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The specular reflection spectra of CdS crystals were determined at 7 = 2 K in the region of the
A, _ exciton resonance. The great variability in the spectra could not be explained by the simple
model of an exciton-free dead layer at the boundary of a crystal. Generalized boundary conditions
were formulated for large excitons, which included inhomogeneous additional boundary
conditions for the exciton polarization and inhomogeneous boundary conditions for the
tangential component of the magnetic induction vector B. An analysis of the energy balance
equations at the surface of a crystal yielded further relationships among the parameters of the
theory. The proposed system of boundary conditions described the case with a sharp internal
boundary at the dead layer and allowed for the effects of the intrinsic and extrinsic mechanisms
for formation of this layer. The reflection spectra of normally incident light were calculated
numerically for various relationships among the parameters of the theory. New qualitative
characteristics of the optical exciton reflection spectra were in good agreement with the

experimental data.

1.INTRODUCTION

The extensive experimental and theoretical data al-
ready available make it possible to identify a number of gen-
eral factors governing the formation of the exciton reflection
spectra of light. The most important of these follow from the
need to allow for the spatial dispersion and the associated
problem of the boundary conditions, particularly supple-
mentary boundary conditions.' In the case of Wannier—-Mott
excitons discussed in the present paper an important factor
in determining the boundary conditions is an allowance for
additional aspects of intrinsic nature such as the Coulomb
potential of the images of electrons and holes?and the short-
range contact interaction of an exciton with the surface of a
sample, which alters the exciton energy and deforms its wave
function near the surface of a crystal to a depth of the order
of the exciton radius.**

In real materials, in addition to the mechanisms of in-
trinsic nature, the exciton reflection spectra can also be af-
fected significantly by extrinsic mechanisms due to surface
layers with a chemical structure different from that in the
interior, and also by the presence of defects and impurities
located on the surface itself or in the surface layer.*>* When
the concentration of a charged impurity is sufficiently high,
we can expect the internal electric field to contribute also.®°

Various theoretical approximations®®'* developed in
recent years for the description of the optical exciton reflec-
tion spectra are usually difficult to apply in numerical calcu-
lations. Specific calculations of this kind have been limited
mainly to the normal incidence of light and practically al-
ways yield satisfactory agreement with the experimental
data. Naturally, such an agreement does not provide suffi-
cient evidence to decide in favor of one specific theory.

The fullest experimental and theoretical analysis was
provided by Hopfield and Thomas on the basis of a dead-
layer model'* according to which the exciton contribution to
the polarization P vanishes in a surface layer of thickness / of
the order of the exciton radius, subject to the Pekar supple-
mentary boundary condition'® P = 0 on the internal bound-
ary of this layer. The dead layer model was confirmed by a
number of experiments, including ellipsometric measure-
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ments'*'” and experiments on oblique reflection of

light.'®'®!” The dead layer model had been used successfully
in an analysis of the experimental data on the reflection of
light in the case of exciton resonances with a complex band
structure *>** including fine magnetooptic?* and piezoop-
tic** effects. The existence of a fairly abrupt internal bound-
ary of the dead layer is supported also by independent ex-
perimental data on resonant elastic scattering of light from
rough surfaces of the dead layer.?

As far as the microscopic basis of the dead layer model
is concerned, the initial interpretation provided by Hopfield
and Thomas'* based on allowance solely for the image forces
cannot be regarded as satisfactory. Subsequent investiga-
tions have shown that the contact interaction of an exciton
with the surface®*?° and possibly a surface electric field®®
may play a more important role in the formation of a dead
layer. The combined effect of these factors® and other diffi-
cult-to-control structural changes in a thin surface layer
may result in a steep fall of the exciton contribution to the
polarization near the surface and thus form a physical dead
layer.

