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We present a detailed investigation of the phonons and longitudinal-optical-phonon–plasmon coupled modes
in the Ga1−xInxAsySb1−y alloy by means of Raman scattering. A generalization of the dielectric Raman line-
shape model to quaternary alloys is described and used to analyze the Raman spectra of a set of n-type
Ga1−xInxAsySb1−y layers with x=0.15, y=0.13, and electron densities ranging from 2.8�1017 to 3.7
�1018 cm−3. Landau-damping effects are found to be essential to correctly describe the coupled modes that
occur in the phonon-frequency range. Differences in the electron-density dependence of these modes between
80 K and room temperature are observed and attributed to different Landau-damping regimes. The plasmonlike
L+ mode is observed to shift to lower frequencies when the temperature is increased from 80 K to room
temperature. This frequency shift is explained in terms of thermal population of the L valleys.
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I. INTRODUCTION

III-V mixed crystals are of interest not only in the study
of fundamental aspects of lattice dynamics in disordered
systems but also for their wide range of applications in
band-gap engineering. Quaternary alloys offer higher flex-
ibility for tuning the band gap while maintaining the lat-
tice match with the substrate. The quaternary alloy
Ga1−xInxAsySb1−y lattice matched to GaSb is a direct narrow-
band-gap semiconductor which allows the band gap to be
reduced close to 0.5 eV �Ref. 1� and finds important appli-
cations in high-performance thermophotovoltaic devices.
The GaInAsSb/GaSb system has produced the highest per-
formance thermophotovoltaic devices to date.2 Other appli-
cations of this alloy include infrared lasers and photodetec-
tors operating at wavelengths beyond 2 �m.3–5 In spite of
the technological interest of Ga1−xInxAsySb1−y, the growth of
these alloys is difficult due to a large miscibility gap6 and
fundamental studies of their optical properties are scarce.
Early studies of the lattice dynamics of Ga1−xInxAsySb1−y
using Raman scattering were carried out for various com-
positions lattice matched to GaSb, InAs, and InP.7 These
studies suggested a three-mode behavior for the quaternary
alloy, although the Raman spectra of those early samples
were rather poor and the InSb-like mode was not observed
in most of the samples studied. Other Raman-scattering
characterizations of Ga1−xInxAsySb1−y / InAs epilayers8 have
been analyzed following Ref. 7 but they are generally
limited by the weak signal of the Raman spectra. More
recently, Raman scattering was used to characterize Te doped
Ga1−xInxAsySb1−y /GaSb layers.9 Further work is needed to
establish a more detailed picture of the long-wavelength
lattice dynamics in the Ga1−xInxAsySb1−y alloy over a
broader composition range. The optical constants of
Ga1−xInxAsySb1−y /GaSb epilayers with the same composition
as those studied in the present work were determined by
spectral ellipsometry.10

Raman scattering can also be utilized to probe effectively
in a contactless way the free-charge density in doped polar
semiconductors by analyzing the longitudinal-optical �LO�-
phonon–plasmon coupled modes �LOPCMs�.11 In general,
two branches of the coupled modes labeled L+ and L−

are observed in high-mobility n-type binary semicon-
ductors. In degenerate material, the L+ has a plasmonlike
character and its frequency depends strongly on free-charge
density. LOPCMs have been extensively studied in many
n-type doped III-V binary semiconductors11 and carrier-
concentration values derived from their Raman line-shape
analysis have been shown to be in good agreement with
Hall-effect measurements.12–14 Despite their fundamental in-
terest, much less studies have been directed to LOPCMs in
III-V alloy semiconductors.15–17 Recently, the high sensitiv-
ity to free-electron concentration of the L+ coupled mode has
been employed to perform a Raman spectroscopic determi-
nation of electron concentration in n-type GaInAsSb.18 The
existence of separate LO branches associated with the differ-
ent anion-cation bondings in alloys leads to the observation
of additional coupled modes whose character differs from
those of the typical L+ and L− modes of binary semiconduc-
tors. The n-type AlxGa1−xAs alloy exemplifies the typical
coupled-mode behavior that is expected in ternary alloys.15

Besides the usual L+ and L− modes, an additional coupled
mode L0 was observed in the frequency gap between the two
sets of zone-center optical modes. The frequency of this
mode increases with free-electron density and displays
phononlike character at both high- and low-carrier densities.
The coupled-mode behavior in the two-mode AlxGa1−xAs
alloy could be well understood from the straightforward
analysis of the zeros of the dielectric function.15 However,
this simple picture cannot be generalized to all alloys. In
fact, a different coupled-mode behavior was reported in
InxGa1−xAs,16,17 where only the L+ mode shows a frequency
increase with electron density whereas the remaining
coupled modes decrease in frequency as the electron density
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increases. This behavior was ascribed to the specificity of
material properties such as low electron effective mass and
low phonon energies which result in heavy Landau damping
of the lower energy coupled modes.17

