculated for the experimental values of the Gru¨neisen pa-
rameters of these alloys~see text!.



g
i-
-

f
rs
in
h

gt
th

or
an

-
ld

e
of

.

e

nd
e
lso
cor-

for
of
es,

ob-
er
ym-

w-

of
,
s
ider
t of

nce

-

PRB 58 10 467TEMPERATURE DEPENDENCE OF THE RAMAN . . .
The experimental data result in a shorter correlation len
for GaAs-like than for AlAs-like phonons, as it was prev
ously reported by other authors,18 who estimated a correla
tion length for LO1 twice the correlation length of LO2 for an
alloy with x50.7. However, the correlation length o
phonons in ternary alloys has been the object of controve
Kash et al.22 showed that the Raman phonons
Al xGa12xAs alloys have well-defined momenta, whic
should explain the inadequacy of a finite correlation len
analysis of the Raman linewidth data. They attributed
linewidth of the first-order Raman bands of the AlxGa12xAs
alloy to fluctuations of the bond length that can activate f
bidden qÞ0 phonons, which can contribute to the Ram
spectrum without claiming for phonon localization.

The contribution by phonons withqÞ0 can be a reason
able hypothesis for describing the alloy linewidth. It shou
be noted thatdv/dq is larger for GaAs-like modes17,23 than

TABLE II. Linewidths of LO1 and LO2 Raman peaks and rela
tive width.

Composition~x! GLO1 ~cm21! GLO2 ~cm21! GLO2 /GLO1

0.20 5
0.45 10 15 1.5
0.58 8 11 1.4
0.73 8 14 1.8
0.82 8 12 1.5
th

y.

h
e

-

for AlAs-like modes17,24 modes. Thus, this difference in th
dispersion relation could explain the broadening features
the GaAs-like phonon compared to the AlAs like phonon

The plots of the full width at half-maximum~FWHM! vs
T of LO1, TO1, and TO2 phonon modes of sampl
Al0.82Ga0.18As ~110! are shown in Fig. 8. LO2 is not shown
since the fitting was not good due to its weak intensity a
the overlapping with TO2. The corresponding plots for th
LO and TO linewidths of a bare GaAs substrate are a
represented. Noteworthy differences are observed in the
responding temperature coefficients,dG/dT. The tempera-
ture coefficients are higher for GaAs-like modes than
AlAs-like modes, which suggest higher anharmonicity
GaAs-like modes, in contrast to what is expected. Besid
all these coefficients are significantly higher than those
tained for binary compound, for which only zone cent
phonons contribute to the Raman spectrum. The mode as
metry, G l /Gh , was nearly constant withT for AlAs-like
modes, while, it was increasing for GaAs-like modes. Ho
ever, forx50.2, the asymmetry of the LO2 mode was prac-
tically not modified by the temperature. The activation
forbidden modes ~disorder-activated longitudinal optic
disorder-activated transverse optic! due to resonances doe
not seem to account for these observations, if we cons
that the intensity of these modes comes out lower than tha
the allowed modes by two orders of magnitude.25 This be-
havior reinforces the role played byqÞ0 phonons in the
Raman linewidth of the alloy modes and their depende
. D.

Phys.
TABLE III. Table summarizing pressure and temperature coefficients and Gru¨neisen parameters.@The
pressure coefficients and the Gru¨neisen parameters of GaAs were obtained from Ref. 25, L. J. Cui, U
Venkateswaran, B A. Weinstein, and F. A. Chambers, Semicond. Sci. Technol.6, 469~1991!; while those of
the alloy series were obtained from Ref. 26, M. Holz, M. Seon, O. Brafman, R. Manor, and D. Fekete,
Rev. B54, 8714~1996!.#

X Phonon mode
Pressure coefficient

(cm21 GPa21)
Temperature coefficient

(1022 cm21 K21) Grüneisen parameter

0.00 TO 4.38 21.71 1.39
LO 4.08 21.79 1.23

0.20 LO2 21.87
LO1 22.03

0.25 LO2 4.33 1.12
TO1 5.10 1.15
LO1 5.71 1.14

0.40 LO2 4.39 1.17
TO1 6.38 1.14
LO1 5.82 1.14

0.45 LO2 21.38
LO1 22.05

0.58 LO2 4.39 21.90 1.22
LO1 6.41 22.29 1.03

0.70 TO2 4.08 1.30
LO2 4.68 21.92 1.32
TO1 5.38 1.11
LO1 5.13 22.40 0.97

0.82 LO2 22.09
LO1 22.63

1.00 TO1 6.40 1.22
LO1 5.28 0.86
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with T. It should be noted that the anharmonic contributi
to the phonon linewidth is calculated for zone cen
phonons in Eq.~2!, which is rather probably a rough ap
proach in the case of alloys.

