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This paper reports the experimentally observed change of exciton-polariton eigenenergies near

the surface of a semiconductor. Normal-incidence-reflection spectra and attenuated-total-

reflection (ATR) spectra are measured in the n =1 exciton-polariton energy region. It is shown

that ATR spectra probe regions near the surface whereas reflection spectra probe more deeply

into the crystal bulk. Model calculations„which include spatial dispersion and depth-dependent

eigenenergies and damping of excitonic polaritons, yield excellent agreement with experiments

for various semiconductors. This agreement proves that reflection spectra are determined not

only by bulk properties of excitonic polaritons, but reveal also the properties of the transition re-

gion at the crystal surface. Therefore, information extracted so far from reflection spectra about

additional boundary conditions of excitons and exciton-free surface layers may have to be revised.

I. INTRODUCTION

The electrodynamics of excitonic polaritons in sem-
iconductors has been the subject of extensive studies
in recent years. These studies investigated the basic
physical properties of excitonic polaritons, which are
mixed exciton-photon states corresponding to a
dielectric polarization in the macroscopic description
of dielectrics. '

Various phenomenological theories have been pro-

posed to describe the properties of excitonic polari-
tons associated with spatial dispersion, i.e., the
wave-vector dependence of the dielectric function of
excitons. ' 4 These theories include the introduction
of additional boundary conditions besides those speci-
fied by Maxwell's equations. Experimentally, reflec-
tance, " transmittance, 9 and Brillouin scattering'"
yielded a great deal of knowledge about the proper-
ties of excitonic polaritons in semiconductors„and
the knowledge was advanced by the experimental ob-
servation of excitonic surface polaritons, " '

Most of the experiments on excitonic bulk polari-

tons done so far involve necessarily the crystal sur-

face. Therefore, a comprehensive evaluation of ex-
perimental data has to include the crystal surface and

its influence on the excitonic polaritons in near-
surface bulk regions. Hopfield and Thomas assumed
an exciton-free surface layer caused by a repulsive
potential seen by the exciton. ' This potential essen-
tially keeps the exciton away from the surface. A

more comprehensive description of excitonic polari-
tons approaching the surface has to include also the
influence of this potential on the eigenenergies of an
exciton. Some authors have already incorporated this
fundamental property into their theoretical treat-
ment. " However, a conclusive description of an

exciton approaching the surface is still open to ques-
tion because of lacking distinct experimental informa-
tion about the modification of excitonic bulk eigenen-
ergies near a semiconductor surface.

This paper reports the experimental observation of
exciton-polariton bulk eigenenergies near the crystal
surface which deviate from those deep in the crystal
bulk. Normal-incidence-reflection and attenuated-
total-reflection (ATR) spectra are measured on ZnO
crystals. The experimental details are given in Sec.
II. A comparison is carried out on excitonic eigenen-
ergies obtained from fitting the experimental spectra
measured on the same sample in both arrangements
(Sec. III). It is shown in Sec. IV that the structure
of the reflection spectra is determined mainly

by crystal bulk properties, ~hereas the ATR spectra
are determined primarily by properties of crystal re-

gions close to the surface. The data obtained from
the fits to the experimental spectra therefore lead to
the result that the excitonic eigenenergies depend on
the exciton's distance from the crystal surface (Sec.
V). Calculations including depth-dependent eigenen-
ergies of excitons for different semiconducting ma-
terials (Sec. VI) lead to excellent fits to experimental
results and show that reflection spectra always reveal
a great deal of surface properties. In Sec. VII con-
clusions are drawn about the reliability of properties
of excitonic polaritons as previously derived from fits
to reflection spectra.

II. EXPERIMENTAL

The ZnO single crystals. used in the experiments
are not intentionally doped, have a size of about 4 && 5
mm', and are prepared from vapor-grown material"
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by standard lapping and etching techniques. '4 The
crystal c axis lies in the reflecting plane.

The CdS crystals are as-grown platelets of about
4 x 8 mm grown from the vapor phase, The crystal
c axis lies in the reflecting plane.

