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%'e report a detailed Raman study of folded acoustic phonons, con6ned optical phonons, and in-

terface vibrational modes in GaSb/Alsb superlattices grown on [001j-oriented Gasb substrates. A
number of unusual features are observed in the intensity dependence of the Raman lines on the in-

cident laser energy, for laser excitations ranging from the electronic transition energies E& of GaSb
to Eo of AlSb

I. INTRODUCTIGN

The vibrational properties of semiconductor superlat-
tices, particularly of GaAs/Al„Ga, „As,have been stud-
ied extensively in the recent past by Raman scattering. '
It has been shown that the periodicity of the superlattice
(SL) gives nse to the Brillouin-zone foldmg of the
acoustic-phonon branch, ' whereas the optical phonons
can be described as folded or confined depending on the
overlap of the optical-mode frequencies of the two con-
stituent materials of the superlattice. ' In addition, elec-
trostatic interface vibrational modes exist which propa-
gate along the layers as well as in the direction perpendic-
ular to the layer planes.

So far, much of the reported work has been done on
almost-lattice-matched GaAs/Al„Ga, „Assystems. In
this paper we report a detailed study of phonons in
GaSb/AISb systems which come under the classification
of strained-layer superlattices. Recently, the Rarnan
shifts of both GaSb and A1Sb longitudinal-optical (LO)
phonons in these superlattices have been utilized to deter-
mine strains needed to accommodate the 0.65% lattice
mismatch. ~ The electronic structure has been analyzed
by electroreflectance, ' luminescence, ' "and optical ab-
sorption, ' showing the formation of subbands at the I
point (type-I superlattice, i.e., band-edge modulation has
opposite sign for conduction and valence bands). Reso-
nance Raman experiments have been done near the E&
edge of GaSb in order to investigate the electronic struc-
ture in the region of the BriBouin zone near the L point. '

The samples studied here include short-period
GaSb/AlSb superlattices grown by molecular-beam epi-
taxy on [001]-oriented GaSb substrates. As in
GaAs/Al, „Ga„Assuperlattices, Raman scattering
from folded phonons, con6ned optical phonons, and in-
terface vibrational modes is observed. However, a num-
ber of unusual features are seen in the Raman spectra for
excitation energies ranging from the critical point E& of

bulk GaSb (denoted Ei ——2. 16 eV at 77 K) to the criti-
cal Point Eo of bulk A1Sb (E~~is" =2.32 eV). Three tyPes
of resonancelike behaviors —denoted tz, P, and y —were
identified in the intensity dependence of the Raman hnes
on the excitation energy. They are listed below.

(i) Resonance u lies near E, ' and is characterized by
an increase in the intensity of the higher-order, folded,
longitudinal-acoustic- (LA-) phonon lines and of the
GaSb-like transverse-optical (TO} line. The relative in-
tensities of the folded acoustic-phonon doublets near this
resonance do not agree with the calculations based on the
elastic-continuum model (ECM}. ' The observed fre-
quencies of the higher-order folded phonons also do not
match the predictions ' of the ECM, but rather agree
better with the linear-chain model (LCM).

(ii) Resonance p lies at an energy E i
's"' that depends

on the thickness of the GaSb layers. This resonance is
possibly due to the splitting of the E, ' transition due to
quantum-size effects. For excitation near Eoi's 's~, a
strong and asymmetric Raman line is observed at the
high-frequency cutoff of the folded LA dispersion corre-
sponding to the highest-order folded-phonon doublet.
The frequency of this line also corresponds to zone-edge
(X-point) phonons in bulk GaSb and A1Sb. Other strong
lines that can be related to maxima in the phonon density
of states appear in the Raman spectrum for excitation
near resonance P. They result from scattering mecha-
nisms without wave-vector conservation.

(iii) Finally, resonance y is assigned to the critical
point Eo' ' "of the A1Sb layers corresponding to Eo in
bulk A181. The Raman spectra for excitation near this
resonance show an enhancement in the intensity of both
the GaSb-like and AlSb-like optical-phonon lines.

The outline of this paper is as follows. Section II deals
with experimental details. In Sec. III we present and dis-
cuss Raman scattering results on con6ned optic, inter-
face, and acoustic phonons. Section IV contains the sum-
IDary and conclusions.
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II. EXPERIMENT

The samples investigated here are three GaSb/AlSb su-
perlattices grown by molecular-beam epitaxy (MBE) on
[001]-oriented GaSb substrates. The sample parameters
are listed in Table I. They were estimated from the
growth rates and x-ray measurements, ' as will be dis-
cussed below.

The GaSb/AlSb superlattices belong to the so-called
strained-layer superlattices due to the 0.65% difFerence in

the lattice constants of GaSb and A1Sb. In our samples,
the magnitude of the strain in the superlattice layers was
determined by double-crystal x-ray-diffraction measure-
ments. Figure 1 shows the difFraction pattern of sample
A measured near the (004) reflex of GaSb using the Cu
Kai line as an incoming x-ray beam (A, =1.54056 A).
The strongest peak is the GaSb (004) reflex located at a
difFraction angle of Ho+58o ——0.5299 rad. The main su-
perlattice reflex at 58=0 is shifted towards smaller angles
with respect to the substrate peak. It corresponds to an
average lattice constant a in the direction perpendicular
to the layers (z direction), given by'

a i=a, [1—(cot80) 580], (la)

equal to 6.1261 A for sample A. Here, a] is the lattice
constant of bulk GaSb. a " is further modulated along z,
following the periodic alternation of layers. This is evi-
denced by the small satellite peaks at 58+, ——232.4 mrad
away from the main superlattice reflex in Fig. 1 (only the
58+, satellite is shown in Fig. 1). The position of these
satellites yields the superlattice period

d =a [1—(cot80) 58+ i] (lb)

listed in Table I.
The intensity of the satellite 58+, is related to the

modulation amplitude of a (z). Assuming a (z) to have
a square modulation profile, the average stress in the su-
perlattice layers can be determined from the x-ray data.
In this case, the GaSb- (AlSb-) layer lattice constants a i

