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Surface polaritons in LO-phonon-plasmon coupled systems in semiconductors
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Surface polaritons in an LO-phonon-plasmon coupled system are studied in cylindrical and semi-infinite
geometries. Characters of the dispersion relation of the surface polaritons are very different from the case of
high carrier electron density and for the case of low density. With electron current the surface polaritons are
destabilized in the low-density regime, while they remain stable in the high-density regime.

I. INTRODUCTION

Surface modes on the interface of a semiconduc-
tor and another dielectric (or metal) have attracted
considerable interest recently. Previous studies
have been carried out on the surface polaritons in
association with phonons,? exitons,? plasmons,?
and magnetoplasmons.* In this paper we present
a theory of the surface polaritons of LC-phonon—
plasmon coupled modes at the interface of a semi-
conductor and a dielectric. For the bulk-mode
case, Mooradian and McWhorter® observed two
branches of coupled modes of phasmons and LO
phonons at various plasma densities. Inn-type
GaAs the electron-plasma frequency w, in the
semiconductor becomes larger than the optical-
phonon frequencies (wgo, W) When the carrier
density exceeds ~10'® ¢cm™.° Around this value of
electron concentration the interaction between
plasmons and phonons is very important.

.In the following sections we illustrate the transi-
tion of one type of dispersion relation to another
type for the surface polaritons in an LO-phonon-
plasmon coupled system. In the case of bulk
modes the upper branch in the LO-phonon-plasmon
dispersion relation gradually changes its phonon-
like character to the more and more plasmonlike
character as the concentration of plasma electrons
increases. In the case of surface modes (polari-
tons), in addition to such gradual changeover be-
tween plasmonlike and phononlike characters,
there is a qualitative transition as the electron ex-
ceeds the density where w,~ w;,. This happens
because the surface modes have a few stop bands
in the w-£ plane of the dispersion relation and
sometimes a specific mode is inside the stop band
and is, therefore, forbidden.

We also study the properties of the dispersion
relation of this LO-phonon-plasmon coupled sys-
tem in the presence of current. As is well known,
a current due to drifting plasma electrons causes
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an instability which enhances optical-phonon am-
plitudes. The properties of the surface polaritons
excited by the current also show a drastic change
with the carrier concentration. In the low-elec-
tron-density case the surface polaritons (admix-
ture of phonons and plasmons) are made unstable
by the electron current, while in the high-density
case the surface polariton instability due to the
current disappears.

Our approach to the present problem is the fol-
lowing. Basing upon the known dispersion function
of the bulk system of coupled LO-phonon-plasmon
in a semiconductor, we first impose boundary con-
ditions for the semiconductor and the dielectric in
a cylindrical geometry. The resultant dispersion
relation for the surface modes is still valid in the
limit of the infinite radius (@ =~ <) of the semicon-
ductor. This corresponds to a semi-infinite flat
surface. Stop bands and propagation bands of the
surface polaritons are studied by a computer study
of the dispersion relation. Then we study the same
dispersion relation for the surface polaritons with
electron current. The properties of the instability
is briefly discussed. The onset of the instability
and disappearance of the instability are extensively
explored through the computer study. Finally we
discuss the case of a small radius of the semicon-
ductor.

II. LO-PHONON-PLASMON COUPLED SURFACE
POLARITONS

To describe the dielectric properties of an LO-
phonon-plasmon coupled system, we may start
with the following familiar dielectric function®

€k, w) _ w? Q2

1- -
€. w? wy, T R /m* — w2 —wi,’

(1

where € is the optical dielectric constant of the
semiconductor; m* is the electron effective mass;
7. is the electron-gas constant; T, is the electron
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DIELECTRIC €,

FIG. 1. Configuration of a cylindrical sample sur-
rounded by a dielectric.

temperature; wg, is the transverse-optical phonon
frequency; w,=(4mn,e?/€ m*)*? is the plasma fre-
quency; 2,=[(47Ne*?/€ )(1/M,+1/M,)]*/? is the
ionic plasma frequency; and N, e*, M,, and M,
are the ion density, ionic change, the first kind of
ion mass, and the second kind of ion mass, re-
spectively. In this section we consider the effects
of a cylindrical and a semi-infinite sample geome-
try on the coupled modes of phonons and free-car-
rier plasmons. To see if the electromagnetic wave
couples to the other elementary excitations through
the presence of a surface, we should retain a full
description of Maxwell’s equations. The configur-
ation is shown in Fig. 1. For simplicity we con-
sider an azimuthally symmetric case.

