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Effects of disorder on the Raman spectra of GaAs/AlAs superlattices
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The vibrational properties of GaAs/AlAs (001) superlattices are studied theoretically by means of an
ab initio approach—based on interatomic force constants—that allows one to treat the effects of compo-
sitional disorder using very large supercells. We find that the experimental Raman spectra in thin sam-
ples cannot be explained without taking into account disorder occurring at the interfaces. Moreover, we
show that some of the AlAs-like LO modes are extremely sensitive to disorder, and they are therefore
suitable for a rather precise characterization of the samples.

I. INTRODUCTION

Phonon investigations of semiconductor superlattices
(SL’s) have developed rapidly in recent years, particularly
for (GaAs),/(AlAs), (001) SL’s.! Important advances
have been achieved in the understanding of the basic mi-
croscopic mechanisms which modify the bulk spectra of
the two constituent semiconductors due to layering: fold-
ing of acoustical modes and confinement of optical modes
are by now well-understood mechanisms that govern
light-scattering spectra in these materials.! Owing to the
large difference between the catonic masses, GaAs and
AlAs optic modes occur in different frequency ranges.
As a consequence, SL optical vibrations are confined in
one or the other material according to their frequencies.
Two basic problems still exist in the interpretation of
light-scattering data. The first (“problem 1) concerns
the relation of confined SL frequencies to the dispersions
of the bulk constituents for SL’s with “thick” layers
(n >4), where the very different behavior observed for
GaAs-like and AlAs-like modes is not yet understood
theoretically. The second (“problem 2”) is related to the
thickness dependence of the most intense Raman peak,
®10,, in ultrathin (UT) SL’s (n =< 3), for which the results

of all available calculations are in qualitative disagree-
ment with experiments.

Let us examine first the case of thicker SL’s. For per-
fectly ordered interfaces (“ideal SL”), the relation be-
tween the frequency of confined modes and the bulk
dispersion has been explained a few years ago.?”* The
frequencies of successive GaAs-like or AlAs-like confined

modes (denoted by wS32 or 0Py, with m =1,...,n) can
m m

be mapped onto the corresponding bulk LO dispersions
by an appropriate confinement wave vector q,, =mmw/d,
d being the confinement length; d ~(n +1)a /2 (a is the
bulk lattice parameter) is found to be a reasonable choice
for SL’s with n > 4. This relation should allow one to re-
cover the bulk dispersions by ‘“‘unfolding” the SL Raman
frequencies through their effective wave vector. From
the theoretical point of view, the soundness of this pic-
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ture is very well confirmed by comparing accurate ab ini-
tio bulk dispersions with SL spectra calculated at the
same level of accuracy (see Sec. III A below). This ‘“‘un-
folding™ procedure was first applied to experimental data
by Sood et al.? and subsequently by other groups.>® A
collection of results from Ref. 6 is shown in Fig. 1 togeth-
er with recent theoretical bulk dispersions, which are be-
lieved to be very accurate. In the GaAs-like frequency
range, Fig. 1 shows a deviation of the unfolded SL points
from the bulk dispersion when approaching the zone
boundary: the observed frequencies are slightly but con-
sistently higher than expected for ideal SL’s, the amount
of the deviations depending on the samples used in the ex-
periments.>>° In the AlAs-like range most groups do
not report the observation of successive confined modes.
Several modes in the range 360—400 cm ™! are reported in
Ref. 6 and assigned to confined AlAs-like frequencies.
The disagreement between theoretical predictions for
ideal SL’s and experiments is dramatic in this case. More
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FIG. 1. Frequencies of Raman peaks of GaAs/AlAs (001) su-
perlattices of various thicknesses (symbols as in Ref. 6), “unfold-
ed” onto the theoretical bulk dispersions calculated ab initio in
Ref. 9 (solid lines: the upper and lower branches correspond to
bulk AlAs and GaAs, respectively). The circles at T" indicate
experimental bulk LO frequencies.
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recent experiments’ indicate that the disagreement may
be reduced by improving the quality of the samples and
by a better characterization of their thickness. However,
the mapping of the dispersions is difficult to achieve when
approaching the zone boundary, and —when available—
it is still unsatisfactory.

The second open question is related to the large
discrepancy between theoretical expectations and experi-
ments, which was found for the n dependence of the @10,

peaks in ideal UT SL’s since the very first studies.® This
is illustrated in Fig. 2, where we display several sets of ex-
perimental data together with the theoretical results of
Ref. 9, which are the most accurate so far available.

