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The experimentally observed change of exciton-po-
lariton resonance-frequencies near a semiconductor
surface is reported. Normal-incidence reflection
spectra and attenuated-total-reflection (ATR) spec-
tra are measured in the exciton-polariton energy
region of ZnO. Excitonic eigen-energies as well as
damping obtained from ATR spectra, which probe re-
gions near the surface, were found to considerably
exceed those obtained fromreflection spectra which
probe more deeply into the crystal bulk.

The electrodynamics of excitonic polaritons in semiconductors
has been the subject of extensive studies in recent years. These
studies concerned the basic physical properties of excitonic pola-
ritons, which aremixed exciton-photon states corresponding toa di-
electric polarization in the macroscopic description of dielectrics.

The theoretical problems associated with excitonic polaritons
arise mainly from spatial dispersion, i.e., the wave-vector-depen-
dence of the dielectric function of excitons [1]. Various phenome-
nological theories have been proposed to describe the properties
of excitonic polaritons. The theories include the introduction of
additional boundary conditions besides those specified by Maxwell's
equations. A conclusive description of an exciton approaching the
surface is still open to question. Hopfield and Thomas [1] assumed
an exciton-free surface layer caused by a repulsive potential seen
by the exciton. This potential essentially prevents the exciton
from reaching the surface. A comprehensive description of excitonic
polaritons approaching the surface has to include the local beha-
vior of the eigen-energy of an exciton which senses the surface
potential. Only a few authors have incorporated this fundamental
property into their theoretical treatment [2]. However, no experi-
mental evidence has so far indicated any modification of excitonic
bulk eigen-energies near a semiconductor surface.

This paper reports the experimental observation of exciton-pola-
riton bulk eigen-energies near the crystal surface which deviate
from those deep in the crystal bulk. First, normal-incidence reflec-
tion spectra are measured, whose structure is determined mainly by
crystal bulk properties. Second, attenuated-total-reflection (ATR)
spectra are obtained, whose structure is determined, in contrast,
primarily by properties of crystal regions close to the surface. A
comparison is carried out for excitonic eigen-energies obtained
from fitting the experimental spectra measured on the same sample
in both arrangements. This comparison leads to the result that the
excitonic eigen-energies depend on the exciton's distance from the
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crystal surface.

The inset of Fig. (1) shows the experimental arrangement for nor-
mal-incidence reflectance. The electric field E of the incoming
light is polarized perpendicularly to the hexagonal c-axis. In this
geometry, the light excites the excitons belonging to the upper two
valence bands in ZnO (A and B excitons).

The upper part of Fig. (1) exhibits an experimental normal-incidence
reflection spectrum of the A__, and B__, exciton-polaritons in ZnO
(n: main quantum number of a"Aydrogen®Iike exciton model). The ex-
perimental spectrum is compared with a theoretical one obtained
from a best fit to the experiment. The optical properties of the
crystal are calculated using the dielectric function €(w,k) of two
excitonic transitions A and B and using an exciton-free surface
layer. The vanishing of the excitonic contribution to the macros-
copic polarization at the surface is chosen as additional boundary
condition [3]. The difference between the experimental and theore-
tical spectra at energies just below B_ (longitudinal B exciton) is
known to appear for ZnO, but has not ygt been explained. An inter-

Ar A B B, Ar AL B; B_
‘T f T > L T
—
60°% % 60% 4
> w
= = 6 A
v ;
w =) Experiment
= 20% (d 20% i
o D
8 o% =1 0% ]
- g 3 =
Q 60% &2 60%
-
TH frequencies 2
o 2] o
& 40% from ATR a| 40%
Z f s
requencies
[ (1 o/ L 2
20% L 20% from Refl.
0°/° L | 1 L Z Oo/o I I L I
3.37 339 341 337 339 34
ENERGY (eV) ENERGY (eV)
Fig.1 Normal-incidence reflec- Fig.2 Attenuated-total-reflec-
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pretation follows from the results presented in this paper.

