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P. Parayanthal and Fred H. Pollak
Department of Physics, Brooklyn College of the City University of New York, Brooklyn, New York 11210
(Received 8 November 1983)

Using a ‘‘spatial correlation’” model with a Gaussian correlation function we have for the
first time quantitatively explained the broadening and asymmetry of the first-order
longitudinal-optic phonon Raman spectrum induced by alloy potential fluctuations. The sys-
tems studied were the representative alloy semiconductors Ga;_,Al,As/GaAs and
Gag47Ing 53As/InP. This analysis provides important insights into the microscopic nature of

the alloy potential fluctuations.

PACS numbers: 63.20.-e, 61.55.Hg, 63.50.+x

One of the most important aspects of substitu-
tional semiconductor alloys is the nature of the al-
loy potential fluctuations (APF). Since Raman
scattering can yield important information about the
nature of the solid on a scale of the order of a few
lattice constants, it can be used to study the micro-
scopic nature of structural and/or topological disor-
der. Although there has been a number of Raman
studies of alloy semiconductors,! 2 only recently has
the relation between alloy disorder and the line
shape (i.e., linewidth and asymmetry) of allowed
modes been noted.>*

In this Letter we present a model which for the
first time quantitatively accounts for the details of
the first-order Raman line shape (broadening and
broadening asymmetry) induced by the APF in al-
loy semiconductors.’ We have analyzed the
longitudinal-optic (LO) phonon line shape in the
representative alloy semiconductors Ga;_, Al As/
GaAs (two-mode behavior) and Gag47Ing s3As/ InP
(apparent one-mode behavior) using a ‘‘spatial
correlation’’ model, based on finite phonon mode
correlations related to g-vector relaxation induced
by the microscopic nature of the alloy disorder.
The APF destroy translational invariance, an effect
that manifests itself as a breakdown of the usual
qG=0 Raman selection rule, thus leading to
broadening and asymmetry of the Raman line
shape. Our interpretation makes it possible to use
Raman spectra to evaluate an average ‘‘spatial
correlation length’’ and hence to obtain valuable in-
sights into the microscopic nature of the alloy disor-
der. The relation of our work to Ref. 3 will be dis-
cussed.

Raman spectra were obtained on a number of
samples of (100) Ga;_,Al,As/GaAs (0<x
=<0.9) and (100) Gag47Ings3As/InP prepared by a
variety of growth techniques. Characteristics of the
samples are listed in Table I. Measurements were

made at 300 K in the backscattering geometry, us-
ing the 5145-A line of an Ar* laser. The composi-
tion x in Ga;_ ,Al,As was determined from the fre-
quency positions of the LO phonon peaks.®’

Figure 1 shows the Raman spectra from GaAs
(x=0) as well as three samples of Ga,_,Al,As/
GaAs (x=0.3, 0.5, and 0.9). In the backscattering
geometry from (100) only the LO phonon modes
were allowed and hence we will concentrate on
these structures. The GaAs spectrum shows a sym-
metric (I',;=T,), Lorentzian line shape with a nat-
ural linewidth Ty (=T, +T,) of 3.0 cm™! (correct-
ed for instrumental resolution). Ga;_, Al As ex-

TABLE 1. Characteristics of the Ga;_,Al,As/GaAs
and Gag47Ings3As/InP samples in Fig. 3. The notation
for growth techniques is as follows: MOCVD, metal-
organic chemical vapor deposition, MBE, molecular-
beam epitaxy; LPE, liquid-phase epitaxy,; VPE, vapor-
phase epitaxy.

Growth
Sample Material technique
1 Ga0,79Alo,21As/GaAs MOCVD
2 Gag 7Alp3As/GaAs MBE
3 Gao_54A10<35AS/GaAS MBE
4 Gao_6A10_4As/GaAs MBE
5 GaggAly4As/GaAs Ref. 3
6 Gao.sAlo'sAS/GaAS LPE
7 Gao_lgAlo_ngS/GaAS LPE
8 Gao_lAlo_gAS/GaAS LPE
9 Gao‘lAlo.gAS/ GaAs LPE
10 Ga0.47Ino.53As/InP MOCVD
11 Gao<471110‘53AS/InP LPE
12 Ga()'_47II10.53AS/ InP MOCVD
13 Gao,47In0_53As/InP MBE
14 Gao~471n0,53AS/ InP MBE
15 Ga0,47In0‘53As/InP VPE
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FIG. 1. Raman spectra from the (100) surface of

