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The optical properties of GaAs,Sb,_, alloys grown across the entire concentration range by
multitarget sputter deposition are reported. X-ray diffraction, optical absorption, and Raman spec-
tra show the samples to be single-crystal, single-phase alloys for all x, including those in the misci-
bility gap. Alloy lattice constants are found to vary linearly with concentration. The direct I'-point
energy gaps, determined from optical-absorption measurements, show significant negative bowing.
Contrary to previous reports, the Raman spectra exhibit two-mode behavior throughout, including a
local mode of As in GaSb and a resonant mode of Sb in GaAs. An analysis of peak frequencies and
line shapes versus concentration is given in the context of disorder effects. We observe broadenings
much less severe and asymmetric than those seen in similar systems and usually interpreted in terms
of k=40 density-of-states activation. The observed adherence to zone-center selection rules for all x,
suggests a more accurate interpretation to be one involving the k ~0 spectral projection of the densi-

ty of states.

I. INTRODUCTION

Optoelectronics applications have generated widespread
interest in pseudobinary III-V alloys. In particular, the
GaAs-GaSb system is of interest for the fabrication of
sources and detectors in the >1-um wavelength range
for fiber-optics communications. Photodiodes, ! photo-
cathodes,® light-emitting diodes,” and double-hetero-
structure lasers* with GaAs, Sb,_, active layers have been
reported. Most of these devices utilize layers with low
GaSb mole fraction. Gratton et al.’ have reported a mis-
cibility gap extending from x =0.30 to 0.62 at the peritec-
tic temperature 746 °C. The miscibility gap was found to
increase with decreasing temperature and ranged from
~0.2 to 0.9 at 600°C. Thus GaAs,Sb,_,, in addition to
practical applications, is of fundamental interest in the
study of nonequilibrium crystal growth.®’

Most optical measurements®~!! have thus far been re-
stricted to the end-point concentration regions. Included
among these are phonon studies!? reporting a “one-two”
type of mode behavior; specifically, the existence of two
optic-phonon modes at the GaSb-rich end and only one
mode at the GaAs-rich region (i.e., no local mode of Sb in
GaAs). This observation was attributed to the lack of a
gap in the GaAs one-phonon density of states, the Sb local
mode thus being damped out. The observation of two
modes in the GaSb-rich alloys included a GaAs local
mode at about 240 cm ™.

Nonequilibrium vapor-phase—growth techniques in-
cluding molecular-beam epitaxy'> (MBE) and organome-
tallic chemical-vapor deposition'* (OMCVD) have been
used to grow GaAs,Sb,_, at compositions and tempera-
tures within the miscibility gap. No optical characteriza-
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tion has been reported for the MBE films, although
Cherng et al.'® used optical absorption in measuring the
room-temperature band gap E, for OMCVD
GaAs, sSby s to be 0.77 eV. Recently, Cohen et al.'® re-
ported Raman and photoluminescence results for
OMCVD GaAs,Sb,_, alloys with 0 <x <0.6. Phonon
line shapes from alloys near the center of the miscibility
gap showed severe asymmetric broadenings which were
attributed to compositional fluctuations.

Greene and co-workers®’ have developed vapor-
phase—growth techniques which operate under conditions
even further removed from thermal equilibrium than
MBE and OMCVD. The key feature in this work is the
use of low-energy-ion bombardment of the film surface
during deposition. “Low energy” in this context refers to
energies with a corresponding ion range of the order of
1—2 monolayers. As discussed in recent review arti-
cles,'”!® low-energy-ion bombardment results in large
changes in film nucleation and growth kinetics, near-
surface diffusivities, and elemental incorporation proba-
bilities. This has allowed, for example, the growth of sin-
gle crystal (4™BY),_,(C), alloys, which exhibit essen-
tially no solid solubility, at x values ranging from O to 1.
In the present experiments, the primary role of the low-
energy-ion irradiation is to provide dynamical collisional
mixing of the upper one or two layers during film growth.

In this paper, we present Raman scattering and
optical-absorption results from GaAs,Sb,_, films grown
on GaAs(100) substrates by multitarget rf sputtering'®
with an induced negative bias on the growing film to fa-
cilitate ion bombardment. Alloys were grown at composi-
tions spanning the entire pseudobinary phase diagram.
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The lattice constants are shown to obey Vegard’s law
while the room-temperature optical band gap Ey(x) ex-
hibits negative parabolic bowing in agreement with previ-
ous results. On the other hand, the present Raman results
show two-mode behavior, in contrast to the ‘“‘one-two”
type of mode behavior previously reported for this system.
In addition, the measured Raman peak broadening and
asymmetry is much less than that observed in recent
studies of microcrystalline Si,° Al Ga,_,As,>"??
(GaSb); _,(Ge;,),, > and ion-implanted GaAs.>* The usu-
al view is that alloy or structural disorder relaxes the
k=0 (momentum) conservation rule, allowing modes
away from the Brillouin-zone center to contribute to light
scattering. Our results suggest a refinement to this inter-
pretation.

