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Raman scattering measurements between 20 and 450 K are reported in Ga;_,Al,As
single crystals for the range 0 <x <1. Peak-frequency and linewidth variations versus
temperature and composition of the first-order modes are studied in the light of disorder
and anharmonicity. The asymmetry of the LO mode is tentatively explained with the
help of an elementary model, chiefly based on the knowledge of the general form of the
dispersion curves in the zinc-blende structure. A detailed analysis of the anharmonic ef-
fects is carried out in the case of GaAs and the calculated cubic contribution is found to
be dominant with respect to the quartic one. It is shown that the anharmonicity is not
affected by the substitutional disorder in Ga,_,Al,As. A resonant Raman study of an
aluminum-rich composition (x =0.75) allows an accurate observation of disorder-induced
modes corresponding to the Brillouin-zone edges X and L of the acoustic branches.
Disorder-activated longitudinal- and transverse-acoustical structures exhibit the same res-
onance behavior as the first-order lines and are chiefly I'; polarized.

I. INTRODUCTION

A great deal of theoretical and experimental
study has been carried out on the lattice dynamics
of ternary alloys, especially on III-V semiconduc-
tors with the zinc-blende structure,! which are
often used as basic materials for laser device tech-
nology. Raman scattering is a versatile and effi-
cient tool for probing long-wavelength and short-
wavelength lattice vibrations in such systems.

One can generally distinguish two kinds of Ra-
man lines in the III-V semiconductors. The first
corresponds to the longitudinal (LO) and transverse
(TO) Brillouin-zone center optical modes. The
second kind arises from second-order Raman
scattering in which two phonons are involved. In
the case of Ga;_, Al As, the long-wavelength opti-
cal phonons display a two-mode behavior>?
throughout the whole composition range. Thus,
there are two couples of LO and TO modes, one
“GaAs-like” and the other “AlAs-like” (GaAs-like
phonons have frequencies which approach those of
the phonons in GaAs as x approaches zero).

Although many studies have been devoted to the
compositional dependence of these modes in ter-
nary crystals, to our knowledge no detailed work
on their linewidth and profile has yet been pub-
lished. A large part of this paper will be devoted
to these generally neglected features. Until now
the second-order Raman effect has only been inves-
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tigated in detail for the end members of the
Ga,_, Al, As system (i.e.,, GaAs single crystals®>
and AlAs polycrystals®). The low-energy part of
the Raman spectra (below 250 cm™!) contains
mostly overtones of transverse-acoustical phonons.
For the alloys investigated in this work, this energy
range is dominated by other lines whose energy
and temperature dependence cannot be explained
within the frame of Raman scattering theory for
perfectly ordered materials. We attribute these
lines to one-phonon scattering events by short-
wavelength acoustical phonons (k5£0) which be-
come Raman active as a consequence of the disor-
der. This disorder is believed to result from substi-
tutions of Ga by Al in the gallium atomic sublat-
tice. Kawamura et al.” have observed single-
phonon scattering events in Ga;_,Al,As which
they interpret as a disorder-activated longitudinal-
acoustical mode. Our study emphasizes the ex-
istence of several short-wavelength modes in the
low-frequency part of the Raman spectra, the as-
signment being performed for most of them. A
similar study on disorder-induced modes in
InP;_,As, alloys and in mechanically-perturbed
InAs crystal samples has been carried out by
Carles et al.®

It should be pointed out that for the region
x <0.45, Ga,_, Al As is a direct-gap material.’
At x~0.45 the I" and X minima cross and the gap
becomes indirect. Thus for x > 0.45 the trouble-
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some luminescence effects can be avoided. As we
shall see later, advantage will be taken of this
feature to perform resonant Raman scattering in a
Gag 55Al 75As crystal. This technique enhances
appreciably the weak structures which can then be
resolved.

The paper is divided into two parts. The first
part presents the experimental results, where the
frequencies and profiles of the LO modes are re-
ported as a function of composition and tempera-
ture. The contribution of the short-wavelength
phonons is observed both in the second-order Ra-
man scattering and through the disorder-induced
lines. The discussion which follows (Sec. III)
gives an interpretation of the experimental work of
Sec. II in the light of the anharmonicity theory and
as a consequence of the substitutional disorder. A
brief conclusion summarizes the paper’s contents
and points out areas that we feel require further
work.

II. EXPERIMENTAL

The investigated samples were layers of several
micrometers thickness which had been grown by
liquid-phase epitaxy (LPE), molecular-beam epi-
taxy (MBE), or vapor-phase epitaxy (VPE) on
-(001)-oriented GaAs substrates. The Ga;_, Al As
crystals were of the n or p type, the carrier concen-
tration being less than 5X 10'” cm~2 in order to
avoid the observation of the LO-phonon — plasmon

modes'? characteristic of heavily doped materials.
A Coherent Radiation CR4 Ar™ laser was used

chiefly on the 5145, 4880, and 4765 A exciting
lines. About 300 mW of the laser beam were
directed on the samples at the Brewster incidence
to maximize the power transmitted into the film.
The samples were observed under vacuum or under
a circulation of “He gas in order to prevent surface
degradation of aluminum-rich alloys and to sup-
press spurious low-frequency Raman lines from at-
mospheric N, and O, rotational vibrations. The
temperature ranged approximately between 450 and
20 K. The scattered light was analyzed by a T800
Coderg triple monochromator ended by a cooled 56
TPV multiplier with magnetic defocusing and dc
detection. The spectra were recorded with a spec-
tral resolution between 1 and 4 cm~!. A spec-
trometer scan speed of 1 cm™!/min in conjunction
with an integration time of 10 s was used for par-
ticularly low scattering intensities.
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A. First-order Raman lines

