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Raman scattering by interface-phonon polaritons in a GaAs/AlAs heterostructure
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We report the first Raman study of interface-phonon polaritons in an air/GaAs(60
nm)/AlAs(500 nm)/GaAs(substrate) system grown by molecular-beam epitaxy. Two interface-
phonon polariton modes in the frequency region of the AlAs optical phonon, originating from the
two (upper and lower) interfaces of GaAs/AlAs, were observed in a quasibackscattering
configuration and in a nonresonance condition. The dispersion relations were obtained by chang-

ing the angle of the incident light.

The experimental results agree well with the theoretical

dispersion relation obtained from Maxwell’s equations.

The surface and interface modes of elementary excita-
tions are of considerable interest in solid-state physics.!
Raman spectroscopy is a powerful tool to study such
modes. Evans, Ushioda, and McMullen reported the first
Raman study of double-interface surface-phonon polari-
tons (SPP’s) in an air/GaAs(250 nm)/sapphire system.?
The surface and interface-phonon modes lie between lon-
gitudinal optical (LO) and transverse optical (TO) pho-
non frequencies of active media, where the dielectric func-
tion e(w) is negative. Recently, Raman scattering by
interface-phonon modes in (Al,Ga)As superlattices has
been investigated in resonance conditions, where the
Frohlich interaction enhances the Raman intensity of in-
terface modes.>~% In those works, however, polariton
properties were not discussed: Retardation effects, which
produce polariton modes, were neglected in the calcula-
tion of dispersion relations and the wave-vector depen-
dence of the mode frequency was not measured. Until
now, there has been no report on experimental results of
interface-phonon polariton (IPP) modes in (Al,Ga)As
heterostructures.

In this Rapid Communication, we report the first Ra-
man study of IPP modes in a GaAs/AlAs heterostructure
grown by molecular-beam epitaxy (MBE): air/GaAs
(thickness d, =60 nm)/AlAs (thickness d>=500 nm)/
GaAs substrate (semi-infinite) system. In this system,
there are one SPP and two IPP modes of the GaAs optical
phonon and two IPP modes of the AlAs optical phonon,
where we define the SPP (IPP) mode as that originating
from the air/GaAs(GaAs/AlAs) interface. The theoreti-
cal dispersion relations of such modes were calculated
from Maxwell’s equations following Ref. 9 by Mills and
Maradudin. We have succeeded in measuring Raman
scattering by the IPP modes in a nonresonance condition
and in a quasibackscattering configuration, which was
very weak, and obtained the experimental dispersion rela-
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tion. Here, we discuss mainly the IPP modes of the AlAs
optical phonon because the large frequency splitting be-
tween LO and TO phonon modes (~40 cm ~!) enabled
us to measure accurate frequencies.

The sample used in this work is a GaAs/AlAs hetero-
structure grown on a (001) semi-insulating GaAs sub-
strate at 560°C by MBE. The sample structure is
GaAs(d, =60 nm)/AlAs(d;=500 nm)/GaAs (a 200-nm
buffer layer and ~300-um substrate). The Raman mea-
surements were done in quasibackscattering configuration
at room temperature. The incident light was a 514.5 nm
line of an Ar™ laser (nonresonance condition) with a typi-
cal power of 200 mW. The scattered light was analyzed
by a Jobin-Yvon U-1000 double monochromator with a
resolution of 1.5 cm ™! and detected with a conventional
photon counting system. The details of the scattering
configuration, which gives the momentum of IPP mode,
are described below.

Dispersion relations of SPP and IPP modes in an
air(z>0, €=1)/GaAsl0>z> —d,, e (w)]/AlAs[—d,
>z> —(d+d3),e2(0)]1/GaAslz < — (d+d,),e,(w)]
system can be obtained from Maxwell’s equations.® The
dielectric function ¢;(w) is given by

e(w) =e() +[e(0) — e(0)] 0}/ (0} — 0?),
where w7 is a TO phonon frequency. We set the a Carte-
sian component of the polariton electric field in the x-z
plane (TM wave) as

E (x,z,t) =E. (z)exp(ig,x)exp(—iwt), (1)

where the x direction is parallel to the interfaces, and g is
the x component of the polariton wave vector. We assume
that the magnitude of E,(z) falls to zero as z— = oo:
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Eox(z)=Aoexp(—qo.z) for z> 0(air),
Ex(z)=A,exp(q,.z)+B exp(—q,.z) for 0>z > —d(GaAs),
2)

E;x(z) =Ajexp(qa.z)+Brexp(—gq,.z) for —d|>z> —(d,;+d,)(AlAs),
E;,(z) =Ajexp(q1,z) forz < —(d|+d,)(GaAs),

where g; ., which is given by g; , =[g? — €;(0) (@*/c?)]1'72, is the z component of the polariton wave vector in individual
layers. The z component of polariton electric field [E; ,(z)] is derived from E; ,(z) by using Maxwell’s equations. From

the boundary condition [continuity of E; ,(z) and ¢;(w)E; ,(z) at z=0, —d,, and —(d,+d>)], we get the following

dispersion relation:
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where g; corresponds to g; ..