(a&) along z are related to the average lattice constant a
bys

l)Q ] +6('202
0

~i+~z
cf )

a i ( I+ si )+ a2(1+ s&),i+ 2 ~i+~z

where the a;, i =1,2, are the bulk lattice constants, and

s; =(a;"—a;)/a; are the strains along z. Here and in the
following the indices 1 and 2 denote the GaSb and A1Sb
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FIG. 1. X-ray-diit'raction pattern of sample A measured with
the Cu Kai line (X=1.54056 A). The zero point of the relative
angle scale corresponds to 8O ——0.5271 rad. The peak at 58=0 is
the main superlattice (004) reflex and that at 580 is the corre-
sponding reflex from the GaSb substrate. The small peak at
5t9+1 is related to the arti6cial periodicity of the superlattice.

layers, respectively.
In the layer plane the corresponding lattice constants

are equal as a consequence of the coherent growth:

aI —a( =a, (1+sI)-az(1+a()=0 . (3)

The strains c~ and c,, are related to the "biaxial" stress
X; by the elastic complianc s s]], and t2

Ef =25 ]2;X;

s,"=(s»;+si2;)X; . (5)

Equations (1)—(5), solved simultaneously, yield the bi-
axial stress X; in the in-layer plane of the GaSb and A1Sb
layers. In columns 6 and 7 of Table I are compiled the
results for samples A, 8, and C, which were calculated
using the material constants listed in Table II. As the
samples have been grown on a GaSb substrate and the
thickness of each A1Sb layer is less than the critical thick-
ness r, above which misfit dislocations appear (r, =3000
A is a rough estimate from Fig. 1 of Ref. 17), the GaSb
layers are expected to be unstrained and the A1Sb layers
to be under compression. In fact, for sample C, where
the GaSb layers are much thicker than the AlSb ones
(1, =4d2), the stress in the GaSb is practically zero. The
results for samples A and 8, where nominally d, =42,
show, however, that although the stress is larger in the
AlSb layers, the GaSb layers are also strained. %e con-

TABLE I. Samples investigated in this work. The indices 1 and 2 correspond to the GaSb and AlSb
layers, respectively.

d2 No. of X, X&

(A) periods (10 dyn/cm ) (10 dyn/cm )

Lo

(cm-')
LO

(cm ')

B
C

27.5
53.4

160

13.7 13.7
26.7 26.7

130 30

1.6+0.6
1.7+0.6
0.08

—4.2+0.6
—4.2+0.7
—5.0

—0.6+0.2
—0.6+0.3
—0.03

3.0+0.5

3.0+0.5
4.0
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TABLE II. Lattice properties of GaSb and AlSb at 300 K (Ref. 18).

Lattice
constant (A)

6.0959
6.1355

5.614
4.26

(10 cm/s)

3.97
4.53

~ I l, i

(10 ' cm /dyn)

1.582
1.696

~12, i

{10 ' cm /dyn)

—0.496
—0.562

elude, therefore, that the stress is partially relaxed as one
moves away from the superlattice-substrate interface.
Furthermore, as we have always observed sharp superlat-
tice (004) re(lexes (see peak at 500 in Fig. 1), the region
where the stress relaxes must be much thinner than the
total superlattice thickness. Due to the large absorption
coefficient of the superlattices to visible light, this region
has not been accessed in our Raman measurements.

Raman measurements were performed at various tem-
peratures between 5 and 300 K in backscattering
geometry using various lines of an Ar+ and a Kr+ laser,
with typical powers ranging from 100 to 300 m%. The
power density on the sample was reduced using a slit
focus (cylindrical condenser). The scattering geometries
employed were z(xx)z (denoted by XX hereafter) and
z(yx)z (denoted by I'X} with x, y, and z parallel to the
[100], [010]„and[001] directions of the cubic crystal, re-
spectively.

III. RESULTS AND MSCUSSION

A. Excitation energy dependence of the Raman spectra

Raman experiments on the GaSb/AlSb superlattices
were performed with incident laser photon energies AcoL

ranging from 1.65 to 2.57 eV. The relevant direct elec-
tronic transitions in this energy range are centered
around the I" point and along the A line of the 8rillouin
zone in GaSb and A1Sb:" Eoo'sb(I', „—I"6, )=0.78 eV
(0.70 eV) at 77 K (300 K), Eo' (I,~„—I „)=2.32 eV
(2.22 eV), E i

' (A~ 5, —A6, ) =2. 16 eV (2.03 eV),
(Ei+b i) ' (A4 5, —A6, )=2.60 eV (2.47 eV), and
Ei' (Aq5, —A6, )=2.86eV (2.78 eV).

In a superlattice structure one expects a shift in the po-
sition of the critical points of the bulk materials due to
quantum-size efkcts. In addition, calculations for small-
period superlattices (see, for instance, Ref. 19}show that
the electronic branches of the individual materials mix in
an intricate way to form the superlattice energy bands.
In this case the band structure of the superlattice no
longer resembles that of the bulk material.