As the Ga,_,Al, As layers were (001) oriented,
only the LO modes were allowed, but rather weak
lines corresponding to the forbidden TO modes
were also observed since they result from deviation
from the strict backscattering geometry. Although
in general it was possible to measure the peak posi-
tion of the TO modes, the intensity was usually in-
sufficient for a precise determination of their pro-
file.

1. Frequency variations versus composition

The composition and homogeneity of the
Ga,_,Al, As epitaxial layers were determined by
electron microprobe analysis. The values of x were
hence obtained with an uncertainty Ax of the order
of 0.02. We have plotted (Fig. 1) the frequency w
of the LO and TO modes of both GaAs type and
AlAs type as a function of x at room temperature.
Our experimental points are represented by trian-
gles (MBE samples), squares (LPE), and circles
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FIG. 1. Frequency variations versus composition of
the first-order Raman lines in Ga,_,Al,As mixed crys-
tals. Our experimental points are represented by trian-
gles (MBE), squares (LPE), and circles (VPE). Theoreti-
cal curves obtained from Bonneville’s model'? are also
reported (—-—-), as well as experimental curves ob-
tained by Tsu!! (broken lines).



7196 BERNARD JUSSERAND AND JACQUES SAPRIEL 24

(VPE). The result of Tsu et al.'! is also reported
(broken lines) as well as theoretical curves calculat-
ed by Bonneville.”> Upon comparison of our re-
sults with those of Ref. 11 we find discrepancies
which, for certain compositions, can reach 6 cm ™!,
a disagreement too big to be attributed to the ex-
perimental errors on Raman frequency measure-
ments. A possible origin could be the difference
between the experimental conditions. In Ref. 11
the samples were bulk materials which were excit-
ed by a He-Ne laser (6328 A). The emitting zone
was therefore much larger than in our experimental
setup where the penetration depth is typically 2000
A. The results of Ref. 11 are consequently more
sensitive to the compositional inhomogeneity which
could occur in the bulk. Besides, no indication is
given concerning the determination of the alloy
composition. The model of Ref. 12 treats the mass
disorder in the coherent potential approximation
(CPA), though the electronic properties and the
force constants are handled by the virtual crystal
approximation (VCA). The frequencies of the
first-order LO and TO modes of GaAs and AlAs
type calculated from this model are in good agree-
ment with our experimental measurements.

2. Line profile dependence on composition

Investigations of linewidth and profile have been
performed only on a few pure semiconductors such
as GaAs'® and GaP." Concerning mixed crystals,
one finds only information in the case of
In;_,Ga,P (Ref. 15), where the dominant feature
is the variation of anharmonicity versus composi-
tion.

The instrumental profile of our monochromator
being Gaussian, phonon lines which display a
Lorentz profile, give registered lines with a Voigt
profile. Such is the case of the LO and TO modes
in the pure compounds GaAs and AlAs. In the
case of the alloys, the profile of the GaAs-type as
well as the AlAs-type LO modes become asym-
metric, as can be noticed in Fig. 2. This feature
has been already reported elsewhere!® for x =0.45.
We have observed a low-energy tail, which can be
described in terms of two different half-widths at
half maximum I'; and I'),, which are plotted at
room temperature and at liquid nitrogen tempera-
ture versus composition x (Fig. 3). Two interpreta-
tions can be given for the asymmetric broadening
of a Raman line: either an anharmonic decay into
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FIG. 2. Profile of the LO lines in Ga,Al,_,As, re-
ported for several compositions.

a nearly degenerate continuum of two-phonon com-
binations of acoustical phonons around a Brillouin-
zone boundary, as in GaP,' or a disorder-induced
effect with large wave-vector dependence of the Ra-
man line.!® As the observed asymmetry in
Ga,_,Al,As does not vary substantially with the
temperature, the second interpretation seems to
prevail over the first one.

3. Temperature dependence of
the peaks frequency

The variations of the frequency versus tempera-
ture have been determined for GaAs, AlAs, and
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FIG. 3. Variations versus x of the two half-band-
widths I'; and I';, corresponding to the GaAs-type LO
lines. T, is associated with the low-frequency side
(LFS), as can be seen in the upper inset. The results are
uncorrected from the instrumental resolution: (full
width: 1.3 cm™!); the symbols A , O, O have the same
meaning as in Fig. 1.
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FIG. 4. Temperature dependence of the frequencies,
approximated by straight lines with the same slope
dw/dT=1.35%x10"2cm~'K~!: @ TO in GaAs; 0 LO
in GaAs; B TO in AlAs; (O LO in AlAs; and X GaAs-
type LO in Gag 13Al 2;As. The temperature is deter-
mined from the Stokes-anti-Stokes ratio.

