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Phonon response of AlxGa12xSb/GaSb epitaxial layers
by Fourier-transform infrared-reflectance and Raman spectroscopies
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Far-infrared reflectance and first- and second-order Raman spectra were carefully measured at room tem-
perature on a series of AlxGa12xSb layers epitaxially grown on GaSb~with 0.0<x<0.5). For all the compo-
sitions the clean ‘‘two-mode’’ behavior of lattice vibrations was confirmed. The fit of the reflectance curves
with classical dielectric functions yielded the compositional variation of the TO and LO phonon frequencies,
which are in very good agreement with the Raman results, as well as the oscillator strengths and the line
broadenings. The effects of cation disorder were evidenced in both the reflectance and Raman spectra. A
comparison was made with previous data, which show some scattering and discrepancies, having been mea-
sured by a single technique~reflectance or Raman! on samples with different characteristics.
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I. INTRODUCTION

Al xGa12xSb mixed crystals have recently attracted a
of interest as constituents in III-V semiconductor hete
structures with gap and band offset engineered to be use
advanced optoelectronic devices for near and med
infrared.1 In particular, AlxGa12xSb-GaSb based double
heterostructure lasers operating at a wavelength of 1.78mm
and multiple-quantum-well~MQW! lasers at 1.646mm have
been reported.2,3 Moreover, good response in the 8–14-mm
range has been obtained in normal-incidence detectors
surface-emitting second-harmonic generators based on i
subband transitions in GaSb/AlxGa12xSb MQW’s.4,5

Despite this increasing interest, very little is known yet
the phonons of the AlxGa12xSb alloys, which, like other
III-V mixed crystals, show a two-mode behavior with rega
to lattice vibrations in the long-wavelength limit (q'0). In-
deed, two optical phonon frequencies are observed to o
close to those of the end parents, GaSb and AlSb, with
strength of each mode dependent on the fractionx and
(12x) of each component. This behavior has been discus
extensively.6

The most complete study of phonons in AlxGa12xSb,
confirming the two-mode behavior, was made by Lucovs
et al.7 who measured far-infrared~FIR! reflectance of layers
grown by liquid-phase epitaxy~LPE! with 0<x<1. First-
order Raman-scattering~RS! spectra were measured b
Biryulin et al.8 on LPE layers; second-order RS o
Bridgman-grown polycrystalline samples by Charfiet al.;9

and first- and second-order RS on high-quality bulk crys
only for x50.14, by Cusco´ et al.10 We determined the opti
cal functions from 0.01 to 6 eV by reflectance and ellipso
etry on layers with 0<x<0.5, grown by molecular-beam
560163-1829/97/56~12!/7549~5!/$10.00
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epitaxy ~MBE!.11 Al xGa12xSb phonons have been studie
theoretically in Refs. 12 and 13.

In the aforementioned studies the samples used diffe
the quality, the surface, and the composition of the cryst
thus making a comparison of the experimental data diffic
to obtain. For these reasons we undertook a systematic s
of optical phonons in AlxGa12xSb using the same sample
for both Fourier-transform infrared~FTIR! reflectance and
first- and second-order RS measurements, which sup
complementary information.

Samples with 0<x<0.5 ~the most used compositions i
optoelectronic devices! were grown by~MBE! and well char-
acterized to assure good structural, compositional and op
quality. Fitting of the experimental spectra with the harmon
oscillators was also performed to obtain the transver
optical ~TO! and longitudinal-optical~LO! mode frequen-
cies, the damping constants, and the oscillator streng
These quantities play an important role not only in the ana
sis and intepretation of the vibrational spectra, but also
optical applications and diagnostics.

II. EXPERIMENT

The AlxGa12xSb layers were prepared by MBE in a
Intevac Gen II modular growth chamber on~100!-GaSb sub-
strates. The Al mole fractionx in the alloys was between 0.
and 0.5 with steps of 0.1. The compositions were measu
by reflection high-energy electron diffraction oscillations a
were accurate to within65%. The layers were grown eithe
directly on the substrates or on 1–5-mm-thick GaSb buffer
layers. The nominal layer thicknesses were 1mm for x50.1,
0.3, and 0.5, 4mm for x50.2, and 3mm for x50.4; the real
thicknesses were determined from interference fringes in
subgap region. The Al0.5Ga0.5Sb layers had 5-nm GaSb ca
7549 © 1997 The American Physical Society
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layers to protect the reactive AlxGa12xSb material. In order
to improve the homogeneity and the purity of the mater
we avoided In bonding of substrates by radiatively heat
them; the growth temperatureTs was monitored with an op
tical pyrometer.Ts and the Sb4/~Al1Ga! beam equivalent
pressure ratios~BEPR! were chosen to optimize the low
temperature photoluminescence features of AlxGa12xSb and
varied in the ranges 500 °C<Ts< 600 °C and 5< BEPR
< 8. Ts increased withx and the highest value of BEPR wa
used forx50.2. The GaSb film was grown at 450 °C wi
BEPRs of 7.14