Since the electronic structure of GaSb/AlSb superlat-
tices at the I. point (or along the A line) is not well under-
stood, we are not in a position to identify a priori the
resonances with the electronic transitions. In order to
get information about the electronic structure of the sam-
ples near the L point, the energy dependence of the com-
plex pseudodielectric constant was measured by ellip-
sometry at room temperature. Figure 2 shows the imagi-
nary part (el) of the pseudodielectic constant of samples
8 [Fig. 2(b)] and A [Fig. 2(c)] for photon energies ranging
from 1.5 to 2.8 eV. Figure 2(a) is the corresponding
curve for bulk GaSb. The oscillations below& 2 eV in Figs.

2(b) and 2(c) are due to interference fringes associated
with the total thickness of the superlattice. They disap-
pear at 1.9+0.1 eV for sample A and at 1.8%0. 1 eV for
sample 8 as a result of the increase in light absorption.
The two peaks in the ei spectrum of bulk GaSb [Fig.
2(a)] are related to the critical points Eoi's =2.03 eV and

(Ei+b, , )
' =2.47 eV. Similar structures are observed

in Figs. 2(b) and 2(c): we assign them to two new critical
points, E, ' ' " and (Ei+6, )

' ', respectively, of the
GaSb layers in the superlattice. The exact critical ener-
gies were determined, for each sample, by a fitting pro-
cedure, and are indicated by arrows in Fig. 2.

The critical points E, ' ' and (E, +b, , )
' ' are
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FKJ. 2. Energy dependence of the imaginary part e& of the
pseudodielectric constant for (a) a GaSb substrate, (b) sample 8,
and (c) sample A measured by ellipsometry at room tempera-
ture. The arrows on the curves indicate the position of the criti-
cal points E, ' and El ' ". The upper scale of the plot gives
the calculated position to the corresponding critical points at 77
K (for details, see text). The arrows on this scale indicate the
excitation energies used to record the Raman spectra of Figs. 3
and 4. The samples were not chemicaHy etched so as to avoid
damage of the superlattice. No correction for oxide surface lay-
er was performed. Hence the data for QaSb di8'er somewhat
from those of Ref. 31.
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FIG. 3. Raman spectra for sample A measured at 77 K for
difFerent excitation energies in the XX (left-hand side) and FX
(right-hand side) configurations. The Raman intensity in each
spectrum was normalized with respect to the scattering intensi-

ty of the optical phonon in CaF2. The asterisks indicate laser
plasma lines.

shifted towards higher energies with respect to the E
&

'
ofbulk GaSb. The position in energy of E, ' ' "depends
on the GaSb-layer thickness: in sample B (d, =26.7 A),
Eoi's ' "=2.22 eV, whereas in sample A (d, =13.7 A),
E, ' "' =2.27 eV. Both structures in the ei spectra of
the superlattices are broader than in the bulk material.
In addition, the peak corresponding to E&

' "' is asym-
metric with a low-energy tail which overlaps Z

&

' ". This
tail may be associated with a second peak lying close to
E+'s . Such a splitting of the E& critical point has re-
cently been observed for ihe GaAs-like E, transition in
small-period GaAs/AlAs superlat tices.

Figure 3 shows Raman spectra of sample A recorded
with difFerent excitation energies in the XX (left-hand
side) and FX (right-hand side) scattering configurations.
Figure 4 displays the corresponding spectra for sample B.
In these measurements the samples were kept at liquid-
nitrogen temperature, except for the heating due to light
absorption. The photon energies of the exciting lines, in-
dicated by arrows in the upper scale of Fig. 2, lie around
the critical point E, ' ' . This scale was constructed as-

suming a temperature variation of the superlattice criti-
cal points Eoi"'sL and (Z, +S, )o'sb sL equal to that of
the corresponding critical point in bulk GaSb (-—0.46
meV/K between 77 and 300 K, from Ref. 18). In order
to allow a direct comparison of the Raman intensities,
the count rate of each spectrum was normahzed with

respect to the scattering intensity of a CaF2 crystal used

as a reference. '

For the purpose of analysis, each spectrum can be di-
vided into three main spectral regions.

(i) Acoustic region: For Raman shifts eig200 cm
there is a series of lines corresponding to the excitation of
folded longitudinal-acoustic (LA) phonons propagating
perpendicular to the superlattice layers. The lines are
stronger in the XX con6guration and appear as doublets
labeled m =+1,+2, . . . , +8 that are unresolved in Figs.

SAMPLE 8 ztxx)T
T~77K ()F)

g0,h(d
L

(o)L92eV'

I':
A

i+ (b)2NaV~'i' i~~ ~' '

~) L

rri = +4+5 iI

A,'(
-8

(c)2 34eV

(d) 2.38
10 . @v. Jf( )gj

li

fi

(ei25/eV

f 00 BN 3M

RAHAN SHIFT Icl )

&AMPLE Et

T~ 77K
z(yx)z

L
100.h-

(o)192eV

C

(b)2 l8eV To 0 LO
1

50
(c)2 34eV

(d )2 38eV
I

il

(e)2,57eV

100 200 300

RAMAN SHIFT tcI )

3 and 4. The lines marked T2 and I. are assigned to max-
ima in the acoustic-phonon density of states, as will be
discussed in Sec. III C.

(ii) GaSb optical region: For 200&co&250 cm ' the
spectra show lines related to the excitation of
longitudinal-optical (LO) and transverse-optical (TO)
phonons confined in the GaSb layers. The Raman spec-
tra also show additional lines related to the excitation of
interface modes [(IF)i in Figs. 3 and 4] that propagate
along the superlattice interfaces. The structures denoted
by A correspond to maxima in the density of states for
optical phonons in GaSb, occurring roughly at the
boundary of the crystal Brillouin zone. 2

(iii) A /Sb optical region: In the spectral region
300 geo ~ 350 cm ' the Raman spectra exhibit lines asso-
ciated with optical modes confined to the AlSb layers and
A1Sb-like interface modes.