two intermediate compositions corresponding to

x =0.27 and 0.75. The temperature was measured
in the close vicinity of the sample, but a better esti-
mate of the temperature of the emitting zone of the
crystal can be made when the ratio of the Stokes
and anti-Stokes lines is taken into account. This
procedure could not be used for Ga;_, Al,As with
x =0.75, because the resonance effects which occur
for the Ar™ laser lines make the ratio difficult to
interpret. The results with the corrected tempera-
tures are shown in Fig. 4. It appears that between
100 and 450 K the slope dw/dT is a constant, in-
dependent of the mode polarization (LO and TO)
and of the sample composition. We found dw/dT
=(—1.3540.1)x10"2 cm~ 'K~ in good agree-
ment with the experimental results of Chang et al.
on GaAs."> This determined value refers to the
variation (dw/3dT)p at constant pressure and can
be decomposed into two terms: the variation
(dw/dT)y at constant volume and the contribution
due to the thermal expansion (see Sec. III).

4. Temperature effects on the linewidth

The knowledge of the instrumental profile
corresponding to a given slit aperture of the mono-
chromator is obtained by recording the laser excit-
ing line. One can then determine the actual
linewidth in the case of the pure compounds GaAs
and AlAs by convolving Lorentzian lines with the
instrumental profile and fitting to the experimen-
tally observed spectra. Although in Gay ;3Alj ,7As
the GaAs-type LO mode does not have a Lorentzi-
an shape, the same kind of deconvolution has been
applied to I'; and Ty, the experimental half-widths
at half-maximum. As in the case of GaAs and
AlAs, we obtain a total linewidth where the instru-
mental resolution is taken into account. The
corrected values 2I" of the linewidth corresponding
tox =0and x =1 and I';+ T, for x =0.27 are re-
ported in the same diagram versus temperature
(Fig. 5). As in Sec. IT A 3, the temperature of the
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FIG. 5. Temperature dependence of the width 2I"
corrected from the instrumental resolution. The experi-
mental points are represented by the same symbols as in
Fig. 4. For the GaAs-type LO line (X): 2I'=T,+TI}
(see Fig. 3). The full lines are the theoretical curves: ®
2T (cm~!)=0.48[2n(136)+1]; 0 2I'(cm~!)=0.57
+0.52[2n(148)+1]; X2 (cm™!)=2.22 4 0.57
X [2n(143) + 1]; here n is the thermal population factor.
The interrupted line merely joins the experimental points
(O) in AlAs.

| | |
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phonons is determined through the Stokes-anti-
Stokes —lines intensity ratio.

B. Short-wavelength Raman investigations

In a second-order Raman spectrum, phonons
throughout the Brillouin zone are accessible. The
pairs of phonons concerned are those for which the
sum of the wave vectors is nearly equal to zero.
The Raman tensor for zinc-blende-type semicon-
ductors contains three components, 'y, I'y,, and
I'ys. The observed components depend on the
scattering configurations and are given for our ex-
perimental conditions in Table I. The I'; com-
ponent consists almost exclusively of phonon over-
tones (the two phonons belong to the same branch)
and mirrors rather well the one-phonon density of
states, the I'j5 component contains combinations of
two phonons of different branches and the I'y,
component is negligible. We report (Fig. 6) the
low-frequency I'; spectra of GaAs and AlAs be-
tween 100 and 250 cm ™~ (below 100 cm ™! nothing
has been observed). This is the range of the 2TA
maxima of the two-phonon density of states. The
assignments of the second-order scattering peaks
are indicated in Fig. 6, but one must consider that
there is a contribution to the spectra which comes
from other points of the Brillouin zone, which
broadens the peaks 2TA(X) and 2TA(L) and
lowers the contrast. Our results on the frequency
of the second-order lines of GaAs and AlAs are in
correct agreement with the data of the litera-
ture. =617

As one approaches the middle-range concentra-
tion, one can observe a sharp change in the low-
frequency part of the spectra. New modes appear
which are usually weak and are clearly resolved
only under resonance conditions. These conditions
were realized for a Gag ,5Aly 75As layer which had
been grown by VPE. The extrema at k =0 of the
conduction band and valence band are, for this
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composition, separated by an amount of energy
which lies in the range of the argon-ion laser-
emitting lines. The sample has been studied using
the 6 Ar™ laser lines at several temperatures rang-
ing between 80 and 300 K. These temperature
variations actually give rise to small modifications
of the energy gap at k =0. The spectra obtained
with the scattered light polarization parallel to the
incident one are reproduced in Fig. 7 for the 4880
and 5145 A laser lines at different temperatures.
When the polarizations are perpendicular the scat-
tered signal is very weak. One can notice two sets
of lines: one around 200 cm ™' which compares
well to one already reported (dotted line in Fig. 7),
generally attributed to the disorder-activated
longitudinal-acoustical mode (DALA) and the oth-
er, never reported before in Ga,;_,Al, As, which is
situated between 70 and 150 cm~'. This is the
short-wavelength transverse-acoustical frequency
range and we will show that it corresponds to a
disorder-activated transverse-acoustical band
(DATA).