For low In and As compositions, the quaternary alloy
Ga1−xInxAsySb1−y also exhibits low values of electron
effective-mass and optical-phonon frequencies. Four differ-
ent types of oscillators are in principle expected to couple
with the plasma excitations. In this work we present a
Raman-scattering study of LOPCMs in GaInAsSb and we
discuss the results in the light of the line-shape models most
usually employed to describe coupled modes in semiconduc-
tors. Specific characteristics of the alloy conduction bands
such as its marked nonparabolicity at the � point and the
presence of secondary minima at L are duly taken into ac-
count. We show that the behavior of the lower frequency
coupled modes is not accounted for by the simple Drude or
hydrodynamical �HD� models and only the Lindhard-
Mermin �LM� model,19 which includes Landau-damping ef-
fects, can explain the observed carrier-density dependence of
the lower frequency coupled modes.

The paper is organized as follows. In Sec. II we describe
the set of GaInAsSb layers used in this study and the experi-
mental conditions for the Raman-scattering measurements.
Section III presents a generalization of the dielectric Raman
line-shape model to quaternary alloys and a discussion of the
different approaches to model the free-electron contribution
to the susceptibility. The lattice dynamics and Raman spectra
of the undoped GaInAsSb alloy are discussed in Sec. IV A.
The LOPCM behavior predicted by the various line-shape
models is analyzed in Sec. IV B. Finally, in Sec. IV C we
present and analyze the Raman spectra of n-type GaInAsSb
samples obtained at room temperature and at 80 K. Our re-
sults are compared with the theoretical predictions of the LM
model.

II. EXPERIMENT

Five n-type doped Ga0.85In0.15As0.13Sb0.87 epitaxial layers
were studied. The layers were grown by organometallic
vapor-phase epitaxy on semi-insulating GaAs �001� sub-
strates in a vertical flow, rotating-disk reactor. The samples
were doped with Te using diethyltellurium following the
growth technique described elsewhere.20,21 The In and Al
contents of the epilayers were determined from double-
crystal x-ray diffraction measurements. Electron concentra-
tion and mobility of the GaInAsSb epilayers were deter-
mined using single magnetic field Hall-effect measurements
based on the van der Pauw method. Ohmic contacts were
made to GaInAsSb using indium metal. Measurements were
performed at 77 K using a 1 T magnetic field. At this tem-
perature, the correction to the effective electron density
probed by the Hall measurements due to L-minima
conduction18,22 is totally negligible for all the samples but the
one with the highest electron density, where it amounts to
about 2%. The electron concentrations derived from the Hall
measurements on these samples, labeled A to E, were, re-
spectively, 2.8�1017, 4.8�1017, 9.7�1017, 2.1�1018, and
3.7�1018 cm−3. A nominally undoped reference sample
with the same composition was also grown.

Raman-scattering measurements were performed at room
temperature and at 80 K in z�x ,y�z̄ backscattering configura-
tion, where x, y, and z are parallel to the �100�, �010�, and
�001� directions, respectively. The spectra were obtained us-
ing 780.0 nm excitation wavelength from a Ti:sapphire laser.
The scattered light was analyzed using a Jobin-Yvon T64000
spectrometer equipped with a charge coupled device detector
cooled with liquid nitrogen. The single stage configuration of
the spectrometer was used to maximize the instrument
throughput. In this configuration, for 100 �m slit width the
spectrometer bandwidth is �0.8 cm−1.

III. THEORY

A. Line-shape model

In polar semiconductors the collective oscillations of the
free-electron gas couple with the longitudinal-optical modes
via their macroscopic fields. The fluctuation-dissipation for-
malism developed by Hon and Faust23 conveniently de-
scribes such coupling and has been proven to provide an
accurate modeling of LO-phonon–plasmon coupled modes in
binary semiconductors12 and ternary alloys.17 The model,
which is based on the linear response of the free-charge-
lattice system to generalized strains taking into account elec-
trostatic interaction between sublattice polarizations, can be
readily extended to the AxB1−xCyD1−y quaternary alloys by
considering some simple assumptions on the dielectric prop-
erties of the alloy. Following the ideas of the cell isodisplace-
ment theory,24 we consider sublattice cells of four kinds: AC,
AD, BC, and BD �i=1, 2, 3, and 4, respectively� and thus we
express the complex dielectric function of the alloy as

���;x,y� = ���x,y��1 + �
i=1

4
�Pi

2

�TO,i
2 − �2 − i��I

� , �1�

where �TO,i and �P,i are, respectively, the transverse-optical
frequency and the ionic plasma frequency of the ith sublat-
tice. Assuming that the effective charges are weakly depen-
dent on composition, the ionic plasma frequency is given by

�Pi
2 = Wi

��i

���x,y�
�P,i

0 2. �2�

Here, �P,i
0 2=�LO,i

0 2−�TO,i
0 2 is the ionic plasma frequency

squared for the pure binaries and Wi is the statistical weight
of the ith bond,

Wi = 	
xy �i = 1� ,

x�1 − y� �i = 2� ,

�1 − x�y �i = 3� ,

�1 − x��1 − y� �i = 4� .