The above considerations indicate that there are seri-
ous difficulties in reconciling the theoretical results for
ideal SL’s with experiments. The purpose of this paper is
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FIG. 2. Collection of GaAs- and AlAs-like LO Raman fre-
quencies measured by several groups for (GaAs),(AlAs), (001)
superlattices. Measured peaks for a random alloy of equivalent
composition and for the bulk crystals are also shown for com-
parison. Diamonds, squares, triangles and circles are from
Refs. 8(a)-8(d), respectively. Full dots are the result of ab initio
calculations for ideal superlattices (no cationic intermixing), as
in Ref. 9.
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to show that a proper account of interface disorder can
overcome these discrepancies. !° In Sec. II we present our
theoretical framework. In Sec. III we discuss the effect of
interfacial disorder on the Raman spectra of GaAs/AlAs
SL’s. In Sec. IV we present an important byproduct of
our investigation: Raman active modes— particularly
the AlAs-like ones—turn out to be very sensitive to com-
positional disorder and they are suitable for a rather pre-
cise characterization of the samples. Finally, Sec. V con-
tains our conclusions.

II. METHOD

A proper account of cationic intermixing requires the
use of large supercells to simulate the effects of disorder.
Although the perturbative approach used in our previous
investigation’ is very powerful for large-scale calculations
of vibrational spectra, it is still very demanding computa-
tionally, and presently limited to systems not larger than
~20 atoms. In the present case of GaAs/AlAs SL’s, we
use a new scheme which is as simple to use as phenome-
nological models (thus allowing us to treat systems as
large as = 1000 atoms), yet being as accurate and predic-
tive as first-principles calculations. This scheme is de-
scribed in more detail elsewhere:!! here we just recall the
main underlying ideas.

As a consequence of the close chemical similarity be-
tween Ga and Al, the interatomic force constants of
GaAs and AlAs are very close to each other, and the
force constants of any Al,Ga,_, As mixed system (super-
lattice or alloy) are almost independent of composi-
tion. 12 It is therefore a good approximation to describe
the difference between Ga and Al in a mixed
Al,Ga,_,As system just through the different cationic
masses (“mass approximation”). To this end, we calcu-
late the real-space interatomic force constants to build up
the SL dynamical matrix using the appropriate distribu-
tion of masses. Phonon frequencies and displacement
patterns are then obtained by direct diagonalization of
the dynamical matrix. In practice, interatomic force con-
stants C are obtained by Fourier analysis of the dynami-
cal matrices D calculated for the virtual crystal:

’E
8uai(0)8u3j(R)
VMM, _
= N ’ Eelq'RDai,Bj(q) ’ (1)
q

where a and f are cartesian indices, i and j indicate
atoms in the unit cell, R is a lattice vector, E is the ener-
gy per cell of the system, u’s are ionic displacements, M’s
ionic masses, N the number of unit cells in the crystal,
and q is a wave vector in the Brillouin zone. The dynami-
cal matrices in Eq. (1) are calculated ab initio within the
density-functional perturbation theory described in Ref.
12, using the same technical ingredients as in Ref. 11.
The Fourier transform in Eq. (1) cannot be computed on
a discrete grid owing to the nonanalytic character of D at
long wavelengths, which is due to the long-range dipole-
dipole interactions typical of polar materials. However,
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the singular term of the dynamical matrix is exactly the
same as in a rigid-ion model, provided that the crystal
dielectric constant and ionic effective charges are ob-
tained ab initio on the same footing as the dynamical ma-
trices. Once the Coulomb term so calculated has been
subtracted, D can be Fourier analyzed on a discrete
mesh. The size of the reciprocal-space mesh determines
the maximum range of the non-Coulomb real-space force
constants, R ... The mesh used in the present calcula-
tion corresponds to R . ~27/q..~3a. We have
verified that beyond this range the (non-Coulomb) force
constants vanish for any practical purpose.