III. DISCUSSION
A. First-order lines

Our Raman study on Ga;_, Al As alloys has
been undertaken on a series of epitaxial layers of
different compositions within the concentration
range 0 <x <1 and prepared by the three usual epi-
taxy techniques. It appeared that the frequencies
of the first-order Raman modes were independent
of the crystal quality (i.e., samples of same compo-
sition display the same peak frequencies). On the
contrary, the linewidth and profile of the LO mode
differed from one sample to another, probably ow-
ing to various crystalline defects or the occurrence
of residual stress. We selected the best samples on
the criterion of narrow linewidth in the whole in-
vestigated temperature range. This criterion is a

TABLE I. Correspondence between the three independent components of the second-order
Raman tensor and the experimental scattering configuration in zinc-blende-type semiconduc-

tors with (001) scattering faces.

Polarization of Polarization of Associated
incident light scattered light representation
[100] [100] [ +4T ),

[100] [010] [ys
[110] [110] L +Tp+Ts

[110]

[170]

3,
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FIG. 6. Low-frequency second-order spectra of GaAs
and AlAs belonging to the I'y representation. Full line
— GaAs; interrupted line — AlAs. The value of
TA(L) in GaAs is taken from Ref. 17.

priori obvious and seems to have given consistent
results. As a consequence of the selection, we
think that the profile data presented are crystal-
intrinsic and chiefly characteristic of the random
substitution in the GaAs(AlAs) lattice of Ga(Al)
atoms by miscible isoelectric A1(Ga) atoms.

1. The asymmetry of the LO mode

The asymmetry of the LO line is most probably
due to contributions of other modes of the LO
branch whose wave vector is situated in the prox-
imity of k =0, and which are activated by the sub-

T T
DALA DATA

RELATIVE INTENSITY (a.u.)
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FIG. 7. Disorder-activated longitudinal-acoustic
structure (DALA) and disorder-activated transverse-
acoustic structure (DATA) in the I'; spectra of
Gag 75Alg 2sAs at several temperatures and for the two
main laser lines: 5145 A (full lines) and 4880 A (dotted
lines). The results of Ref. 11 obtained at room tempera-
ture (6328 A) for a sample corresponding to the same
composition are indicated by interrupted lines (lowest
curve). The symbols I, II, III, IV, and V are used in the
discussion.

stitutional disorder. As these modes have a fre-
quency @ lower than the frequency w of the chief
mode at k =0, one can understand qualitatively the
tail observed in the low-frequency side of the LO
line. We have tried to explain in a rather quantita-
tive way the data obtained (Fig. 3) at low tempera-
ture where the effects of anharmonicity are consid-
erably reduced. For an exact calculation of the
Raman line shape, the zone-center density of states
as well as the Raman tensor in the alloy are need-
ed. They are not currently available in the litera-
ture and the calculation is beyond the purpose of
this paper. We propose an elementary phenomeno-
logical model which is questionable but has the
credit of simplicity and accounts for the asym-
metric broadening of the GaAs-type LO line with
increasing x. Let us consider a one-dimensional
model where the Raman-scattered light by the dif-
ferent contributing modes has a Lorentzian distri-
bution around the frequency w(gq) with the half-
width y(q). Here q is equal to k /Q, Q being the
wave-vector magnitude corresponding to the ex-
tremity of the Brillouin zone. The Raman intensi-
ty R (w) is thus a weighted sum of these lines:

yig)/m d (1)
[o—o@Ptrgr 1

Let us assume that (i) the optical branch is para-
bolic:

o(q)=wo—Pq* .

1
R(@)= [ P(g)

This is a good approximation in the vicinity of the
Brillouin-zone center. (ii) y is independent of gq.
This is probably a good approximation since the
energy of the LO phonon varies only slowly in the
vicinity of zone center. The decay process remains
therefore approximately unchanged. (iii) The dis-
tribution of probability P(q) is a Lorentzian cen-
tered around g =0, with a half-width a:

P(g)= 22a /7r2 .
q9"+a
This choice was made for analytical facility.

One obtains an expression for the Raman signal
which depends on the two parameters ¥ and a:

dgq
(g*+a)[(@—wo+Bg* ) +77]
(2)
In the case of a? << 1 (weak disorder), R a,y(®@) can
be approximated by taking the integral between the

limits 0 and + o ; by setting Bg>=X?, Ba’=A4?,
and o —wy=W:

24y !
R, (0)= 2 fo
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f‘” dX
O (XP4+ANW +X2)+7]

The solution of the integral gives

Rq ()22

4)

R,
(@) AW 2[(W+ 42 +77]

Here

(5)

v {w}/

2

To obtain the shape of the experimental lines one
must take into account the instrumental profile
under the experimental conditions of Sec. IT A 2.
The calculated half-widths are then compared with
the results at 80 K plotted in Fig. 3. The fitted
values of 4 and y are reported in Table II. One
can see from Table II that these parameters in-
crease with increasing values of x. This pictures
rather well the effect of the disorder: as alloying
increases, a greater number of modes of different &
belonging to the Brillouin zone contribute to the
process. In the case of x~0, let us estimate the
magnitude of @. We obtain S from the shape of
the optic branch which is given by’

MM
g 6)
(M, +M,)

wlg)=wy |1—

Here M| and M, are the atomic mass of Ga and
As. One thus obtains 8~90 cm~!. For 4 _:zl, one
finds @~0.1 leading to a linewidth in the k space
extending to one-tenth of the Brillouin zone.

