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The resonant Raman scattering by LO and two LO phonons and LO-phonon interference effects
are studied near the E,-+ Ap gap of liquid-phase-epitaxy Al,Ga;_,As (0=<x <0.07) samples at 100
K. The Eo+ A gap is shifted and broadened due to the alloying, whereas the interference between
dipole-allowed and dipole-forbidden Raman scattering persists. Within the composition range stud-
ied the Eo-+Ag gap as well as its Lorentzian broadening 1 depends linearly on the alloy composition
x [Eo+Ap(x)=1.847+1.56x eV, 1(x)=3.8+120x meV]. Estimates for the n-versus-x behavior
based on a simple tight-binding model and on binominal statistics for a random distribution of Al
atoms on Ga sites do not explain the alloy broadening observed for the E,+ A gap. Inhomogene-
ous broadening due to clustering fluctuations in x or other crystal defects cannot be discarded. The
measured absolute values of the corresponding Raman efficiencies agree well with calculated ones.
The comparison between the different Al,Ga,_,As samples shows that aluminum in GaAs does not
significantly enhance the impurity-induced dipole-forbidden Raman scattering by LO phonons.

I. INTRODUCTION

The ternary III-V semiconductor system Al,.Ga,_,As
has important optoelectronic applications and its electron-
ic properties have, therefore, been extensively studied.
The compositional dependence of the lowest direct and in-
direct band gaps was determined by many optical
methods such as absorption,! ~* reflectance,® electroreflec-
tance,”® and ellipsometry® (for a review see Ref. 10). The
main interest has been focused on the direct gap E, at the
I point (I'3-T'§), on the indirect gap between the X and '
points (I'§-X¢), and on the crossover of the conduction-
band minimum at the X and TI' points occurring for
x~0.45. A nonlinear dependence of the band gaps on al-
loy composition x was observed, which was confirmed,
for the E, gap, by photoluminescence measure-
ments.> 112

Band-structure calculations for mixed-crystal systems
aim at explaining the dependence of the band gaps on
composition. They concentrate on the deviation from the
linear dependence, the so-called band bowing. Most of the
band-structure calculations for the Al,Ga;_,As system
use the virtual-crystal approximation'*'* (VCA) in which
the cation potential is replaced by a weighted average of
the Ga and Al potentials. The VCA alone leads either to
a linear compositional dependence of the E-band gap or,
with some modifications, to a very small bowing parame-
ter.!>'® Disorder effects, such as broadening due to alloy
scattering, are neglected in this approximation, since the
electronic states are supposed to be undamped (k to be a
good quantum number). They can be partially included
by the coherent-potential approximation'”!® (CPA) which
considers the effect of scattering caused by potential fluc-
tuations around the average potential due to the random
distribution of Ga and Al atoms (positional disorder). Al-
loy scattering limits, e.g., the electron and hole mobility in
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ternary and quaternary semiconductors.!”> The crystal po-
tential can be decomposed into a periodic part [scaled
virtual-crystal approximation (SVCA)] and an aperiodic
part that takes the random deviations from the scaled
virtual-crystal behavior into account.!®?° The random
potential is assumed to be site diagonal. The CPA re-
quires large computational work, since it includes integra-
tions over the Brillouin zone. It yields the self-energies of
the electronic states whose real parts account for the shift
of the electronic states caused by alloy scattering, whereas
the imaginary parts are related to the finite lifetime. The
CPA has been applied to band-structure calculations of al-
loy semiconductors using the pseudopotential,'>—172!
k-p,'® and tight-binding (TB) method.!***22=2% Real-
space approaches such as tight-binding calculations have
some advantage, since CPA assumes the alloy disorder to
be site diagonal. The TB method, however, represents the
conduction-band states less accurately than the valence-
band states. Nevertheless, in the case of the E, gap, it
yields in connection with the CPA, positive bowing pa-
rameters as found experimentally in Al,Ga;_,As and
small alloy broadenings.!”?* On the other hand, the CPA
neglects effects of compositional disorder such as cluster-
ing. The existence of short- and long-range order in
Al,Ga,_,As has, however, been proved experimental-
1y>>2¢ and its influence on the alloy properties theoretical-
ly discussed.?”-?8

The study of the vibrational properties of Al,Ga;_,As
alloys by infrared and Raman spectroscopy revealed a
two-mode behavior of the long-wavelength longitudinal
and transverse optical phonons throughout nearly the
whole composition range (for x <0.8 GaAs-like and for
x>0.08 AlAs-like modes).?*"3 For sufficiently high
aluminum concentrations (x~0.43) the second-order
spectrum shows, besides the second harmonics of the
GaAs- and AlAs-like LO modes, their combination.?!
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The low-energy part of the Raman spectra contains
disorder-activated longitudinal- (DALA) and transverse-
acoustical modes (DATA).>*~3 The line profiles of the
GaAs- and AlAs-like LO phonons depend on composition
and are asymmetrically broadened by disorder.3?

In this paper we focus our attention on the resonant
Raman scattering by LO phonons near the Ej+ Aj gap in
Al,Ga,_,As on the Ga-rich side of the composition
range (x <0.1). The Raman scattering by LO phonons
occurs via a short-range and a long-range part of the
electron-phonon interaction.’’ "3  Analytic expressions
for the resonance of Raman scattering by LO phonons
near the Eq+ Ag gap due to the different scattering mech-
anisms have been derived previously and successfully
applied to interpret experiments on GaAs,**%!
Cd,Hg,_,Te,** InP,** and GaSb.*

