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One-phonon resonant Raman scattering in Al, Ga,_,As (0.5<x <0.7):
Dipole-forbidden Frohlich interaction and interference effects
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The dipole-forbidden resonant Raman scattering by LO phonons via Frohlich interaction and the
corresponding interference effects with allowed scattering are studied near the E, gap of
Al,Ga,_,As alloys at 100 K. Three high-purity n-type Al,Ga,_, As samples covering the alumi-
num content 0.5 <x <0.7 were investigated. A theoretical model of Frohlich-interaction-induced
resonant Raman scattering by one LO phonon including excitonic effects has been considered. Al-
loy effects have been taken into account in the Raman polarizability through a virtual-crystal ap-
proximation by including the compositional dependence of the parameters used in the theory (ener-
gy gap, effective mass, exciton Rydberg, etc.) and exciton lifetime broadening. The measured abso-
lute values of the dipole-forbidden Raman polarizability for both GaAs and AlAs modes are in
good agreement with the calculated ones for the three alloy compositions studied. Interference be-
tween the dipole-forbidden and dipole-allowed Raman scattering is clearly seen for both GaAs and
AlAs modes in the whole compositional range measured. The theoretical curves reproduce the
principal features of the measured interference resonant Raman profile. Comparison between the
different Al, Ga,_,As samples shows that an aluminum concentration x > 0.5 enhances the extrin-
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sic dipole-forbidden Raman scattering by LO phonons.

I. INTRODUCTION

It is well known that the vibrational properties of
Al,Ga,_,As reveal a two-mode behavior of the LO pho-
non: in the range 0.1 <x <0.9 there are GaAs- and
AlAs-like modes.! ™3 The normalized Raman scattering
intensity in the neighborhood of the E, gap has been re-
ported in Ref. 1 for x =0.43 and 0.48. Recently, in Refs.
4 and S the absolute efficiencies for dipole-allowed reso-
nant Raman scattering (RRS) by LO phonons have been
studied for an aluminum content in the range
0.2<x <0.7. It was shown that a theory for the one-
phonon RRS which includes excitons as intermediate
states and the effect of alloying through a virtual-crystal
approximation (VCA) can reproduce the resonant profiles
in the Al,Ga,_,As alloys.’ In this theoretical model the
exciton lifetime was used as a fitting parameter; in this
way the different broadening effects related to disorder
and intervalley exciton scattering are included in an ad
hoc manner as a function of aluminum concentration.
The results obtained show that the lifetime has a linear
dependence on x within the range 0 <x <0.49 while for
x >0.45 a rapid superlinear increase with x is observed.’

In the present paper we report the absolute values of
the Raman tensor, including dipole-forbidden and in-
terference effects, for RRS by LO phonons near the E
gap of Al,Ga,_,As alloys in the x range 0.5 <x <0.7.
In order to compare the experimental data obtained with
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the theoretical results,® the Frohlich interaction has been
generalized for alloys by means of a phenomenological
virtual-crystal approach.

It has been shown for bulk semiconductors that besides
the dipole-forbidden scattering by LO phonons via
Frohlich interaction, a second forbidden mechanism is
not necessary in order to fit the resonance profiles when
excitonic effects are considered.® We need, however, a
second mechanism for the Al Ga,_,As alloys; the exci-
ton created by the incoming light is scattered by the
Frohlich and also by another mechanism, which can be
assumed to be impurity-induced Frohlich interaction.
Here this mechanism has been included in a simple way
by assuming that its Raman polarizability is proportional
to the pure dipole-forbidden Frohlich interaction but in-
coherent. The relative strength of the intensity due to the
intrinsic and “extrinsic”” dipole-forbidden Raman scatter-
ing by LO phonons can be obtained by fitting the mea-
sured resonance profiles.

II. EXPERIMENTAL PROCEDURE

Three high-purity Al,Ga,;_, As samples covering the
aluminum content 0.5 <x <0.7 were investigated. The
characteristics of the different samples, the estimated
aluminum content, and the procedure to obtain absolute
values for the squared Raman polarizabilities are summa-
rized in Ref. §.
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The measurements were performed in backscattering
geometry on a (001) surface. We denote by x, y, z, x’, and
y’ the [100], [010], [001], [110], and [110] directions, re-
spectively.