TABLE II. Parameters of the model which accounts
for the asymmetry of the LO Raman line, fitted with the
experimental results of Fig. 3 (T'=80 K). y is the half-
width of the contributing modes whose distribution is a
Lorentzian with a half-bandwidth . f is a parameter
relative to the curvature of tlife LO dispersion curve.

x ylem™Y) A =aV/Blem~'7?)
0.0 0.55 0.0
0.07 0.58 0.6
0.12 0.55 0.8
0.165 0.55 0.8
0.27 0.9 1.1
0.325 0.95 1.43
0.4 1.15 1.67
0.5 1.3 1.83

YW 2L AW+ ANH (W) —yAH (W)

One can notice that a increases faster than A for
increasing values of x, as f3 is expected to decrease
with respect to x (the normal modes being partially
localized). It is clear that the introduction of the
composition-dependent y parameter has been neces-
sary to obtain a good fit with the experimental
curves and expresses the decrease of the lifetime of
the modes which contribute to the Raman signal as
X increases.

2. Anharmonic effects

Consider a pure compound such as GaAs or
AlAs, where the normalized Raman spectral distri-
bution associated with an optical phonon is
(/1) /[(ws —w;+Q+A)?+T?] in the case of the
Stokes line. Here, wg and w; refer to the scattered
and incident light and () is the frequency of the
phonon in a perfectly harmonic lattice. The anhar-
monicity produces a shift A in the peak and a fin-
ite half-width I" related to the vibration damping;
o=0+A is the frequency of the phonon in the
anharmonic lattice. The effective half-width T" can
be decomposed into two contributions, a damping
I'; due to cubic anharmonicity and a damping T,
independent of T due to other attenuation processes
(such as phonon scattering by electrons and de-
fects):

F=I,+T;. (7)

Quartic anharmonicity is neglected in (7) as it
gives rise to higher-order contribution® to the
linewidth. The cubic process consists of the decay
of the optical phonon into two acoustic phonons of
one-half the optical frequency w and of equal and
opposite wave vector. Pine and Tannenwald?' have
calculated I'; and found

=921 (w/2)+1] . (8)
Here, n is the thermal population factor:
n(w)=[exp(fiw/kT)—1]"".

'Y is the anharmonic contribution to the residual
low-temperature damping. Equation (8) is valid
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for acoustic phonons of frequency w/2 whose wave
vector is far from the Brillouin-zone edge, where
elastic isotropy and frequency-independent density
of states can be reasonably assumed. Such is the
case of GaAs where the decay of the LO and TO
phonons into two acoustic phonons occur in the
LA branch, respectively, at 148 and 136 cm™ L

Let us now consider A the peak shift due to
anharmonicity. One can write

A=BT+A;+A,. 9)

Az and A4 are the shifts due to cubic and quartic
anharmonicity, respectively. BT is a contribution
of the thermal expansion which can be easily ob-
tained from partial derivatives in a cubic crystal:

()
aT

Kl2)
aT

P

Here B=—(1/X7)(1/V)3dV /3T)p(0w/0P)r is
taken to be temperature independent; X = —(3V/
dP)r/V is the isothermal compressibility which is
equal to 3(s; +2s;,); the thermal expansion is
(0V/3T)p/ V =3(3a /dT)p /a, a being the lattice
parameter; (0w /0P) can be obtained by Raman
experiments under hydrostatic pressure. The same
assumptions as used in Ref. 21 for I'; allow us to
determine the temperature variations A;. One
finds (see the Appendix)

Ay=—T34(q) . (11)

In Eq. (11), g is the reduced wave vector of the
acoustic phonons involved in the process and
/7 |

Thus A3/T; is a constant which depends only on
the phonon dispersion curves. Let us consider the
case of GaAs. One finds I'; and T'J from the ex-
perimental curves of Fig. 5:

2r9=0.52 cm™!,
2I';=0.57 cm™!
for the LO and
21‘3:0.48 cm~!,
r=0cm™!

for the TO.

Concerning the frequency shift given by (9), we
have calculated B from the data of the literature.
Taking s, =11.75x10"2 Pa~!, 5, = —3.66
x 10712 Pa~! (Ref. 22), (1/a)(3a /3T)=

+B. (10)
14

1
AlQ)=|—+—5+-5+—+hn
q q q q

6.8x 10~ K~ (Ref. 23), and (30/3P); =+ cm™"
Pa—! (Ref. 24) for both LO and TO, one finds
B=—-0.58%x10"2cm~'K~!. Starting from the
experimental value (3w/dT)p =—1.35x1072
cm~ 'K~ one obtains (3w/3T), =—0.77X 1072
em~ 'K~
The cubic contribution A; is obtained from the

experimental determination of I through (11).