It should be pointed out that experimental deviations
from the standard dead-layer model,'* which exist in the
original samples®’ or are induced by external agencies (opti-
cal illumination, electron® or ion®® bombardment, etc.), are
frequently observed. These observations confirm the partici-
pation of both intrinsic and extrinsic mechanisms in the for-
mation of a dead layer. A natural generalization of the stan-
dard dead layer model'* is to formulate a more general
system of boundary conditions on the internal surface of the
dead layer.?”**° This system of the boundary conditions
can be the set of inhomogeneous boundary conditions pro-
posedin Refs. 1 and 31 and restated in a more general form in
Ref. 32. An analysis of the reflection spectra on the basis of
the boundary conditions of Refs. 1, 31, and 32 allowing for
the presence of a dead layer has not yet been carried out.

Our aim will be to analyze the specular reflection spec-
tra for normal incidence of light, calculated using a set of
combined boundary conditions®' applicable to the experi-
mental data obtained in the spectral region of the 4, _ , exci-
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ton resonance in CdS crystals. These boundary conditions
make it possible to describe the most important qualitative
features of the reflection spectra, which cannot be repro-
duced by the standard Hopfield-Thomas model of a dead
layer, and to account for the diversity of the exciton specular
reflection spectra. The advantage of this method is its gen-
eral validity and the relative simplicity in the sense of analyt-
ic procedures and numerical calculations, which makes it
possible to generalize this theory further to more complex
situations, including the case of oblique incidence of light.

In the next section we shall formulate a system with
boundary conditions of the type suggested in Refs. 1 and 31
for Wannier-Mott excitons, generalized to the case of an
absorbing medium, and we shall also discuss qualitatively
the physical meaning of the parameters of the theory. In Sec.
3 the calculated theoretical curves will be compared with the
experimental data on reflection from CdS crystals and new
qualitative features of the spectra will be explained. A quan-
titative analysis of the parameters of the theory, which
makes it possible to estimate possible spectral forms of the
reflection curves, will be given in Sec. 4. The main results
will be discussed in Sec. 5.

2.COMBINED ADDITIONAL BOUNDARY CONDITIONS IN THE
DEAD-LAYER MODEL

We shall consider a narrow spectral interval
|@ — wo| €@, in the vicinity of an isotropic isolated dipole-
active exciton state with a resonant transition frequency w,
and we shall assume that the bulk of the investigated crystal
is characterized by the permittivity'

el i)
sl =\ ARz ) v

where w, ;- is the longitudinal-transverse splitting, I is the
damping parameter, ¢, is the background permittivity, and
an explicit dependence of € on k appears when the exciton
translation mass M is finite, corresponding to an allowance
for the spatial dispersion. A surface dead layer will be re-
garded as a homogeneous insulator of thickness / with a per-
mittivity £, occupying a region 0 <z </ (where the z=10
plane coincides with the external surface of the crystal). The
additional boundary conditions for such a structure must be
formulated on the internal boundary of the dead layer, i.e., at
z=1 (Ref. 1). It is understood that there is a fairly thin
(compared with the minimum wavelength) transition layer
between the dead layer and the bulk of the crystal. In this
case we can use the boundary-value problem in its classical
formulation®* and apply generalized boundary condi-
tions'?! which allow effectively for the properties of the
transition region on the internal surface of the dead layer.

The external surface of the dead layer can be described
by the classical system of Maxwell boundary conditions for
the tangential components of the electric field E and of the
magnetic induction B. On the internal surface of the dead
layer, where the combined inhomogeneous additional
boundary conditions are valid,'*' the usual Maxwell bound-
ary conditions are generally disobeyed. Surface exciton po-
larization currents j induce a discontinuity of the tangential
component of the vector B (see Chap. 1, § 1 in Ref. 1).
Therefore, the complete system of the boundary equations
on the internal boundary of the dead layer (z = /) of interest
to us becomes
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where e, is a unit vector along the internal normal, and P,
=P—eP, ,E =E—¢FE, ky=0/c, T, T, §, & are
the dimensionless phenomenological parameters, which are
generally complex. These dimensionless parameters repre-
sent the diagonal components of second-rank tensors for
which the off-diagonal elements vanish because of the sym-
metry of the problem. Using the energy balance at the inter-
faces, we can establish certain relationships among the pa-
rameters that occur in the boundary conditions described by
Eq. (2) (Refs. 31, 34, 35). Following Ref. 35, the relation-
ship between the densities of the energy fluxes on the internal
S(+0) and external S( — 0) surfaces of the interface
(z =) can be formulated as follows:

1 .
8(+0)=S(-0) ——4‘{”1111 7|1y lpnlz"‘(j""—l%%l)u') E,

+uIm T, |T,||P.|*+ e Pz.Ez}—L {ce}, (3)
4n 4

where u = 2wk fiw/w, €, M. The parameters T, T, and
&), &, are independent because of their different physical
origin; the parameters 7', and T, are governed by the natural
frequency and damping of excitons near the z = / interface,
whereas ¢, £, can be expressed in terms of the oscillator
strength near this boundary and in fact allow for the differ-
ence between the effective electric field and the average field
E (see § 10in Ref. 1). Therefore, the terms in Eq. (3) con-
taining the coefficients 7, 7| and £, £, , make independent
contributions. The second and fourth terms in the braces
should vanish because the field E is arbitrary. This circum-
stance determines the relationship between the polarization
current and the exciton polarization at a boundary

i
j=2hp, 4)
and also leads to the conclusion that £, = 0. In the first and
third terms the imaginary parts obey Im T, >0and Im T, >0
(Ref. 35).

The above system of the boundary conditions can be
used to calulate the spectra of light incident normally or
obliquely. In this case the boundary conditions allow solely
for the tangential component j; of the surface current j. We
can generalize this system of boundary conditions even
further by allowing for the normal component j, of the cur-
rent j, which may be associated with a discontinuity of the
tangential component of the field £ at the boundary in ques-
tion. The generalized boundary conditions proposed in Ref.
32 for the normal incidence of light allow for this possibility.
In the case of oblique incidence of light when j, #0, the pa-
rameter &, should also differ from 0. In the subsequent inter-
pretation of the experimental data we shall confine ourselves
to the case of the normal incidence of light when only the
parameters §; and 7 are important. It should be noted that
in the case of the normal incidence of light our model of a
‘“generalized’ dead layer is formally equivalent to the model
of a zero-radius surface potential®*® when the dead layer is
allowed for effectively in the boundary conditions.
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3. ANOMALIES IN THE EXCITON REFLECTION SPECTRA:
EXPERIMENTS AND THEORETICAL CALCULATIONS

We investigated experimentally cadmium sulfide sin-
gle-crystal platelets grown by the gas-transport method."
We determined the reflection spectra for natural faces of
these crystals without any special treatment. We limited
ourselves to the experimental geometry in which the reflect-
ing face of a crystal was parallel to the optic axis ¢ of the
crystal and light with the Elc polarization propagated along
the klc direction at a near-normal (@ ~8°) angle of inci-
dence. These crystals were immersed directly in pumped-out
liquid helium at 7= 2 K and the spectra were recorded us-
ing a DFS-24 spectrometer in the region of the lowest exci-
ton resonance 4, _, of CdS crystals. The spectral composi-
tion of light incident on the crystal was limited to the interval
2.540-2.577 eV, which was outside the interband absorption
region. This was important in view of the extreme sensitivity
of the specular reflection spectra to illumination corre-
sponding to the fundamental absorption region.*’

Our experimental investigation of about 150 crystalline
samples established that the specular reflection spectra of

some CdS crystals differed considerably from one another
even in the qualitative sense. This difference appeared in
spite of the fact that crystals were grown by the same method
and were clearly due to variations in the technological pa-
rameters of the growth process that were difficult to control.
It should be pointed out that the majority of the samples (in
excess of 80%) exhibited spectra of the standard type re-
ported in Refs. 14, 19, and 37 which could be interpreted
using the “classical” dead-layer model proposed by Hop-
field and Thomas."*