The accuracy of the mass approximation—upon which
the results of the present paper rely—is demonstrated
against fully self-consistent dynamical matrix calculations
for the pure GaAs and AlAs materials as well as for a few
representative ideal SL’s. In Fig. 3 we compare phonon
dispersions of GaAs and AlAs, as obtained from accurate
self-consistent calculations of the dynamical matrices of
GaAs and AlAs independently, and from the mass ap-
proximation. The effect of the mass approximation is
negligible for acoustic and TO modes, while it is limited
to a quasirigid shift of at most 5-6 cm ™! towards higher
(lower) energies of the GaAs (AlAs)-like LO modes; this
shift originates from the slightly over (under)-estimated
LO-TO splitting produced for GaAs (AlAs) by the
virtual-crystal effective charges. In the following all our
results will be affected by such a shift. This is seen clearly
in Fig. 4, where we compare the values of @10, for ideally

ordered (GaAs),(AlAs),, obtained for various values of n
with the mass approximation and via fully self-consistent
calculations. In practice, the only effect of the mass ap-
proximation is to lower (raise) GaAs (AlAs)-like phonon
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FIG. 3. Phonon dispersion of bulk GaAs and AlAs, obtained
by means of full self-consistent calculations (dashed lines) and
using virtual crystal interatomic force constants with the mass
approximation (solid lines). Symbols represent neutron-
scattering experimental data for GaAs (Ref. 21) and the avail-
able data from optical experiments for AlAs (Ref. 22).
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modes much in the same way as in pure materials. Such
a quasirigid shift should be kept in mind when comparing
calculated frequencies with experiments.

III. RESULTS

We now present our results for structures with a disor-
dered distribution of cations. As we will see, phonon
spectra depend on the cationic arrangement at the inter-
face, which is unknown in practice. We do not aim at
reproducing the experimental data in fine detail, but rath-
er at understanding the qualitative mechanisms responsi-
ble for the disagreement between previous theoretical
predictions and experimental results. Therefore, we con-
centrate our attention on a few representative cases
which will allow us to draw some general conclusions on
the role of interfacial disorder on the vibrational proper-
ties of these systems. Disorder is treated following the
approach described above: intermixed cationic planes are
dealt with using tetragonal supercells whose in-plane lat-
tice constant is 3a, thus containing 18 atoms per two-
dimensional unit cell. The total number of atoms con-
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FIG. 4. w10 (') in ideal (GaAs),(AlAs), (001) superlattices:

comparison between results of full ab initio calculations (dia-
monds, as in Ref. 9) and of calculations based on virtual crystal
force constants and the mass approximation (circles).
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tained in a supercell for (GaAs),(AlAs), is, therefore,
4n X 18. In the alloyed planes the cationic distribution is
chosen at random according to the appropriate concen-
tration, and the calculated properties are averaged over
~10 such random configurations.

A. Problem 1: optical SL frequencies vs bulk dispersions

Let us consider as an example the (GaAs);(AlAs)s SL.
The calculated!® z (xy)Z backscattering Raman spectrum
for the ideal SL (no intermixing) is shown in the top panel
of Fig. 5(a), and the mode frequencies are plotted by full
circles in Fig. 6 versus the appropriate effective wave vec-
tors ¢ =(m /6)(2w/a). A comparison with the phonon
dispersions for the two independent bulk materials (con-
tinuous lines) shows that the picture of LO modes in ideal
SL’s as confined bulk modes holds to a very high accura-
cy (the small deviations arise from the residual coupling
between successive wells and would disappear for thicker
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barriers). The failure of this picture to account for some
important aspects of the experimental data (as illustrated
in Fig. 1) indicates that some kind of disorder must play
an important role in the observed spectra.

The simplest example of interfacial disorder can be
schematized by the presence of one intermixed cationic
layer Al,Ga,_, at each of the two interfaces, which we
consider identical for simplicity. The corresponding se-
quence of atomic layers is

(GaAs), (Al Ga,_, As),(AlAs),(Al,Ga,_,As), .

The Raman spectrum is shown in Fig. 5(b) for x =0.5,
and the peak positions are plotted by open circles in Fig.
6 at the same set of effective ¢ values used for the ideal
configuration. The results obtained when two intermixed
layers of Alj sGa, sAs instead of one are present at the in-
terfaces are displayed by open squares in Fig. 6. A com-
parison between Figs. 1 and 6 indicates that the oc-

(2) IDEAL (GaAs)s(AlAs)s (b) 1 MIXED MONOLAYER AT IF (¢) 2 MIXED MONOLAYERS AT IF
By - 2 . 2 T
- ot FE ,
o e =4 b o =
E3 1 £E ’ 55
[ E .
g2 g 4 g2 I
ES G ! E8  F ! ! 1)\ ES ¥ !
~ 1 L 1 G -] 1 1 1 N

[+ 1 1 1 1
38 A ] \ S U\
2 =2
T —— O L

o <

o 3 g

’ —J‘——U\ ’ MA : J\AJU

’ _JLJL_M 8 ’ M
3 ; = : - 0 :
2 3 £
:j. ’ g 8 _/\/\A_AA 9. ‘ ,/\#\M
] N £
s £ - - K} =
»n oy B 7} s
g = L 8 3 i =S IPNON N
= — — a S a— . a r T —

2 2 v g M

2 2 2 M

250 300 350 400 250 300 350 400 250 300 350 400
frequency (cm™!) frequency {cm™!) frequency (cm™1!)

