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Raman scattering in a GaAs/Ga,_, Al, As Fibonacci superlattice
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Raman scattering from acoustic phonons in a GaAs/Ga,_, Al, As Fibonacci superlattice is re-
ported. Peaks are observed at a set of frequencies that are found to be in good agreement with
theoretical predictions based on an elastic continuum model. The influence of the internal struc-
ture of the Fibonacci sequence elements and of the mixing of phonon modes on the weights and
positions of spectral features is discussed. A simple expression is derived that provides an upper
bound on gaps in the phonon spectrum resulting from the quasiperiodic structure.

The discovery of quasicrystals’’? has stimulated in-
terest in the physical properties of systems with quasi-
periodic order. Naturally occurring quasicrystals have
complicated structures® and their properties may be
difficult to understand in detail. It is clear that compar-
ison of experiments on artificially fabricated quasiperiod-
ic structures with theory has some advantages and will
play an important role in the development of this sub-
ject. This approach was first suggested by Merlin ez al.*
who fabricated a Fibonacci sequence of semiconducting
layers (see below) and measured the x-ray diffraction pat-
tern®> and Raman spectra.* More recently the proper-
ties of quasiperiodic superconducting multilayer systems®
and two-dimensional networks’ have been studied. Here
we present Raman spectra for a Fibonacci superlattice
composed of layers of GaAs and Ga;_, Al ,As (x ~0.25)
grown by molecular-beam epitaxy that are in good
agreement with theoretical predictions based on an
elastic-continuum model for acoustic phonons. The
spectra differ qualitatively from those reported in Ref. 4
but are similar to and have the same interpretation as
those reported for Si/Si;_,Ge, Fibonacci superlattices
by Dharma-wardana et al.® Similar data for the
GaAs/AlAs Fibonacci superlattice of Ref. 4 have recent-
ly been reported by Bajema and Merlin,” who point out
that a qualitative change occurs when the Raman spec-
trum is recorded with excitation on an electronic reso-
nance, as was the case with the original experiment.
Our data, taken on a sample with very similar composi-
tional geometry, only partially support their interpreta-
tion of the on-resonance spectrum. However, although
some of our spectra were taken at the same excitation
wavelength (647.1 nm) as in Ref. 4, we did not determine
if exact resonance was actually achieved at this wave-
length.

The GaAs-Ga,_, Al As Fibonacci superlattice was
grown by molecular-beam epitaxy on a GaAs(100) sub-
strate at a temperature of 650°C. A Fibonacci superlat-
tice comprises an arrangement of layers of type A4
and type B following the Fibonacci sequence
S;=A, S;=AB, S;=ABA,...,8;=S;,_,S;_,. The
Jjth-generation superlattice consists of F; A intervals and
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F;_, B intervals, where {F;} are the Fibonacci numbers
defined iteratively by F; =F; _+F;_,, for j>2, with
Fy=0and F,=1. For growth purposes, the intervals 4
and B were subdivided into a GaAs layer of thickness
d{! and d?, respectively, plus a Ga, ;5Al, ,sAs layer of
thickness d,. Previous calibrations of growth rates re-
sulted in the following estimates of layer thicknesses:
d{!=18 monolayers, d?=8 monolayers, and d,=8
monolayers, with one monolayer corresponding to a
thickness of 2.82 A. A 13th generation superlattice was
grown with these building blocks and it had a total
thickness of approximately 2.3 um. Thus the approxi-
mate widths of the A4 and B intervals are
d,=d{+d,=733 A anddy=d?¥ +d,=45.1 A, respec-
tively, and the quasiperiodicity is characterized by the
length d =7d, +dp, where the golden mean
T=(14V'5)/2.

The Raman spectrum of the sample placed in a He-
gas atmosphere at 295 K was measured in a 90° scatter-
ing geometry with the (100) surface inclined at an angle
of 12° to the incident light. The spectrum was excited
variously with 300 mW of 457.9-nm Ar-laser light and of
647.1-nm (and 676.4-nm) Kr-laser light, analyzed with a
Spex 14018 double monochromator, and detected with a
cooled RCA 31034A photomultiplier. The large refrac-
tive index of GaAs at these laser wavelengths makes the
experiment almost like backscattering within the sample.
The photon momentum transfer was deduced from the
experimental geometry, the laser wavelength, and the re-
fractive index of GaAs at that wavelength.