Spectroscopic measurements were made on the MBE
grown surface for all the samples, including the GaSb bu
layer. Room-temperature reflectance at near-normal i
dence was measured in the wave number range 20–5
cm21 with a Bruker IFS 113v spectrometer, at a spect
resolution of 0.5 cm21 from 20 to 600 cm21 ~FIR! and 4
cm21 from 600 to 5000 cm21 ~MIR!. A liquid-He-
temperature-cooled Si bolometer and a deuterated trigly
ine sulphite~DTGS! pyroelectric were used as detectors
FIR and MIR, respectively. A gold mirror was used as r
erence. The accuracy in the wave-number calibration
0.001 cm21 and the absolute reflectance was accurate
60.005.

Raman spectra were measured by a Dilor LabRam s
troscopy system equipped with a HeNe laser and an
Peltier-cooled charge-coupled detector. The laser was o
ating at a wavelength of 632.8 nm in the light-stabilizin
mode and the incident power on the sample was kep
about 15 mW. The light beam was focused on the sampl
a 1-mm-diameter spot in backscattering geometry. The sp
tra were recorded in the 100–1200-cm21 spectral range,
with a resolution of 1 cm21 and additional improvement o
signal-to-noise ratio was obtained by collecting several sp
tra over the same interval.

III. RESULTS AND DISCUSSION

The FIR reflectance spectra of the six samples are sh
in Fig. 1, where the spectrum of a 1-mm-thick AlSb layer on
a GaSb substrate, synthesized by assuming the data of R
was also included for comparison. We noted that in the
strahlen region the spectrum of the GaSb MBE film pra
cally coincided with that of the GaSb bulk sample. The all
samples all display two main bands, one near 220 cm21 and
the other near 320 cm21, which are typical of two-mode
systems: they can be characterized as GaSb-like and A
like, respectively, because of their obvious relationship to
reststrahlen bands of GaSb and AlSb, due to IR-active
phonons.

Amplitude, position, and shape of the FIR bands dep
not only on the Al content (x) but also on the layer thick
ness. For the thinnest layers~corresponding tox 5 0.1, 0.3,
and 0.5! the GaSb-like structure of the alloy appears a
shoulder on the low-energy side of the reflectance pea
the GaSb bulk~buffer and substrate!: this shoulder decrease
in amplitude and redshifts asx increases, while the rest
strahlen band of GaSb bulk maintains constant intensity,
sition, and dispersionlike shape. Correspondingly, the Al
like band increases in strength and shifts toward hig
frequencies and its minimum is quenched. On the other h
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for the thickest layers (x 5 0.2 and 0.4! the GaSb-like struc-
ture displays some oscillations while the AlSb-like structu
has a dispersive shape. All the aforementioned features
be ascribed to interference effects, strongly dependent on
layer thickness and due to multireflection at the interfa
between the AlxGa12xSb layer and the air or the substrat
Moreover, the high background hole concentration~p >1017

cm23, due to native complex defects of the GaSb-bu
substrate!15 and the far lower number of free carriers in th
buffer and alloy layers, determine the high reflectance
and the free-carrier plasma minimum below the restrah
region.

The interference effects, also appearing in the simula
spectrum forx 5 1, can be well reproduced in the fit proce
dure thus providing additional evidence of the good interfa
quality and the uniformity of the thickness.

In order to obtain the phonon-mode parameters direc
the experimental spectra were fitted with the reflectance
pression of a three-phase system~air, AlxGa12xSb layer,
GaSb buffer and substrate!. The complex dielectric function
ẽ (n)5e1(n)1 i e2(n) of the alloy was constructed, for eac
x, as a superposition of two damped harmonic oscillato7

corresponding to the GaSb- and AlSb-like plasmon mod
Hence,

ẽ ~n!5e`1(
j 51

2
Sj

n j
22n21 ig jn

, ~1!

FIG. 1. FIR reflectance of AlxGa12xSb MBE layers on GaSb
with differentx values. Each spectrum is displaced vertically by 0
to facilitate viewing. The spectrum of AlSb (x 5 1.0! on GaSb
substrate is calculated assuming the data of Ref. 7.
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TABLE I. Harmonic oscillator parameters of the best fit to the reflectance spectra of AlxGa12xSb layers
on GaSb. The values obtained from Raman spectra are also reported~italic!. The parameters of AlSb (x 5
1.0! are from Refs. 7 and 8.