The intensity of the Raman signal from the GaSb
(200—250 cm ') and the AlSb layers (300-350 cm ') in
Figs. 3 and 4 reaches a maximum for Wco~=2. 38 e~.
This result also holds for sample C, which has a much
larger period (d =160 A). [Note, however, the exception
of the LO line of GaSb is sample A in the z(yx)z
con6guration, which has increased at 2.57 eV. %e have
not studied this anomaly in detail, but it may result from
an interference of the Eo' and (E&+6, )

' resonances.
We believe, however, that the z (xx)z configuration gives
a better measurement of the resonance energies since it is
sharper. ] In the following, we shall refer to this behav-
ior at ~z ——2. 38 eV as resonance y. Resonance y in
sample 8 hes above the critical point E

&

' ', as indicat-
ed in the upper scale of Fig. 2. For sample A it practical-
ly coincides with F )

' ' ". However, the fact that reso-
nance y occurs at the same energy in all samples indepen-
dent of the GaSb-layer thickness suggests that it is prob-
ably not related to the GaSb layers but to the critical
point E,"'s"L of the AlSb layers corresponding to
Eo' =2.32 eV (at 77 K) in bulk A1Sb. The electronic

FIG. 4. Raman spectra for sample 8 measured at 77 K for
difFerent excitation energies in the XX (left-hand side) and IX
(right-hand side) configurations. The Raman intensity in each
spectrum was normalized with respect to the scattering intensi-

ty of the optical phonon in CaF&. The asterisks indicate laser
plasma lines.
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states involved in this resonance must also extend over
the GaSb superlattice layers as both GaSb-like and
AlSb-like phonons resonate at ~ .

As the Raman measurements were restricted to a small
set of discrete 1aser lines, ii is not possible to establish
precisely the position of resonance y. From the spectra
of Figs. 3 and 4, however, we estimate that Sieur certainly
lies above 2.36 eV, i.e., at least 40 meV above Eo' . This
shift may be partially accounted for by an outgoing reso-
nance. 23 A second contribution to the shift should arise
from the biaxial stress in the AlSb layers. This stress can
be decomposed into a hydrostatic plus a pure shear com-
ponent along z. The hydrostatic component leads to an
increase in the band gap of AlSb, while the shear com-
ponent causes a splitting of that gap. The shift in the
light-hole-to-conduction-band transition energy,
gE Alsb 24

O, LH is

~Eo,'i.H =[2ii (s», z+2sir. z)+b(s», z
—sir, z)]Xi
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FIG. 5. High-resolution Raman spectra of sample A record-

ed at 77 K in the XX (left-hand side} and FX (right-hand side)

scattering con6gurations for various excitation energies.

for the heavy-hole-to-conduction-band transition
bEO'HH in sample A. bEO'HsbH values of 15 and 20 meV
were obtained for samples 8 and C, respectively. In the
previous expressions, a and b are the deformation poten-
tials for the Eo critical point of A1Sb. ' The critical point
Eo' ' should therefore be at least 15 meV above Eo'sb,
on account of the biaxial strain.

For laser photon energies near Eoi'sb (AcoL ——2. 18 eV in
Figs. 3 and 4) the intensity of the higher-order acoustic-
phonon doublets (m =+2 in Fig. 3 and m =+4 and +5
in Fig. 4) is strongly enhanced in comparison with the
other lines. These folded doublets are also present in the
I'X spectrum, which shows an intense line attributed to
the TO-like phonons from the GaSb layers. We shall
denote this behavior at fico =8+&' as resonance u. Note
that %co lies on the low-energy tail of the E, ' struc-
tures in the el spectra of Fig. 2.

As the laser energy is swept through the two reso-
nances discussed above and across E i

' ' ", the relative
intensities of the Raroan lines change. This behavior can
be better followed in the high-resolution spectra for sam-
ple A shown in Fig. 5.

(i) Below the resonance a [see, for instance, curve (a)]
for fuor ——1.92 eV in Fig. 5, the XX spectrum in the
acoustic region only shows the first doublet m =El,
while the FX spectrum is dominated by the LO line of the
GaSb layers and has only very weak features in the
acoustic region.

(ii) When the laser photon energy is increased to fico

(ft~L ——2. 18 eV), the acoustic doublet m =+2 is strongly
enhanced in the XX spectrum in comparison with the
m =El doublet. The same occurs to the intensity of the
CyaSb-like TO line in comparison with the LG line, in the
FX spectrum. The latter spectrum also presents weak
features corresponding to the first two acoustic-phonon

doublets m =21 and 22.
(iii) At fico& ——2. 34 eV a weak doublet m =+3, together

with the broad line L at 140 cm ', is observed. In addi-
tion, a new line corresponding to the excitation of the
m =+4 folded-phonon doublet appears in the XX
configuration. The m = +1, %2, and k3 doublets are also
excited in the FX spectrum, together with the structure
denoted A in the optical-phonon region of the GaSb lay-
ers. A new line, (IF)„presumably a GaSb-like interface
electrostatic mode, appears near the LO line in the XX
spectrum.

{iv) As ficoL is raised to %co {fuoL ——2. 38 eV), the inten-
sity of the I. and m =k4 lines in the XX spectrum and of
line A in the FX spectrum increase with respect to the
other lines. A closer analysis of the Raman and ez spec-
tra for sample B (Figs. 2 and 4) suggests that these lines
resonate not at fear, but at an energy fico&=E i

' ' "
%co&

and fico& practically coincide in sample A. The acoustic
lines I. and m =k4 are also strong in the FX
configuration. The acoustic doublet m =+2 practically
disappears near ficor, while the intensity of the GaSb-like
TO line is strongly reduced in comparison with the LO
line.