The GaAs samples are layers of about 3 x 5 mm'
with (100) surfaces grown by liquid phase epitaxy on
semi-insulating substrates. " They exhibit n-type con-
ductivity. The samples are etched in hydrochloric
acid.

The crystals of ZnSe are grown by vapor transport
and are not intentionally doped. The (110) surfaces
have a size of about 2 x 4 mm'.

The samples are held in cold helium gas (about 4
K) during the measurement. White light from a
tungsten-iodine lamp is directed onto the samples
with a beam divergence of about 0,3'. The reflected
light passes through a linear polarizer (if indicated).
The spectra are recorded using a 1-m grating spec-
trometer and a cooled photomultiplier with lock-in
technique and digital data acquisition. The wave-

length resolution is about 0.04 nm for ZnO, CdS, and
ZnSe, and about 0.015 nm for GaAs.

The factor used for the conversion from vacuum
wavelength to energy is 1239.8520 eVnm (Ref. 26).
Additionally, the refractive index of air is included. "

The excitonic surface-polariton spectra are taken
with an ATR arrangement. A layer of aluminum
about 100 nm thick is evaporated as spacing material
onto the prism base surface. A cross-shaped area is
held aluminum free to form the gap (refractive index

n,,„. ~
= 1, gap thickness d„~) between prism and sam-

ple. In this area excitonic surface polaritons are ex-
cited in the samples which are pressed against the
prism of Herasil glass (refractive index n~ =1.475).
The internal angle of incidence is 50', All reflectivity
values refer to the prism base surface. The absolute
values are obtained from the known refractive index
of the crystals at energies well below the excitonic.
eigenenergies.

III. COMPARISON OF NORMAL-INCIDENCE
REFLECTION AND ATTENUATED-

TOTAL-REFLECTION IN ZnO

The inset of Fig. 1 shows the experimental ar-
rangement for normal-incidence reflectance (angle of
incidence m=0). 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 weak line in Fig. 1 exhibits an experimental
normal-incidence-reflection spectrum of the A„~ and
B„~exciton polaritons in ZnO (n: main quantum
number of a hydrogenlike exciton model).

The experimental spectrum is compared with a
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F'IG. 1. Normal-incidence-reflection spectra of the A„
and B„~excitonic polaritons in Zno. The inset shows the
experimental arrangement. F.xperiment (weak line) and
theory with constant exciton energy (strong line). Upper
scale gives the transverse and longitudinal eigenenergies.
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with e being a frequency- and wave-vector-
independent background dielectric constant (e = e„
for a& ~), coT and roL the transverse and longitudi-
nal resonance frequencies at k =0, and 1" the empiri-
cal damping constant (i = 4—1). The influence of
spatial dispersion is described by

P k' = (to) /M) k' (2)

where M is the effective exciton mass and 0 is
Planck's constant divided by 2m. The indices A and
Bdenote the parameters belonging to the 3 and the
Bexciton. The reflectivity is calculated using an
exciton-free surface layer of thickness do (Ref. 7).
The vanishing of the excitonic contribution to the
macroscopic polarization at the surface is chosen as
additional boundary condition. The excitation of
the longitudinal polariton branch is included. '

The damping constant I and the thickness do of
the exciton-free surface layer are chosen to be equal
for the A and the B excitons (and later on for the C
excitons) during all fitting procedures.

The parameters obtained from the fit are listed in
Table I. The difference between the experimental and

theoretical one (strong line) obtained from a best fit
to the experiment. The optical properties of the crys-
tal are calculated for given wave vector k and fre-
quency co using the dielectric function e(co, k) of two
excitonic transitions A and B showing spatial disper-
sion'

2 2 2 2
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~BL ~AT ~AL ~AT+
~BT ~AT ~AT +PA k i~~A
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TABLE I. Parameters of excitons in various semiconductors obtained from fits to reflection and ATR spectra with different
models. (1) Constant eigenenergies and damping. (2) Depth-dependent eigenenergies and damping. (3) Parameters obtained
from literature. (For explanation of the parameters see text. )

ZnO (W„,)
Refl. ATR

Zno (B„~)
Refl. ATR

ZnO (C„,)
Refl.