 �3�

Similarly, we also assume a linear dependence on composi-
tion for the Faust-Henry coefficients, Ci=WiCi

0, and for the
high-frequency dielectric constant, ���x ,y�=�iWi��,i, with
Ci

0 and ��,i the values corresponding to the pure binaries.
From the generalization of the Hon-Faust dielectric

model23 to a quaternary alloy whose dielectric response is
described by Eq. �1�, the differential Raman-scattering cross
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section for deformation-potential and electro-optic mecha-
nisms can be expressed as

�2	

�� � �

 �n��� + 1�I�−

1

����� 1

4�
+ 2�

i=1

4 Ai

��,i
�i

+ 4� �
i�j=1

4 � AiA j

��,i��,j
−

Ai
2

��,i
2 ��i� j − �1

−
4��e

���x,y�
���x,y��
i=1

4 � Ai

��,i
�2

�i�� . �4�

Here, I stands for the imaginary part and we have introduced

Ai = Ci
0�TO,i

2

�P,i
0 2 , �5�

the ionic sublattice susceptibilities

�i =
��,i

4�
Wi

�P,i
0 2

�TO,i
2 − �2 − i��I

, �6�

and the electron plasma susceptibility �e. For the evaluation
of �e we use the Lindhard-Mermin prescription

�e�q,� + i�e� =
�1 + i�e/���e

L�q,� + i�e�
1 + i�e�e

L�q,� + i�e�/���e
L�q,0��

, �7�

where �e
L�q ,�� is the Lindhard susceptibility and �e is a

phenomenological damping constant that takes into account
collision-damping effects in the relaxation-time approxima-
tion. We calculate the electric susceptibility �e

L�q ,�� by nu-
merically evaluating the Lindhard integral

�e
L�q,�� =

e2

2�3q2� f�EF,T,k�
E�q + k� − E�k�

�E�q + k� − E�k��2 − �
��2d3k ,

�8�

where f�EF ,T ,k� is the Fermi distribution function for an
electron gas with Fermi energy EF at temperature T and E�k�
is the energy dispersion of the conduction band of the alloy.
This model, which includes wave-vector dispersion, tem-
perature, and nonparabolicity effects, has been shown to pro-
vide an accurate description of the electron plasma suscepti-
bility in other III-V semiconductors.11,12,17

Simpler approaches to evaluating �e such as the Drude
model15,25 and the HD model26–28 are often used in LOPCM
studies. In the present work we compare the predictions of
these models, which are basically classical models that ne-
glect Landau-damping effects, with those of the LM model,
where single-particle excitations �SPEs� between electronic
states are taken into account. We consider the following
Drude-type susceptibility:

�e
D��,q� = −

��

4�

�p
2�q�

��� + i�e�
, �9�

which can be obtained by expanding Eqs. �7� and �8� in
powers of q �small-q limit�. Wave-vector dispersion can be
taken into account ad hoc in the Drude model by using a
wave-vector-dependent plasma frequency29

�p�q� = �p�1 + �v2�� q

�p�q�
2�1/2
, �10�

where �v2� is the electron mean-square velocity and �p is the
plasma frequency of the electron gas. Alternatively, one can
include a force term proportional to pressure gradients in the
classical dynamical equations of the electron gas, which
leads to the HD model susceptibility26

�e
HD��,q� = −

��

4�

�p
2

�2 − �v2�q2 + i��e
. �11�

The Ga1−xInxAsySb1−y alloy is a direct narrow-band-gap
semiconductor with a highly nonparabolic conduction band.
In view of the lack of knowledge for this compound of
physical parameters required to construct a higher order k ·p
model for the conduction band,30 we use a simplified Kane’s
two-band model.31,32 Ignoring spin-orbit interaction and con-
sidering the m��me limit, the solution of Kane’s secular
determinant is given by

E�k� =
1

2
��E0

2 + 4E0

2k2

2m�
− E0
 . �12�

At room temperature, a small but appreciable population
of the L conduction-band minima is expected. For simplicity,
we assume isotropic L minima with an average effective
mass

1

mL
� =

1

3
� 2

mL
t � +

1

mL
l �� , �13�

where mL
t � and mL

l � are, respectively, the transverse and lon-
gitudinal electron effective masses at L. We also consider the
Maxwellian limit for the occupation of the L minima,

NL = 2�mL
DOSkBT

2�
2 �3/2

exp�EF − E�L

kBT
� . �14�

Here mL
DOS=42/3�mL

l �mL
t �2�1/3 is the density-of-states effective

mass at L and EF is the Fermi energy. Then, if we neglect
interband transitions,11 the electrons at the L minima yield an
additive contribution to the electronic susceptibility33,34

�L��,q� =
��

4�

1 + �Z���
��Dq�2 , �15�

where Z��� is the classical plasma dispersion function, �D is
the Debye length, and � is a dimensionless parameter de-
fined as

� = � mL
�

2kBT
�1/2�

q
. �16�

The damping for the electrons in the L valley was set accord-
ing to a power-law-of-mass relation35 as �L=�e�mL

� /m�
��3/2.