FIG. 5. Top panels: calculated Raman intensity [z(xy)Z configuration] for the ideal (GaAs)s(AlAs)s (001) superlattice (a) and for
superlattices with the same periodicity but with one or two intermixed Alj sGa, sAs monolayers at the interfaces [(b) and (c)]. The
vertical lines mark the peaks plotted in Fig. 6. Lower panels: local density of longitudinal states at q=(0,0,g, —0) on the cationic
planes of the superlattice unit cell. The composition of the layers is indicated on the left side of each panel.
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FIG. 6. “Unfolding” of calculated Raman-active superlattice
frequencies [z(xy)Z configuration] onto the theoretical bulk
dispersions (solid lines). Full circles: ideal (GaAs)s(AlAs)s (001)
superlattice [see Fig. 5(a)]; open circles (squares): the same su-
perlattice, but with one (two) intermixed Al, ;Ga, sAs layers at
the interfaces [see Figs. 5(b) and 5(c)]. Compare with the experi-
mental data of Fig. 1.

currence of cationic disorder at the interface is responsi-
ble for the discrepancies between existing experimental
data and previous calculations.

Our results show that cationic intermixing tends to
lower the frequencies of Raman-active peaks, except for
GaAs-like modes with effective wave vectors near the
zone boundary, the deviations of the peak positions with
respect to ideal SL’s being larger in the AlAs than in the
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FIG. 7. Phonon dispersions of GaAs-like and AlAs-like L
modes of Al,Ga,_,As along the I'-X direction, at x =0 (dotted
lines), x =0.5 (dashed-dotted lines), and x =1 (solid lines). The
horizontal lines in the GaAs (AlAs)-like frequency range for
x =1 (x =0) represent the frequency of the isolated Al (Ga) im-
purity in GaAs (AlAs). The arrows mark the sign of the fre-
quency variation at ' and X with decreasing x: note the
quasirigid shift of the AlAs-like branch; note also the opposite
sign of the I" and X shifts of the GaAs-like branch (see Ref. 11).
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GaAs range. Unfolding the SL modes by the same pro-
cedure as in ideal SL’s (as it is done in Fig. 1, where dis-
order effects are not even considered) relies on the as-
sumption that the observed modes of the intermixed
structures can still be considered as confined in the
(GaAs)s or the (AlAs); layers. As it will be evident
below, this assumption is quite groundless. A careful
analysis of our theoretical results allows one to under-
stand the origin of the individual Raman peaks and to ex-
plain the different behavior of GaAs-like and AlAs-like
structures. The lower panels of Fig. 5 show the longitu-
dinal density of states (LDOS) locally projected onto the
different cationic planes in the ideal and in the model
disordered configurations. Let us first examine the ideal
case: five LO-confined GaAs- and AlAs-like modes exist,
giving rise to five peaks in the LDOS, which are well
separated in the GaAs-like range, and very close in the
AlAs-like one [due to the flatness of the AlAs LO disper-
sion along (001)]. Out of these, only those with even
parity—which can be recognized by the finite LDOS am-
plitude in the central plane of each slab—contribute to
the Raman intensity in the scattering configuration we
are considering.

The Raman spectrum is dramatically modified by a
mixed layer at the interfaces, particularly in the AlAs-
like frequency range: inspection of the LDOS reveals
that the additional peak arising at low frequencies ( ~380
cm~!) does not correspond to a confined state extending
all over the AlAs slab but, rather, it clearly originates
from the alloyed layer; indeed, its frequency is slightly
lower than the frequency of the bulk alloy [calculated in
Ref. 11 with the same technique (see Fig. 7)] owing to
confinement over a single layer. The remaining peaks
shift to the positions appropriate to confinement in a
four-layer region. This behavior derives from the small-
ness of the AlAs-like phonon bandwidth of Al, Ga;_  As,
as compared to the dependence of its absolute position
upon composition: as a consequence, the alloy band is
well separated from the bulk AlAs band already for Al
concentrations as high as 90-95 %.*