For backscattering on a (001) surface the Raman ten-
sor for scattering by one LO phonon can be written as fol-
lows:” (i) dipole-allowed scattering via deformation-
potential interaction

0 app O
ﬁDP: app 0 0], (1)
0 0 0

(ii) dipole-forbidden scattering via Frohlich interaction

ar 0 O
R,=|0 a, 0|, @)
0 0 ap

(iii) extrinsic-induced dipole-forbidden scattering via
Frohlich interaction

age 0 O
Rp=|0 ag O |, 3)
0 0 ag

where app, ap, and ag, are the corresponding Raman po-
larizabilities. The squared Raman tensors projected into
the following four different backscattering configurations
le,-R-¢;|? are

» D

n,m
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I z(x',x")z, lap+app|*+lagl?;

II: Z(y',y’)z, IaF—aDpf2+|aFe|2;
L Z(x,x)z, |ap|*+|ag|?;
IV: zZ(y,x)z, lappl®.

The scattering by LO phonons via deformation-potential
and Frohlich interactions are mutually coherent process-
es. The extrinsic Frohlich scattering (or another mecha-
nism due to disorder) leads to a manifold of final states in
q space (q is the phonon wave vector). From a
quantum-mechanical point of view the above processes
correspond to a mixed ensemble and the total probability
should be the sum of the probabilities of the correspond-
ing pure ensembles. In this way the scattering intensity
of the extrinsic Frohlich scattering has to be added to the
intensity of the corresponding intrinsic processes.

III. THEORY OF RAMAN POLARIZABILITY
IN Al, Ga,_,As ALLOYS

A quantum-mechanical treatment of RRS for
exciton—one-phonon Frohlich and deformation-potential
interactions in pure semiconductors with diamond and
zinc-blende structure has been given earlier.*® In the fol-
lowing we outline a model for the Raman polarizabilities
of Al,Ga,_,As alloys when the exciton-one-phonon in-
teraction is given by the Frohlich Hamiltonian. As in
Ref. 5 we use a VCA, where the unit cell has an effective
volume (1—x)V, for the GaAs mode and xV, for the
AlAs mode, V, being the volume of the unit cell. This
model permits us to treat the Raman polarizability by
partly localized GaAs and AlAs modes in the same way
as that of phonons in perfect bulk semiconductors. Con-
sidering intermediate electronic states as excitonic states
and using the results of Ref. 6, the Raman polarizability
is given by

ar= EKpF >

’ nme1 (M, 1/n2+iy, (m, —ne+1/m?+iy,)

Dn,k

1

0 1 o
+ — dk
2 n3 fO 1

n=1

—e 2K (g, +k2+iy, ), —my+1/n?+iy,)

1
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where Q,=(m,/mr)ga (a=eh), mr=m,+m;,, m,
(my,) is the electron (hole) effective mass, and a is the ex-
citon Bohr radius. The terms D, ,, and D, ; are calculat-
ed in Ref. 6. The coefficient K : in Eq. (5) is given by

M+ Fioo(x) 172

q(x)ay 2 |P|?
ﬁw,\/ﬁw,ﬁws 3 mg

m,(x)—m;(x)

K:=\/7;2; ad(x)

mg Ry

2
ay Ry

X () s 6
Z00) R20x) F(x) (%) (6a)
) ) 172
= —7 PN .
Cp i |2mhiwy(x)e . e
_—ere [_sem |7 (6b)
€, VCM*COO

€, and €, being the static and ir dielectric constants, re-
spectively, e, the transverse charge, a, the unit cell pa-
rameter, @, the phonon frequency, Ry and ay are the
Rydberg and Bohr radius of the hydrogen atom, m the
electron mass, and P =(s|p,|x ) the matrix element of
the momentum operator. The reduced mass of the primi-
tive cell M* is taken to be M &, for the GaAs mode and
M}, for the AlAs mode. This choice differs from previ-
ous calculations>® where a mean value M *(x) was taken
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for both modes. However, the present choice is more
consistent with a VCA, where we consider our crystal as
built up from two bulk materials (AlAs and GaAs) with
different percentages, although we must keep in mind
that our modes are normal modes corresponding to both
portions of the crystal. The index p refers to the exciton
formed between a valence and a conduction band with
gap Eg,, and

h(DI_E ﬁwo r
=T R ™R PR ™

', being the exciton lifetime broadening and R the exci-
ton Rydberg. The coefficient f in Eq. (6) is the fraction of
atoms per unit cell of Al for the AlAs mode and of Ga for
the GaAs mode. The term by corresponds to the contri-
bution of other nonresonant diagrams.

The first term on the right-hand side of Eq. (5) corre-
sponds to transitions to discrete exciton states, the second
and third terms to discrete-continuous and continuous-
discrete states, while the last term is the contribution
only from the continuum in which the wave functions
have been taken to be the uncorrelated electron-hole
pairs in order to simplify the calculation.