Figure la shows the experimentally recorded specular
reflection spectra of several crystals (1-7) which had certain
characteristic features. The most frequent of these was a
spectrum (1) with a small kink at a frequency w, and a
reflection minimum on the long-wavelength side of w,. In
spectrum (2) the kink was clearly defined, and it was mani-
fested even more strikingly in the spectrum labeled 3. These
strong features were absent from spectrum 4, whereas spec-
tra 5 and 6 feature the frequency w, called a spike in Ref. 14.
A distinguishing characteristic of spectra 5 and 6 was that
the absolute reflection minima in these spectra were located

FIG. 1. Comparison of the experimental specular reflection
spectra (a) of CdS crystals (T'=2 K, 4, _, exciton, angle of
incidence ¢ =~ 8°, polarization of light ELc) with the results of a
theoretical calculation (b) carried out using the generalized ex-
citon-free dead-layer model in the case of normal incidence of
light. The spectra in Fig. la were obtained for samples with
natural growth faces, whereas the theoretical curves (b) were
calculated for the parameters listed in Table I and in the text.

L
2,555 2550  hw,ev 2,595 2,550

410 Sov. Phys. JETP 69 (2), August 1989

Akhmediev et al. 410



TABLE 1. Values of the parameters used in calculations of the theoretical (continuous) curves

in Fig. 1b (parameters for the dashed curve are given in the text).

3 ImT AT, meV Values of parameters common to con-
Curve No. ! ! ¢ tinuous curves 1-7
1 40 80 0,1 hwo=2,5524 eV
2 80 30 0,1 horr=2 meV
3 100 12 0,09 er=e=93
4 80 20 0,15 M=0,9m, (m, is the mass of a free
electron)
5 26 12 0,09 =70 A
6 -6 10 0,05 Im §,=0
7 12 5 0,15 Re T,=22,0

on opposite sides of the frequency w, , and in each case the
spike was asymmetric. In spectrum 7, we found not only
characteristic features at the frequency w, , but also an addi-
tional small maximum on the long-wavelength side of the
main one. In the case of crystals not subjected to a special
treatment (chemical etching, electron or ion bombardment,
strong laser illumination, etc.) the spectra 1-7 represented
the full range of qualitative spectral features. Illumination
with moderately strong ultraviolet radiation sometimes
transformed spectrum 7 into spectrum 5 and then into spec-
trum 6.

We analyzed the experimental data using the above the-
ory and the parameters of the boundary conditions of Eq.
(2) variable within the wide limits permitted by the inequal-
ity S, (+ 0)<S,( — 0). The main parameters of the stan-
dard dead-layer model, including the bulk parameters of ex-
citons, have in fact remained constant. It was found that the
main spectral features could be reproduced in the calcula-
tions even if the parameters of the boundary conditions &
and T) were altered. It was sufficient to consider the real
values of £, which corresponded to a change in the oscilla-
tor strength of the transition and in the effective mass of an
exciton in the boundary layer, as demonstrated in Refs. 1
and 36 on the basis of model considerations.

Figure 1b shows the spectra (continuous curves 1-7)
calculated for the parameters listed in Table I. It should be
pointed out that the theoretical spectrum 1 corresponds in
practice to the Pekar supplementary boundary conditions '’
on the internal boundary of the dead layer. An increase in
the reflection coefficient at the kink at the frequency w; in
the theoretical spectra 2 and 3, relative to the main mini-
mum, is due to an increase in £ | and a simultaneous reduc-
tion in Im T” . The kink flattens out as I' is increased (curve
4). A reduction in I" gives rise to a spike at the kink and the
spike asymmetry depends on the absolute value and sign of
§“ (compare curves 4, 5, and 6).

Reduction in Im 7| in the long-wavelength part of the
spectrum gives rise to a maximum at a position governed by
the value of Re 7. In agreement with the experimental
curve 7, we have to assume Re 7| = 22. We used the same
value of Re 7 in calculations of all the other theoretical
curves allowing for the fact that the spectral position of the
additional long-wavelength maximum of the experimental
curves is stable. An increase in Re 7} is accompanied by a
shift of the additional maximum in the theoretical spectrum
7 toward longer wavelengths.