Cds
Refl.

ZnSe
Refl.

+aAs
Refl.

(1) t~, (eV)
(eV)

tI. (meV)
d() (nm)

d,„p (nm)
(2) d,,„. p

(nm)
t~„(eV)
t „(eV)
tI v (meV)
ta~, (meV)
t/~2 (meV)
tk(03 (meV)
tb I (meV)
do (nm)
d (nm)

(3) M (M 0)

3.3758
3.3776
0.7
4

3.3760
3.3780
2

4
80
73

3.3765
3.3780
1.5
0.8

—0.2
—0.15

0.5
4
6
0.878

6.2'

3.3810
3.3912
0.7
4

3.3818
3.3922
2

4
80
73

3.3830
3.3927
1.5
4.0

—1.0
—0.7

0.5

6
0.87"
6.2"

3.4198
3.4317
0.7
4

3.4225
3.4335
1.5
4.0

—1.0
—0.7

0.5
4

6
0.83"
6.2'

2.5517
2.5538
0.15
7.5

2.5518
2.5539
0.3
0.60

—0.25
—0.07

0.1

7.5
6
094
8.0b

2.8016
2.8036
0.4

13

2.8015
2.8035
0.4
0.15

0.10
—0.05

0.3
12.5
35
0.92'
8.1'

1.51490
1.51515
0.02

42

1.51482
1.51515
0.03
0.03

—0.09
—0.05

0.01
20
30
0.298"

" K. Hummer, Phys. Status Solidi (B) 56, 249 (1973).
b J. Voigt, M. Senoner, and f. Ruckmann„Phys. Status Solidi (B) 75, 213 (1976).
' G. E. Hite, D. T. F. Marple, M. Aven, and B. Segall, Phys. Rev. 156, 850 (1967).

D. D. Sell, S. E. Stokowski, R. Dingle, and J. V. DiLorenzo, Phys. Rev. B 7, 4568 (1973).' B. Segall„Phys. Rev. 163, 769 (1967)

theoretical spectra in Fig. 1 at energies around BL
(longitudinal B exciton energy) is known to appear
for ZnO, but has not yet been explained. An inter-
pretation follows from the results in Sec. V.

The excitonic surface-polariton spectra are taken
with an ATR arrangement as shown in the inset of
F'ig. 2. Light linearly polarized parallel to the plane
of incidence is totally reflected inside the prism. An
evanescent wave propagating along the prism base
excites an excitonic surface polariton associated with

the 3 and 8excitons in ZnO. The wave vector k~~

parallel to the crystal surface is given by

k~~
= n~ sino. k„,.„,,

(n is the angle of incidence on the prism base sur-
face; k„.„. „. is the wave vector in vacuum). The excita-
tion in the crystal leads to an outcoupling of intensity
from the totally reflected light. This outcoupling is

observed as a decrease of the internally reflected in-

tensity in the ATR spectrum.
The upper part of Fig. 2 shows an experimental

ATR spectrum (weak line) taken on the same sam-

ples as the reflection spectrum of F'ig. 1, The experi-
mental ATR spectrum is fitted with a theoretical one
(strong line) of the A„~ and B„~excitonic surface

polaritons in ZnO using the dielectric function e(co, k)
of Fq. (l).' The parameters obtained from the best
ATR fit are also listed in Table I.

It sho'uld be pointed out that the properties of exci-
tonic surface polaritons, and thus of the ATR spec-
tra, are determined by the refractive index of the ad-

jacent medium and by e(co, k), the bulk excitation's
dielectric function which determines also the reflec-
tion spectra. ' Therefore, the parameters in Table I

obtained from fits to ATR spectra are, in the model
used so far, the parameters of the bulk dielectric
function e(rd, k) of Eq. (l).