Maxwell’s equations in the cylindrical coordinate
with the azimuthal number =0 are

92 82 w?

~527 Eotizap o=@ D=0, @)
18 @8 1 8 o w?
_EgpngﬁE%paE,,_—c;DZ:o. (3)

The displacement vector D is expressed in terms
of the electric field E with the dielectric function
e(ﬁ, w). We assume that € does not depend on p.
The boundary conditions are as follows: the elec-
tric field is finite at p=0 and zero at p=; the
electric field along z is continuous at the surface
and the p component of the displacement is contin-
uous across the surface. After applying these
boundary conditions, we obtain the dispersion re-
lation of the azimuthally symmetric modes in a
cylindrical semiconductor plasma surrounded by
a medium with a dielectric function €, as®

€» = B- K1(3+a)10(3-a)

=2 __ = 4
€ B, KO(B+a511(B,a5 ’ 4
where B2=%% - (w%/c?)¢,, B2=k? - (w%/c?)¢,, K,,1,

are the modified Bessel functions of /th and jth
order, and the wave vector % is directed along the
z axis. The dispersion relation Eq. (4) is naturally
a generalization of the semi-infinite case. In fact,
putting the radius a - «, we reproduce from Eq.
(4) the familiar surface polariton dispersion rela-
tion! ‘
B\ 2 epeqlep—€p) €€,
() *- - S (5)
w (€,+€0)(€,—€) " €,+€,

@ —=—w = CK
Wy <=~}
———/' e(w)=-1
“Wrof =7y
we =)
F-f elw)=-1
0] k

FIG. 2. Allowed areas for the surface modes (shaded
areas).

Here we have used the asymptotic forms for the
Bessel functions.

Among the dispersion branches generated by Eq.
(5), some are entirely forbidden or partially for-
bidden because of the requirement that modes be
localized at the surface. One can map out the for-
bidden (or stop) band and pass bands for the sur-
face polaritons by requiring the following condi-
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FIG. 3. Dispersion relation of the surface polaritons
at the flat surface for low~-plasma electron density.
wTo/""e =3.46 and ,/w, = 0.5. The top and bottom
branches are the w, branches and the middle two are
the w. branches. The surface polaritons arising from
the w. branch are allowed throughout the entire fre-
quency range, while the surface polaritons arising from
the w, branch are forbidden below Wre) (dashed curve).
See Fig 2.
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tions:

Bi=0 (6)
and

B:=0 (7)

These conditions insure that 2 be real, and yields
from Eq. (5) the relation

w? Q2
w? =y, T R2/m* ~ w? = Wy

1+€,~ <0. (8)
The areas mapped out by Egqs. (6)—(8) are illus-
trated in Fig. 2. Equation (8) gives the lower pass
band boundary w = (w,/v2)(1 - 23/w% )2 and the
upper pass band boundary w? = wk, +7 0% +3Q2w2/
w2, for low-carrier density cases. One obtains
the lower pass band boundary w?= w? - w},Q%/w?2
and the upper kind boundary w? =3 (Q2+w?) + w2 ,Q2/
w? for high-carrier density cases. (€, was taken
to be unity.)

The dispersion relation Eq. (5) with Eq. (1) has
been studied numerically. Typical cases are il-
lustrated in Figs. 3-5. Figure 3 exhibits the case
where the plasma electron density is low so that

w,<wrpo. The surface polaritons arising from the

w. branch are allowed throughout the entire fre-
quency range, while the surface polaritons arising
from the w, branch is forbidden below w=w,,. In
this case the w. branch corresponds to the plas-
mon-dominated mode, while the w, branch corre-
sponds to the phonon-dominated polariton. Figure
5 exhibits the alternative case where the plasma
electron density is high so that w,> w;,. There is
a major topological difference in this dispersion
curve from that of Fig. 3. In Fig. 5 the surface
polaritons arising from the w. branch gets cut off
for larger wave vectors, while the w, branch gets
cut off for smaller wave vectors. (See the magni-
fied inset in Fig. 5 for detail). In this case the
upper branch is the plasmon-dominated surface
polariton branch, while the lower one is phonon
dominated. Note that the phonon-dominated branch
does not extend to a larger wave-vector region in
contrast to the case w,<wgo. Figure 4 shows the
case inbetween.