The deformation-potential-induced Raman scattering is
of short range and obeys usual dipole selection rules.’”~3’
It resonates weakly near E; -+ Ay, since no two-band terms
are operative at this gap.’**® The long-range interaction
arises from the Frohlich electron-phonon coupling via the
electric field of the LO phonon in polar semiconduc-
tors.’’=3° The interband Frohlich coupling contributes to
the dipole-allowed Raman scattering (electrooptic mecha-
nism), whereas the intraband Frohlich interaction leads to
the dipole-forbidden (q-dependent) Raman scattering by
LO phonons. The latter appears for the polarization of
the incident and scattered light parallel to each other and
resonates close to all direct gaps, when the energy of the
incident light equals the gap plus half the phonon energy
(fiw, =Eg + 7#Q10).* The phonon wave vector q is
determined in this first-order Raman process by the
difference between the wave vector of the incident and
scattered light k; s (q=k; —kg). The scattering efficien-
cy for g-induced Raman scattering resonates with
strengths proportionally to g2.47—%

A second mechanism is operative for the dipole-
forbidden Raman scattering by LO phonons. It assumes
the electron-hole pair created by the electron-photon in-
teraction to be scattered by the Frohlich electron-phonon
interaction’’ =3 and also by the interaction (usually
Coulomb) with impurities. In spite of low impurity con-
centrations and fourth-order perturbation expressions, the
impurity-induced Raman scattering may be significant,
since the elastic scattering by ionized impurities activates
LO phonons with large q vectors and double resonances
occur (the q conservation is relaxed).*"*> The impurity-
induced Raman scattering by LO phonons exhibits “in-
coming” (#iw; =E,) and “outgoing”  resonances
(fiwp = Eg +7i€ o), the latter being in general stronger.®

The resonance of second-order Raman scattering by LO
phonons is formally similar to that of the impurity-
induced scattering by one LO phonon. A second Frohlich
interband electron-phonon interaction has to replace the
electron-impurity interaction in the fourth-order perturba-
tion expression.*>433=5%  The resonance of two-LO-
phonon Raman scattering reveals a sharp distinct peak at
the outgoing resonance (#iw; =E, +2#Q;).* The reso-
nance profile of scattering by two LO phonons has been
shown to provide accurate values for the energy and
broadening of the Ey+ A, gap in Cd, Hg,_,Te (Ref. 42)

and InP (Ref. 43). In the case of Cd,Hg;_,Te (p~10'°
cm~?), the shift of dipole-forbidden Raman scattering by
one LO phonon with respect to the two-LO-phonon reso-
nance (AE~h;o) suggests that the one-LO-phonon
scattering is mainly impurity induced.*> On the other
hand, the dipole-allowed and intrinsic dipole-forbidden
Raman scattering by one LO phonon have been shown to
interfere in high-purity epitaxial GaAs (Refs. 40 and 41)
and InP (Ref. 43). The interference is less pronounced in
bulk GaSb (Ref. 44) (n=~10"" cm~?) and bulk GaAs (Ref.
41) (n =10" cm™?). This feature follows from the fact
that the Raman tensor for deformation-potential-induced
dipole-allowed and intrinsic q-induced dipole-forbidden
scattering must be coherently added before squaring to ob-
tain the scattering intensity. The extrinsic impurity-
induced Raman scattering adds as intensity to the intrin-
sic mechanisms after squaring. The relative strength of
the intensity due to the intrinsic and extrinsic dipole-
forbidden Raman scattering by LO phonons can be ob-
tained by fitting the measured resonance profiles for the
interference and dipole-forbidden scattering simultaneous-
ly with analytic expressions for the different Raman
scattering mechanisms presented in Refs. 41—43. In epi-
taxial samples of GaAs and InP the intrinsic gq-induced
scattering by LO phonons contributes only about 40% to
the dipole-forbidden scattering intensity.*>** In the case
of InP, excellent agreement between the experimental data
and the fitted curves has been obtained by starting the fit-
ting procedure from accurate values for the Ey+ A, gap
and its broadening determined from the two-LO-phonon-
resonance, since the Raman scattering by one LO phonon
is rather insensitive to both parameters.*> This procedure
has not yet been applied to GaAs.

In this paper we present additional data for the reso-
nance of two-LO-phonon scattering and, on their basis,
revise the fits of Ref. 41 for GaAs. Especially the
broadening parameter 77 of the Ey+ A, gap has to be de-
creased from 8 to about 3.5 meV. We will focus our at-
tention to the alloy system Al,Ga;_,As. The observation
of the resonance of Raman scattering by two LO phonons
allows us to study the variation of the gap position and its
broadening with alloy composition x. The interference of
Raman scattering by one LO phonon is very sensitive to
broadening and also to impurity scattering. Although the
gap shifts and broadens due to alloy disorder we find that
the interference persists in the alloys for Raman scattering
by one phonon. The Al atom, isoelectronic to Ga, per-
turbs the band states much less than the ionized impuri-
ties considered in the theory of impurity-induced Raman
scattering. Two estimates are given for the dependence of
the gap broadening on x. The predicted broadenings are
too low. Inhomogeneous broadening may account for the
additional observed width.

II. EXPERIMENTAL PROCEDURE

Four high-purity Al,_,Ga,As samples covering the
aluminum content 0 <x <0.1 were investigated. They are
n-type undoped epitaxial layers grown on a semi-
insulating GaAs(001) substrate by liquid-phase epitaxy
(LPE). The aluminum content x was estimated from the
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bound-exciton luminescence at liquid-helium temperature

using the dependence of the direct gap Eq(x) at T’ (I'g-T'g)
11

on x:

Eo(x)=1.515+1.247x eV (0<x £0.45) . (1)

The x=0 gap was shifted from 1.424 eV to 1.515 eV in
order to account for a temperature shift of 295 K and the
shift of the direct gap E, with respect to the bound-
exciton line.®* Equation (1) does not include the depen-
dence of the bound-exciton energy on x.%! Table I sum-
marizes the characteristics of the different samples: the
Al concentration obtained from the Ey(x) luminescence
[Eg. (1)], the mobility at 77 K, and the estimated concen-
tration of ionized impurities n; x~Np—N, deduced
from Hall measurements.