The comparison of the parameters obtained from
fits to reflection and to ATR spectra shows two strik-

ing results. F'irst, the empirical damping constant I
used in the dielectric function differs by a factor of
about 3. Second, the excitonic eigenenergies ob-
tained by fitting ATR spectra are considerably higher
than those obtained by fitting reflection spectra,
although both theoretical spectra are determined by

the same dielectric function containing the excitonic
eigenenergies of the crystal bulk. This deviation
amounts to about 10% of the splitting between the
transverse and the longitudinal eigenenergies and is

conspicuous in the lower part of F'ig. 2 where the
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FIG. 2. Attenuated-total-reflection spectra of the A„
and B„ i excitonic polaritons in ZnO. The wave vector k~~

of the excitonic surface polariton is given by the angle of in-

cidence and the prism's refractive index. Upper part: Ex-
periment (weak line) and'theory with constant exciton ener-

gy (strong line) calculated with parameters obtained from fit
to the experimental ATR spectrum. Upper scale gives the
transverse and longitudinal eigenenergies. Lower part:
Theory with constant eigenenergies obtained from fit ot the
experimental reflectio spectrum.

ATR spectrum is calculated with the eigenenergies
obtained from the reflection fit. The theoretical spec-
trum (strong line) is compared with the same experi-
mental spectrum (weak line) as in the upper part of
Fig. 2.

The results for the eigenenergies in Table I turn
out to be almost independent of the choice of the ad-
ditional boundary condition. Vanishing excitonic po-
larization as well as vanishing spatial derivative of the
excitonic polarization at the surface are used, either
with the longitudinal exciton branch being excited, or
alternatively this branch not being excited. These
conditions indeed reveal different behavior of the ex-
citons, but the eigenenergies obtained from fits to
ATR spectra lie always at considerably higher ener-
gies than those obtained from fits to reflection spec-
tra. This finding appears to be systematic. An ex-
planation will be given in Secs. IV and V.

e(o),k) =e I +
coT —m +Pk —icoI'

This function and the dispersion equation for bulk
polaritons'

c'k' ja)' = e(o), k)

k=11

UJ
I02!

j ]g
I g/

C
I Vgy~st

ZL.yg

z yk

yield the frequency versus wave-vector dispersion re-
lation for excitonic polaritons as shown schematically
in Fig. 3 (c is the vacuum velocity of light). This
dispersion relation consists of the lower and the
upper polariton branch denoted with 1 and 2„respec-
tively. '

The normal-incidence-reflection spectrum of a
crystal with optical properties described by Eqs. (4)
and (5) is shown in the upper part of Fig. 4. The
parameters are chosen for the C„~ exciton in ZnO,
however, with the excitonic polarization assumed to
be isotropic (see Table I). The damping is chosen to
be fI =0.7 meV, the thickness of an exciton-free
surface layer do =0.

Let me make an assumption for the following cal-
culation. I assume for a moment that only one polar-
iton branch is excited in the crystal, either the lower
or the upper polariton branch. Then, I ask for the
reflection spectrum of such a crystal in which only
one polariton branch is excited. The result is shown
in the middle part of Fig. 4 for the lower branch
(denoted with I) and the upper branch (2). From a
comparison of the upper and the middle part of I"ig.
4 one can see that the pronounced structure in
normal-incidence-reflection spectra is due to the
lower polariton branch at energies around the
transverse eigenenergy (CT) and is due to the upper
polariton branch at energies around the longitudinal
eigenenergy of the exciton (CL ).

Next, I return to the model crystal in which all po-

IV. PENETRATION DEPTH OF LIGHT

In this section let me consider a crystal having for
simplicity only one single excitonic resonance showing
spatial dispersion. Then, the wave-vector-dependent