II. EXPERIMENTAL PROCEDURE

The GaAs,Sb,_, films were grown in a multitarget rf
sputtering system with a differentially pumped sample
load lock. The system has been described in detail previ-
ously?® and only the essential features will be noted here.
The base pressure during these experiments was better
than 10~7 Torr while the Ar pressure during deposition
was 15 mTorr. The Ar sputtering gas had an initial puri-
ty of 99.9999% and was further purified by passing it
through a Ti-sponge getter at 900°C prior to introducing
it into the sputtering chamber. The induced negative po-
tential on the substrate with respect to the positive space-
charge potential in the plasma was 75 V.

The source material for film growth was supplied by
two 10-cm-diam targets, GaAs and either GaSb or
GaAs ;Sbg 7, each with a purity of better than 99.999%.
Separate continuous discharges were established under
each target while the substrate platter was rotated through
the discharges at programmed rates. The target voltages
ranged from 350 to 1200 V to provide deposition rates be-
tween 0.1 and 0.9 monolayers per target pass. The total
film thicknesses were 1—2.5 um. An excess group-V va-
por pressure during deposition was provided by evaporat-
ing 99.9999%-pure As from an effusion cell aimed at the
growing film.

Undoped semi-insulating GaAs(100) wafers were used
as substrates. The cleaning and substrate preparation has
been described previously.”> The final step consisted of
sputter-etching the wafers at 570°C in a 250-V, 5-mTorr
Ar discharge. The films were grown at temperatures
ranging from 450 to 600°C. Film composition was deter-
mined by wavelength-dispersive x-ray-energy analysis
(EDX) using elemental reference standards and the Magic
V computer program to carry out matrix corrections. X-
ray diffraction and electron microscopy were used to in-
vestigate the crystalline perfection of the as-deposited
films and optical absorption was measured in order to
determine the room-temperature band gap as a function
of composition. .

Raman spectra were obtained using the 5145-A line
from an Ar-ion laser at Brewster-angle incidence. The
backscattered light was analyzed using a rotating polaroid
filter and a double monochromator with 2-cm™! resolu-
tion before being detected by conventional photon-
counting electronics. Spectra were taken with [100] and
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[110] incident polarizations. Parallel and perpendicular
polarizations were analyzed separately.

III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Film composition

The alloy composition was controlled by adjusting the
target sputtering rate S, the As effusion-cell temperature
T,, and the film-growth temperature T, based upon es-
tablished calibration curves. The Sb concentration in-
creased with increases in S and T, and decreases in T,.
The Sb desorption rate coefficient, and hence the Sb sur-
face binding energy, was found to be strongly dependent
on the As surface coverage.

All films were (100)-oriented single crystals as deduced
by electron microscopy and x-ray diffraction (XRD) stud-
ies. [Electron-channeling patterns exhibited sharp high-
order reflections with no indication of either high- or
low-angle grain boundaries as the electron beam was
scanned over the entire surface of the samples. The lattice
constant of GaAs,Sb,_,, as determined from fundamen-
tal (400) XRD reflections, is shown in Fig. 1 as a function
of 1—x. The results are in good agreement with Vegard’s
law as well as with previous MBE data.!®

B. Optical-absorption measurements

The direct I'-point band gap E, was determined as a
function of alloy composition from optical-absorption
measurements carried out over the wavelength range from
0.9 to 2.5 um. The data were fitted using the usual
“three-layer”?® model, which requires the thickness ¢ and
the refractive index n of the film. r was obtained from
the separation of the interference fringes and was in
reasonable agreement with calibrated deposition rate
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FIG. 2. Room-temperature direct-band-gap energy E, as a

function of Sb concentration.

curves. The refractive index of each film was determined
in the low-absorption region and then fitted over the en-
tire wavelength range with a quadratic dependence on
wavelength. The direct band gap E, was obtained by fit-
ting the absorption coefficient a to an expression of the
form*’a~(hv—Ey)'/2. E, versus x was found to exhibit
a negative bowing as shown in Fig. 2. The present data
are in good agreement with previous measurements'® as
well as calculated results® based on the dielectric model of
Van Vechten and Bergstresser.?®