The parameters used in the line-shape model are listed in
Table I.

B. Single-particle excitation regime

Coupled-mode excitations can be absorbed by
conduction-band electrons provided that crystal momentum
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and energy conservation hold. Thus the SPE regime is de-
fined as the energy-momentum region where


�spe = E�k + q� − E�k� . �17�

Owing to the narrow band gap in Ga1−xInxAsySb1−y, the elec-
tron effective mass is quite small. Also, the presence of
heavy ions �In, Sb� in the alloy results in the corresponding
sublattice modes displaying relatively low frequencies. Con-
sequently, the SPE regime extends into the phonon-mode
frequency region, where Landau-damping effects are ex-
pected to be important.

To estimate the Landau-damping region we use Eq. �17�,
where E�k� is given by Eq. �12� and the electron wave vector
k is replaced by a suitably averaged value that is determined
according to the following considerations. In a classical pic-
ture, Landau damping occurs when the phase velocity of the
wave, vp=�SPE /q, is comparable to the rms velocity of the
electrons. In the classical limit, the relevant velocity is given
by �v2�1/2, whereas in the degenerate limit at T=0 K this is
replaced by the Fermi velocity, vF.29 For finite temperature,
we interpolate between these two limits by averaging �k2�1/2

over the energy region EF�4kBT of the Fermi-Dirac distri-
bution where empty electron states are available.

Intraband electronic transitions which give rise to Landau
damping in the single-particle excitation regime are intrinsi-
cally considered in the LM model �see Eq. �8��, whereas no
account of the distribution of electrons over the available
energy states is made in the Drude or HD models. Although
single-particle excitations are absent in the HD model, the
hydrodynamic pressure-gradient effects introduce a pole on
the real axis of the HD susceptibility at �=q�v2�1/2 that dis-

places the zeros of the dielectric function. The associated
peak in the imaginary part of the susceptibiliy implies a
strong damping around the singularity. The HD model, how-
ever, cannot be expected to be reliable close to the singular-
ity. In that region only the LM model can account for Landau
damping in the electron gas.

IV. RESULTS AND DISCUSSION

A. Raman modes in undoped GaInAsSb

In order to test the dielectric alloy model discussed in the
preceding section and to obtain an experimental determina-
tion of the LO mode frequencies of the alloy, we performed
Raman-scattering measurements on an undoped
Ga0.85In0.15As0.13Sb0.87 control sample. The Raman spectrum
of the control sample at 80 K is shown in Fig. 1. The spec-
trum is dominated by strong peaks at 250.9 and 235.6 cm−1.
We assign these peaks to the GaAs-like and InAs-like LO
modes of the alloy. A weak peak is also detected at
195.0 cm−1, which is assigned to the InSb-like LO mode.
Also, a shoulder on the low-frequency side of the InAs-like
LO peak can be observed at 224.3 cm−1 and this can be
assigned to the GaSb-like LO mode. As an aid to accurately
determine the LO mode frequencies, the second derivative of
the spectrum45 was numerically evaluated �thin line in Fig.
1�.

The dielectric model of Sec. III for Ne=0 was used to
simulate the Raman spectrum and to extract the relevant pa-
rameters �phonon frequencies and dampings of the alloy
modes�. The line shape calculated with the parameters listed
in Table I is plotted with a dotted line in Fig. 1. The intensity

TABLE I. Input parameters used for the LOPCM line-shape model. The indices i stand for the ith binary compound, except for �I
i and

�TO,i, where they refer to the ith sublattice of the alloy.