The physical reason for the additional weak maximum
in the type-7 reflection spectrum may also be the excitation

41 Sov. Phys. JETP 69 (2), August 1989

of an exciton bound to a surface neutral center.*® Such a
situation can be described qualitatively using our approach
involving introduction of an additional resonance in the
dead layer on the assumption that

E€sWrTs

©0,—0—il/2"'

where o, is the resonance frequency of a surface oscillator,
w,rs 1s the effective longitudinal-transverse splitting
(LTS), and T, is the damping constant of a surface oscilla-
tor. Good agreement with the experimental results is ob-
tained on the assumption that # (w, — @,) = 3.88 meV,
#iw, rs = 0.2 meV, il = 0.85 meV, ¢, = 10, Al =0.075
meV, and 1/T; = §, = 0. The values of the other bulk pa-
rameters are given on the right-hand side of Table 1. The
results of the corresponding theoretical calculation are pre-
sented in Fig. 1b in the form of the dashed curve labeled 7. It
follows from this comparison of the theory and experiment
that the model of a surface oscillator in a dead layer better
describes the experimental situation.

On the whole, our method of generalized boundary con-
ditions makes it possible to reproduce in detail practically all
the experimental features of the observed reflection spectra
without specifying the exciton surface potential, which has
undoubted advantages over other familiar methods. This is
particularly important when we are allowing for real insuffi-
ciently controlled mechanisms of formation of a thin transi-
tion layer near the crystal surface.

The experimental spectra shown in Fig. la were ob-
tained for samples grown under approximately identical
technological conditions. The samples displaying type-1
spectra for near-normal incidence of light on the boundary
of a crystal had been the subject of earlier very thorough and
comprehensive investigations, including studies of specular
reflection of light with different polarizations incident ob-
liquely and corresponding to the 4 (Refs. 16 and 19) and B
(Refs. 21 and 22) exciton resonances, as well as high-sensi-
tivity ellipsometric measurements'® and a study of resonant
diffuse reflection of light.?* the standard dead layer model**
provided not only qualitative but also very good quantitative
theoretical descriptions of the great variety of defects ob-
served in these investigations. The existence of an exciton-
free dead layer with a sharp boundary is of fundamental im-
portance for the formation of the observed resonance exciton
spectra, including the spectra of surface modes.*

There is at present no serious evidence in support of
other possible explanations of the wide range of resonances
typical of samples with type-1 reflection spectra. The valid-
ity of any alternative model can be judged only if this model

e(0)=e,+
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is used to provide a quantitative description of all the experi-
mental results mentioned above, not just the specular reflec-
tion spectra obtained for normal incidence of light, as is done
in the majority of the published investigations.

In view of the similar technological conditions during
growth of the samples exhibiting spectra 1-7 in Fig. 1a, in-
troduction of the generalized dead-layer model is fully justi-
fied. The good agreement between the theoretical curves in
Fig. Ib and the experimental spectra in Fig. 1a confirms the
validity and effectiveness of this approach.

4.PARAMETERS OF THE BOUNDARY CONDITIONS AND THE
REFLECTION SPECTRA NEAR EXCITON RESONANCES

A fairly frequent feature of the specular reflection spec-
tra recorded in the region of the 4, _, exciton resonance of
CdS crystals is a spike representing a sharp peak at the fre-
quency o, (curves 6 and 7 in Fig. 1a). If the boundary be-
tween the dead layer and the bulk of the sample is sufficient-
ly abrupt and the dissipative damping is sufficiently weak
(which is typical of the cases discussed), the appearance of a
spike at the frequency w, is of fundamental importance be-
cause this spike is related to the threshold nature of multi-
channel scattering of the incident light wave. As the energy
of the incident photon at the frequency w, increases, polari-
tons from the additional (known as the upper) branch begin
to participate in energy transfer. In the case of oblique inci-
dence the threshold frequency w, shifts in accordance with
the law

k; (@) /ko=sin g,

where @ is the angle of incidence and k, is the wave vector of
an upper-branch polariton.?” The appearance of a kink at the
frequency w, in the spectra labeled 1-3 is due to the same
threshold effect. The actual profiles of the threshold features
depend on the values of parameters occurring in the bound-
ary conditions.