III. SURFACE-POLARITON INSTABILITIES IN THE
" PRESENCE OF ELECTRON CURRENT

When the plasma electrons are drifting in the
semiconductor, the dielectric function becomes,
instead of Eq. (1),

€k, w) 1 w? Q2
€,  (0=kvy)?—v, T k%/m* ™ w?-wi,’

©)

where v, is the drift velocity of the electrons. To
have a sketch of the analytical properties of Eq.

o
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FIG. 4. Dispersion relation of the surface polaritons
at the flat surface for intermediate-plasma electron
density. wro/w, =1 and Q,/w, = 0.15. The top and bot-
tom branches are the w, branches and the middle two
are the w. branches.

FIG. 5. Dispersion relation of the surface polaritons
at the flat surface for high-plasma electron density.
wrg/w, =0.346 and 8,/w, = 0.05. The top and bottom
branches are the w, branches, while the short middle
branches are the w_ branches. In contrast to Figs. 3
and 4, the surface polaritons arising from the w. branch
are cut off for large wave vectors. The inset shows the
details of this gap.
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FIG. 6. Plot of the function G(w/k). When the curve
between w/k = v, and w/k = vy —wyo/k does not cross
the line G=42, a pair of complex conjugate roots (the
instability) appears.

(9), we plot the graph of G(w/k) where
.
w
o (%)

we

T (w/k? =y, T,/m*
Equation (10) is a Galilei transformed form of the
last two terms (times %2) in Eq. (9). Equation (10)
and w/k = constant are plotted in Fig. 6. If v,<v,
- wpo/k W2=vy,T,/m*), there may be a pair of
complex-conjugate solutions to Eq. (9) when the
curve between w/k=v, and w/k=v, - wy/k does
not intersect the line w/k = constant. % can be
chosen ~w;o/v,. By expansion of w near wgo we
obtain the growth rate for the instability arising
from Eq. (9) as

+ %
(w/k —vp)? - Wi o /%"

(10)

dw=i(1/V2)(w,/wr )" 2Q,, (1)
when |6w|<< Wro and
bw =i (V) (w,Q2)V ¢, . (12)

when [6w[> w,.

This instability is due to the well-known charge-
bunching mechanism.” The instability takes place
always at the crossing of the forward-propagating

(&) (- )&

In drawing the dispersion relation for the present
system, we note from the study of the bulk modes
above that the mode becomes unstable only when
and where the forward phonon branch can intersect
the slow wave plasma branch. As is clear from the
the discussion in Sec. II, there is no surface pol-
ariton branch beyond 2~ (1/v2)&/c, where & is
the root of €(w)=~1 and near w=w. when w,>w.o
(see Fig. 5). Therefore, there can not be a phonon
(dominated) branch which can intersect the plas-
mon-dominated branch whose slope in the w. plane
is ~v, (<c) when w,>w;,. Extensive computer
study of Eq. (13) has been carried out and the re-

1
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€

w?—wi, T (w=Fkvp)? - k202
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FIG. 7. Dispersion relation of the bulk modes with
current, wpo/w, =3.46, @,/w, =0.5, vp=10.07c, and
vp=0.01c. The system becomes unstable when v,
<1.3v, and the growth rate is a strong function of
vp/v,: (a) the real frequency vs wave vector (the phonon
branch of the negative frequency side is omitted). The
top branch is phononlike and the second and the last are
plasmonlike at smaller wave-vector range; (b) the
growth rate vs wave vector.

phonon branch and the negative-energy plasma-
wave (slow phase-velocity wave) branch. Numeri-
cal results from Eq. (9) are plotted in Figs. 7 and
8. The system becomes unstable when v, 2 1.3v,.
Let us now consider the surface polaritons driv-
en by the electron current. One can simply apply
€, in Eq. (9) to Egs. (4) or (5). The surfacepolari-
ton dispersion relation in the semi-infinite case is

) -1
r
sults are shown in Figs. 9-11.