For the decay of the LO mode 1/¢=1.940.05,
whatever the chosen direction in the k space.!?
Similarly, one obtains 1/q=2+0.05 for the TO-
mode decay. In the range 100—450 K the A; vari-
ations versus temperature are quasilinear with a
slope —0.76 10~ cm~'K~!and —0.81x 1072
cm~ K1, respectively, for LO and TO modes.
These values are close to the value of (3w /3T)y
calculated above. The quartic anharmonicity is
therefore weak compared to the cubic anharmonici-
ty and can be neglected in GaAs. Neglecting A,
we have reported (Fig. 8) the calculated values of

FREQUENCY SHIFT A(cm™)

50 50 20 B0 450
TEMPERATURE (K)

FIG. 8. Temperature dependence of the anharmonic
shift A=w—Q. The curve is obtained from the theoret-
ical expression A(cm~!) =—0.55 x10~2 T
—0.8[2n(140)+1]. 0.8 and 140 correspond, respective-
ly, to A(g)T'} and w/2, the values of which are very
close for the TO and LO modes in GaAs. The experi-
mental points, represented by the same symbols as in
Fig. 4, are obtained by subtracting a fitted harmonic fre-
quency  to the measured peak frequency w.
Q(LO)=297+0.5 cm™!, Q(TO)=273+0.5 cm~! for
GaAs. Q(L0O)=287.25+0.5 cm™! for Gag 13Al; 57As.
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A=BT + A; in the case of GaAs (full line). To
compare this curve to the experimental results o,
one has to fit the harmonic frequency ). In Fig. 8
we have indicated the values w—(Q for both TO
and LO of GaAs.

The same study can be applied to the GaAs-type
mode of Ga;_,Al,As. In the case of the sample
corresponding to x =0.27, which has been the
most investigated, one can see in Figs. 4 and 5 that
the variation of frequency and total linewidth
versus temperature are parallel to those of GaAs.
The anharmonicity is therefore only weakly affect-
ed by the disorder. One can observe between GaAs
and Gag 73Alp 27As a linewidth increase due to the
disorder, which is constant versus temperature and
of the order of 2 cm™!. Concerning the anharmon-
ic shift ® —, it can be well accounted for by the
same A values as in GaAs (see Fig. 8).

On the other hand, this model is not suitable for
AlAs where the value w/2 of one-half the optical
frequency falls at k vectors near the critical point
X and L on the LA branches. The same con-
clusion is valid for AlAs-type modes in
Gal_ x AIXAS.

B. Identification of the
disorder-induced Raman structure and
determination of
critical-point phonon energy

Since neutron scattering data are not available in
AlAs, one has to obtain information on critical-
point phonon energy by other methods. With the
consideration of the set of already published data
on III-V compounds, some general laws appear.
For instance, the frequency of the LO and LA
modes at the X and L points of the Brillouin zone
can be obtained from the set of the independent
elastic constants Cy;, C;,, and C,4 of the point
group 43m of zinc-blende and diamond-type struc-
tures. The results derive from a simple one-
dimensional model with one and two force con-
stants, respectively, for the X and L points.”> This
model, as it respects the symmetry of the vibra-
tions at X and L, is in good agreement with the ex-
perimental results in practically all the investigated
materials of this structure. One obtains?

oo =8Cna/M)'"?, (13)
oA =(8Cna/M)"V?, (14)

(@i o) +otaw)?=8Cpa/u)’?, (15)

12
(@po(L)0LAL))

=[16C1,(Cy;+2C1, +4Cyy)a’ /M M, ]"* .

(16)

a is the lattice parameter, M, is the light-atom
mass, M the heavy-atom mass, and u is the re-
duced mass. Actually if one plots the first
members of Egs. (13)—(16) versus the second
member for most of the diamond- and zinc-
blende-type semiconductors, one finds linear varia-
tions?> with a slope which varies slightly from the
theoretical value 1 [0.93 for Egs. (13) and (14) and
0.91 for Egs. (15) and (16)].

Taking for the C;; of AlAs the same set of
values as in GaAs and considering the above-
mentioned corrections, one obtains for AlAs the
values reported in Table III. It is clear that wy(x)
takes the same value for GaAs and AlAs because it
depends only on the As mass, but this conclusion
seems to be good also for wy 5y, (the calculation
gives no significant difference between the corre-
sponding values in GaAs and AlAs).

This simple model of a one-dimensional chain
with a single force constant is not valid for the
transverse modes. Fortunately, wta(r) and orta(x)
can be obtained from second-order Raman mea-
surements. We measure w,ra(z)=160 cm~! and
1A =206.5 cm~! in AlAs. One can compare
these values with the corresponding ones in GaAs
(Ref. 17) (CUZTA(L)= 124 Cl’Il_1 and WITA(X)
=158 cm™!). As the As mass is greater than the
Ga and Al masses, one can predict an acoustical
one-mode behavior at X and L points in
Ga,_, Al As mixed crystals.?® Taking for TA(L)
and TA(X) linear interpolated values, one obtains
for x =0.75

wTA(L)=75 Cm_l and wTA(X)=97 Cﬂ’l—l .
Concerning wy 5(x) and wp(y), one can predict very
weak variations in the whole range of concentra-

tion.

TABLE III. Calculated frequencies (cm™') of the
phonons at X and L points of the Brillouin zone for
AlAs compared to the experimental values for GaAs
(Ref. 17).