With increasing x the mobility decreases. It remains,
however, above values reported for Czochralski-grown
bulk GaAs.*! Besides the alloy scattering which reduces
the electron mobility,!? the increasing impurity concentra-
tion with increasing aluminum content may be due to resi-
dual oxide films on the aluminum added to the melt.
They have been (partially) removed by etching before add-
ing the aluminum to the melt. The quality and the homo-
geneity of the samples was checked by looking for below-
band-gap luminescence, such as electron-acceptor transi-
tions.5?

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,
respectively. For the labeling of the [110] and [110]
directions we refer to the convention of Ref. 41 [Ga at the
origin, As at ao/4 (1,1,1)]. With this definition the (111)
plane (parallel to [110]) is Ga terminated. The etch pat-
tern produced by preferential etching of the (001) face dis-
tinguished between the [110] and [110] directions.®

For backscattering at a (001) face the Raman tensor of
the scattering by LO phonons can be written as follows.

(i) Dipole-allowed scattering via deformation-potential

interaction:3% %4
0 app 0
ﬁDP = |dpp O 0 « (2)
0 0 O

(ii) g-induced dipole-forbidden scattering via Frohlich
interaction:3%4!
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(iii) Impurity-induced dipole-forbidden scattering via
Frohlich interaction:*!

ag; 0 0
EFI' =10 ar; 0 . (4)
0 0 arg;

app, dp, and ag; are the corresponding Raman polariza-
bilities.

The deformation-potential and the q-induced Frohlich
scattering by LO phonons are intrinsic processes which
lead to the same final states in q space. They are mutual-
ly coherent. Thus, their Raman tensors have to be added
before squaring to yield the Raman scattering intensity
l’éyﬁ-’e\,‘ |2 [€, (&) denotes the polarization vector of the
incident (scattered) light]. The impurity-induced Frohlich
scattering is incoherent, since it leads to a manifold of fi-
nal states in q space. Its scattering intensity has to be
added to that of intrinsic processes. By measuring in four
different backscattering configurations we can distinguish
between the scattering processes mentioned above. The
squared Raman polarizabilities {é‘s-ﬁ-’él_ |? are as fol-
lows:*!

(D z(x",x")z,

lap+app | >+ | ap |2
(ID z(y',y")z,

lap—app |+ | ag |
(IID Z(x,x)z,

lap |2+ ap |2

(IV) Z(y,x)z,

|0DP12~

Three rectangular slabs were cut from each sample and
mounted next to each other in a liquid-nitrogen cryostat.
The vertical axes corresponded to the [110], [110], and
[100] directions, so that the measurements in configura-
tions I—III could be performed by parallel translation of
the samples with respect to the entrance slit of the mono-
chromator without changing the polarization of the in-
cident light. The Raman scattering by two LO phonons
was investigated in configuration III. The polarization of

ap 0 0 the incident light was changed for the measurement of the
EF: 0 ar O ]. 3) dipole-allowed Raman scattering by LO phonons in con-
0 0 a figuration IV.
F Pure silicon was chosen as a reference to obtain abso-
TABLE 1. Samples characteristics.
Sample
1 2 3 4
Al concentration (at. %) 0 1.7+0.3 3.3+£0.3 7.0+0.5
Eo(x) (eV) at 4 K 1.515 1.538 1.556 1.603
H77 K (cm?/Vs) 100 000 41400 19 500 13100
ns g (em™?) 7x 10" 3.4x 10" 5.8 10" 3.2x10"%
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lute values for the Raman scattering efficiencies dS/dQ

and the squared Raman tensors lés-ﬁ-’éL |2 by the sam-
ple substitution method.*® We used | ag; | =40 A for the
optical phonon of silicon at #w; =1.9 eV.*> We took a
small dispersion of the Raman polarizability of Si over
the whole spectral range 1.8—2.1 eV into account.®®

The counting rate outside the crystal Rg is related to
the squared Raman polarizability inside the crystal by*!

TsTros[n(Qu)+1] | PLAQ -

Rs= &-Re |2,
s (aL +as)nSnLM*Qpth 2C4 ! s L|

(6)

P; is the incident power, and AQ)' is the collection solid
angle outside the crystal. a; (as), n; (ng), and T} (Tg)
denote the absorption coefficient, refractive index, and
transmission coefficient at the frequency w; (wg) of the
incident (scattered) light, respectively, c is the speed of the
light in  vacuum, M*=[1/(Mg,a(1—x)+Mzx)
+ 1/MA 17! the reduced mass of the primitive cell with
volume V., and n (£,;,) the phonon occupation number of
the optical phonon with frequency Q,. In the case of
Raman scattering by one LO phonon, the value within the
large parentheses in Eq. (6) must be applied for the count-
ing rates of the Al,Ga,_,As sample as well as for that of
the Si reference in order to obtain absolute values of the
squared Raman polarizability. We used absorption data
of Si from Ref. 67, whereas the reflectivity (r =1—T)
and the refractive index were taken from ellipsometric
measurements.®® The absorption data of GaAs have been
reported by Sturge®® and Sell and Casey” (a=3.0x10*
cm~ ! at 1.85 eV), its reflectivity and refractive index were
selected from ellipsometric measurements.®® For the
Al,Ga;_,As alloy (x <0.1) it has been shown that the
optical properties above the E, gap can be approximated
by shifting the values of pure GaAs to account for the in-
crease in the energy of the direct gap Ey(x) with increas-
ing aluminum content x.>’"7? Thus, we chose the optical
constants to be the same as for GaAs taking the shift of
the gap energy E(x) as tabulated in Table I into account.
We note that n and r obtained in this way compare well
with the recent experimental values of Ref. 9.

The Raman scattering intensity can be displayed either
as squared Raman polarizability |’és-ﬁ-€L |2 or as
scattering efficiency dS/d{). The Raman scattering effi-
ciency includes the w* law and the dependence on the pho-
non occupation number. It is customary to compare Ra-
man scattering by one and two LO phonons as scattering
efficiencies, whereas for Raman scattering by one LO
phonon the squared Raman tensors are convenient from
the microscopic point of view of Raman polarizabilities.
In the case of one-LO-phonon scattering both quantities
are related to each other by the expression:*!