The spectra 6 and 7 in Fig. 1 exhibit clearly an asymme-
try of the spikes, which is of different nature for different
values of the parameters (Fig. 1b, Table I). These param-
eters may vary within wide limits but the qualitative profile
of a spike is retained. Figure 2 shows the complex plane of
the variable 7| (plotted bearing in mind that Im 7' >0)
where the points lying on curves labeled 1 (&, = 40), 2 (£ I
=0), and 3 (¢ | = — 40), plotted on the assumption that
#Al" = 0.075 meV and for fixed values of the other parameters
(see the right-hand part of Table I), represent the symmet-
ric form of the spike (inset b in Fig. 2). The inner regions
bounded by curves 1-3 and the abscissa determine the range
of an asymmetric spike of type ¢ (inset ¢); an asymmetric
spike of type a (inset a) appears in the parts of the T plane
which are outside curves 1-3. In these regions an increase in
T, givesrise to a situation described by a system of boundary
conditions corresponding to the standard dead layer model
with the Pekar additional boundary conditions. '®

It is clear from Fig. 2 that points on the plane

T"=Re T||+i Im T"

may describe qualitatively different types of asymmetry of a
spike, depending on the value of £, . The change in the nature
of the spike asymmetry need not be accompanied by a
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FIG. 2. Values of the complex parameter 7, which ensure the appearance
of a symmetric spike (inset b) in the specular reflection spectrum of nor-
mally incident light: &, =40 (curve 1), 0 (curve 2), --40 (curve 3);
#l = 0.075 meV; the values of the other parameters are listed in Table I.
The internal regions bounded by curves 1-3 and the abscissa correspond
to an asymmetric spike of type ¢ (inset c), whereas an asymmetric spike of
type a (inset a) appears in regions external to curves 1-3.

change in the sign of &, as is true in the specific case of
curves 6 and 7 in Fig. 1b. The qualitative profie of a spike
changes when the position of a point on the 7 plane changes
relative to the curve representing a constant value of & :
when the point goes over from the outer to the inner region
or vice versa. This may occur as a result of a change in the
value of §; or in the value of 7).

In the spectra shown in Fig. 1 we concentrated our at-
tention on the features which appear near the frequency o, .
The parameters of the theory were varied in relatively nar-
row ranges (Table I) which made it possible to describe our
experimental spectra. The real part of the parameter T had
the value shown in Table II, so that it was possible to repro-
duce qualitatively the long-wavelength maximum in the
specular reflection spectra, which appeared sometimes in
the spectra of CdS at 2.5485 eV (curves labeled 7 in Fig. 1).
In view of the general nature of our approach, it would be of
interest to calculate the specular reflection spectra for values
of the parameters which are variable within wide limits. The
results of such a calculation could be of importance in the
interpretation of the experimental data in those cases when
the profile of the observed specular reflection spectrum
differs from the spectra shown in Fig. 1.

Curves 1-10in Fig. 3 demonstrate the possible spectral
dependence of the reflection coefficient of light incident nor-
mally on a sample with a dead layer. It is worth noting an
additional structure in the spectra, which appears at moder-
ately large values of | T |. In the case of curve 1 it is manifest-
ed by a clear dispersion structure near the energy #iw ~2.551
eV, whereas in the case of curves 3—4 it is located closer to the
frequency w, and exhibits antidispersive (reversed) behav-
ior. As Re T’ decreases, the structure shifts toward shorter
wavelengths and becomes localized near the resonance fre-
quency w,, where Re 7| = 0. Further reduction of Re 7 in
the range of negative values shifts the structure gradually
toward the frequency w, , but remains always on the long-
wavelength side of @, . In the limit |7 | - «o when the finite
value of £ ; remains fixed, we have the standard dead-layer
model."*

Curves 6-9 in Fig. 3 correspond to the case when the
surface polarization displacement current j; influences sig-
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TABLE II. Values of parameters used in calculations of the theoretical curves plotted in Fig. 3.