Ga;_,Al,As/GaAs at 300 K for x=0.0, 0.3, 0.5, and

0.9.. A small background due to the disorder-activated

TO phonons has been subtracted from the low-energy

side of the alloy spectra. The dashed lines show the fit

obtained from the theoretical model [Egs. (1) and (2) us-

ing correlation lengths 62 and 80 A for LO; and LO,,
respectively].

hibits a two-mode behavior, i.e., an ‘‘AlAs-like”’
mode (LO;) and a ‘““GaAs-like”’ mode (LO,). For
the alloys both LO; and LO, have an asymmetrical
line shape (', >T,) that is broader than GaAs.
We have subtracted a small background on the
low-frequency side of LO; and LO, for the alloys
due to disorder-activated zone-edge TO; and TO,
modes. As the Al concentration increases, the LO,
mode becomes broader and more asymmetric while
the reverse is true for LO;.%? For Al-rich samples
(x >0.8) the “GaAs-like’’ mode line shape was
complicated by the presence of the Al feature.” In
Fig. 2 Raman spectrum from a typical sample of
Gag 47Ing 53As/InP is displayed. The strong peak at
270 cm~! is the “GaAs-like” LO mode. We did
not detect the ““InAs-like’’ LO feature.1% 1!

In an “‘ideal” crystal (i.e., one with translational
symmetry) the spatial correlation function of the

phonon is infinite in extent and hence the phonon
eigenstates are plane waves. This leads to the usual
d =0 momentum selection rules of Raman scatter-
ing. However, alloying introduces APF, and hence
the mode correlations become finite,!? giving rise to
a relaxation of the @ =0 selection rule. A Gaussian
spatial correlation function exp( —2r%/L?) has been
successfully used to account for g-vector relaxation
related to finite-size effects!? and structural disorder
(jon-damaged materials)!* and hence, we use it as
an Ansatz. The Raman intensity, /(w), at a fre-
quency w, can then be written as

— g2L2

4

I(w)OCJ;I exp

X &g
lo—w(g)]?+ (I'y/2)?,

where g is expressed in units of 27/a, ais the lat-
tice constant, and 'y (=3.0cm™!) is the width
(full width at half maximum) of the intrinsic Ra-
man line shape of the end-point materials.!S For
the dispersion w(gq) of the LO phonon we take the
analytical model relationship based on a one-
dimensional linear-chain model®:

w(q)=A+ (42— B[1—cos(wq)}V/2, (2)

where in Eq. (2) 4 =4.26x10*cm~% and B=17.11
x 108 cm~* for GaAs!” and 4 =8.20x10* cm™2
and B=2.23x10° cm~* for AlAs.® For simplicity
we assume a spherical correlation region and Bril-
louin zone (BZ).

In Fig. 1, for the x=0.5 spectrum, the dashed
lines are the theoretical line shapes generated from
Egs. (1) and (2) with use of correlation lengths of
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62 and 80 A for the LO, and LO,, respectively, and
the relevant dispersion relations.

Plotted in Fig. 3 are broadening I" and asymmetry
I',/T as a function of the coherence length L as
determined from Egs. (1) and (2). The relation-
ships calculated with the dispersion curves for AlAs
and GaAs are shown by dashed and solid lines,
respectively. The corresponding correlation lengths
are shown on the axes marked L; and L,, respec-
tively. Also plotted are the experimental points for
the GaAs-like and AlAs-like modes of a number of
different samples of Ga;_,Al,As/GaAs as well as
the GaAs-like mode of the various Gag47Ing s3As/
InP samples. For sample No. 1 the LO, feature was
too weak to extract any meaningful data. Because
of the presence of the Al feature in samples No. 7,
8, and 9, we were not able to determine the
linewidth and asymmetry of the LO, feature. Also,
we have taken from Ref. 3 a representative experi-
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FIG. 3. The relationship between broadening I' and
asymmetry I',/T’, as a function of correlation length L.
The dashed line and solid line are calculated for AlAs
dispersion (L;) and GaAs dispersion (L,), respectively,
with use of exp(—2r%/L?) as the correlation function.
The dotted line shows the relationship for GaAs disper-
sion (L, ) using exp(— r/L) spatial correlation. The ex-
perimental points for the various samples are also shown.
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mental data point, i.e., sample No. 5 (LO, mode).
Representative errors in the determination of I' and
I,/T, are shown by vertical and horizontal bars,
respectively, for the data of sample No. 3. The
agreement between theory and the experimental
points is quite good over the entire range of I' and
T,/Ts.