WAVE VECTOR

FIG. 3. Schematic energy vs wave-vector dispersion rela-
tion for excitonic polaritons with spatial dispersion.
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lariton branches are excited simultaneously. I ask for
the penetration depth of the light impinging on the
crystal surface to get an impression from which parts
of the crystal the reflection spectrum is determined.
The lower part of Fig. 4 shows the penetration depth
from the crystal surface in which the electric field
amplitude of each branch decreases to 1 /e. This
depth is calculated using the complex dielectric func-
tion or refractive index for each of both branches. '
All three diagrams of Fig. 4 together show that the
pronounced structure of normal-incidence-reflection
spectra of excitonic polaritons reveal crystal proper-
ties from regions up to approximately 100 nm for the

parameters chosen in Fig. 4.
The analogous calculations done for an attenu-

ated-total-reflection experiment are presented in Fig.
5. In this geometry, the longitudinal branch is in-
cluded (denoted with L). The damping is chosen to
be hl =2 meV. It is seen that the ATR spectrum is
determined mainly by the upper polariton branch
(denoted with 2) whose dielectric function is negative
between the transverse and longitudinal resonance
frequencies. The penetration depth of this branch is

clearly less than 50 nm in the energy region of in-

terest because the polariton wave of this branch is

nearly evanescent. '
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I'IG. 4, Normal-incidence-reflection spectrum calculated
for a material with assumed iostropic exciton polarization

(upper part) and calculated for a fictitious material with only

the lower (1) or the upper polariton branch (2) being excit-
ed (middle part). Penetration depth of light for a material
with both branches being excited (lower part).

I-"IG. 5. Attenuated-total-reflection spectrum calculated
for a material with assumed isotropic exciton polarization
(upper part) and calculated for a material with only the
lower (1), the upper (2), or the longitudinal branch (L}be-
ing excited (middle part). Penetration depth of light for a
material with all three branches being excited (lower part).
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As a consequence, the deviations of the parameters
in Table I obtained so far for reflection and ATR can
be explained by the different penetration depths of
excitonic polaritons. An ATR experiment probes
spatial regions close to the crystal surface, whereas a
reflection experiment probes deeper into the crystal
bulk.

Thus, the results of Figs. 1 and 2 yield an in-
creased damping of excitonic polaritons close to the
crystal surface, and above all, a considerable increase
of excitonic eigenenergies in near-surface crystal re-
gions.

V. EXPLANATION OF EXPERIMENTAL SPECTRA
%ITH DEPTH-DEPENDENT EXCITONIC

EIGENENERGIES AND DAMPING

C)~-1.
UJ

I I I

1.5 1.0 0.5 0
ELECTRIC FIELO (E/EI )

FIG. 6. Eigenenergy of excitons in an electric field (after
Ref. 31).

The reason for the experimentally observed depth
dependence of excitonic eigenenergies can be found
in the bending of the energy bands near to the crystal
surface. Such a band bending is always present at
real semiconductor surfaces. As a consequence, an
exciton feels an increasing electric field when ap-

proaching the crystal surface from the crystal bulk.
Some years ago, Blossey has calculated the

behavior of an exciton in an electric field. " At weak
electric fields the excitonic eigenenergy fcoF under-

goes a Stark shift to lower energies. With increasing
field strength the eigenenergy shifts to higher ener-

gies because the Coulomb well of the exciton, which

is an electron-hole pair bound together by Coulomb
attraction, is lowered by the energy of the electric
field. Simultaneously, the damping of the exciton in-

creases with increasing electric field strength. The
result of Blossey's theory is shown in Fig. 6 (after
Ref. 31). The electric field strength Eis plotted in

units of the ionization field strength EI of the exci-

ton. At this field strength E~ the product of the elec-

tric field strength and the excitonic Bohr radius
equals the excitonic binding or Rydberg energy RE .
The electric field dependence of the excitonic
eigenenergy and the depth dependence of the electric
field lead to a depth dependence of the eigenenergy
and damping in case of band bending at the crystal
surface.

This spatial behavior of the excitonic eigenenergies
and damping should be included in model calcula-
tions for reflection and attenuated-total-reflection
spectra. Skaistis and Sugakov, ' Sakoda, and espe-
cially Kiselev showed normal-incidence-reflection
spectra calculated with a variety of different depth
dependences of excitonic eigenenergies. However,
they made no attempt to compare their results with
experimental spectra to extract information about the
behavior of excitons nor did they apply the model to
attenuated total reflection.