The Raman polarizability for deformation-potential in-
teraction in Al,Ga,_,As alloys as obtained in Ref. 5 us-
ing a three-band model is

app = zKp,q(x) { 2
pq

4 1
4[7’0+7’p_7]q+’(7p —Yq )]

—not+i
X lnﬂq—%.——‘y—q-l-m' coth
N, tiv,
The coefficient K, , is equal to
3
K =\/_a(2)(x) —R}, ay
&P 2mmy V3R x) | a(x)

do|PI?

T ee——— — Py (9)
fiwV o fo,

where d|, is the optical deformation-potential constant.
The sum in p and q runs over heavy (hh), light (1h) holes,
and split-off (so) valence bands.

The coefficient C,_, is a numerical factor that
represents the weight of different band transitions. Mean
values of calculated C, _,’s are given in Table II of Ref.
5. For low-impurity concentration the impurity-induced
dipole-forbidden scattering by LO phonons can be calcu-
lated using fourth-order perturbation theory. An expres-
sion for the Raman scattering efficiency dS /d () that in-
cludes only the discrete exciton states has been given in
Ref. 9. The transitions belonging to different virtual exci-

o
+iv, Vi, —metiv, l

n=1 20 (,+1/n%+iy, ), —ne+1/n+iy,)

—coth

] . ®

ton states (two discrete virtual states and one in the con-
tinuum, two states belonging to the continuum and one
to the discrete spectrum and the contribution of the con-
tinuous spectrum only) give an important contribution to
the absolute value of af,., which we take to be

lag|*=a’lap|?, (10)

where a is an adjustable parameter.

IV. RESULTS AND FITTING PROCEDURE

Figure 1 depicts the resonance of the dipole-forbidden
Raman scattering by LO phonons near the E, gap for the
three Al,Ga,_, As samples studied in the compositional
range 0.5 <x <0.7 [Z(x,x)z configuration]. The dipole-
allowed results [Z(y,x)z] have been recalculated with the
new reduced masses and are also presented in Fig. 1. The
solid and dashed thick lines are fits to the experimental
points.
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Figure 2 shows the interference of both mechanisms
measured in the configuration I and II of Eq. (4) for
x =0.555, 0.62, and 0.69, including both GaAs and AlAs
modes. The thick lines represent the theoretical fits. The
interference effects persist in the whole composition
range studied for both LO-phonon modes. It can be seen
from Figs. 1 and 2 that the E, gap increases with higher
Al concentration and at the same time that the heights of
the resonance profiles decrease as the increasing widths
increase. The heights of the resonance profiles decrease
faster for the GaAs modes than for AlAs modes and
|aGaasl? is smaller than |a .| for the three Al concen-
trations measured.

The experimental spectra of |a|? for the configurations
given in Eq. (4) have been compared with the calculation

T — — - -
Al,Ga,,As Al,Ga,.,As
GaAs mode AlAs mode
eZ (x, X))z eZ (X, x)2
1.2+ vZ(y.x)z F vZ(y. x)z
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FIG. 1. Squared Raman polarizability for allowed deforma-
tion potential and dipole-forbidden scattering by LO phonons
measured in Al,Ga,_,As at 100 K with x =0.555, 0.62, and
0.69. The thick solid lines are fits with Egs. (5), (6), and (10) for
forbidden scattering (expt., dots) while the thick dashed lines
represent the calculation for deformation potential scattering
(expt., triangles). (a) GaAs mode, (b) AlAs mode. The solid and
dashed thin lines are a guide to the eye representing the experi-
mental points.
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based on Egs. (5), (8), and (10) for resonance scattering by
LO phonons near the E, gap. For the material parame-
ters of Al,Ga,_, As we take lattice constant®

ay(x)=5.6533+0.0078x A ; (11)
exciton Rydberg’

R (x)=4.45+6.82x +5.48x* meV ; (12)
exciton Bohr radius’

a(x)=122—142x +61x? A ; (13)
effective masses®

m,(x)