The situation is more complex in the GaAs-like fre-
quency range, where the alloy and bulk bands partially
overlap.'"!® The effect of alloying is to narrow the LO
band and to shift it to lower frequencies. For frequencies
above the overlap region, vibrations (which are charac-
terized by a small wave vector) can only propagate in the
pure-GaAs slab and cannot penetrate into the disordered
region. Their confinement length is therefore reduced
from five to four layers, the wave vector increased, and
the corresponding quantized frequency reduced accord-
ingly. This behavior is clearly demonstrated in Fig. 5(b)
which indicates that the first two modes with higher fre-
quency (one active, one inactive) are confined over four
cationic planes. In the overlap range (which corresponds
to lower frequencies and to larger wave vectors) LO vi-
brations of the GaAs slab also extend to the alloyed inter-
face region; the effective confinement is increased accord-
ingly, and the frequency raised. This is also confirmed by
Fig. 5(b): the lowest-lying mode extends over six cationic
planes and is inactive (m =6,n =6). The following one
in order of increasing frequency also extends over six cat-
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ionic planes and is Raman active (m =5,n =6). The
remaining Raman-active mode has an intermediate be-
havior: it extends mainly over four cationic planes, but it
also has some amplitude over the two remaining (alloyed)
planes. More results for different Al contents in the in-
termixed layer will be presented in Sec. IV.

B. Problem 2: thickness dependence of optical frequencies
in ultrathin SL’s

To study the effect of intermixing in ultrathin
(GaAs), /(AlAs), structures we first consider a set of
(Al,Ga,_,As),(Al;_,Ga,As), SL’s, whose average Al
composition is 0.5. The results for the highest Raman-
active frequencies are shown in Fig. 8 for different values
of x. The most prominent feature is that all the GaAs
(AlAs)-like peaks undergo large shifts to lower frequen-
cies when the maximum Ga (Al concentration is de-
creased, except for the GaAs-like peak at n =1, which
moves slightly upwards.

Inspection of Fig. 7 provides insight also into this
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FIG. 8. Highest Raman-active peaks calculated for ultrathin
(Al,Ga,_,As),(Ga,Al,_,As), (001) superlattices, with
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feature. In fact, AlAs-like bands in the bulk alloy shift
almost rigidly toward lower frequencies when the Ga
concentration increases: this implies that the AlAs-like
modes in SL’s are pushed down by intermixing, indepen-
dently of their wave vector. Instead, GaAs-like modes in
the bulk alloy are shifted down by increasing the Al con-
centration only for wave vectors g <g, =~(3m)/(2a).
Beyond this critical wave vector (whose value is roughly
independent of composition)) LO modes are instead
pulled up. It follows that the GaAs-like SL modes whose
confinement wave vector is smaller than g, are pushed
down by cationic intermixing. The only mode which has
a sizable zone-border character [¢q R (37)/(2a)] is that of
the monolayer SL (n =1), which is, in fact, the only one
pulled up by disorder.

For the monolayer SL, the choice of the
(Al,Ga,_,As),(Al;_,Ga, As); configuration involves no
assumption except in-plane homogeneity. For n =2 and
3, instead, the (homogeneous alloy)-(homogeneous alloy)
configuration is certainly not the best description of cat-
ionic intermixing in actual samples; however, at a given
value of x, it gives, in general, a lower limit for the shift
of w o, which can appear in SL’s where the purest AlAs

(GaAs) planes have x concentration. Indeed, a cationic
distribution which is less homogeneous along z increases
such deviation by further confining the vibrational ampli-
tudes associated with those frequencies. This is
confirmed by the example of Fig. 9, where the results of
Fig. 8 for the n =2 SL are compared with more inhomo-
geneous configurations.