As a first step, I approximate the continuous depth
dependence by a four-layer model consisting of an
exciton-free surface layer (thickness do), of three
layers with modified excitonic eigenenergies and
damping (each of them with thickness d), and of the
crystal bulk. The three layers contain excitons with

spatial dispersion. Continuity of the vector of exci-
tonic polarization is chosen as the additional boundary
condition between the exciton-free surface layer and
the uppermost layer containing excitons", continuity
of the vector of excitonic polarization and its normal
derivative are chosen as the conditions at all other
inner boundaries. " Such a model leads to a system
of linear equations which has to be solved numerical-
ly. The number of equations increases, for instance„
from 17 in case of normal-incidence reflection of a
crystal with one excitonic resonance described by Eq.
(4) to 40 in case of attenuated total reflection of a
crystal with two excitonic resonances described by Eq.
(l).

The depth dependence used for the eigenenergies
of the B„ I exciton in ZnO is shown in Fig. 7. The
energies decrease from a bulk value (called &ory and

GILy in Table l) to lower energies (cary + Aco3,

Oily+ ~~3 ~Ty + ~o)2 QJLy + 5~2) and then increase
near to the crystal surface (cary+ ocul, r0Ly+ AQI|).
Simultaneously„ the damping constant increases
linearly from the bulk value I i to a value of I y+AI
in the uppermost layer containing excitons.

The results obtained from fits with this model are
shown in Fig. 8. The experimental spectra are the
same spectra as in Figs, 1 and 2. An experimental
normal-incidence-reflection spectrum (weak line) is
compared in the upper part with a theoretical one
(strong line) calculated with the depth-dependent
behavior of excitonic polaritons. The parameters ob-
tained from the fit are given in Table I. It should be
mentioned, that the actual value of the parameters is
not determined uniquely because they are not com-
pletely independent from each other as mentioned
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FIG. 7. Depth dependence of excitonic eigenenergies of
the B„(exciton in ZnO as used for calculating reflection

and ATR spectra.

spectrum also fits the experimental one (weak line)
very well.

The excellent agreement between the experiments
for different geometries and the calculations gives
strong support for a spatial dependence of the exci-
tonic eigenenergies and damping near the crystal sur-
face.

The fits can be improved even more by varying the
damping independently for fits to experimental re-
flection and ATR spectra. It turns out that the
damping for ATR spectra is higher than those for re-
flection spectra as already seen in F'igs. 1 and 2. This
finding may be due to an additional damping by sur-
face irregularities which act primarily on surface po-
laritons excited in an ATR experiment. Such addi-
tional damping is not included in the calculations but
can be simulated by increasing the damping constant
for the attenuated-total-reflection arrangement.

also in Ref. 22. Therefore, it is difficult at the mo-
ment to derive predictions about the exact shape of
the band bending at the surface. The model calcula-
tion leads to an excellent agreement with the experi-
ment, especially also in the energy region around BL,
the longitudinal eigenenergy of the B exciton. The
identical set of parameters as obtained from fit to
normal-incidence reflection is used to calculate the
attenuated-total-reflection spectrum shown in the
lower part of Fig. 8 (strong line). This theoretical

ATAL BT BI

VI. NORMAL-INCIDENCE REFLECTION OF
VARIOUS SEMICONDUCTORS

In this section, I want to demonstrate that the find-
ings reported above describe a basic property of exci-
tonic polaritons in semiconductors. Searching
through the literature it is very difficult to find truly
quantitatively good fits even to the simplest case of
normal-incidence-reflection spectra of crystals with
excitonic polaritons.