Symbol Description

Value

UnitsGaInAsSb GaAs �i=1� GaSb �i=2� InAs �i=3� InSb �i=4�

E�
a Direct band-gap energy at � 0.542 eV

E�-L
b �-L gap energy 0.20 eV

n a Refractive index 4.27

m� c Electron effective mass at � 0.036 me

mL
l � d Longitudinal effective mass at L 1.267 me

mL
t � d Transverse effective mass at L 0.083 me

�I
i e Ionic damping constant 6 8 4 12 cm−1

�TO,i
f A1�TO� frequency 247.7 223.4 229.5 193.6 cm−1

�P,i
0 2 e Ionic plasma frequency squared 11.798 4.239 11.233 4.584 103 cm−2

Ci
0 g Faust-Henry coefficient −0.55 −0.21 −0.61 −0.36

��,i
h High-frequency dielectric constant 10.9 14.4 12.2 15.7

aReference 10.
bReference 18.
cComposition-averaged GaSb �Ref. 36� and InAs0.17Sb0.13 �Ref. 37� values �see Ref. 18�.
dComposition-averaged values of the constituent binaries taken from Refs. 36, 38, and 39.
eLine-shape fit to 80 K Raman spectrum of control sample �Ne=0�.
fEstimated from 80 K Raman spectrum of the highest electron-density sample.
gReference 40.
hReferences 41–44.
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of the InAs-like LO mode is remarkably high, considering
that the In-As bond has the lowest relative concentration in
the alloy. In contrast, the GaSb-like LO mode is barely vis-
ible in spite of the fact that the Ga-Sb bond has the highest
relative concentration. This unexpected Raman intensity dis-
tribution can be explained by the coupling of the respective
sublattice oscillators via the macroscopic electric field of the
LO modes, which causes oscillator strength transfer from the
majority lower frequency GaSb-like oscillator to the higher
frequency InAs-like one. A similar coupling effect was re-
ported in the InGaAs alloy between InAs-like and GaAs-like
modes.17,46,47 In the case of GaxIn1−xAsySb1−y, the dominance
of the InAs-like oscillator intensity has led in previous stud-
ies to consider this alloy within a three-mode behavior
framework and to assign the Raman peak observed at about
230 cm−1 to �GaSb+InAs�-like mixture modes.7,8

On the other hand, the intensity of the InSb-like LO mode
is very weak in the Raman spectra. In fact, this mode was not
detected in previous Raman-scattering studies.7,8 A larger
value of ionic damping �see Table I� had to be used for the
InSb sublattice in the model to simulate the low intensity of
the InSb-like LO mode. Even with this high ionic damping,
the calculated intensity is higher than the observed Raman
peak. We attribute the low intensity of the InSb-like LO
mode in the Raman spectra to a poorer quality of the InSb
sublattice, which may be affected by Sb segregation prob-
lems. In our samples we did not, however, observe the Ra-
man peak at �160 cm−1 that was previously associated with
metallic Sb clusters.9,48

B. LOPCM line-shape model analysis

In Fig. 2 we compare the line shapes calculated for
n-Ga0.85In0.15As0.13Sb0.87 at T=80 K for electron densities in

the lower and upper ends of the range studied using the dif-
ferent models discussed in Sec. III. As can be seen in Fig. 2,
whereas the line shapes are very similar at high electron
densities, the predictions of the various models differ sub-
stantially at low electron densities. At high electron densities
the L+ mode is almost entirely plasmonlike and thus very
sensitive to charge-density variations. This can be exploited
to probe the electron density in the layers by means of con-
tactless optical measurements.18 We note that, for the range
of electron densities studied, the Drude model with the
wave-vector correction to the plasma frequency �Eq. �10��
yields nearly the same L+ frequency as the LM model,
whereas the HD model tends to give a higher L+ frequency.
In the low electron-density range the Drude model predicts
an intense undamped L+ mode which dominates the spec-
trum, whereas the L+ mode is substantially damped accord-
ing to the LM calculations. The HD model also yields a
somewhat damped L+ mode but the intermediate-frequency
coupled modes are shifted to lower frequencies. In order to
investigate the LOPCM behavior predicted by the various
models, we have determined the frequency of the LOPCM
line-shape peaks calculated for nominal low values of the
damping parameters ��I

i =2 cm−1 and �e=10 cm−1�. In Fig.
3 we plot the n-Ga0.85In0.15As0.13Sb0.87 LOPCM frequency
dependence on electron density thus obtained from the
Drude �dashed line� and HD �solid line� models at 80 K. The
Drude model results follow the generalization of the classical
coupled-mode behavior in alloys reported for instance in
AlGaAs.15 Away from the phonon-mode frequencies, plas-
monlike modes L− and L+ exist whose frequencies increase
as �Ne

1/2. In the phonon-mode frequency range, three addi-
tional intermediate coupled modes appear and their frequen-
cies continuously evolve from the LO frequency of a given
sublattice to the higher-lying TO frequency of the next sub-
lattice. The HD model gives basically the same mode behav-
ior, although the proximity of the pole at q�v2�1/2 displaces
the transition region from LO-phononlike character �low Ne�
to TO-phononlike character �high Ne� of the intermediate
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FIG. 1. Raman spectrum of an undoped Ga0.85In0.15As0.13Sb0.87