Our results of Fig. 8 are therefore a good starting point
for a comparison with the experimental results of Fig. 2.
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FIG. 9. Example of the effect of cationic intermix-
ing on ultrathin superlattices having the same periodi-
city and average concentration, but different distri-
butions of cations: (a) (Al,Ga,;_,As),(Ga, Al _,As);
(b) (Alg sGag sAs)(Al,Ga,_, As) (Al sGay sAs),(Ga, Al _, As),.
The symbols correspond to the same values of x as in Fig. 8.
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In the GaAs-like range, we note that the opposite sign of
the disorder-induced frequency shift for n =1 with
respect to n =2 and 3 is the key feature allowing us to ex-
plain the smooth dependence upon n observed in the ex-
perimental data. Quantitatively, for n =1 a very large
deviation of x from the ideal value x =1 must be present,
in order to account for the peak position measured for
the samples of Fig. 2. For n >1, some degree of inter-
mixing, such that the purest planes have x =0.75-0.85
for n=2 and x =0.85-1 for n =3, would give an n
dependence in agreement with the experimental data of
Fig. 2.

IV. AlAs-LIKE SUPERLATTICE MODES
AS FINGERPRINTS FOR CHARACTERIZATION

The purpose of this section is to show how the depen-
dence upon composition of AlAs-like LO modes in
Al ,Ga,;_, As bulk alloys, together with the flatness of the
corresponding band along (001), can provide accurate
and detailed information for characterizing the quality of
superlattices. Consider, for instance, a SL in which two
adjacent cationic planes have different Al concentrations,
such that the corresponding bulk-alloy AlAs-like fre-
quencies differ more than the LO bandwidth: it is clear
that in this case AlAs-like vibrations will be confined
over individual planes, and that their frequencies will
provide a direct measure of the corresponding composi-
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tion. In practice, AlAs-like LO vibrations are confined
over one individual cationic plane whenever the composi-
tion difference between neighboring cationic planes is
large enough that Raman-active modes in the bulk alloys
at the two compositions differ by more than ~3-4 cm ™.
This idea can provide quantitative information about the
composition profile resulting from disorder which unin-
tentionally occurs during epitaxial growth. To show this,
we will consider two prototypical situations: the first—
which is also the object of recent experimental
investigations'®!” —consists of an isolated Al,Ga,_,As
monolayer embedded between two thicker GaAs layers;
the second consists of a monolayer of Al, Ga,;_, As at the
interface between GaAs and AlAs (this configuration has
already been considered in Sec. III for the special case
x =0.5).

In both cases we find that the alloy layer gives rise to
well-defined AlAs-like peaks in the Raman spectra,
which, in a wide range of compositions, are well separat-
ed in frequency from any other SL peak. Moreover, we
find that the frequencies of these peaks depend sensitively
and quasilinearly upon x, and, therefore, can be easily
used as a measure of the local composition.

A. One monolayer of Al, Ga,_, As in GaAs

We start by considering an ideal (GaAs)s(AlAs), SL,
for which the calculated z(xy)z Raman spectrum is
shown in the top panel of Fig. 10. The AlAs monolayer
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5 ML { ML

GaAs Al;Ga,  As
4ML 2 ML

AN

1-0.7 8|
x1=0.22]

GaAs Al;Ga; , As
5 ML I ML

x-0.78

GaAs Al,Ga, , As

FIG. 10. Calculated Raman intensity profiles in the z(xy)Z configuration for the (001) superlattices sketched on the right-hand
side: (a) ideal (GaAs)s(AlAs), superlattice; (b) (GaAs)s(Alg 75Gag 5,As),(Aly ,,Gag 73As);, having the same period and average concen-
tration as (a), but with the Al content distributed over 2 monolayers. (c) and (d) are reference (GaAs)s(Al, Ga,_, As), structures with
x =0.78 and x =0.22, respectively. The arrows in (a) and (b) mark the AlAs-like peaks of interest for characterization.
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FIG. 11. Composition dependence of the frequency of the
AlAs-like mode in a (GaAs)s(Al,Ga, _, As), superlattice.

gives rise to a confined mode in the AlAs-like range.
Moreover, it is able to act as an effective barrier for GaAs
vibrations. In fact, three distinct Raman-active GaAs-
like peaks are present (wLol, ®ro, and @0, ), whose fre-

quencies are only very slightly modified with respect to
the case of thicker barriers [compare with
(GaAs)s(AlAs)s in Fig. 5].