C. Raman scattering

Raman scattering is a sensitive local probe. As such, it
has developed into a popular and effective tool for charac-
terizing disorder in semiconductors.”’ This usually in-
volves a study of optic-mode frequencies and line shapes.
Shown in Fig. 3 is a representative sampling of our Ra-
man spectra, taken in a z(x,y)Z configuration—
backscattering off a [001] face with ¢; along [100] and ¢,
along [010]—an allowed geometry for scattering by zone-
center longitudinal-optical (LO) phonons in a zinc-blende
lattice. The prominent features in this frequency range
are due to first-order scattering from both “GaSb-like”
and “GaAs-like” modes. Weak, symmetry-forbidden
transverse-optic— (TO-) mode scattering was observed due
to our imperfect backscattering geometry. Contrary to
previous works,!? we observe two-mode behavior over the
entire concentration range, including local modes of As in
GaSb and resonant modes of Sb in GaAs. Starting at the
GaAs-rich end, our spectra show nicely the continuous
shifting and broadening of the “GaAs-like” mode as it de-
volves, upon substitution by Sb, into a local mode at about
240 cm~!. Concurrently, we can track the evolution of
the “GaSb-like” mode from a mode at 242 cm™!'—
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FIG. 3. Representative sampling of room-temperature Ra-
man spectra of GaAs,Sb,_,. Scattering geometry: z(x,y)Z (all
normalized to same maximum peak height).

resonant with the zone-edge LO modes of GaAs. The
“GaSb-like” mode exhibited much less scattering strength,
which may account for the failure of previous studies to
detect the GaSb resonant mode. We see no scattering due
to compositional clustering or phase segregation.

In Fig. 4 we give a plot of peak frequencies versus con-
centration showing classic two-mode behavior for the op-
tic phonons throughout the concentration range. The
LO-TO splitting of the “GaSb-like” mode could not be
resolved for x > 0.30 due to broadening. Also plotted are
the center frequencies of weak, broad features observed at
lower energies and attributed to disorder-activated scatter-
ing by longitudinal-acoustic (DALA) and transverse
acoustic (DATA) phonons.?""*° These too are seen to shift
continuously from one endpoint to the other.

Figure 5 illustrates an important point; the adherence
of the dominant scattering to zone-center selection rules,
even in the most disordered case. In this spectrum (in-
cident polarization along [100]), both the allowed [010]
and forbidden [100] scattered polarizations are shown.
Only weak, diffuse scattering is seen in the forbidden po-
larization. This was true for all x and both cases of in-
cident polarization ([100] and [010])—exhibiting true
zone-center ( T') symmetry for the dominant scattering.

In this system, the “GaAs-like” LO-mode scattering is
stronger and further separated from the TO mode than its
“GaSb-like” counterpart—making a line-shape analysis
much easier. The width I" and asymmetry I, /T, (ratio
of the two half widths) of this mode, as a function of con-
centration, is seen in Fig. 6. The asymmetry (maximum
~ 1.3) is consistently and significantly lower than that re-
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FIG. 5. Typical Raman spectrum for GaAs,Sb,_, showing
dependence on polarization of scattered light (x =0.40).
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FIG. 6. Asymmetry (I',/T';) and full width at half max-
imum (I'=T,+T,) of “GaAs-like” longitudinal-optic mode as
a function of Sb concentration for GaAs,Sb;_,.

ported for the GaAs mode in Al,Ga,_,As (maximum
~2.0)— unexpected by present models. As mentioned,
these models account for asymmetric broadening in disor-
dered alloys by allowing the lower-energy modes away
from k =0 to scatter light. The scattered light from each
mode k, is assumed to be Lorentzian with half width
I'(k). Assuming a dispersion w(k) for the LO mode of
the ordered alloy, the Raman intensity is written as a
weighted sum of these lines:

Iw)a [ dkP(k)/{[o—o(k)]*+T(k?},

where the weighting function P(k) usually involves a
phenomenological correlation length. The various models
can differ in the choice of weighting functions, dispersion,
and half widths. As Jusserand and Sapriel*! remarked,
“this model, while questionable, has the credit of simplici-
ty and can account for the asymmetric broadening of the
‘GaAs-like’ LO mode in Al,Ga;_,As.” It cannot, how-
ever, simultaneously account for, or predict, the signifi-
cantly less asymmetry of the same mode in GaAs,Sb;_,
nor the sharp changes in the extreme, asymmetric
broadenings found in (GaSb),_, (Ge,),.?> Furthermore,
the view of simply activating k<0 modes is somewhat
misleading, for k is no longer a good quantum number of
the disordered alloy. Our observation of zone-center selec-
tion rules for the dominant scattering, even in the most
disordered alloys, implies that a more accurate interpreta-
tion of light scattering in mixed crystals involves the
k =0 projection of the normal modes as discussed below.