control sample at 80 K �solid line�. The lower trace �thin solid line�
corresponds to the negative second derivative of the spectrum. The
arrows mark the frequencies of the alloy LO modes. The dotted line
shows the line shape calculated using the theoretical model of Sec.
III for Ne=0.
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Ga0.85In0.15As0.13Sb0.87 with Ne=3�1017 cm−3 and Ne=2
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and Lindhard-Mermin �LM� models.
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modes toward lower electron densities. In this region, the
intermediate modes recover plasmonlike character and their
frequencies increase with Ne. Similarly, the HD model
predicts the evolution of the L− mode character from
plasmonlike to phononlike to occur at lower electron den-
sities. This picture changes at room temperature since then
the mean-square velocity of the electrons is higher and
the InSb-like phonon frequency lies below the pole in the
HD susceptibility. This is illustrated in Fig. 4, where the
n-Ga0.85In0.15As0.13Sb0.87 coupled-mode behavior given by
the Drude and LM models is plotted for T=300 K. Whereas
the Drude model predicts essentially the same coupled-mode
behavior at both temperatures, significant differences can be
found in the coupled-mode behavior predicted by the HD
model. Thus, at 300 K the lowest-frequency intermediate
coupled mode is strongly affected by the proximity of the
singularity in the HD susceptibility and the L− mode is re-
placed by a phononlike mode within the InSb phonon-mode
region whose frequency decreases from the LO to the TO
InSb-like frequencies. Note that although the behavior of this
mode mimics that of an overdamped coupled mode,35,49 the
imaginary HD susceptibility is peaked around the pole and
therefore this behavior cannot be attributed to strong damp-
ing. As already discussed, the HD model is not expected to
give reliable results for ��q�v2�1/2.

The mode behavior predicted for the intermediate coupled
modes by the LM model is radically different. In Fig. 5 we

plot the coupled-mode frequencies obtained from the LM
model for T=300 K. The L+ mode can be unambiguously
identified in the simulated line shapes only for Ne�2
�1017 cm−3. Moreover, since the SPE region �light shaded
area below the dashed curve� embraces the phonon-mode
frequencies, heavy Landau damping of the intermediate
modes occurs in this region, which results in mode frequen-
cies evolving from the LO to the TO frequencies of each
sublattice as electron density increases. This behavior can be
understood as follows, in analogy with the case of over-
damped modes.35 In the GaAs-like phonon region, at low
electron densities the electron plasma cannot screen effec-
tively the LO field and the coupled mode occurs nearly at the
LO frequency. As the electron density increases, the LOPCM
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frequency tends to increase. However, as it enters the SPE
region a substantial energy transfer takes place from the
LOPCM to the electrons that preclude further increment of
the LOPCM frequency. While unable to sustain plasmonlike
modes, the electron gas becomes more effective in screening
the LO field as the electron density increases and the
LOPCM frequency falls below that of the LO mode. Only at
Ne�2�1017 cm−3, where the plasmon energy lies above the
SPE region, a plasmonlike L+ mode develops. For high elec-
tron density, all intermediate LOPCMs approach the TO fre-
quencies of the corresponding sublattices. In this regime the
plasmonlike modes in the intermediate LOPCM region are
suppressed by Landau damping but the high density of mo-
bile electrons yields nearly perfect screening of the LO
fields. This gives rise to intermediate LOPCM modes at the
TO frequency analogous to the L− modes reported in highly
degenerate, high-mobility III-V binary semiconductors.11,12

It should be noted that, unlike the case of heavily damped
electron plasmas as those occurring for instance in dilute
GaAsN,49 the Landau-damped phononlike intermediate
LOPCM modes of the quaternary alloy actually approach
asymptotically the TO-phonon frequencies.

The effect of Landau damping on the coupled-mode be-
havior is clearly demonstrated if we compare the electron-
density dependence of the modes at 300 and 80 K. The latter
is shown in Fig. 6, where it can be seen that in that case the
intermediate coupled modes lie partly outside the SPE re-
gion. Then, at 80 K the L+ mode evolves continuously from
the GaAs-like LO frequency and the highest intermediate
mode frequency also increases with Ne from the InAs-like
LO to the GaAs-like TO frequency. This is precisely the
behavior predicted by the classical models where Landau
damping is not considered �see Fig. 3�. Interaction terms
between the upper two intermediate modes in their plasmon-
like transition region makes these modes ill defined for elec-
tron densities between 1.5 and 3�1017 cm−3 �dotted lines in
Fig. 6�. In contrast with the Drude and HD model results, the
lower two intermediate modes derived from the LM model
display a dominant phononlike character which is more
marked as they approach the SPE region. Although the low-
est intermediate mode initially increases in frequency, it falls

back to the InSb-like TO frequency as it enters the SPE
region. In the high electron-density limit all intermediate
modes are Landau damped and, as discussed above, their
frequencies approach the TO-phonon frequencies.