Figure 1 shows the theoretical dispersion relations
(solid lines) of SPP and IPP modes in an air/GaAs(60
nm)/AlAs(500 nm)/GaAs system calculated from Eq.
(3), where the dot-dashed lines indicate the photon disper-
sion relation: @ =ck,/e,(w)'? in the frequency region of
the GaAs optical phonon and o =cky/e1(0)'"? in that of
AlAs optical phonon. The values of parameters used in
this calculation are €(0)=12.9, € (0)=10.9, o r
=269cm ~! for GaAs and €,(0) =10.1, e;(0) =8.1, and
w2,7=361cm ~! for AlAs.! There are three polariton
branches (G-1, G-2, and G-3) in the frequency region of
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FIG. 1. Dispersion relations of SPP and IPP modes (solid
lines) in an air/GaAs(60 nm)/AlAs(500 nm)/GaAs(substrate)
system calculated from Eq. (3), where the dot-dashed lines are
the photon dispersion relations. The arrows labeled w;.1, wr-2,
and ;-3 indicate the frequencies of the modes with gx — oo.
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the GaAs optical phonon and two polariton branches (A-1
and A-2) in that of the AlAs optical phonon. The arrows
labeled w;.;, w;., and w;.3 indicate the frequencies of
those modes with gx— %: @ for €= —¢€, ., for
e1=—1, and w;.3 for ¢,= —¢,. Figure 2 shows the spa-
tial distribution of E,(z) for the five polariton modes with
the wave vector ¢, =8.5x10%cm ™' calculated from
Maxwell’s equations. From Fig. 2 we can obviously assign
the origin of the polariton modes.

Figure 3 shows the Raman spectrum of the air/
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FIG. 2. Spatial distributions of E,(z) for the five polariton
modes in the air/GaAs(60 nm)/AlAs(500 nm)/GaAs system
with wave vector g, =8.5%10% cm ™! calculated from Maxwell’s
equations.
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FIG. 3. Raman spectrum of the air/GaAs(60 nm)/AlAs(500
nm)/GaAs system in the frequency region of the AlAs optical
phonon. The inset figure shows the measurement configuration
(the incident-light angle 6=44° in this case). The arrows indi-
cate the frequencies of the IPP modes calculated from Eq. (3).

GaAs(60 nm)/AlAs(500 nm)/GaAs system in the fre-
quency region of the AlAs optical phonon. The
scattered-light polarization was not analyzed. The inset
indicates the measurement configuration of Raman
scattering. The incident-light angle @ (44° in this case)
gives the value of wave vector g, = |k;|sin6(8.48x10*
cm '), where k; is the wave vector of incident light. A
slit was set in front of the first input lens to reduce the un-
certainty of the angle 6: A6 =1 1° in this experiment. In
Fig. 3 the AlAs TO and LO phonons appear at 361 and
403 cm ~!, respectively. Moreover, two very small peaks
are observed at 381 and 387 cm ~!. The arrows in Fig. 3
indicate the IPP frequencies of the AlAs optical phonon
calculated from Eq. (3), which agree with the frequencies
of the two small peaks; it is evident that the peaks corre-
spond to Raman bands of the IPP modes. This is the first
observation of IPP modes in the quasibackscattering
configuration and in the nonresonance condition. The cal-
culated spatial distribution of E,(z) shown in Fig. 2 indi-
cates that the higher and lower frequency modes originate
from the GaAs/AlAs interfaces at z=—d, and at
z=—(d,+d;), respectively. The Raman scattering by
the IPP modes was observed only in the case of e; (polar-
ization vector of incident light) perpendicular to e, (that
of scattered light); the selection rule is the same as that of
the bulk phonon. This is consistent with the selection rule
of SPP mode in an air/GaP system. !!

For the IPP modes of the GaAs optical phonon, the Ra-
man scattering was not clearly observed. The frequency
splitting between the GaAs TO and LO phonons is about
20 cm ~!, which is half of the value of AlAs (about 40
cm ~!); it seems that the very weak Raman scattering by
the IPP modes was hidden by the tail of LO phonon peak.
It is expected that the IPP modes could be observed in a
resonance condition, where the Raman intensity of the
IPP modes should be remarkably enhanced due to the
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FIG. 4. Raman spectra of IPP modes of the AlAs optical

phonon in the air/GaAs(60 nm)/AlAs(500 nm)/GaAs system
with various incident-light angles.

Frohlich interaction.? 8

Next we discuss the experimental results on dispersion
relation of the IPP modes. The incident-light angle
(Fig. 3) was varied from 7° to 70° to obtain the dispersion
relation: the polariton wave vector (g, = |k,~| sin®) from
1.49x10* to 1.15x10°cm ~'. Figure 4 shows Raman
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FIG. 5. Theoretical (solid lines) and experimental (closed
circles) dispersion relations of IPP modes of the AlAs optical
phonon in the air/GaAs(60 nm)/AlAs(500 nm)/GaAs system.
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spectra of IPP modes in the frequency region of the AlAs
optical phonon with various incident angles. The observed
frequencies of the IPP modes depend on the angle 6; this
confirms that the two Raman bands correspond to the IPP
modes. Figure 5 shows the theoretical and experimental
dispersion relations of the IPP modes in the frequency re-
gion of the AlAs optical phonon: The solid lines indicate
the theoretical results calculated from Eq. (3). It is evi-
dent that the experimental results fit in with the theoreti-
cal dispersion relations. Thus, the dispersion relation of
IPP modes can be obtained in the quasibackscattering
configuration.

In summary, we have performed the first Raman study
of interface-phonon polaritons in an air/GaAs(60
nm)/AlAs(500 nm)/GaAs system. The theoretical dis-
persion relations derived from Maxwell’s equations indi-
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cate that there are five polariton modes in this system:
three (two) modes in the frequency region between the
GaAs (AlAs) TO and LO phonon frequencies. In this
work, two IPP modes of the AlAs optical phonon, which
originate from the upper and lower interfaces of
GaAs/AlAs, were observed in the quasibackscattering
configuration and in the nonresonance condition. The ex-
perimental dispersion relations of the two IPP modes,
which were obtained by changing an incident-light angle,
agree well with the theoretical ones.

The authors would like to thank H. Kato for his techni-
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sor K. Kubota for his fruitful discussion and Y. Kawasaki
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