3
ds IO H Ms =
as — |e.-Re
A | 0" ot VMg n | SR

We used cw-dye lasers pumped with all lines of an Ar™

20 T T T T T T T T T T T T T T
2L0 Al,Gay-,As (001)

—~B- ax:=0 100K 7]
‘E e x=0017 _

S x x=0033 Z(x,x)z (1)

- . X=

¢ 10

=]

S

o~
® T

(o]
180 190 200 210
hw (eVv)

FIG. 1. Efficiencies for Raman scattering by two LO pho-
nons in Al,Ga;_,As at 100 K. The solid lines are fits to the ex-
perimental points according to Egs. (2) and (7) of Ref. 42.

laser to excite the spectra. The dye DCM (Lambda Phy-
sik, Gottingen) worked in the range from 1.8 to 2.0 eV,
whereas Rhodamine 6G (Lambda Physik, Gottingen) was
operated from 1.95 to 2.1 eV. They covered the spectral
region close to the Eg+Ay gap of the Al,Ga;_,As
(x <0.1) systems. The typical power incident on the sam-
ple was 200 mW. The power density was kept below 10
W/cm? by means of a slit focus to avoid heating. The
scattered light was analyzed by a Jarrell-Ash 1-m double
monochromator equipped with holographic gratings and
was detected with an RCA 31034 photomultiplier by pho-
ton counting.

III. RESULTS

Figure 1 depicts the resonance of the efficiency for Ra-
man scattering by two LO phonons near the E;+ A, gap
for the four Al,Ga,_,As samples studied in the composi-
tion range 0 <x =0.07. The solid lines are fits to the ex-
perimental points. The Ey+ A gap increases with higher

12 T T T T T T T T T T T
GaAs(001)
101 . 100K
A e Z(x'x")z(1)
:'r; ok Eorlof \ ____. « Z(y'y )z (1)
- | | \ - a Z(x,x)z(I)
(=]
=,
@
e
[%2]
«@
0 | Aaaas 1 1 1 < AL alaap a)a
180 190
th(eV)

FIG. 2. Squared Raman polarizabilities for scattering by one
LO phonon measured on GaAs(001) at 100 K with €, ||€s (con-
figurations I, II, and III). The lines are fits according to Egs. (4)
and (9) of Ref. 43 and Eq. (A1) of Ref. 41.
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FIG. 3. Squared Raman polarizability for scattering by one

LO phonon in Alj¢;7Gag ¢53As(001) measured with €, |[€s (con-
figurations I, II, and III). The lines are fitted according to the
theory of Refs. 41 and 43.

aluminum concentration. At the same time the gap con-
siderably broadens. Consequently, the enhancement at the
resonance peak decreases as x increases.

Figures 2—4 show the interference of Raman scattering
by one LO phonon measured with €, ||€s (configurations
I, II, and III) on the Al,Ga,_,As samples with x=0,
0.017, and 0.07, respectively. The lines represent theoreti-
cal fits. The measurement in configuration IV is omitted
in the figures. It shows no detailed resonance close to the
E,+Aq gap and can essentially be represented by an aver-
age line between those for the Z(x',x')z (I) and Z(y’,py')z
(ID) configurations.

The interference of Raman scattering by LO phonons
persists in spite of alloying with aluminum. The shift of
the Eq+ Ay gap produces a shift of the interference curves

12 T T T T T T T T T T T
Alono7GClQ93AS(OO1)
10+ 100K N
. e Z(x'x)z(I)
~ 8 Eotdo _____ . Z(y.y)z ()]
X l e 2 Z(x, x)2(1)
6
oN
—_
(q) 4
o
[%)]
<@
—_— 2_ -
4 A4 a 1 1Ji“ S s e ds
190 200 210
hw (eV)

FIG. 4. Squared Raman polarizability for scattering by one
LO phonon in Alj 9;Gag ¢3As(001) measured with €, ||€s (config-
urations I, II, and III). The lines are fitted according to the
theory of Refs. 41 and 43.

W. KAUSCHKE, M. CARDONA, AND E. BAUSER 35

to higher laser energies with increasing x. The sharpness
of interference and its amplitude decrease with alloying:
The dipole-forbidden scattering shows the strongest
enhancement in the pure GaAs sample, as was also the
case for scattering by two LO phonons. The depth of the
destructive interference indicates that a large part of the
forbidden scattering is of intrinsic origin. The
Al,Ga,_,As samples with x=0.017 and x=0.07 (Figs. 3
and 4) reveal no apparent difference in the enhancement
of the pure dipole-forbidden scattering (configuration III).
However, the amplitude of the interference decreases.
This feature can be explained by additional broadening
and an increasing amount of extrinsic impurity-induced
scattering. The dipole-forbidden Raman scattering by one
LO phonon is about 5 times lower than the dipole-allowed
one. Thus, experimental errors on the strength of the
dipole-forbidden contribution are rather large. A detailed
line-shape analysis of the resonance of the one-LO-
phonon forbidden scattering cannot be reliably made due
to the scatter in experimental data.

IV. FITTING PROCEDURE

The theoretical expressions for the resonance of scatter-
ing by LO phonons near the Eq+ A, gap that we applied
to fit our experimental data are the same as used in Refs.
41—43. The final formula for the scattering efficiency of
Raman scattering by two LO phonons is given by Egs. (2)
and (7) of Ref. 42. The two-LO-phonon resonances were
fitted first, thus yielding an accurate value for the energy
of the Ey+ Aq gap and its broadening 7 from the position
and the width of the resonance.*> A third adjustable pa-
rameter served as vertical scale factor which adjusted the
calculated Raman scattering efficiencies to those deter-
mined experimentally. The vertical factor should, in first
approximation, be the same for all calculated Raman
scattering efficiencies (independent of composition x).
The experimental uncertainties are mainly due to uncer-
tainties in the value of the Raman polarizability of Si
which is only known to within 20%.%

In order to fit the dipole-allowed Raman scattering by
one LO phonon we used the decomposition of the Raman
polarizability app into contributions from different criti-
cal points [Eq. (4) of Ref. 43]: E,—Ey+A, (coefficient
Ay), Ey—E;+A, (A,), and higher gaps (A;). Care was
taken to describe the behavior of dipole-allowed Raman
scattering by LO phonons with the same coefficients 4,
A,, and A; in all Al,Ga;_, As samples studied. The ex-
pression of the intrinsic dipole-forbidden scattering by LO
phonons is represented by Egs. (15) and (16) of Ref. 41,
whereas the squared Raman polarizability |ag |? for
impurity-induced scattering by LO phonons is given in
Eq. (A1) of the same paper.