C. Raman spectra of doped n-GaInAsSb

In Fig. 7 we display the Raman spectra of five
n-Ga0.85In0.15As0.13Sb0.87 layers, with free-electron densities
�A� 2.8�1017, �B� 4.8�1017, �C� 9.7�1017, �D� 2.1�1018,
and �E� 3.7�1018 cm−3, as determined by Hall measure-
ments. The spectrum of the undoped Ga0.85In0.15As0.13Sb0.87
sample is also shown for comparison purposes. In the high-
frequency region, all of the doped samples display a clear L+

peak whose frequency shifts by �400 cm−1 over the free-
charge density range studied. The Raman spectra of samples
B to E in this frequency region are shown in the upper panel
of Fig. 7. For sample A the L+ mode lies closer to the GaAs-
like phonon region, outside of the frequency range displayed.
A full spectrum of sample A can be seen in Fig. 8 �lower
panel�. The L+ frequency is very sensitive to the free-electron
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density in the n-Ga0.85In0.15As0.13Sb0.87 layers and, as can be
seen in the inset, the L+ frequency dependence on Ne is well
described by the model calculations. This makes Raman
scattering a suitable technique for the determination of elec-
tron concentration in n-type GaInAsSb.18 In the phonon-
mode region, the doped samples exhibit a significant inten-
sity reduction as well as a shift and a broadening of the peaks
relative to the undoped control sample. This is most apparent
for the peak in the InAs-like phonon-frequency region,
which becomes the dominant peak in doped samples and is
located �4 cm−1 below the InAs-like LO frequency of the
undoped sample. For the room-temperature spectra �lower
panel of Fig. 7�, this peak shifts to lower frequencies as the
electron density increases �dotted line�, in agreement with
the mode dispersion calculated by using the LM model �see
Fig. 5�. This behavior reflects the overdamped nature of
these modes over the whole electron-density range studied.
In contrast, in the spectra taken at 80 K �Fig. 7, middle
panel� the InAs-like LO peak is observed nearly at the same
frequency in the higher electron-density samples �C–E�,
whereas this peak broadens and takes an asymmetric line
shape in the lower electron-density samples �A and B�. The
model calculations shown in Fig. 6 predict that for Ne
�1018 cm−3 this mode should be well within the Landau-
damping region and thus its frequency asymptotically close
to the InAs-like TO frequency, as observed for samples C–E.

On the other hand, for lower densities this coupled mode
should slightly decrease in frequency as it emerges from the
Landau-damping boundary. However, as the electron density
decreases the depletion layer width increases and the contri-
bution of the uncoupled LO modes from the depletion region
becomes more prominent. This explains the observed broad-
ening of this coupled-mode peak and its seeming tendency to
the InAs-like LO frequency in samples A and B.

Another striking feature of the coupled-mode Raman
spectra of Ga1−xInxAsySb1−y in the phonon-frequency range
is the low intensity of the coupled mode occurring in the
GaAs-like phonon region. While the model calculations in-
dicate that the coupled-mode intensities in the InAs-like and
at GaAs-like phonon-frequency regions should be of similar
intensity �see Fig. 2�, the latter is barely visible in the Raman
spectra. Note that the peak at the GaAs-like LO frequency
that can be seen in the spectra of samples A and B is due to
the uncoupled LO mode of the surface depletion layer. For
samples with higher electron density, where the width of the
depletion layer is reduced, only a broad band is observed in
this region. The low intensity of the GaAs-like mode cannot
be explained in terms of oscillator strength transfer since this
was reported to occur in InGaAs from the lower frequency
InAs-like modes to the higher frequency GaAs-like
modes.46,47 Then, the low intensity of the GaAs-like coupled
mode suggests that this mode is more strongly damped than
the InAs-like coupled mode. Given that this coupled mode is
associated with the GaAs sublattice, we speculate that the
extra damping arises from scattering with the Te impurities,
which on account of the similar covalent radii of Ga, As, and
Te, may occupy preferentially substitutional As sites in the
GaAs sublattice.

In Fig. 8 we compare the Raman spectra in the phonon-
frequency region �solid lines� with theoretical line-shape cal-
culations �dotted and dashed lines� for the samples with the
highest and lowest electron densities studied �samples E and
A, respectively�. In the case of sample E, the line shape
calculated with the parameters listed in Table I �dotted line�
markedly differs in the GaAs-like frequency range from the
measured Raman spectrum. However, a much better agree-
ment is obtained if we increase the ionic damping parameter
for the GaAs sublattice. The dashed line shown in Fig. 8 was
obtained using a GaAs-like �I value three times higher than
that derived from the Raman spectrum of the undoped
sample. This result supports our interpretation that the low
intensity of the GaAs-like mode is related to extra damping
in the GaAs sublattice. The InSb-like mode is also weaker in
the Raman spectra as compared to the calculated line shape.
As already discussed for the undoped sample, this is most
likely due to a poorer quality of the InSb sublattice associ-
ated with Sb segregation problems.