Let me consider materials which show one single
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0'lo-
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Li 20%-
IK gc
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3.37 3.39 3.41
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FIG. 8. Normal-incidence-reflection (upper part) and
attenuated-total-reflection spectra (lower part) of the A„
and B„~excitonic polaritons in ZnO, The experimental

spectra (weak lines) are the same as in Figs. 1 and 2. The
theoretical spectra (strong lines) are calculated with one
homogeneous set of parameters for reflection and ATR in-

cluding a depth dependence of the excitonic eigenenergies
and damping.
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FIG. 9. Normal-incidence-reflection spectra of the C„
excitonic polaritons in ZnO. The experimental spectra
(weak lines) are identical in upper and lower part. Theory
(strong lines) with constant (upper part) and depth-
dependent eigenenergies and damping (lower part),
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I"'IG. 10. Normal-incidence-reflection spectra of excitonic
polaritons in CdS. The experimental spectra (weak lines)
are identical in upper and lower part. Theory (strong lines)
with constant (upper part) and depth-dependent eigenener-
gies and damping (lower part).

FIG. 12. Normal-incidence-reflection spectra of excitonic
polaritons in GaAs. The experimental spectra (weak lines)
are identical in upper and lower part. Theory (strong lines)
with constant (upper part) and depth-dependent eigenener-
gies and damping (lower part).
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FIG. 11. Normal-incidence-reflection spectra of excitonic
polaritons in ZnSe. The experimental spectra (weak lines)
are identical in upper and lower part. Theory (strong lines)
with constant (upper part) and depth-dependent eigenener-
gies and damping (lower part).

excitonic transition: ZnO and CdS for light polarized
parallel to the hexagonal c axis, or cubic ZnSe and
GaAs. These materials reveal very different proper-
ties of excitons in semiconductors and are chosen
therefore as model materials. Fits are obtained in the
literature so far with calculations including an

exciton-free surface layer and a crystal bulk with ex-
citons showing spatial dispersion, but not showing
depth-dependent eigenenergies. The standard of
such best fits is shown in the upper parts of Figs.
9—12 for ZnO, CdS, ZnSe, and GaAs. The parame
ters are given in Table I. The description of the ex-
perimental spectra fails considerably in some energy
region for all four semiconductors.

A slight improvement of the description might be
obtained by considering a depth-dependent damping
of excitons. However, the calculations done with

such a dependence have omitted spatial dispersion of
excitons. "

The depth dependence of eigenenergies and damp-
ing of excitonic polaritons with spatial dispersion is
included in the lower parts of Figs. 9—12. They exhib-
it the same experimental spectra as the upper parts
(weak lines) compared with theoretical ones calculat-
ed with the model described above. Now, the agree-
ment is really excellent in the whole energy region of
the excitons for all different semiconductors.

This agreement confirms the statement that exci-
tonic polaritons show a depth-dependent behavior of
their properties in regions near the crystal surface.
This behavior seems to be a fundamental property of
excitons in semiconductors.

VII. CONCLUSIONS

The experiments and the calculations described in
this paper show that the properties of excitonic polar-
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itons vary with the exciton's distance from the crystal
surface. An experimental normal-incidence-
reflection spectrum therefore always reveals a strong
influence of such a transition region near to the sur-
face, and this influence determines the reflection
structure in addition to the properties given by the
dielectric function in the crystal bulk. As a conse-
quence, one has to be very cautious in deriving state-
ments about the bulk properties of excitonic polari-
tons from reflection experiments without considering
this transition region. Reflection spectra do not re-
veal pure bulk properties of excitons.

A long-lasting discussion in the literature is the dis-
cussion about the additional boundary conditions for
excitonic polaritons. There have been several at-
tempts to make a decision about the appropriate
boundary condition from fitting reflection spectra.
Such decisions seem to be at least questionable in
view of the results of this paper and have to be
reconsidered. The influence of the additional boun-
dary conditions on reflection spectra of excitons is
much less than the influence of the modified exciton-

ic eigenenergies and damping at the crystal surface!
In conclusion„ this paper reported the result of ex-

periments which manifested the modified properties
of excitons near a semiconductor surface. This modi-
fication is verified by measurements and model cal-
culations of normal-incidence-reflection and
attenuated-total-reflection spectra of excitonic n =1
transitions in various semiconductors. It is desirable
that these results will stimulate more detailed calcula-
tions of microscopic models, for example the con-
sideration of a continuous-transition region.
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