The interference curves were fitted with the energy of
the gap Eq+ Aq and its broadening 1 determined from the
two-LO-phonon resonance.*> The prefactor of the calcu-
lated resonance curve for the intrinsic and extrinsic
dipole-forbidden Raman scattering was adjusted for each
contribution to reach the measured resonance peak, as-
suming the whole scattering intensity is due to that com-
ponent. Then the relative strength between both was
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TABLE II. Parameters of GaAs used with the interpolation
scheme proposed by Adachi (Ref. 10).

Ap=0.34 eV? #iQl 0=36.6 meV®
E;=3.028 eV® P?/m=13.8 eVhs
E;+A,=3.246 eV® Cr=2.1x107° eVem'/2"
m.=0.067m° ap=5.65 A"®
my=0.16m* M*=66305m’
q=7.2x10° cm— !¢ x[=0.06k'g

2Reference 73.
"Reference 74.
‘Reference 75.

dg =(n o +nsws)/c.
“Reference 76.
fp=#27/a,.

8Assumed to be independent of x.
hCr=[2741/€60—1/€, )% 0] %
iReference 77.
IM*=(1/Mg,+1/Mx) .

kSee definition in Ref. 41.

varied so as to fit the observed details of the interference.
The relative strength of the interference determines the ra-
tio | ap | 2ax/(|ar | hax+ | ari | Bax) of intrinsic dipole-
forbidden Raman scattering by LO phonons in the total
forbidden scattering intensity. The relative amount of in-
trinsic q-induced Raman scattering with respect to the ex-
trinsic impurity-induced one is expressed by the ratio
‘ ar ’ rznax/ | ari lrznaX'

The material parameters used to evaluate the Raman
polarizabilities and scattering efficiencies are summarized
in Table II for GaAs. The compositional dependence of
these parameters in Al Ga,_,As was obtained for Table
II fl%llowing the interpolation scheme proposed by Ada-
chi.

V. DISCUSSION

A. Two-phonon resonances

The energy of the band gap E,+ A and its broadening
7, obtained from the fit of the two-LO-phonon resonances
in Fig. 1 (solid lines), are summarized in Table III. The
Raman scattering efficiency observed at resonance for
x=0 amounts to 1.8 107° sr™'cm~!. The value ob-
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tained from fourth-order perturbation theory (0.65x 103
sr—'em™!) is lower by a factor of 2.5. The same vertical
factor has been used for the other resonance curves. The
agreement with experiments for all values of x is remark-
able. The calculated value of the Raman scattering effi-
ciency for two-LO-phonon scattering has also been found
smaller than or equal to the experimental one in InP (Ref.
43) and GaSb (Ref. 44). These differences may be due to
uncertainties in input parameters (20% error for the Ra-
man polarizability of Si) and to the neglect of excitonic ef-
fects.

1. Compositional dependence of the Ey+ Aj gap

Figure 5 shows the compositional dependence of the
Ey+Ag gap. Within the composition range we cannot ob-
serve a deviation from a linear dependence. The solid line
in Fig. 5 corresponds to (x £0.1)

Ey+Ap(x)=1.847+1.56x eV . (8)

The experimental data on the compositional change of the
Ey+ Ay gap in Al,Ga;_,As were mostly obtained for
samples with aluminum concentration x 20.10 at room
temperature.”>”® The dependence established for Ej+ A,
if one takes a temperature shift of 80 meV into
account, corresponds to the dot-dashed line of Fig. 5
[Eo+Ay(x)=1.845 + 1.115x +0.37x2> eV]” Casey’s
dependence of the E, gap [Eq. (1)],!! shifted by A,=330
meV, is represented by the dashed line in Fig. 5. The
linear dependence determined by Monemar et al.’ nearly
coincides with our solid line. Recently, Aspnes et al.’
proposed a third-order dependence on composition for the
E, gap at room temperature. The dot-dot-dashed line de-
picts their data shifted by 421 meV to account for Ay and
the temperature difference [ Ey+ Ag(x)=1.845 + 1.594x
+ x(1—x)(0.127+1.319x) eV]. The best agreement
with our data is found for the linear dependence given in
Ref. 5. However, this agreement deteriorates if we deter-
mine the alloy composition x from the E, luminescence
(see Sec. II) using Monemar’s or Aspnes’s relation.>® This
observation suggests that the gap that enters the resonance

TABLE III. Parameters obtained from the fit of the two-LO-phonon resonance curves and one-LO-

phonon interference curves.