The excitonic surface-polariton spectra are taken with an ATR
arrangement as shown in the inset of Fig. (2). Light linearly pola-
rized parallel to the plane of incidence is totally reflected in-
side a prism. An evanescent wave propagating along the prism base
excites an excitonic surface-polariton associated with the A and B
excitons in ZnO. The excitation in the crystal leads to an outcoup-
ling of intensity from the totally reflected light. This outcoupling
is observed as a decrease of the internally reflected intensity in
the ATR spectrum. The properties of excitonic surface-polaritons,
and thus of the ATR spectra, are determined by the refractive index
of the adjacent medium and by €(w,k), the bulk excitation's dielec-
tric function which determines also the reflection spectra [4].

The upper part of Fig.(2) shows an experimental ATR spectrum

taken on the same sample as the reflection spectrum of Fig. (1). The
experimental spectrum is fitted with a theoretical one of the A )
and B - excitonic surface-polaritons in ZnO.

1

A comparison of the parameters obtained from fits to reflection
and to ATR spectra shows two striking results. First, the empirical
damping constant I' used in the dielectric function differs by a
factor of about three. Second, the excitonic eigen-energies obtained
by fitting ATR spectra are considerably higher than those obtained
by fitting reflection spectra, although both theoretical spectra

are determined by the same dielec-

tric function containing the exci-

C c tonic eigen-energies of the crys-
T L tal bulk. This deviation amounts

" ' to about 10 percent of the split-
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5 with the same experimental spectra
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I.._L' depth- and (2), respectively.
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vative of the excitonic polariza-

tion at the surface are used,

Fig.3 Normal-incidence-reflec- either with the longitudinal exci-

tion spectra of the C exci- ton branch being excited, or al-

tonic polaritons in zno¥ éxperl— ternatively this branch not being

ment (weak line) at 4.2 K. Upper excited. These conditions indeed
part: Theory (strong line) with reveal different behavior of the
constant eigen-energies. Lower excitons, but the findings repor-
part: Theory with depth-depen- ted above are found to be nearly
dent eigen-energies. unaffected.
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The deviations of the obtained parameters can be explained by
considering the penetration depths of excitonic polaritons. An ATR
experiment probes spatial regions close to the crystal surface,
whereas an reflection experiment probes deeper into the crystal
bulk. Therefore, the resultsyield an increased damping of excitonic
polaritons close to the crystal surface, and above all, a considerable
increase of excitonic eigen-energies in near-surface crystal regions.

This spatial behavior of the excitonic eigen-energies should be
included in model calculations. As a first step, I approximated a
continuous dependence by a four-step model consisting of an exciton-
free surface layer and of three layers with modified exciton eigen-
energies on top of the crystal bulk. The three layers contained
excitons with spatial dispersion. Continuous excitonic polarization
was chosen as additional boundary condition. The excitonic eigen-
energies decreased from the bulk value by 1 meV and increased near
the crystal surface to 4 meV above the bulk value. This behavior is
in agreement with calculations for excitons in an electric field
[5]. The electric field originates from surface charges.

The calculations have been performed for the C__, exciton reso-
nance in ZnO. This exciton behaves very similar to"Ehe B _q, ©Xciton.
The upper part of Fig.(3) shows for comparison an eRpérimental
normal-incidence reflection spectrum of the C -1 exciton and a
theoretical one calculated with the model used In Fig. (1). The lo-
wer part of Fig. (3) exhibits the same experimental spectrum com-
pared with a theoretical one calculated with the model described
above. The excellent agreement especially at energies just below C
gives strong support for a spatial dependence of the excitonic eigen=
energies near the crystal surface.

In conclusion, this paper reported the result of experiments
which manifested the modified properties of excitons near a semi-
conductor surface. This modification is verified by measurements of
normal-incidence reflection and attenuated-total-reflection spectra
of excitonic n=1 transitions in the semiconductor ZnoO.
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