AlAs GaAs
wLo(X) 387 241
a)Lo(L) 390 238.5
wLA(X) 227 227
wLA(L) 208.5 209
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Let us return to Fig. 7. One can notice that the
variation of intensity of the peaks I, II, IV, and V
are chiefly related to the difference between the en-
ergy of the incident photon and the value of the
gap at k =0 corresponding to temperature of the
sample. More precisely, the spectrum obtained at
350 K for 5145 A is very similar to the spectrum
obtained at 80 K for 4880 A. This is due to the
fact that the temperature shift of the gap between
80 and 350 K is of the same order of magnitude
(~100 meV) as the energy difference between the
two laser lines. Actually these peaks exhibit the
same resonant behavior as the LO and TO modes,
according to our measurements. This kind of
behavior is not compatible with the strong lower-
ing of intensity of the second-order Raman lines
with decreasing temperature. The peaks of Fig. 7
are therefore first-order intrinsic Raman lines and
cannot be attributed to impurities?’ such as crystal-
line or amorphous arsenic.?®?

The frequencies 73 and 96 cm ™! of the peaks I
and II (Fig. 7) are very close to the values w1 (1)
and wr,(x) calculated above. These peaks can thus
be identified as the TA(L) and TA(X) modes of
Gay 55Al) 75As. Concerning the DALA structure,
one can notice the existence of two peaks IV and V
situated at 200+5 cm™! and 210+5 cm ™!, which
can be assigned as the LA(L) and LA(X) modes
although these values seem to be a little inferior to
those of GaAs and AlAs (see Table III). One can
notice on Fig. 7 the difference between the results
of Tsu et al. and ours. The DALA mode of Ref.
7 is a single mode, though in our experiments it is
resolved into two distinct chief components IV and
V. Peak IV is the same as the peak reported in
Ref. 7. Peak V is an additional one and it under-
goes a resonance clearly stronger than all others.

We report in Fig. 9 the intensity of the Raman
lines obtained at 80 K for five Ar™ laser lines.
These intensities are uncorrected and the experi-
mental errors can reach 20% for the low-intensity
lines, but it is clear that the resonance behavior of
lines I, I1, III, and IV is quite similar to that ob-
served for the GaAs-type and AlAs-type LO
modes in the allowed configurations while the line
V has a “forbidden resonant behavior” (Frohlich
interaction). No clear interpretation of this be-
havior has been yet found.

Moreover, the polarized Raman study shows
that the DALA structure is of the I'; symmetry as
predicted theoretically.*® Concerning the DATA
structure, we have observed that it is preferentially
I'; polarized although the theory predicts strong
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FIG. 9. Incident wavelength dependence of the inten-
sity of the Raman lines for the sample Gag,sAlj 75As at
80 K. These results are uncorrected for the response
function of the experimental set-up and the wavelength-
dependent absorption of the sample: X AlAs-type LO
(forbidden configuration); + AlAs-type LO (allowed
configuration); O GaAs-type LO (forbidden configura-
tion); ® GaAs-type LO (allowed configuration); A low-
energy line V (X 10); and A low-energy lines I, II, IV
(% 10), and III (X 50). It can be seen that line V has
the same resonant behavior as the GaAs-type LO and
AlAs-type LO in the forbidden configuration.

components belonging to I'y, and I';5 irreducible
representations.

CONCLUSION

In this study, chiefly experimental, the detailed
Raman spectra of Ga;_,Al, As between 20 and
450 cm~! have been reported versus temperature
and composition. Long-wavelength modes have
been investigated as well as several short-
wavelength lattice vibrations. This technique gives
useful information on dispersion curves in thin
films where neutron experiments are practically
impossible to perform. We have made a new deter-
mination of the frequency dependence on composi-
tion of the first-order Raman lines for the range
0<x <1. These results can help for material char-
acterization’! and lead to a more severe test for
theoretical prediction and a better knowledge of
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model parameters. The profile of the LO mode
with its noticeable asymmetric feature is analyzed
as a function of the Al concentration x. The study
of the anharmonicity has been completely carried
out in the case of GaAs, and the experiments per-
formed on Ga;_, Al,As indicate that, concerning
the GaAs-type mode, the anharmonicity is not af-
fected by the substitutional disorder. DALA and
DATA structures have been assigned as arising
from the high-density phonon states of the Bril-
louin zone.

It is clear that the two topics discussed in this
paper, the anharmonicity and the disorder effects
in Ga,_,Al,As mixed crystals, can each occupy a
study in its own right. More detailed studies of
each aspect are planned. Experiments on (111)
oriented layers are to be carried out to investigate
the profile of the TO mode. It is anticipated that
the use of a dye laser will provide greater flexibility
for the resonance studies of the disorder-induced
Raman lines.
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APPENDIX

Following Pine and Tannenwald,?! one can write
for the damping and frequency shift of a phonon
due to cubic anharmonicity:

1 4dx
D=TY2n(w/2)+1]-1 X :
T ]vq“ fO (g —x)+7°
(A1)
1 U x*g —x)dx
Ay=TY2n(0/2)+1 g .
3 3 ]1Tq4 0 (q —x)2+n2
(A2)

Here w is the phonon frequency and n=2y,/w, 7,
being the attenuation due to the own collision of
the optical phonons. Both I'; and A; are therefore.
obtained through an elementary integration and are

proportional:

[y=TY2n(w/2)+1]F(7,q), (A3)

Ay=T92n(0/2)+1]1G(n,q) , (A4)
with

g

[(1/g)—1]+7?
1—{—772

/:r . (AS)

[(1/9)—1P+7?
1472

/7T.
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In the case of a GaAs optical phonon, 7 << 1
(weakly-damped modes) and n << 1/¢g —1 (the
acoustical phonons involved in the decay are far
from the Brillouin-zone edge). Taking n=0 in
(A3) and (A4), one obtains

ry=TY2n(w/2)+1], (A7)
Ay=—T9[2n(w/2)+1]4(q) . (A8)

I'; and A; differ only by a constant factor:

1
A= |—+—— -1y Ll
q q q q

4

(A9)

which solely depends on the phonon dispersion
curves.