Figure 9 is for the case where the plasma densi-
ty is low and w,<w;,. The surface polariton can
be driven unstable by the electron current in this
case. The unstable wave-vector region is well
localized near k=w,o/v,. Figure 10 is the case
where w, is very close to w,, but still slightly
smaller than w;,. On the other hand, Fig. 11 ex-
hibits the case where w,> w;,. As we discussed,
there is no crossing of the phononlike branch and
the plasmonlike branch for the surface mode, and
therefore no instability for the surface polaritons.

Finally let us discuss the small radius limit

w2

9 _ A
(v -Rv,)? — k22

2 2
W = Wpo

1-

(13)
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FIG. 8. Dispersion relation of the bulk modes with
current. “’To/we =0.11, £,/w, =0.016, v5=0.07c, and
v, = 0.01c. The instability takes place at the crossing
of the optical-phonon dominated mode (w.) and the neg-
ative energy plasmon dominated mode (w,): (a) the
real frequency vs wave vector. The two sloped branches
are plasmonlike and the middlé two branches are pho-
nonlike at lower wave-vector range: (b) the growth rate
vs wave vector.

(B,a and B.a are much smaller than unity). From
Eq. (4) we obtain

€,/€,=2/p%*In(B,a), (14)

where we utilized the small argument expansion of
the Bessel functions. In order to have a localized
surface mode, one should not get into the different
Riemann plane at B.=0. Therefore, we should
stay on the principal plane. Then one may set
In(B,a)=-A, where A is a very slowly varying
function of w. With this consideration, we obtain
the dispersion relation from Eq. (14) as

1- w2 I N /4 S
(w=Fvp)? —kv? ~ 02-wi,  w?-Fk%?/¢,

0.

(15)

The dispersion relation for this small radius cyl-
inder, Eq. (15), has been numerically studied. It
turns out that the computational results are quali-
tatively the same as the above semi-infinite case.
In the past several years many reports of the
observation of various surface polaritons by the
attenuated-total-reflection (ATR) method, light
scattering and low-energy-electron diffraction

1

FIG. 9 Surface polariton dispersion relation in the
regime of low-plasma electron density. w,,/w, = 3.48,
Qp/w, = 0.5, vp=0.1c, and v,= 0. The instability occurs
at the crossing of the surface phonons and the negative
energy plasmons: ‘ (a) the real frequency vs wave vector,
The top and bottom branches are surface phononlike and
the middle two branches are surface plasmonlike at
lower wave-vector range; (b) the growth rate vs wave
vector.
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FIG. 10. Surface polariton dispersion relation in the
intermediate regime. “’To/“’e =1.195, 2,/w, =0.158,
vp=0.1c, and v,= 0. (a) The real freguency Vs wave vec-
tor; (b) the growth rate vs wave vector.
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FIG. 11. Surface polariton dispersion relation in the
regime of high~plasma electron density. wry/w, =0.346,
Q,/we=0.05, vp=0.1c, and v, = 0. No surface polariton
instability.

(LEED) have appeared in the literature. But to the
authors’ knowledge no observation has been re-
ported so far on the surface polaritons in an LO-
phonon-plasmon coupled system in a doped semi-
conductor. One of us (S.U.) has measured the
Raman spectra of a p-type GaAs film on a sapphire
substrate in a near-forward scattering geometry.
In this experiment the screening of the L.O phonon
(disappearance from the normal bulk LO-phonon

position) due to free carriers was observed, but
no definitive conclusion could be reached about
the dispersion of the surface polaritons formed in
this LO-phonon-plasmon coupled system. This is
mainly due to the strong damping of the w, and w.
modes resulting from the low mobility of holes in
the GaAs film. An experiment in the presence of
a current will be a very exciting possibility, es-
pecially if the instabilities described above can be
induced. However, choice of appropriate materi-
als may be difficult, and moreover, since the in-
stabilities occur away from the zone center, ob-
servation of this phenomenon by light scattering
will require some ingeneous methods.

In conclusion, we have studied the properties of
the dispersion relation of surface polaritons in
LO-phonon-plasmon coupled system in a semicon-
ductor. When the carrier electron density is low
(w,<wpgg), the phonon dominated surface polariton
branch is forbidden below w=w.,. With current,

a surface polariton with w 2 wy and &~ Wg /v, be-
comes unstable. When the carrier density is high
(w,>wyg), the phonon-dominated branch has a cut-
off for larger wave vectors. There is no instabili-
ty window in the surface polariton dispersion rela-
tion with current in this case.
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