Sample
1 2 3 4

Al concentration (at. %) 0 1.7+0.3 3.3+0.3 7.0+0.5
Ey+Ap (eV) 1.845+0.003 1.875+0.003 1.899+0.003 1.955+0.003
7 (meV) 3.5+0.5 6+0.5 8+0.5 12+1
4, (A% 8 8 7 7.5
A, (AY) 26 26 26 23
A; (A -3 —6 _3 -3
| ar | Zax (A% 0.77x 10 0.41x 103 0.16 10° 0.09x 10°
| ap | 2ae (A 1.02x 10° 0.58x 103 0.74% 10 0.91x 103
' ar ‘ ﬁlax
—]a |z 0.75 0.71 0.22 0.10

Fi | max

‘ ar | ?nax
43% 40% 18% 9%

|aF12max+ ;aFi I rznax
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FIG. 5. Compositional dependence of the E;+A, gap in
Al,Ga,_,As (x £0.07). The solid line represents a linear fit ac-
cording to Eq. (8); the dashed, dot-dashed, and dot-dot-dashed
lines correspond to compositional dependences found in the
literature (Refs. 11, 7, and 9, respectively).

of Raman scattering efficiencies may differ from that ob-
tained from photoluminescence. In the case of Raman
scattering it has already been pointed out that different
processes may resonate at slightly different gaps.*37%7

For pure GaAs, the energy obtained for the E,+ A,
gap at 100 K (=1.845+0.003 eV) is found to agree with a
value derived from ellipsometric measurements at 80 K
(1.841+0.003 eV).*

2. Compositional dependence of n

Figure 6 shows the dependence of the Lorentzian
broadening 7 of the Ey+ Ag gap on x. Within the experi-
mental error 7 varies linearly with x (x =0.07):

n(x)=3.8+4120x meV . 9)

A fitted line which assumes a x(1—x) dependence ac-
cording to binominal statistics would only show small de-
viations from the solid line in Fig. 6 within the composi-
tion range under investigation.

The intrinsic broadening found for GaAs amounts to
about 3.5 meV. Alloying considerably increases this
broadening. We will apply two theoretical approaches in
an attempt to elucidate the nature of the broadening.

First, let us consider the intrinsic broadening of GaAs
(7=3.5 meV). It is lower than that found experimentally
by reflectance (=10 meV),®! magnetoreflectance (p=11
meV),%? and electroreflectance (p=6+2 meV).”® A simi-
lar discrepancy has been observed in InP (=35 versus 10
meV).*> The Lorentzian broadening of the Eq+ A, gap is
larger than for the E, gap [the latter is less than 2 meV
(Ref. 83)]. This is due to the fact that holes in the split-
off band near the I' point have more decay channels than
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FIG. 6. Compositional dependence of the broadening 1 of

the Ey+A, gap in Al Ga;_;As (x £0.07). The solid line

represents a linear fit according to Eq. (9). The dashed line de-
picts the gap broadening calculated from Eq. (20).

holes in the light-hole and heavy-hole bands. Thus, the
broadening of the Eq,+ Aj gap is essentially determined by
the lifetime of the hole in the split-off band. In pure
GaAs at low temperature, the hole state in the split-off
band decays into the light-hole and heavy-hole bands
mainly by emission of an optical phonon.** Neglecting
multiple coupling of phonons to electrons, the intrinsic
broadening can be directly related to the optical deforma-
tion potential d,, following the analysis of Lawaetz:%*

7]:§1d%+§pap2. (10)

g,dé describes the broadening due to the nonpolar
deformation-potential interaction, whereas g'papz accounts
for the polar coupling due to the Frohlich interaction. &,
and §, are weighting factors which take the k-space in-
tegration of the density of states into account. For GaAs
(with £, =5x10"% eV} §pap2 amounts to 1.5 meV.%
The deformation-potential contribution then becomes 2
meV, which corresponds to an optical deformation poten-
tial dy equal to 20 eV. This value is nearly one-half that
generally accepted. Calculations with the. nonlocal
empirical-pseudopotential method (EPM) yield 36 eV in
agreement with results from the sp® model of the LCAO
method.®® Both values can be compared with d;=48 eV
determined from resonant Raman scattering® and d,=41
eV found with Eq. (10) for =10 meV as obtained from
reflectance measurements.®’"** Although there is a large
spread for the values of d, a value between 30—45 eV is
generally accepted. As in InP,** the deformation potential
which results from the broadening of the E,+ A, gap by
the resonance of two-LO-phonon Raman scattering turns
out to be too low by a factor of 2. The linear muffin-tin-
orbital method (LMTOQ) and the sp3s* model of the
LCAOQO approach yield, however, rather low deformation
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potentials, which are in better agreement with the value
obtained here: LMTO, do=18 eV;¥ spis* LCAO,
dy=21 eV.3® A slightly higher deformation potential
dy=23 eV is obtained by ab initio pseudopotential calcu-
lations.?”"# A similar discrepancy between the deforma-
tion potentials calculated by the EPM (Ref. 20) and
LMTO (Refs. 86, 89, and 90) method also exist in InP, Si,
and CdTe. Very recently, however, Brey et al. have
shown that the discrepancy is due to the charge symmetri-
zation procedure inherent to the LMTO method. Correc-
tion of this problem leads to dy=25.1 eV for GaAs
within the LMTO method.’! This fact suggests that the
resonance profile of LO-phonon scattering may be shar-
pened by excitonic effects at the Ey+ A, gap.

In the Al,Ga;_,As alloys the gap is additionally
broadened due to the different cation potentials of the
aluminum and gallium atoms. The wave functions of the
hole states in the valence band are essentially built up by
the p functions of the cation.’?~°® Thus, the valence-band
states are more strongly affected by alloying than the
conduction-band states. The difference in the cation po-
tentials and the band mixing between the light-hole band
and the split-off band lead to a scattering of the hole state
from the split-off band into the light-hole band. For
reasons of simplicity we neglect scattering from the split-
off into the heavy-hole band because of the near ortho-
gonality of the wave functions. This simple model for the
broadening 1 can be treated quantitatively using Fermi’s
golden rule and applying results from k-p and tight-

binding calculations:’>~%*

N~AE =21 | W | *n(—A,) . (1

In Eq. (11) AE is the energy uncertainty, W the pertur-
bation matrix element, and n(—A,) the density of states
in the light-hole band at the energy of the spin-orbit split-
ting Ay (the origin of energies is chosen to be the top of
the valence band). The density of states (for one spin
orientation) is given by the expression:

—1

oFE

dk

V .2
n(—Ag)=——=k (12)
0 277_2 0

’
k=k,

where V is the crystal volume, k, the wave vector at
which the kinetic energy of the light hole equals Ay. k-p
calculations including higher conduction bands yield
|ko| =1.38%10° cm™' and |QE/dk |y_y,=2.55x10°
eVem.”” The perturbation matrix element can be approx-
imated by®?

|W-2—£E(G)~E(A1)22/32 (13)
il "=x | Ep(Ga)—E,(AD [Ty~ .

x is the Al concentration and gives the probability of
finding an Al atom on a Ga site per unit cell. E,(Ga) and
E,(Al) are the diagonal matrix elements of the p func-
tions of the Ga and Al atoms [E,(Ga)— E,(A)~0.04
(Refs. 92 and 93) or 0.08 eV (Ref. 94)]. ¥ denotes the
band admixture of the split-off hole state of the I" point in
the light-hole band at the point ko (at E =—A,,
y=1/V"3 from k-p theory).”® B accounts for the contri-

bution of a cationlike p function to the valence-band
states (8~0.39 from tight-binding calculations).”?
The prefactor V./V  considers the fact that
x | E,(Ga)— E, (Al | 2y?B? yields the squared perturbation
matrix element per unit cell, whereas the density of states
n (E) refers to the total crystal volume. With the volume
of the primitive cell ¥,=a/4 and the parameters given
by Harrison®? one obtains the linear compositional depen-
dence of the broadening:

N~3.4%x10"°x eV . (14)

It becomes 4 times larger for the E,(Ga)— E,(Al) of Vogl
et al.®* Expression (14) yields broadenings of the order of
©eV’s which are 3 orders of magnitude lower than the ex-
perimental one. This small value of 7 results from the
small mixing of cation wave functions in the valence
bands and from the near orthogonality of the split-off and
heavy-hole functions. It is thus very difficult to enhance
the value of n obtained within this model.

The spread of the gap energy E,-+ A, due to the fluc-
tuations in alloy composition (inhomogeneous broadening)
can be estimated from a model proposed by Schubert
et al.”® The model has been successfully applied to the
alloy broadening observed in photoluminescence spectra
of Al,Ga,_,As. It assumes that the Al and Ga atoms are
randomly distributed on the cation sites in an ideal crys-
tal. It does not account for macroscopic inhomogeneities
such as clustering.

The probability of finding n Al atoms within a volume
V* is given by binominal statistics (Bernoulli distribu-
tion):”%%°

xM(1—x)pV*—n (15)

n

p=4/a} is the cation density (2.2X1022 cm~3). V*
denotes the volume relevant for the Raman process. The
mean value of the distribution is 7 =pV*x and the vari-
ance oj =pV*x(1—x).'® The standard deviation of the
alloy composition x within the probing volume V* be-
comes®® 100

172

x1=x)

(16)
pv*

o,=0,/pV*=

The standard deviation of the band-gap energy is obtained
by combining Eq. (16) with the dependence of the band
gap on composition [Eq. (8)]:%°

d(Ey+A)
dx

The fluctuations in alloy composition will appear as an
additional “inhomogeneous” broadening in the resonance
curves.

The numerical evaluation of Eq. (17) requires an esti-
mate of the minimum scattering volume V*. If the inter-
mediate states in the scattering process were excitons, we
may take for V'* the excitonic volume:

o= o,=1.60, eV . (17)

3
ﬁZEO

pe’

AT
3

(18)
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with the Bohr radius ag =140 A for GaAs, €, the low fre-
quency (rf) dielectric constant, u the reduced electron
mass, and e the free-electron charge.

From Egs. (16) and (17) we obtain

n=3.4[x(1—x)]"? meV . (19)

This function is plotted as a dashed line in Fig. 6. It gives
a broadening nearly an order of magnitude smaller than
the observed one. We note that Eq. (19) accounts well for
the broadening of the edge luminescence (E,) of
Al Ga;_,As.” Hence the failure to do so for Eq+A4g
may be related to the larger density of scattering channels
associated with Ey+Ay. Nonspherically symmetric de-
fects, such as AIl-Al pairs in nearest- or second-nearest-
neighbor positions, or other types of clusters, would
enhance considerably the scattering to the top valence
bands and also involve the heavy-hole band with its large
density of states. On the other hand, the broadening of
the E,+ A, gap may be partly due to the suppression of
excitonic effects with alloying. This point deserves fur-
ther investigation.

B. One-LO-phonon interference curves

The fits of the interference curves depicted in Figs. 2—4
and the determination of the impurity-induced contribu-
tion to the scattering by LO phonons provides a further
tool to study the effects of the Al atoms in the GaAs ma-
trix. It is, however, difficult to separate quantitatively the
influence of alloying with Al on the impurity-induced Ra-
man scattering from that of contaminants added with Al
to the melt.

1. Dipole-allowed Raman scattering by LO phonons

The fit of the dipole-allowed deformation-potential-
induced Raman scattering by LO phonons with Eq. (4) of
Ref. 43 yields the coefficients of the contributions from
the different gaps independent of alloy composition x
within the experimental error: E,—Eo+4, gap,
A,=7.5+05 A% E,—E;+A, gap, A4,=25+3 A%
higher gaps, A3=—5%5 A?. The relative signs and mag-
nitude of the coefficients are the same as in the fits previ-
ously reported for pure GaAs,*"® except for 4, in Ref.
64. The coefficient 4, can be related to the optical defor-
mation potential d, of the Eq—Eq+Ap gap:543:64

V3 ap
= 128 E, Cody . (20)

where a, is the lattice constant, E, the gap energy, and
C{ a constant which can be deduced from the piezo-
birefringence for a [111] stress.”> We obtain Cyd,=87.2
eV. The determination of d, requires a value for Cj
which is only known with large uncertainties (1.5—2.5).10
We thus derive d, between 35—58 eV, which agrees
within error with the value generally accepted
[dy=30—45 eV (Refs. 84 and 86)].