Al xGa12xSb GaSb-like mode AlSb-like mode

x «`

nTO

~cm21!
nLO

(cm21!
S

(104 cm22)
g

(cm21)
nTO

(cm21)
nLO

(cm21)
S

(104 cm22)
g

(cm21)

0.0 14.50 227.1 235.8 5.57 0.95
227.2 234.3

0.1 14.04 225.1 232.1 4.53 3.09 314.0 316.4 2.17 8.5
225.4 233.7 314.3 318.0

0.2 13.58 224.1 230.6 4.00 4.50 315.3 318.9 3.11 8.4
223.9 230.8 313.9 320.0

0.3 13.12 223.0 228.8 3.53 5.54 316.2 321.0 4.04 8.3
221.6 228.7 314.4 322.5

0.4 12.66 220.7 226.1 3.09 6.30 317.1 324.1 5.71 8.1
219.2 225.2 315.3 325.0

0.5 12.20 218.8 224.0 2.84 6.56 317.7 327.1 7.40 7.21
217.3 222.7 316.1 327.9

1.0 9.88a 318.8a 339.5a 13.50a 1.88a

319.9b 340.0b

aReference 7.
bReference 8.
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wheree` , n j , Sj , andg j , which are also the free param
eters of the fit, represent, in order, the high-frequency die
tric constant, the oscillator frequency~corresponding to the
TO phonon!, the oscillator strength, and the phenomenolo
cal damping. The least-square fit was carried out using
CERN library MINUIT program, based on the Metropolis a
gorithm; the resulting standard deviation wass< 2 3 1022

for all the spectra. The best-fit parameters are reporte
Table I and deserve some comment and comparison
those obtained by Lucovskyet al.7 from FIR reflectance on
LPE layers.

~i! e` values vary linearly between the extreme values
14.5 for GaSb and 9.88 for AlSb, and forx< 0.5 are sys-
tematically 0.2 higher than those reported in Ref. 7. T
small discrepancy can be attributed both to the absolutR
values and to the fitted spectral range. Thee` values were
consistent with the dielectric response at higher frequen
determined by reflectance, transmittance, and ellipsom
on the same samples.11 For the GaSb MBE samplee` 514.5
is in good agreement with the value of 14.44 quoted in R
16 for a bulk crystal, and gives a static dielectric constante0
5 e`(nLO /nTO)2 5 15.7.

~ii ! The LO frequency was derived from the maximum
the energy-loss function2Im(1/ẽ ), i.e., nLO

2 5S/e`1nTO
2 .

Both nTO and nLO for the GaSb-like mode, as well as th
oscillator strengths, systematically decrease as the vol
fraction of GaSb in the alloy decreases, i.e., with increas
x. The same occurs for the AlSb-like mode with decreas
x. By extrapolating the GaSb-like~AlSb-like! branches tox
5 1 (x 5 0!, the TO-LO splitting is reduced to zero, i
correspondence with the frequency of the local vibratio
mode of Ga in AlSb~Al in GaSb!. This behavior was pre
dicted in the theoretical models of Refs. 12 and 13, a
agrees with the results in Refs. 7 and 8.

~iii ! The damping constantsg of the alloys are substan
c-

-
e

in
th

f

s

es
ry

f.

e
g
g

l

d

tially larger than those of the binary parents. In particul
the damping of the GaSb-like band increases and that of
AlSb-like mode decreases with increasingx. This
behavior—observed in other mixed crystals6—has to be as-
cribed to the relative content of each cation in the alloys a
reflects the different order of each sublattice. We note t
both g j and Sj differ up to a maximum of 10% from thos
reported in Ref. 7.

Figure 2 shows the room-temperature Raman spectra~RS!
of the GaSb~bulk and MBE layer! and Al0.1Ga0.9Sb samples
in detail, with the assignment of the main structures at
different symmetry points of the Brillouin zone.9,10,17 The
notation is standard:T, L, A, andO indicate transverse, lon
gitudinal, acoustic, and optic modes, respectively; the s
scriptsg and a indicate GaSb- and AlSb-like modes in th
alloy, respectively.

Concerning the GaSb spectra@Fig. 2~a!# the first thing we
noticed was that the GaSb MBE layer and the GaSb b
give quasicoincident spectra, thus confirming the results
FTIR reflectance. The main peak, at; 234 cm21, is due to
the LO mode, while the shoulder on its low-energy side c
responds to the TO mode. The appearance of the TO pho
though forbidden in the backscattering configuration on
~100! face, was already evidenced both in GaSb as well a
other~AlGa!~AsSb! systems.19,20The mechanism for this se
lection rule violation is not clear. The less intense and str
tured bands on both sides of the dominant first-order mo
are due to the second-order Raman modes. We attrib
them to overtones and combinations at specific symm
points following the conclusions in previous experimen
and theoretical works,9,13,17 which were also based on neu
tron scattering data. In particular the lowest frequency ba
~100–180 cm21) is attributable to acoustic phonon comb
nations; the intermediate band~250–300 cm21) to both
acoustic and optic phonons, and the highest band~420–470
cm21) to optic overtones.
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FIG. 2. First- and second-order Raman spe
tra of ~a! GaSb~bulk and MBE film! and ~b! Al