=0.067+0.083x (electron mass) , (14a)
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FIG. 2. Squared Raman polarizabilities for scattering by LO
phonons in Al,Ga,_,As (001) at 100 K measured with e,||e,
[configuration I of Eq. (4) triangles, configuration II dots] for
x =0.555, 0.62, and 0.69. The thick dashed lines are fits with
Egs. (5), (6), and (10) for configuration I, thick solid lines for
configuration II. (a) GaAs mode, (b) AlAs mode. The solid and
dashed thin lines are a guide to the eye representing the experi-
mental points.
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my (x) .
T=0.087+0.063x (light hole) , (14b)
0
mhh(x)
—m——=0.62+0.14x (heavy hole) , (14¢)
0
mg(x) .
T:O' 15+0.09x (split-off hole) ; (14d)
0
E, critical-point energy’
E (x)=1.510+1.115x +0.37x% eV ; (15)
phonon frequencies’
#iw$*A*=31.62+4.58(1—x) meV , (16a)
fioyA*=45.3+4.7x meV ; (16b)

exciton broadening I', =T, T'y(x) from Ref. 5,
[o(x)=4.02+1172.92(x —0.49)* meV ,
0.49<x <0.7; (17
and static and high-frequency dielectric constants?
€o(x)=13.18—3.12x ,
€,(x)=10.84—2.73x .

(18a)
(18b)

In order to evaluate the scattering wave vector g, which
appears in the dipole-forbidden Raman polarizability, we
used the expression ¢ =(n/c)w;,+w,) with n(w)
2\/61(60), where!©

€(w)=Ay(x)(f(x)
+ H{E (x) /[ Ey(x)+8g1}2f (x)) +By(X) ;

(19)
FOO=x"12—(1—0)"?=(1=x)""?]; (20)
X=tiw/Ey(x), Xo=fi0/[E,(x)+h]; (21)
Ay(x)=6.3+19.0x, By(x)=9.4—10.2x . (22)

The calculations have been performed with the parame-
ters obtained from Eqgs. (11)-(22). A small background of
10 and 20 A (corresponding to GaAs and AlAs modes)
has been added in the theoretical curves corresponding to
x =0.69. In all samples studied the value used for d is
36 eV (Ref. 11) and |P|?/m =12.9 eV.°

The dipole-forbidden and the interference curves were
fitted with the broadening I';, determined from the defor-
mation potential resonance.’ The prefactor a in Eq. (10)
for the extrinsic dipole-forbidden Raman scattering was
adjusted for each spectrum to reach the maximum mea-
sured total |a|?%. The best fits in Fig. 1 are obtained for
a=lag,|*/|lap|*=0.56, 1.5, and 1.5 for x =0.555, 0.62,
and 0.69, respectively. This means that of the total
dipole-forbidden Raman scattering about 64% for the
sample 1, 40% for the samples 2 and 3, is due to the in-
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trinsic Frohlich mechanism. The small value of a for x
close to 0.5 is not easy to understand since for this com-
position the alloy potential fluctuations should be the
largest.

It can be seen in Fig. 1 that the calculated dipole-
forbidden scattering (thick dashed lines) is slightly but
systematically shifted to higher energy with respect to the
experimental data, while the theoretical values corre-
sponding to the dipole-allowed case are shifted to lower
energies. These minor discrepancies cannot be under-
stood in the framework of the theory presented here.
The calculated interference curves displayed in Fig. 2
reproduce qualitatively the principal features of the mea-
sured Raman constructive and destructive interferences
for both GaAs and AlAs modes. As in Fig. 1, when the
Al concentration increases the intensity of interferences
for both modes decreases, but the intensity of the AlAs
mode decreases more slowly than that of the GaAs mode.
The calculated maximum in the constructive and destruc-
tive interferences is also shifted with respect to the mea-
sured ones. The theoretical values corresponding to
configuration II agree worse with the experimental re-
sults than those for configuration I. A calculation of
impurity-induced Frohlich interaction, including exciton-
ic effects, should give a better fit of the resonance profile
of the interference curves. Nevertheless, the order of
magnitude and the principal features of the one-phonon
RRS in Al,Ga,_,As alloys can be obtained with the ex-
citonic theory presented in Sec. III.

V. CONCLUSIONS

Absolute values of dipole-forbidden Raman scattering
by LO phonons and its interference with the dipole-
allowed mechanism near resonance with the E, gap of
Al Ga,_,As have been measured for 0.5<x <0.7.
Theoretical models for the Frohlich interaction and the
extrinsic g-induced Raman scattering, including exciton
states as intermediate states and the alloying effects in the
Raman tensor through a generalized VCA, reproduce
quite well the dipole-forbidden resonant profiles. We
have shown that the interference of dipole-allowed and
dipole-forbidden Raman scattering by LO phonons per-
sists near the E, gap. The principal characteristics of the
interference resonant profiles for both phonon modes in
Al ,Ga,_, As alloys are reproduced by the theory. The
strengths of the intrinsic dipole-forbidden Raman scatter-
ing decrease as the aluminum content increases, due to an
increase in lifetime broadening.
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