*Division PMS, Laboratoire associ¢ au CNRS (LA 250).

1A. S. Barker and A. J. Sievers, Rev. Mod. Phys. 47, S2
(1975), and references therein.

2[. F. Chang and S. S. Mitra, Adv. Phys. 20, 359
(1971).

3L. Genzel, T. P. Martin, and C. H. Perry, Phys. Status
Solidi B 62, 83 (1974).

4T. Sekine, K. Uchinokura, and E. Matsuura, J. Phys.
Chem. Solids 38, 1091 (1977).

5R. Trommer and M. Cardona, Phys. Rev. B 17, 1865
(1978).

6H. Masui, P. B. Klein, R. K. Chang, R. H. Callender,
and R. J. Chicotka, in Proceedings of the Twelfth In-
ternational Conference on the Physics of Semiconduc-
tors, Stuttgart, 1974, edited by M. H. Pilkuhn
(Taubner, Stuttgart, 1974), p. 509.

TH. Kawamura, R. Tsu, and L. Esaki, Phys. Rev. Lett.
29, 1397 (1972).

8R. Carles, N. Saint-Cricq, J. B. Renucci, and R. J. Ni-
cholas, J. Phys. C 13, 899 (1980).

9H. C. Casey and M. B. Panish, in Heterostructure
Lasers, Part B (Academic, New York, 1978).

10A, Mooradian and G. B. Wright, Phys. Rev. Lett. 16,
999 (1966); A. Mooradian and A. L. McWhorter,
Phys. Rev. Lett. 19, 849 (1967).

1R, Tsu, H. Kawamura, and L. Esaki, in Proceedings
of the Eleventh International Conference on the Phy-
sics of Semiconductors, Warsaw, 1972, edited by M.
Miasek (P.W.N.-Polish-Scientific, Warsaw, 1972), p.
1135.

12R. Bonneville, Phys. Rev. B 24, 1987 (1981).

13R. K. Chang, J. M. Ralston, and D. E. Keating, in
Light-Scattering Spectra of Solids, edited by G. B.
Wright (Springer, New York, 1969), p. 369.

14A. S, Barker, Phys. Rev. 165, 917 (1968); B. H. Bay-
ramov, V. K. Negoduyko, and Z. M. Hashkosev,
Proceedings of the Twelfth International Conference
on the Physics of Semiconductors, Stuttgart, 1974,
edited by M. H. Pilkuhn (Tauber, Stuttgart, 1974),

p. 445; B. A. Weinstein, Solid State Commun. 20, 999
(1976).

I5R. Beserman, C. Hirliman, M. Balkanski, and J. Che-
vallier, Solid State Commun. 20, 485 (1976).

163, Shah, A. E. DiGiovanni, T. C. Damen, and B. I.
Miller, Phys. Rev. B 7, 3481 (1973).

173, L. T. Waugh and G. Dolling, Phys. Rev. B 132,
2410 (1963).

180, K. Kim and W. G. Spitzer, J. Appl. Phys. 50,
4362 (1979).

19C, Kittel, Introduction to Solid State Physics, 5th ed.
(Wiley, New York, 1976).

20W. Cochran, The Dynamics of Atoms in Crystals (Ed-
mond Arnold, London, 1973).

21A. S. Pine and P. E. Tannenwald, Phys. Rev. B 178,
1424 (1969).

221 andolt-Bornstein, Elastic, Piezoelectric and Related
Constants of Crystals (Springer, Berlin, 1979).

23E. D. Pierron, D. L. Parker, and J. B. McNeely, Acta
Crystallogr. 21, 290 (1966).

24R. Trommer, E. Anastassakis, and M. Cardona. in
Light Scattering in Solids, edited by M. Balkanski et
al. (Flammarion, Paris, 1976), p. 396.

25R. Carles, N. Saint-Cricq, J. B. Renucci, M. A.
Renucci, and A. Zwick, Phys. Rev. B 22, 4804
(1980).

261.. Genzel and W. Bauhofer, Z. Phys. B 25, 13 (1976).

27F. Charfi, M. Zouaghi, A. Joullie, M. Balkanski, and
C. H. Hirlimann, Phys. Status Solidi B 98, 709 (1980).

28R. L. Farrow, R. K. Chang, and S. Mroczkowski,
Appl. Phys. Lett. 31, 768 (1977).

29G. P.'Schwartz, B. Schwartz, D. DiStefano, G. J.
Gualtieri, and J. E. Griffiths, Appl. Phys. Lett. 34,
205 (1979).

30D, N. Talwar, M. Vandervyver, and M. Zigone, Phys.
Rev. B 23, 1743 (1981).

31G. Abstreiter, E. Bauser, A. Fischer, and K. Ploog,
Appl. Phys. 16, 345 (1978).