0.1Ga0.9Sb MBE layer on GaSb. The main struc
tures are assigned in detail, based on Refs. 9,
and 17. In ~b! lines without script refer to the
analogous GaSb-like modes attributed in~a!. For
the notation see text.
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The Raman spectrum of Al0.1Ga0.9Sb in Fig. 2~b!
strongly resembles that of GaSb, but a new clear band
pears around 325 cm21, in correspondence with the AlSb
like TO and LO phonons, which in pure AlSb fall at 319 an
340 cm21, respectively.18 The very weak band between 50
and 550 cm21 can be attributed to the combination of GaS
like and AlSb-like optic modes, while the still weaker ban
at ; 620 cm21 is due to the overtones of AlSb-like TO an
LO modes. Moreover the peak at; 150 cm21, which in-
creases withx and is also observed in AlxGa12xAs alloys,19

has been explained as a disorder-activated longitud
acoustic~DALA ! mode, resulting from the relaxation of th
selection rules in the alloy samples.10,19

The RS spectra of all the samples are displayed in Fig
As x increases the first-order GaSb-like band redshifts
lowers, while the AlSb-like band blueshifts and rises; t
other two-phonon structures, except for the DALA mod
disappear progressively.

In order to obtain the values ofnTO andnLO phonon fre-
quencies, each GaSb- and AlSb-like first-order structure
fitted with two Lorentzian line shapes. The least-square
(s< 1022) yielded the values reported in Table I with
confidence interval of6 2 cm21.

The compositional dispersion of TO and LO phonon f
quencies is better shown in Fig. 4, where the curves obta
in Ref. 7 by fitting FIR reflectance data with a quadra
polynomial inx are also reported. From the examination
Table I and Fig. 4 some general remarks can be inferred

~i! The TO frequencies obtained from FTIR reflectan
coincide with those from Ref. 7 on LPE films within the
declared experimental uncertainty (6 0.5 cm21), apart from
a systematic shift of; 1 cm21, probably due to the differen
accuracy in the wave-number calibration~nominally 0.001
cm21 of our FTIR spectrometer versus 0.5 cm21 of their
dispersive instrument!.

~ii ! The TO and LO frequencies derived from FTIR a
RS differ by up to 1.6 cm21; however, for the AlSb-like
p-
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modes the deconvolution of the experimental RS struct
and thus the RS fit values are rather uncertain.

~iii ! The dependence of phonon frequencies onx and the
LO-TO splittings have been analyzed in different theoreti
models.7,8,12,13Nevertheless, the best fit between theory a
experiment was obtained in Ref. 7 by using a modifi

FIG. 3. First- and second-order Raman spectra of AlxGa12xSb
MBE layers on GaSb with differentx values. Each spectrum i
displaced vertically to facilitate viewing.
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56 7553PHONON RESPONSE OF AlxGa12xSb/GaSb . . .
random-element-isodisplacement model, which allows a
ferent compositional variation of both the force consta
and their derivatives with respect tox, through six free pa-
rameters.

FIG. 4. Frequencies of GaSb- and AlSb-like TO(G) and LO(G)
modes obtained from FTIR~crosses! and RS ~open circles! of
Al xGa12xSb MBE layers on GaSb. The interpolations of the refle
tance results of Ref. 7 are also reported~dashed lines!.
id

ys

d
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IV. CONCLUSIONS

A series of thin layers of AlxGa12xSb with 0.0<x<0.5
was grown on a GaSb substrate by MBE. The samples w
well characterized in their microstructural composition a
optical quality.

FIR reflectance and Raman spectra, systematically
carefully measured, confirmed the two-mode behavior of
tice vibrations for all compositions. The analysis of the r
sults fromR spectra yielded TO and LO phonon frequenc
that agreed very well, within the experimental error, w
those from Raman scattering and those deduced fromR mea-
surements on thicker LPE layers. In particular, the GaSb
itaxial film gives an optical response identical to that of t
bulk crystal.

Disorder in the cation sublattices of the alloys causes
and LO line broadenings to be larger than those in pure
nary compounds, and partially relaxes the selection rule
two-phonon Raman scattering.

The TO and LO phonon frequencies of each binaryl
mode redshift and their splitting decreases as the volu
fraction of the corresponding binary constituent in the all
decreases. This behavior agrees with the results derived
different theoretical models.
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