The coefficient A, is related to the two- (dio) and
three-band (d3,) optical deformation potentials at the

E,—E,+A, gap through (in atomic units e =%
—m :1):38,64,102

\/an
-~ 97E}

1
ds L
3,0+ 2v/3 4o

4, , 21

where E| is the gap energy. With Eq. (21) and 4, =25 A
we find d3¢+(1/2V2)d} ; equal 58 eV. This value, ob-
tained from the fit of the dipole-allowed Raman scatter-
ing near the Eg+ Ay gap (Figs. 2—4), is somewhat larger
than that determined from the resonant scattering around
the E, gap (37 eV).** Pseudopotential calculations yield
for this number 32 eV (d§,0=38 eV and d?,O: —19
eV).'% A similar discrepancy between calculated optical
deformation potentials and those determined from the fit
of Raman resonance curves has been pointed out for
GaSb.** It may be mainly due to a large uncertainty in
the extrapolation of the E;—E |+ A, contribution to the
region near the Eq+ A gap.

2. Interference curves and dipole-forbidden
scattering by LO phonons

The real and imaginary parts of the Raman polarizabil-
ity app and ap for dipole-allowed and dipole-forbidden
Raman scattering by LO phonons as obtained from the fit
of Fig. 2 in GaAs, are depicted in Fig. 7. The decrease in
broadening of the E,+ A, gap for the fit of Fig. 2 (p=3.5
meV) with respect to Fig. 2 of Ref. 41 (=8 meV) im-
proves only slightly the fit (mainly at #iw; =Ey+ A,
+ #Q o, configuration II), while the fit to the two-LO-
phonon resonance requires much more stringently n=3.5
meV (see Sec. VA). Hence, we suggest that the fitting
procedure for Ej+ Ay resonances should start at the two-
LO-phonon resonance and use the values of 7 and
E,+ A, so obtained for all other fits. The best fit in Fig.
2 is obtained for | ap |2/ |ag |?=0.75, which means that
about 43% of the total dipole-forbidden Raman scattering
is due to the intrinsic q-induced Frohlich mechanism.
This result differs somewhat from that of Ref. 41 on a

75 T T T T T T T | —

50

hw (eV)

FIG. 7. Energy dependence of the Raman polarizabilities
app for LO-phonon dipole-allowed [Eq. (4) of Ref. 43] and ar
for LO-phonon intrinsic dipole-forbidden scattering [Eq. (9) of
Ref. 43] calculated with the parameters of Table II for the fit of
Fig. 2 on pure GaAs.
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similar sample calculated with a larger broadening. Al-
though the interferences observed in both samples are very
similar (compare Fig. 2 of Ref. 41 with Fig. 2 of this pa-
per) a fit in Ref. 41 with =8 meV yields that only 30%
of the total scattering efficiency is of intrinsic origin. A
value of 43% intrinsic Frohlich-induced scattering com-
pares very well with 40% also found in high-purity InP.*
Thus even in high-purity epitaxial samples the main for-
bidden contribution to LO-phonon scattering is impurity
induced. The estimated error in the percentage of intrin-
sic scattering is 5%.

When the Al content amounts to x=0.017 (sample 2),
the interference persists with the same sign, while the
dipole-forbidden Raman scattering decreases slightly to-
gether with the height of the interference (Fig. 3). This
effect can be related to the broadening of the Ey+ Aq gap
(change from 3.5 meV to 6 meV). For the fit in Fig. 3,
the impurity-induced contribution has been increased by
5% with respect to the intrinsic contribution
(| ap | 2ax/ | @ri | 2ax=0.71). This increase, although it
may suggest the expected trend, is below the estimated er-
ror. It reveals that high-quality Al,Ga,_,As samples,
comparable to pure epitaxial GaAs, can be grown by
liquid-phase epitaxy. Although the crystal contains about
3.3%x10%° ecm™ Al atoms the impurity-induced Raman
scattering remains nearly the same which is contrary to
the observation in bulk GaAs with N, +Np~10'
ecm~** The atomic potential of the Al ions is rather
similar to that of the Ga ions,* and the Al ions are very
far from playing the role of (ionized) impurities required
in the fourth-order process for impurity-induced Raman
scattering by LO phonons.

On the other hand, the impurity-induced scattering be-
comes larger as one increases the aluminum content even
further. In sample 3, with x=0.033, the Frohlich-
induced Raman scattering by LO phonons contributes
with about 18% to the total scattering intensity, for
x=0.07 (sample 4) it decreases further to about 9% (see

Table III and Fig. 4). The total efficiency for dipole-
forbidden scattering by LO phonons remains almost con-
stant from x=0.017 (sample 2, Fig. 3) to x=0.07 (sample
4, Fig. 4) although the broadening of the E;+ A gap is
doubled (from 6 to 12 meV), thus revealing that the effec-
tive ionized-impurity concentration must increase. Quan-
titative estimates of the scattering efficiencies [prefactor
of Eq. (A1) in Ref. 41] require a relative increase of n; by
6.5 to enhance the squared Raman polarizability for
impurity-indyced scattering | ag; | 2« from 580 A in sam-
ple 2 to 910 A in sample 4 (Table III). This value is in sa-
tisfactory agreement with the ionized-impurity concentra-
tions deduced from mobility measurements at 77 K (10
times larger in sample 2 than in sample 4).

VI. CONCLUSION

We have shown that the interference of dipole-allowed
and dipole-forbidden Raman scattering by LO phonons
near the Eq+ Ag gap persists in liquid-phase epitaxy sam-
ples when aluminum is added to GaAs in the melt. The
aluminum concentration, however, shifts and broadens the
gap. The Eq+ A gap as well as its broadening 7 show a
linear dependence on the alloy composition x within the
small aluminum concentration range under investigation
(x £0.07). Estimates for the variation of the gap
broadening with aluminum content lead to the conclusion
that inhomogeneous broadening, effects of cluster forma-
tion, and impurities other than the Al may play an impor-
tant role.
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