Typical Raman spectra are given in Fig. 1 (the spectra
obtained with 647.1- and 676.4-nm excitation are very
similar). The spectrum recorded under excitation at
457.9 nm shows a series of lines at low frequencies typi-
cal of superlattice acoustic modes.*!® The results ob-
tained with red laser excitation appear quite different as
the weak Raman spectrum is superimposed on a relative-
ly intense emission spectrum produced by these near-
resonance excitation wavelengths. The Raman spectrum
is so weak in these cases (the uncorrected 290-cm ™!
LO-phonon intensities for 457.9-, 647.1-, and 676.4-nm
excitation are in the ratio 11:1:1) that only the most
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prominent lines are visible. The near-resonance results
are thus similar to those obtained earlier for the GaAs-
AlAs Fibonacci superlattice*® in that a weak Raman
spectrum comprising peaks on an underlying continuum
is observed, but clearly our spectra cannot be interpreted
in terms of dips (rather than peaks) in the continuum
created by gaps in the phonon density of states.*®

The continuum model expression for Raman scatter-
ing from acoustic phonons is!®
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where u/(q —k) is the normalized Fourier transform of
the local displacement from equilibrium for the acoustic
phonon with frequency w;, q is the light wave vector,
and P (k) is the Fourier transform of the local photoelas-
tic coupling constant. The phonon frequencies are
determined by solving!
d?u

vz(é')-d—g—z— +0’u =0, )
where £ is the coordinate along the Fibonacci superlat-
tice and v (£) is the local sound velocity. P(£) and v (§)
are piecewise constant and u and du /d£ must be con-
tinuous at interfaces. In our case we estimate that
v =4.72X10° cm/s in GaAs and v =4.94 X 10° cm/s in
Ga,_,Al, As, while P in GaAs is about 25% larger than
in Ga,_,Al As [P in bulk GaAs is ~10 times larger
than in AlAs (Refs. 10, 12, and 13)].
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FIG. 1. The unpolarized Raman spectrum of the Fibonacci
superlattice recorded at 0.8 cm~! resolution with (a) 457.9-nm
and (b) 647.1-nm excitation using spectrometer slit widths of 50
and 100 um, respectively. See Table I for the labeling of the
peaks.
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Because the sound velocities differ far less than the
photoelastic constants it is a good approximation to re-
place the sound velocity in Eq. (2) by its rms spatial
average (7 =4.79 X 10° cm/s). (Corrections are discussed
below.) In this case the phonon modes have a single
Fourier component and, in the high-temperature limit,
Eq. (1) reduces to

Iw)x 3 8w—0|k+q|)|Pk)|?. 3)
k

Projecting from two dimensions, an expression can be
derived for P(k) for an arbitrary Fibonacci superlat-
tice.®14~16 For the case studied here, where d, is identi-
cal in the 4 and B intervals of the Fibonacci sequence,

P(k)= 3 8k —k,,)(P,—PS(k, .)+8Kk)P,
n+0, ms£0
(4)

where k, ,, =27(m +n7)/d, P is the spatial average of
P(£), and

27%sin(k,, ,d, /2)sin(Z,, ) |
|S(Kym) | 2= R )

In Eq. (5) Z,,=mr[m(d,/dg)—n]/(+""'+d , /dp)
is proportional to the component of the two-dimensional
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FIG. 2. Frequency gaps vs midgap frequency for the 12th-
generation Fibonacci superlattices (with periodic boundary
conditions) described in the text.
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TABLE 1.

The main peaks in the Raman spectrum of the Fibonacci superlattice: w;
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+

(p =—1,0,1,2,3) is defined in Eq. (7) and wp =0q is the Brillouin frequency. w,=9.75 cm~! with d

calculated from the nominal layer widths.

Peak frequency (cm™!)

0, ¥, g o

o1

of oy of o3 oF

457.9-nm excitation (wy =3.25 cm™!)?

19.0 22.2 28.7 38.0 44.5
18.7 21.7 28.2 37.6 43.6

647.1-nm excitation (wp=1.85 cm™!)