IV. THEORY OF RAMAN SCATTERING
IN MIXED CRYSTALS

In zinc-blende mixed crystals, one observes coexistence
of two types of Raman spectra: (1) relatively narrow
peaks at the LO- and TO-phonon frequencies of the
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mixed crystal, obeying the usual Raman selection rules,
and (2) broad, disorder-activated spectral features often
associated with zone-edge phonons. We sketch here a
theoretical argument for both types of spectra

In the harmonic approximation, randomness due to
atomic disorder affects Raman scattering through ran-
domly varying atomic masses, interatomic force con-
stants, and polarizabilities. These effects were discussed
systematically by Lacina and Pershan®' for the case of
Ca,_,Sr,F,. They gave expressions for the Raman inten-
sity in terms of the polarizability derivatives p (expressed
as a vector with indices that refer to lattice site, atomic
position in the unit cell, and Cartesian coordinate) and
Green’s-function matrix G=(Mw?’—®)~!. Here M is
the mass matrix and ® is the force-constant matrix. The
intensity is given by

Im(w)~[1+n(w)Im{{p‘Gp)} , 1

where I means “imaginary part of,” and o is assumed to
have a positive infinitesimal imaginary part. p' is the
transpose of p, n(w) is the Bose factor, and the angular
brackets denote a configurational average over the disor-
der.

When the electronic disorder is relatively weak, p can
be approximated by po={p). The factor in curly brack-
ets in Eq. (1) then becomes

{ - }=poGaPo » )

where G,=(G). By definition, the quantity p, is the
polarizability derivative of the virtual crystal. It possesses
translational invariance and its use leads to the usual Ra-
man polarization selection rules for a perfect crystal.’?
Equations (1) and (2) give

H{w)~[14n(w)]ps(ImG,)p, - (3)

The average Green’s function G, also possesses transla-
tional invariance. It is accessible to calculation, for in-
stance, by use of the coherent-potential approximation
(CPA).3*3* For crystal structures that have only one
Raman-active mode, such as CaF, or zinc-blende, the
imaginary part of G,, when projected onto p, as required
by Eq. (3), will yield an expression proportional to the
spectral density of the Raman-active mode of zero wave
vector.3? That spectrum will have one or two peaks ac-
cording to whether the mixed crystal in question shows
respectively one- or two-mode behavior. It is this leading
term in the expansion of Eq. (1) that explains the dom-
inant, relatively narrow LO- and TO-phonon features in
mixed crystals.

When electronic disorder cannot be neglected, we must
include the effects of a nonzero p=p—p,. It is also con-
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venient to define 8G=G—G,. The remaining terms in
the curly brackets of Eq. (1) then take the form

8{ - }=po(8Gdp) +(8p'5G)po
+(8p'(G, +8G)dp) . @)

These terms lead to defect-activated Raman scattering
from practically all phonon modes. Their contributions
to the spectrum will crudely mimic the phonon density of
states. The correlations between 8G and 8p will be local-
ized in space but difficult to model. The G, part of the
third term in Eq. (4) will be easier to calculate. It involves
a correlation between 8p‘ and 8p. For a random alloy this
correlation will be zero unless the relevant indices for &p°
and 8p refer to bonds in the same or adjacent unit cells.
The relevant components of G, appearing in Eq. (4) will
then be diagonal or nearly diagonal on the unit-cell index.
Since G, is translationally invariant, its eigenstates have
well-defined wave vectors. Because of its 8-function-like
spatial dependence, the relevant part of ImG, resulting
from Egs. (1) and (4) will bring in the spectral densities of
eigenstates belonging to essentially all wave vectors.
These are most numerous at the zone edge. This explains
the appearance of DALA and DATA spectral features
with peaks associated with the zone edge.

V. SUMMARY

We have presented optical-absorption and Raman
scattering results for GaAs,Sb,_, alloys grown across the
entire concentration range by sputter deposition. Our
study shows them to be single crystal, single phase for all
x, including those in the miscibility gap. The optical ab-
sorption shows the predicted parabolic bowing of E, and
agrees with available data. The Raman spectra show this
alloy to be two-moded throughout—contrary to previous
reports of mixed-mode behavior. In addition, the LO-
phonon line shapes exhibited less asymmetric broadening
than observed in similar systems. Our study of disorder-
induced scattering, in terms of phonon line broadening
and selection rules, supports the idea of the dominant
scattering involving the k ~0 spectral projection of eigen-
states of the disordered alloy. Finally, we outlined the
Green’s-function formalism with which we can explain,
qualitatively, the disorder-induced features of our Raman
spectra.
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