Curve No. &y ReT ImT Comments

1 150 13 0 Values of #iw, #iw, r, €,, £, and M are
2 420 4 0 listed in Table I; /= 70 A and
3 420 0 0
4 420 _8 0 #Al = 0.075 meV for curves 1-9;
5 420 —62 0 =124 A and 7’ = 0.09 meV for
6 1000 100 0 curve 10
7 -1000 100 0
8 1000 0 100
9 —1000 0 100

10 180 22 38

nificantly the reflection spectrum because the values of £ I
are anomalously large. The minimum value of the reflection
coefficient R represents a few tens of percent, and the maxi-
mum value of R (curve 7) can reach nearly 100%. Curve 10
also corresponds to a fairly large value of £, but it was calcu-
lated using a somewhat overestimated thickness of the dead
layer (/ = 124 A). This curve is interesting because it repro-
duces all the qualitative features of the experimental reflec-
tion spectrum reported in Ref. 27, where a satisfactory
agreement between the experimental results and the dead
layer model with a homogeneous set of the supplementary
boundary conditions (& | = 0) was not achieved.

|
2,550 tw, eV 2555 2,350

FIG. 3. Specular reflection spectra in the exciton resonance region calcu-
lated using the generalized dead-layer model for bulk parameters typical
of CdS crystals (4, _, exciton). The parameters in the boundary condi-
tions are listed in Table II.
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5.DISCUSSION OF RESULTS

For the normal incidence of light on a dead layer, Eq.
(2) contains in fact only three parameters Re 7, Im 7, and
&, The selection of the real value of £ follows from the
physical meaning of this parameter, which is a quantity asso-
ciated with the effective oscillator strength in the transition
layer (see § 10in Ref. 1). In the case of the complex param-
eter T),its real part Re T represents a shift of a certain
effective resonant frequency in the transition layer and pos-
sibly a change in the effective mass of the exciton. The imagi-
nary part, Im T, governs the energy dissipation in the same
transition layer.**> From the point of view of the theory of
scattering by a zero-radius potential the real quantity
(koT))~ " may be regarded formally as a generalized scatter-
ing length, corresponding either to a bound surface state (Re
T, >0) or to a “virtual” surface level (Re 7} <0)*°

It follows from calculations (Fig. 3) that Re T, governs
the spectral position of the additional long-wavelength
structure of the reflection coefficient. If I' -0 and Im T}, -0,
then at some frequency w; <, , where such a structure ap-
pears, the reflection of light amounts to 100% indicating the
absence of energy transfer into the investigated crystal at this
frequency. Bearing in mind that in the region w<w, when
I' = 0 only a polariton mode from the “lower” dispersion
branch 1 is propagated and the absence of energy transfer at
the frequency w, should be regarded as complete suppres-
sion of the mode 1 at this frequency. In that sense the fre-
quency o, can be regarded as equivalent to w, (see Sec. 4)
and it represents a threshold for the scattering of the incident
light wave.