Theory 2.8 9.3 6.5 13.0 12.5
Expt. 2.9 9.8 12.3 12.3
Theory 42 7.9 7.9 11.6 14.0
Expt. 7.5 7.5 13.8

17.7 239 27.6 39.5 43.2
17.2 23.5 27.3 39.0 42.5

676.4-nm excitation (wp=1.75 cm™")

Theory 4.3 7.8 8.0 11.5 14.1
Expt. 7.9 7.9 11.3 13.7

17.6 24.0 27.5 39.6 43.1
27.8

*Experimentally, wg =3.3+0.5 cm .

reciprocal lattice perpendicular to the Fibonacci super-
lattice. S(k,,,) becomes small as either k,, or Z, ,
gets large and, for d,/dg~7, achieves its maximum
values when n and m are neighboring Fibonacci num-
bers,*>% so that ka l‘,,-pzkp=217”r"’/a’ while (for

dy/dpg=1) Zp _ r EZP=1TTl_p/(1+T_2). The cur-
p—"p
rent situation may be contrasted with the case where in-

terval A is composed entirely of material 1 and interval
B is compared entirely of material 2, where

27%sin(Z,, ,, 7~ Vsink, . d 4 /2) |
1S (ky ) | 2= e = .6

In the case of Eq. (5), |S(k,,)|? is largest for
K m =kp with p=0,1,2,3. In the case of Eq. (6), the in-
dividual layers are thicker, in units of d, and hence
| S(k, )| and | P(k,, )| drop off less quickly as Z in-
creases but more quickly as k, ,, increases. Correspond-
ingly, the most prominent features of the Raman spectra
in this investigation occur at wy =wyg with wy=277/d,
and at

a):a)ff; | 0o twp | (N

with p=0,1,2,3 (see Fig. 1 and Table I) whereas in the
case of Ref. 8 they occurred at p =—1, 0, 1, and 2.

The gaps in the phonon spectrum resulting from
differences in the sound velocity of the two semiconduc-
tors may be estimated by treating the sound-velocity
difference perturbatively. The Fourier transform of
vHE) is

(W3—v}) 3 8k —ky S (ky )+ T 28(K) .

n,m
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FIG. 3. Raman spectra for the 12th-generation Fibonacci
superlattices described in the text calculated directly from Eq.
(1). Here Ppjps~0.1Pg,4,, With PGal—xAles taken as a linear

function of x. These results are for the high-temperature limit
(kzT >>#iw) and the Brillouin peak intensity is off scale. The
Raman intensity units are arbitrary but the same for the two
panels. Experimental points (&) are normalized to the 12.3-
cm~! peak.
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The component at wave vector k, ,, couples degenerate
phonon modes at g =+tk, , /2. Including only these
two modes!’” in Eq. (2) and using Eq. (5) gives gaps cen-
tered at o, ,, =0k, ,, /2 and of magnitude

v, —v; | @gr? | sin(k, ,,d,/2)sin(Z,, )
An,m = _ Z
v T n,m
2
Vy—V @WoT
< 2 1 0 (8)
U 0

Note that the maximum gap is proportional to the veloc-
ity difference and inversely proportional to the layer
thicknesses. In Fig. 2 we show the gaps calculated ex-
actly from Eq. (2) for x=0.25 and 1.0 by applying
periodic boundary conditions after 12 generations, and
these are in excellent agreement with the approximate
expression [Eq. (8)]. For x=0.25 the maximum gap is
0.38 cm~ !, which is smaller than our experimental fre-
quency resolution. Note that the largest gaps occur for
k,m=k,, as expected, and thus at , , =w,’/2. The
smallness of the gaps means that corrections from veloc-
ity differences for the frequencies of features in the Ra-
man spectrum are negligible, at least for x=0.25, How-
ever, as recently emphasized by Jusserand et al.'® for
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the periodic case, substantial corrections do occur for
the intensities of the spectral features. In Fig. 3 we
show Raman spectra calculated from Eq. (1) without fur-
ther approximation, for x=0.25 and 1.0. The intensity
corrections depend on details of the sample geometry
and on P, /P,. They are most evident in the asymmetry
of the doublets separated by 2wjp but, at least for
x=0.25, these asymmetries are not large enough that we
can make a useful comparison between theory and ex-
periment. The intensity histogram of Fig. 3 assumes
sharp step-function boundaries. The observed intensi-
ties, normalized to the experimental peak at 12.3 cm !,
are shown as circled crosses. The experimental intensi-
ties fall off more rapidly and this can be attributed to in-
terface broadening effects. Jusserand et al.'® have
modeled this by assuming that the interface extends over
several monolayers, giving rise to a partial error-
function-like profile. Using their model, our data is con-
sistent with an interface broadening of about four mono-
layers. However, there are several effects (e.g., interface
roughness, local thickness fluctuations, and atomic
diffusion) that can result in interface broadening and the
model does not distinguish between these effects. Figure
3 also emphasizes that the Raman intensity for the alloy
case (x=0.25) studied here is an order of magnitude
weaker than in the GaAs-AlAs (x=1.0) case.’
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