The peak frequency shift was analyzed in terms of
thermal expansion and the anharmonic contribution. In or
to estimate how the alloy composition can influence b
contributions, Gru¨neisen parameters between 0.8 and
were considered. This choice was done on the bases o
experimental data concerning the Gru¨neisen parameters o
the binary compounds@gLO51.23 andgTO51.39 for GaAs
~Ref. 26! andgLO51.03 andgTO51.39 for AlAs ~Refs. 27
and 28!# and those deduced from pressure measurement
Al xGa12xAs alloys.29 Then, the contribution of the therma
expansion to the frequency shift was calculated for each
man mode and alloy composition. The experimental d
were fitted by Eq.~1! assuming different Gru¨neisen param-
eters, allowing thus the estimation of the anharmonic c
stants. These results are summarized in Figs. 9 and 10.
the thermal expansion contribution and the anharmonic c
stants vary almost linearly withg. The variation of both with
x for a giveng presents different characteristics for AlAs an
GaAs-like modes. In fact, the anharmonic constant exhi
strong variations withx for AlAs modes when compared t
the variation of GaAs modes; such a variation is about
times higher for AlAs- than for GaAs-like modes. Concer
ing the thermal expansion contribution the GaAs mod
present a stronger variation withx than the AlAs modes. All
that suggests that the increase of the temperature coeffi
with x for AlAs-like modes is mainly the consequence of t
higher anharmonicity of these modes as compared to Ga
like modes. This can be associated in a first approxima
with the smaller reduced mass of AlAs compared to GaA30

FIG. 11. FWHM vs T for LO1 (x50.82) and LO2 (x50.2)
phonons.
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Data corresponding to our sample compositions are indica
by dark circles in Figs. 9 and 10, using the Gruneisen par
eters determined by Holzet al.29 Table III summarizes the
main data concerning pressure and temperature coeffic
and the Gru¨neisen parameters over the full compositi
range.

Following the above results, the high temperature coe
cients deduced from the linewidth of the GaAs-like mod
can hardly be associated with an increase of the anharmo
ity; therefore, it seems that the contribution byqÞ0 phonons
is the main cause for the observed linewidth broadeni
This was confirmed by the comparison between the evo
tion with the temperature of the FWHM’s of LO1 and LO2
modes in the same cation dilution conditions. The FWHM
of LO1 and LO2 are plotted in Fig. 11 as a function of th
temperature forx50.2 (LO2) and x50.82 (LO1). The tem-
perature coefficient,dG/dT, is significantly higher for LO1
than for LO2. It can be argued that the linewidth of th
Raman mode related to the most abundant cation~Ga for x
50.2 and Al for x50.82) in low dilution conditions is
mainly determined by the anharmonicity of zone cen
phonons, the contribution of the off-zone center phonon
expected to be much less important. As the composition g
to higher dilution, forbiddenqÞ0 phonons are activated
which is observed by the Raman mode broadening. T
agrees with the frequency data, which demonstrated a hig
anharmonic contribution for the AlAs sublattice than for t
GaAs sublattice.

IV. CONCLUSION

The temperature dependence of the first order Ram
spectrum of AlxGa12xAs has been studied over the full com
position range. The temperature coefficient,dv/dT, in-
creases withx and is higher for AlAs-like modes, as a con
sequence of their higher anharmonicity. Linewidth w
demonstrated to be more complex to analyze, due to
contribution ofqÞ0 phonons, that was determinant for th
linewidth of the Raman modes. Cation dilution plays a ma
role in the activation of these forbidden modes. It was de
onstrated that in low dilution conditions the correspondi
modes approach the behavior of the binary compounds, c
firming the frequency data about the higher anharmonicity
the AlAs-like compared to GaAs-like modes. AlAs-lik
modes are more sensitive for temperature measurement
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