For the sample with the lowest electron density �Fig. 8,
lower panel�, the calculated line shape also differs from the
experimental Raman spectra. As discussed above, this is due
to the contribution of the uncoupled LO modes from the
surface depletion region. We can reproduce the overall fea-
tures observed in the Raman spectrum if we add to the cal-
culated LOPCM line shape the spectrum of the undoped
sample suitably scaled by a weight factor. This illustrated by
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the dotted line in the lower panel of Fig. 8, which was cal-
culated using a relative weight R=0.1 for the undoped spec-
trum as obtained by adjusting the intensity of the GaAs-like
mode. From the relation

R =
1 − exp�− 2�z0�

exp�− 2�z0�
, �18�

where �=8.35�104 cm−1 is the absorption coefficient of
the alloy at the 780 nm wavelength, we obtain a depletion
depth for this sample of z0�5.7 nm. Using the simple band-
bending model proposed by Pinczuk et al.,50 we estimate
from this value a band bending VB�30 meV at the
Ga0.85In0.15As0.13Sb0.87 /air interface. Assuming the same VB
value, we find a depletion depth z0�1 nm for the sample
with the highest electron density, which corresponds to a
relative weight of the uncoupled LO in the spectrum of R
�0.017. Therefore, in that sample the Raman spectrum is
virtually unaffected by the presence of the depletion layer
and it actually reflects the LOPCMs occurring in the phonon-
frequency region.

Additional Raman measurements were carried out at
room temperature. No noticeable broadening was observed
for the LOPCMs in the phonon-frequency region relative to
the 80 K spectra. This reflects the strong phononlike charac-
ter of these modes and the predominant role of alloy disorder
in the determination of their lifetime. A downward shift of
about 6 cm−1 is observed for the dominant InAs-like peak,
which follows the temperature dependence of the InAs-like
TO mode. The L+ peak exhibits however much larger shifts,
particularly in the samples with higher carrier density. In Fig.
9 we compare the L+ spectra of samples C–E obtained at
room temperature �lower panel� and at 80 K �upper panel�.
For sample E we find an L+ temperature shift of �33 cm−1

while for sample C the shift is �14 cm−1. We attribute the
temperature dependence of the L+ frequency to the L minima
thermal filling effects, which are more important for the
samples with higher Ne. According to Eq. �14�, the electron
population of the L valleys at room temperature is estimated
at 8�1015, 1.7�1016, 6.2�1016, 3.5�1017, and 1.1
�1018 cm−3 for samples A to E, respectively, whereas it is
negligible at 80 K.

Given that the electron mobility in the L valleys is much
lower than that at the � valley, populating the L minima
effectively reduces the density of the high-mobility electron
gas in the � valley and this results in a lower frequency of
the plasmonlike coupled mode. The LOPCM line-shape
model has been fitted to the L+ Raman spectra both at 300
and 80 K. The calculated line shapes and the fitted Ne values
are shown in Fig. 9. Given the uncertainty in the model
parameters, the Ne values derived from the 300 and 80 K fits
are fairly consistent. If the population of the L minima is
neglected in the model, i.e., if we assume that all electrons
are in the � valley, we obtain for T=300 K the line shapes
plotted as dotted lines in Fig. 9. We can see that neglecting
the population of the L valley results in an upward L+ fre-
quency shift which increases with Ne. This would lead to a
substantial underestimation of the electron density in

samples with high Ne. In contrast, the line shapes calculated
at 80 K are virtually unchanged, which indicates that the
thermal population of the L minima is negligible in this case.

V. SUMMARY AND CONCLUSIONS

The phonon modes of the Ga1−xInxAsySb1−y alloy and
their coupling with plasma excitations have been studied by
means of Raman scattering. A generalization of the dielectric
Raman line-shape model to the quaternary alloy has been
described. Our experimental results on a sample with x
=0.15 and y=0.13 are consistent with a four-mode behavior
of the alloy, albeit with a significant oscillator strength trans-
fer from the GaSb-like to the InAs-like modes and a weak
oscillator strength of the InSb-like mode, probably related to
sublattice disorder. In this context, Drude type, hydrody-
namical, and LM expressions for the free-electron suscepti-
bility have been employed and their influence on the calcu-
lated line shape has been analyzed. While the plasmonlike L+

mode is adequately described by any of the models studied,
substantial differences between the classical models and the
LM model arise for the lower frequency LOPCMs occurring
in the phonon-frequency region. These differences are traced
to the Landau-damping effects on these modes, which are
only taken into account in the LM model. Most of the lower
frequency LOPCMs are thus overdamped modes with fre-
quencies close to the TO frequencies of the sublattices. In the
n-type layers, the dominant Raman peak corresponds to the
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InAs-like LOPCM, whereas the GaAs-like LOPCM appears
to be more strongly damped.

Because of the combination of small electron
effective-mass and low phonon frequencies of the
Ga0.85In0.15As0.13Sb0.87 alloy, the lower LOPCM modes lie
within the Landau-damping region depending on the tem-
perature and the electron density of the samples. The change
in the Landau-damping regime of the dominant InAs-like
LOPCM mode that takes place from room temperature to 80
K gives rise to a different electron-density dependence of the
frequency of this mode. This is observed in the Raman spec-
tra of our set of samples obtained at 300 and 80 K.

The population of the L minima is increasingly important
in samples with higher electron density at room temperature,

whereas it is negligible at 80 K. The thermal filling of the L
minima explains the substantial downward shifts of the L+

coupled mode observed in the room-temperature Raman
spectra relative to the 80 K spectra.
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