(v) Above iris'„=2.41 eV [curve (g) in Fig. 5] the inten-
sity of all acoustic lines decreases, and the spectrum, in
the acoustic region, becomes similar to that for
RarL ——1.92 eV. The XX spectrum of the GaSb region is
dominated by the interface mode (IF),.

The changes in the intensity of the Raman lines have
thus been associated with electronic resonancelike transi-
tions placed at %co =E l

', fico&=E
&

' ', and

~z =Eo ' that are not resolved in the e& spectra of
Fig. 2. The electronic states involved in each of these
transitions couple in a diferent way to the various
branches of the folded acoustic and confined optical
dispersions. This point will be discussed further in the
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I

Here, to,
" is the (unshifted) LO frequency. The experi-

mental values (p,. —q, )/(to; ) =0.44 (0.97) and

(p;+2q;)/6(co; ) = —1. 1 ( —1.18) for GaSb (A1Sb) were
extracted from Ref. 27 (Ref. 28). The calculated LO fre-
quency shifts are listed in Table I. Note that Ace. is
small for the GaSb layers (i = 1), and the frequency shifts
of the GaSb-like LO phonons arise mainly from their
confinement. For the A1Sb-like LO phonons one expects
a strain-induced wave-number shift from 3.0 to 4.0 cm
towards higher wave numbers.

(e)

3oo K

«2.~7ev) „,o

RANAN SHIFT {cI )

FIG. 6. Raman spectra measured at di8'erent temperatures
for AcoL ——2.335 eV in the XX (left-hand side) and FX (right-
hand side) scattering configurations. For details, see text.

Phon. ons between 200 and 250 em ' (GaSb region)

Figure 7 shows high-resolution Raman spectra of sam-
ple A at 5 K with AcoL ——1.92 and 2.41 eV. The spectrum
for 1.92 eV in the FX geometry is about 7 times stronger
than in the XX geometry (not shown in the figure) and
corresponds to off resonance. On the other hand, for

following sections. This behavior can be followed either

by changing the laser energy, as in the spectra of Figs.
3-5, or, alternatively, by 6xing the excitation energy and

varying the sample temperature. In the latter case, cou-
pling to the different electronic states is achieved by
temperature-tuning the electronic transition to the excita-
tion energy. This is shown in Fig. 6, where Raman spec-
tra of sample A were recorded for fuuL ——2. 335 eV at
different temperatures between 77 and 300 K. Assuming
a temperature shift of the electronic transitions of —0.46
meV/K (Ref. 18), an effective excitation energy can be
determined for every spectrum measured above 77 K.
These values are shown in parentheses in Fig. 6. Note
that with this effective excitation-energy scale the series
of spectra of Fig. 6 also follows the behavior shown in

Fig. 5.
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B. Coafieed phonons

Since the LO-phonon branches in the bulk GaSb and
AlSb do not overlap in frequency, ' optical phonons
will be con6ned in the individual layers. Owing to the
confinement, the phonon frequency shifts down from the
value in bulk material. However, in strained-layer super-
lattices phonons can also shift due to the biaxial stress in
the layers. Let us estimate the shift in the phonon fre-
quency due to the stress values determined in Sec. II (see
Table I). Following Refs. 8 and 27,

hto = 2.41eV

z(x, x}2
---z{y,x }z

I

IF), l(&Q)z

220
4 WAt4 ~

240

X;
&0; = zo(p;+2q;)(s»;+2s, i;+2s&2,. )

l

RAMAN SHIFT (em )

FIG. 7. Raman spectra of sample A at 5 K for A~L ——1.92 eV
(o6' resonance) and fuoL ——2.41 eV (resonance).
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ficoL ——2.41 eV (the laser photon energy is near the reso-
nance y) the ratio of the intensities in the XX and FX
geometries equals about 2.5. Odd-order (m =1,3, 5, . . . )

optical phonons are known to be stronger in the z(yx}z
geometry, whereas even-order (m =2,4, . . . ) phonons
dominate near resonance in the z(xx)z geometry. Ac-
cordingly, the main peak (LO), in the spectra with
RcoL ——1.92 eV (237.7 cm ') in Fig. 7 is assigned to m =1
and that wtth ARll =2.41 eV (236.6 cm ) ls assEgned to
m =2. Figure 8 shows Raman spectra for samples 8, C,
and bulk GaSb (arbitrary face) at 5 K with ficol ——2.41
eV. Note that for sample C (d, =130 A) the LO Raman
shift matches that of bulk GaSb, thereby confirming that
the GaSb layers in sample C are not strained.

In order to see the correspondence between the
confined-phonon frequency in the GaSb layers and the
bulk GaSb, we plot in Fig. 9 the observed phonon fre-
quencies for samples A and 8 versus q =2rnn/[(n,
+ 1)a, ]. Here, n, is the number of GaSb monolayers in

the superlattice and d
&
=n &u i /2 (4 &"i & 5 fo s mpie A

and 8&n, &10 for sample 8}. This type of plot is
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FlG. 9. Observed Raman shifts of confined phonon (solid cir-
cles for sample A and crosses for sample 8) vs 2m'/(n]+1)Q&
at 5 K. The solid line is the calculated phonon dispersion in
bulk GaSb (Refs. 22 and 25) at room temperature and is shifted
up by 2.5 cm ' to match the LO Raman shift in bulk GaSb at 5
K (solid triangle). Open circles are neutron-scattering data
(Ref. 22).
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j

SAMPLE C (Lo)
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FIG. 8. Raman spectra of sample 8, sample C, and bulk

GaSb at 5 K for A'a)L ——2.41 eV.

justified by the fact that the nodes of the confined modes
occur at the AI atoms, not at Sb. A theoretical disper-
sion for LO phonons along the [001]direction in bulk
GaSb is also given: It was shifted up by 2.5 cm ' to
match the LO Raman shift in bulk GaSb at 5 K. %'e also
show in Fig. 9 room-temperature neutron-scattering
data which are affected by large error bars (+6 cm ').
%e see from Fig. 9 that the superlattice phonons tend to
be higher than the corresponding bulk phonons. Similar
results have been observed for GaAs/A1As superlattices.