We will now show that the study of AlAs-like Raman
peaks allows one to discriminate between the ideal
configuration (one sharp AlAs monolayer with no inter-
mixing) and the situation where the Al content is spread
over two monolayers with different concentrations. The
second panel of Fig. 10 displays the calculated spectrum
when such concentrations are chosen to be 0.78 and 0.22.
Two peaks appear instead of one, both clearly shifted to
lower frequency with respect to the ideal configuration.
For a better illustration of their origin, in the lower part
of the same figure we also report the spectra obtained for
the isolated monolayers with x =0.78 and 0.22. In the
AlAs frequency range, the spectrum of Fig. 10(b) is an al-
most perfect superposition of those of Figs. 10(c) and
10(d). Furthermore, the frequency of these peaks gives a
very clear indication of the Ga concentration of the
mixed layers. Figure 11 presents the x dependence of the
AlAs-like frequency for (GaAs)s(Al,Ga,;_,As);. The
trend between the values at the two extrema (correspond-
ing to a pure AlAs monolayer at x =1 and to the isolated
Al impurity in GaAs at x =0) is almost linear. A more
complete discussion of these results and their relevance to
recent experimental data'® will be presented elsewhere. !’

B. Quantitative estimates of interdiffusion at interfaces

The existence of a well-defined AlAs-like peak arising
from the interdiffused region in the GaAs/AlAs SL of
Fig. 5(b) suggests that the frequency of such
a peak can be used as a measure of the correspond-
ing Al concentration, as done in the previous section
for the individual AlAs monolayer in GaAs. To
verify  this  possibility, we have studied a
(GaAs),(Al,Ga,_,As)(AlAs)4(Al,Ga;_,As); SL at
different values of x. The frequencies of the Raman-
active peaks are plotted versus x in Fig. 12, together with
results of ideal (GaAs)4(AlAs), and (GaAs),(AlAs)g SL’s
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FIG. 12. Composition dependence of the frequency of the
AlAs-like and GaAs-like modes (top and bottom panels, respec-
tively) in a (GaAs), (Al,Ga,_,As),(AlAs), (Al,Ga,_,As), su-
perlattice. The LO frequencies of the Al,Ga,_,As bulk alloy
are shown by horizontal ticks as a reference.

which correspond to the extreme values x =0 and 1, re-
spectively. The upper edge of the bulk alloy bands are
also plotted as a reference.

A very different behavior characterizes the two fre-
quency regions of Fig. 12. In the AlAs-like range, the two
highest peaks (“’Lol and ‘*’L03) are almost independent of

x except for the largest x values, while the lowest peak
follows the quasilinear x dependence typical of the bulk
Al ,Ga,_,As alloy. Again, this is a consequence of the
fact that the AlAs-like band of pure AlAs [and, therefore,
the modes confined in the (AlAs), layer] never overlaps
the AlAs-like band of the alloy except for the largest x
values. In the GaAs-like range, instead, the vibrations of
the pure GaAs layer may overlap in frequency with the
alloy band, thus modifying their effective confinement
length. Only the higher mode, @10, falls out of the alloy

band at all concentrations; for 010, this is true only for
x >0.5. Therefore, @10, does not depend on x except for

very small concentrations (a small jump is indeed visible
in Fig. 12 between x =0 and x =0.2), while ®ro, ap-

proaches the value corresponding to confinement in six
(four) monolayers as x approaches its lowest (highest) ex-
treme. The variation of each GaAs-like mode with x,
therefore, depends on its frequency relative to the alloy
band, and in general can be estimated only from a de-
tailed calculation. On the other hand, if an AlAs-like
peak is detected outside the bandwidth allowed for pure
AlAs, its frequency can be taken as a measure of the Al
concentration in the intermixed layer.

V. CONCLUSIONS

In summary, we have shown that a theoretical ap-
proach, based on first-principles interatomic force con-
stants calculated via density-functional perturbation
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theory, allows one to perform accurate calculations of
phonon dispersions and displacements in systems with a
large number of atoms in the unit cell, and to study ideal
as well as compositionally disordered GaAs/AlAs super-
lattices.

The results clearly indicate the role of cationic inter-
mixing in determining both the thickness dependence of
the highest Raman peaks in ultrathin superlattices as well
as the position and intensity of ‘“high-order” Raman
peaks in thicker superlattices, thus solving two long-
standing problems in the interpretation of Raman spec-
tra. We conclude that short-range compositional disor-
der close to the interfaces is never negligible, at least in
samples grown by molecular-beam epitaxy at the usual
substrate temperatures. '3 1°

Raman-active modes—particularly the AlAs-like
ones—are found to be very sensitive to compositional
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disorder and, therefore, suitable for a quantitative char-
acterization of cationic intermixing. The study of pho-
nons as local probes of the crystal structure appears to be
an important tool which may contribute to the present
debate?® on the microscopic structure of GaAs/AlAs in-
terfaces.
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