From Fig. 3 we note that in a given crystal of
GaAlAs, the GaAs-like mode may have a different
spatial correlation length from that of the AlAs-like
mode. In general, as the crystal becomes Al rich,
L, increases while L, decreases. The fact that we
find a linewidth '=3.2 cm~! for sample No. 9
(x=0.9) indicates that the linewidth of LO phonon
in AlAs is also close to that of GaAs, i.e., 3.0 cm ™.
The GalnAs samples present an interesting case
since they all have the same nominal composition
but were prepared with different growth parame-
ters. Figure 3 shows that there are somewhat dif-
ferent correlation lengths for these samples,
depending not only on the growth technique, but
apparently on the difference in the growth condi-
tions for the same method. For example, samples
Nos. 13 and 14, both prepared by molecular-beam
epitaxy have different correlation lengths. Note
that sample No. 13 has a long correlation length in
relation to comparable GagsAly sAs material. Thus,
these results indicate that the microscopic alloy dis-
order depends, in general, on the growth parame-
ters as well as the alloy composition.

It has been suggested that the spatial correlation
function should be of the form exp(—r/L).!? The
dotted line in Fig. 3 shows the relationship between
[ and I',/T, calculated by use of the appropriate
Fourier transform of this function in Eq. (1) and
the dispersion curve for GaAs in Eq. (2), with cor-
responding lengths denoted by L,. From Fig. 3 it is
clear that these correlation functions are not suit-
able to describe the experimental results.

The model of Ref. 3 differs from ours in several
important features: (a) A Lorentzian function was
used to describe the g-vector distribution; (b) the
integral is one dimensional in g space; (c) they use
a quadratic frequency dispersion which is not valid
over the entire BZ; and (d) to fit their data, a
composition-dependent intrinsic linewidth Ty(x)
had to be employed. Note from Fig. 3 that it is pos-
sible to fit the experimental data of Ref. 3 (sample
No. 5) by our approach. Also, Ref. 3 fitted the
asymmetry of only the GaAs-like mode and only
x=0.5. Thus the spatial-correlation model used
here is much more general and the results are more
comprehensive than those of Ref. 3.

While it is clear that the finite extent of a phonon
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wave function, i.e., g-vector relaxation, can be ex-
tended to microstructural geometries such as sub-
lattice disorder that are not microcrystalline, it was
not evident that the same spatial-correlation model
should be applicable in these cases. Thus, this work
combined with Refs. 13 and 14 shows that the
spatial-correlation model of Eq. (1) is more general
than the initial application implies and therefore in-
dicates that it results from a rather fundamental
property of the effects of the disruptions of transla-
tional symmetry on phonon propagation. It should
also be mentioned that while the spatial correlation
length has clear meaning for microcrystalline ef-
fects, i.e., microcrystallite size, and structural dam-
age, i.e., average size of undamaged region, its in-
terpretation for compositional disorder is less evi-
dent. It is probably a measure of the extent to
which the sublattice is ordered, since the disruption
in the periodicity is the cause for the finite spatial
correlation of the phonon wave function. This con-
clusion is further evidenced by the. composition
dependence of L; and L, for the Ga;_,Al As sys-
tem. Thus it is clear that the parameter yields valu-
able information about the distribution of consti-
tuent atoms in a nominally disordered alloy.

In conclusion, we have demonstrated that the
spatial-correlation model with a single physically
meaningful parameter successfully accounts for the
asymmetric broadening of the LO-phonon Raman
line shapes induced by APF.
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