The transverse-optical (TO) phonon, though forbidden
in the backscattering configuration on a (001) face, ap-
pears weakly in Figs. 7 and 8. This is similar to the
CraAs/AIAs case. However, near resonance a
(ficoL ——2. 18 eV in Figs. 3—5) this line becomes very
strong in the FX configuration and is comparable in in-
tensity to the LO line. The mechanism for this selection-
rule violation is not clear. The origin of a broad peak be-
tween 2I5 and 220 cm ', labeled A in Figs. 3—5, perhaps
lies in the total density of phonon states in GaSb (Refs. 22
and 25) activated by defects. In fact, this density of states
for GaSb has a strong peak at =220 cm '. ' This high
density of states is produced mainly by TO phonons
along [110] and [111]directions. This type of structure
has been previously seen in the literature for bulk materi-
als, specially in ternary alloys. They are labeled DATG
(disordered activated transverse-optical phonons).
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2. Phonons oboiIe 300 eyn ' (AlSb region)

As remarked before, the AlSb layers are strained in our
samples and hence 1.0 phonons in A1Sb should show a
strain-induced upwards shift of 3.0+0.5 cm, as indi-
cated in Table I. The AlSb-like LO peak in sample A,
however, has a Raman shift of 343.1 cm ' (see Fig. 10)
and lies, therefore, 1.3 cm ' below the LO-phonon Ra-
man shift in bulk AlSb (ruz ——344.4 cm ', Ref. 18). We
attribute this downwards shift to the phonon con6nement
in the A1Sb layers, which reduces the frequency of the
LO mode. As discussed previously, this phonon corre-
sponds to tile bulk LO plioiioll with q =27T/(n 2+ 1)oi.
From the calculated AlSb phonon dispersion, this mode
should lie =4. 1 cm ' below the bulk q =0 LO phonon.

SAMPLE C
T= 5K
z (y, xI z

''I(II) = 2.41'

~ ~ r

SAMPLE B

Subtracting from this difference the stress-induced shift,
we get a resulting downwards shift of 1.0+0.5 cm
This value compares well with the shift of 1.3 crn ' to-
wards lower wave numbers determined experimentaHy.

C. Interface modes

These modes were unambiguously observed by Raman
scattering in GaAs/A1As superlattices. We show similar
results for GaSb/A1Sb superlattices. Figure 11 depicts
the calculated dispersion of the interface vibrational
mode obtained with Eq. (1) of Ref. 7. The parameters
used are

GaSb: eI" =14.4, coI ——239.3 cm

N& ——230 cm

A18b: e2" ——10.0, ao&
——344.4 cm

a, =323.4cm-'.
The GaSb-like interface modes are identified as (IF}I in

Figs. 7 and 8. The AlSb-like interface modes are 1abeled
(IF)2 in Fig. 10. The observed peak positions of (IF}Iand
(IF)z in samples A and C are indicated in Fig. 11. The +
and —signs denote the symmetric and antisymmeiric na-
tures of the electrostatic potential produced by the mode
with respect to the center of a GaSb layer. The sym-
metric mode will be seen in the XX configuration arising
via Frohhch interaction. This is borne out by (IF)i at
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FIG. 10. Raman spectra at 5 K of the AlSb region (300-350
cm ') for samples A„B,and C.

0 5 10 15 20

x

FIG. 11. Calculated dispersion of interface vibrational modes

based on electrostatic model (Ref. 7). The observed modes (IF),
and (IF)z are indicated by arrows.
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233.6 cm ' in the z (xx )z configuration in Fig. 7

(fmt ——2.41 eV). This mode is indeed weighed towards
the symmetric branch in Fig. 11. The mode (IF)i in sam-

ple C at 234.9 cm ' shown in Fig. 8 appears in the z (yx )z

con6guration under nonresonant excitation and hence
possibly 1nvolves coupling v1a deformatlon"potential I-
teraction. The observed value corresponds to large k d, ,
~here there is equal adlnixture of symmetric and an-
tisymmetric components [note that d, (sample C) =130A,
which is = 1 1d, (sample A), and hence large values of
k,d, are not unexpected in sample C]. Excitation of all
interface modes in backscattering requires some k,
transfer, w'hich is probably provided by interface defects
or roughness.

For A1Sb, interface modes are also observed (Fig. 10).
However, the situation becomes complicated due to su-
perposition of these spectra with second-order, 2LA spec-
tra of the superlattice.

:SAMPLE A

;fit@L= 2.34 eV

T =300K

LCM
%&'%MW WW

Ga5

El50 (ool
CP

~lOO

—LCfH

D. FoMed acoustic N)honons

It is well known novv that acoustic phonons in super-
lattices can propagate along the superlattice axis (z direc-
tion). The new periodicity folds the acoustic dispersion
curves of an average compound at the new "mini"-
Brillouin-zone edge (q =ktrld) and opens up small gaps
at the "mini-zone'" center and edges.

i. Dispersion offolded acoustic phonons

The Raman lines in the acoustic frequency region cor-
respond to longitudinal-acoustic phonons propagating
along [001] with a wave vector of magnitude

q =(4n/At )nsL. , where nsL is the average refractive in-
dex of the superlattice at the wavelength kl . The aver-
age dielectric constant esL and therefore nsL were calcu-
lated Using

esL ——(diei+d, ez)/(d, +d2)

The values of e for GaSb were taken from Ref. 31. As
there is no determination of the dielectric constant of
AlSb at 2.34 eV, we used the measured value at lower en-
ergy (0.8 eV) from Ref. 18. Although this leads to an un-
derestimation of n&L, we preferred this procedure to us-
ing the ellipsometrically determined values of the pseudo-
dielectric constant since the sample surfaces were not
suSciently carefully prepared for ellipsometric work. '

The frequencies of the folded phonons measured at 300 K
for ficoL ——2. 34 eV in sample A (qd =0.27) are shown by
the crosses (X) in Fig. 12. Note that uncertainties in the
determination of nsL only lead to a horizontal shift in the
position of the experimental points in Fig. 12 and will not
aft'ect the conclusions to be drawn in the following.

The dispersion curve for folded acoustic phonons was
calculated assuming an elastic continuum model (ECM).
In this model each GaSb (A1Sb) layer is characterized by
a longitudinal sound velocity along the [001]direction u,
(uz) and a density p, (pz). The acoustic-phonon dispersion
is given by Eq. (1) of Ref. 3. The result for sample A ob-
tained using the parameters listed in Table II (from Ref.
18) is given by the dashed line in Fig. 12. Although the

Q.5
q Periods

FIG. 12. Calculated folded LA dispersion based on the
linear-chain model (LCM) and on the elastic-continuum model
(ECM). The observed positions of the Raman lines are indicat-
ed by the crosses ()&). The solid line in the inset is the LA-
phonon dispersion along [001] calculated using the modified
LCM described in the text. The asterisks are neutron-scattering
data (from Ref. 22).

ECM explains satisfactorily the position of the 6rst pho-
non doublet (m =+1), it fails to fit the position of the
higher-order folded phonons. The reason for this
discrepancy lies in the nonlinearity of the LA-phonon
dispersion~ i in the bulk of GaSb and AlSb for phonon
wave vectors greater than m /a, ized, where a i i2i is the lat-
tice constant of GaSb (A1Sb) (remember that the ECM
implies linear dispersion).

In order to get a more realistic dispersion, we used a
modified version of the linear-chain model (LCM) with
nearest-neighbor interactions described by Eq. (13) of
Ref. 4. The parameters involved in this model are the
anion, M

& [2~, and cation, M', ~2~, masses and the force
constants between anion and cations, K, [2], in &aSb
(A1Sb). The force constants were calculated from the lon-
gitudinal sound velocities in the unstructured materials
using E; = (M8P +M )( ;u/a) for each material. The
values are given in Table II. In this way, the I.CM repro-
duces well the bulk acoustic dispersion for small wave
vectors ( & tr/a;), but not the upper part of the dispersion,
particularly the X-point phonon frequency. This is at-
tributed to having neglected the interactions with the
second- and higher-order neighbors. To circumvent this
difhculty we assumed a linear decrease of the force con-
stants with phonon frequency from the value E,- at ~=0
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to K,"=M (to";) /2, where to"; is the frequency of the X-
point LA phonons. In this way we were able to repro-
duce the whole LA phonon dispersion of GaSb along
[001]. This is shown in the inset of Fig. 12, where the
solid line was calculated using Ki /K, =0.89 and the ex-
perimental points were obtained by neutron scattering.
The solid line in Fig. 12 is the superlattice folded LA
dispersion of sample A determined by the modified LCM
described above. In the calculation, the same ratio,
K,.'/K, =0.89, was used for both GaSb and AlSb. The
dispersion reproduces reasonably well the Raman shift of
most of the observed Raman lines, justifying their assign-
ment to folded-phonon doublets. Threk of the lines, how-
ever, fall out of the calculated dispersion. They are la-
beled T&, T2, and J in Figs. 3, 5, and 12. The origin of
these lines is not completely understood. Line r, (60
cm ') is observed in both configurations near resonance
P (Fig. 5); its frequency corresponds to the X-point
transverse-acoustic- (TA-) phonon frequency in GaSb,
and it may be related to the cuto6' of the TA folded
dispersion in the superlattice. Line T2 has a frequency
twice as large as T& and might be due to second-order
scattering from the TA phonons. The possibility of this
line coming from "mini-zone"-edge LA phonons (Ref. 33)
with q =a/d (see Fig. 12}is discarded because the corre-
sponding zone-edge excitations have not been observed in
the other branches. Finally, line L (141 cm ') is strong
in both FX and XX configurations near resonance P. Its
frequency agrees well with the maxima in the LA density
of states in GaSb, suggesting that it may also be related
to scattering processes without wave-vector conservation.
Such processes, involving both GaSb and A1Sb phonons,
might account for the large background in the Raman
spectra between 130 and 165 cm

T'he Raman line at 160 cm in Figs. 3, 5, and 6 is at-
tributed to the folded doublet m k4 for sample A and to
m+8 for sample B (see Fig. 4). It also corresponds to
zone-edge (X-point) LA phonons in the bulk materials.
This line is @symmetric with a sharp cuto6' on the high-
frequency side and its high intensity is probably associat-
ed with the high density of phonon states. In the bulk
materials these phonons do not couple to light in first-
order Raman scattering due to their large wave vector.
They may, however, become Raman active in bulk
through disorder-activated scattering and constitute the
so-called DALA (disordered-activated LA) modes. 0

2. Intensity of the Ituman lines

The acoustic region of' the Raman spectrum for excita-
tion near the critical point E, ' (resonance a) shows in-

tense high-order folded-LA-phonon lines in the XX
configuration. For the same excitation energy a strong
GaSb-like TO line appears in the YX configuration. Each
pair of longitudinal-acoustic phonons with q =0 belongs
to the A, (diagonal Raman tensor) and the Bz (off'-

diagonal Raman tensor) irreducible representations of the
superlattice with point-group symmetry D2d. The A&

phonons produce symmetric strains and the Bz phonons
antisymmetric ones with respect to the center of the lay-
ers. Hence only A, LA phonons will couple to light via

a photoelastic (deformation-potential} mechanism, which
should be dominant in off'-resonance conditions. Ac-
cordingly, only A

&
phonons in the XX geometry will be

seen in forward scattering (wave-vector transfer q =0) ex-
periments. For backscattering the q transfer is usually
not zero: it has been shown that at these values of q the
"A," and "82"modes contain similar admixtures of ihe
Briilouin-zone-center A

&
modes and thus have the same

selection rules. Therefore, doublets are seen in LX back-
scattering experiments with their relative intensities de-
pending on the value of q: the mode tending towards Bz
has vanishing intensity for q~0. This is consistent with
our observation of folded-phonon doublets in the XX
geometry when the excitation laser photon energy is far
from resonance.

In the YX geometry, only 82 phonons can be coupled
to light. This coupling, however, cannot occur via the
standard photoelastic mechanism. In order to explain
our observation of folded acoustic phonons in the YX
geometry (see Figs. 3 —5), one has to invoke a scattering
mechanism other than the long-wave photoelastic one.
Colvard et al. i have suggested that the B2 LA phonons
may carry a longitudinal electric field due to the disper-
sion of the piezoelectric tensor and hence may couple to
light. Such a mechanism may be important, particularly
near resonance, as is observed in the YX spectra of Figs.
3-5.

The intensities of the folded acoustic phonons have
been calculated for photoelastic coupling in the elastic
continuum limit. ' These predictions were checked for
GaAs/A1As superlattices, where the photoelastic
coeacients were assumed to be constant within each lay-
er. ' In a first approximation, where the dift'erences in
the acoustic impedances of the layers is neglected, the in-
tensity of the mth acoustic-phonon doublet is proportion-
al to the square of the mth Fourier component of the
photoelastic coe%cient. This coefFicient describes the
phonon-induced modulation of the electronic susceptibili-
ty and is periodically modulated along the superlattice
growth direction following the alternation of layers. The
change in the relative amplitude of the folded-phonon
doublets with the laser excitation energy indicates that
the photoelastic coeacients cannot depend only on the
artificial periodicity as assumed in the photoelastic mod-
el. ' Rather, they must be further modulated by the spa-
tial variation of the electronic wave function y(z) of the
intermediate state for the Raman process. In particular,
the increase in amplitude of the higher-order folded-
phonon lines for laser photon energies near resonance a
implies a corresponding increase in the higher-order
Fourier components of y(z).

For laser excitation energies below F.o' ' " the real
electronic transitions in Raman scattering, and therefore
the wave function qr(z}, are confined to the GaSb layers
and decay exponentially in the A1Sb layers. As E~'
is approached, it is expected that y(z) penetrates the
A1Sb layers. An oscillatory behavior of y(z) within the
GaSb layers with period m (n /d, ) (m =1,2, . . . ), similar
to that found in quantum wells, could, in principle, ac-
count for the high intensity of the higher-order acoustic
folded doublets. This, ho~ever, should be folio~ed by a
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corresponding enhancement of the higher-order GaSb-
like confined optical-phonon lines that hss not been ob-
served. Alternatively, y(z) can concentrate at the layer
interfaces for fimL between E

&

' and Eo' ' . Above
Eo's ' this confinement efFect should disappear as the
wave function extends over the AlSb layers. The
confinement of the wave function near the interfaces
would then account for the high-order Fourier com-
ponent of the electronic density and therefore for the ap-
pearance of the high-order folded-phonon doublets in the
Raman spectrum.

Finally, as the interfaces are the joining planes of two
diferent lattices, they are expected to have some rough-
ness and the material to be of less crystalline quality than
within the layers. The interface roughness provides a
wsy of coupling light to modes that propagate along the
superlsttice interfaces and that are forbidden in back-
scattering Raman experiments. This is the case for the
interface modes discussed in Sec. III 8 3. Such a mecha-
nism could also account for the observation of the strong
GsSb-like TO line for excitation near E

&

', which
should be forbidden in bsckscattering geometry. Fur-
thermore, the disorder in the interface region msy relax
the momentum-conservation rule for Ramsn scattering
and render Raman-active modes that cannot couple to
light in a perfect crystal. The confinement of the elec-
tronic wave function at the interfaces would enhance the
intensity of these disorder-activated modes. This mecha-
nism could, in principle, account for the high intensity of

the lines m+4 (m 28 in sample B), T, , T2, and I., and
also for the large background between 130 and 165 cm
in the Rsmsn spectra with laser excitation near E

&

'
All these lines are related to maxima in the phonon densi-

ty of states snd are associated with scattering processes
without wave-vector conservation.

We have observed a number of unusual features in the
folded acoustic phonons in short-period GaSb/AlSb su-

perlattices. A quantitative understanding of these
features is still lacking. Confined optical phonons and in-
terface modes were also studied. It would be worthwhile
to carry out s. detailed resonance Raman study of acous-
tic phonons in short-period GaSb/AlSb superlattices.

Finally, it has come to our attention that the vibrations
of GaSb/AlSb superlattices have also been recently inves-
tigated by G. P. Schwartz and collaborators. 6
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