It follows from the additional boundary conditions of
Eq. (2) that P yields directly a relationship between the
amplitudes E{" and E* of the normal modes 1and 2 on the
internal surface of the dead layer

2

Z, a;‘Eum=0,

j=1

;= (T|;+inj) (nf—es) —En (5)

where n; is the refractive index of the jth mode. Suppression
of the mode 1 occurs for a, = 0, i.e., when

T11=_inz+§u/(nzz—817) . (6)
This expression governs, via n,(w), the threshold frequency
o; at fixed values of T and &. It is obeyed rigorously if

I' = 0 in the spectral range w<w,, where Re n, =0 and it
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FIG. 4. Dependence of the threshold frequency w; [in units of
(0, —wy)/w, 7], at which an additional long-wavelength
structure appears in the reflection spectrum, on the parameter
T, whenIm T; £, = 1000 (1),420(2),0(3), — 420 (4),and
— 1000 (5). The values of the bulk parameters typical of CdS
(A, _, exciton) are shown on the right-hand side of Table I
(#C = 10 ~* meV).

corresponds to the real values of T). Allowance for the dissi-
pative damping (I" >0, Im 7> 0) means that the condition
(6) cannot be satisfied exactly so that when I" or Im T
increases, the spectral features in the region of the frequency
o, are gradually flattened out and then disappear. Obvious-
ly, the short-wavelength limit of the spectral shift of the
threshold frequency o, is governed by the condition n, = 0,
i.e.,, we have o, = w,, which corresponds to the value
Ty = —§/¢.

Figure 4 shows the dependence of the threshold fre-
quency w; on the parameter T for several fixed values of £,
(given in the caption of Fig. 4) and the bulk parameters
typical of the 4, _ ; exciton resonancein CdS crystals (right-
hand side of Table I). Trace 3 corresponds to a situation with
a surface mechanical exciton characterized by §, =0 and
discussed earlier.** Traces 1 and 2 are plotted for §; >0,
whereas traces 4 and 5 are plotted for §; <0. Trace 2 de-
scribes a shift of the threshold singularity w; in the spectra 2—
SinFig. 3 (§, = 420). Itis clear from the functions labeled 4
and 5 that in the range of negative values of §; and some
fixed values of T} a polariton mode 1 may be suppressed
simultaneously at two threshold frequencies.

An analysis of the experimental results given above and
the conclusions of many earlier investigations discussed ear-
lier suggest that a dead layer of thickness / of the order of 2-3
exciton radii and with an exciton-free core is indeed formed
near the surface of a crystal. A thin transition region of
thickness A/ <A, where 4 is the minimum length of the excit-
ed normal mode, exists between the internal boundary of the
dead layer and the bulk of a crystal. Within this thin layer the
exciton polarization P, and also the fields E and B, may
behave singularly. In particular, the appearance of the sur-
face polarization displacement j is one of the manifestations
of such a singularity.

In the case of CdS crystals with natural growth faces,
which were not subjected to any additional treatment, we
found that Al </S 100 A, which is a small quantity com-
pared with the characteristic absorption length ¢~ '~ 1000
A in the exciton resonance region. This is in good agreement
with the observation in CdS of very narrow (with very weak
inhomogeneous broadening) Brillouin scattering lines*°and
with the narrow 4, line due to a mixed mode. The condition
Al<a ™' is necessary also for the explanation of the experi-
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mentally observed small shift of the spike (the central singu-
larity near the frequency o, ) in the inclined reflection spec-
tra observed when the angle of incidence is increased.*’

The thickness / of the investigated dead layer corre-
sponds to the range of action of the nonadiabatic exciton
potential®*'® (where the internal motion of an electron and a
hole in an exciton ceases to be independent of the center-of-
mass motion). Such a potential may form as a result of the
combined effect of intrinsic and extrinsic mechanisms. In
particular, an extrinsic Stark reduction in the exciton energy
in a surface electric field, corresponding to bending of the
electron and hole energy bands at the surface, may compen-
sate partly an intrinsic increase in the energy” and reduce the
thickness of the transition layer by A/.

An intrinsic mechanism for the formation of the dead
layer can be ignored completely in the case of a strong sur-
face electric field which ionizes an exciton at a distance / on
the order of 2-3 exciton radii from the surface. This is exact-
ly the situation that can benefit from a calculation of the
reflection spectra in the adiabatic approximation used in
Ref. 8 for the Schottky barrier model.

The Schottky model makes it possible to estimate
roughly the influence of a surface electric field £(z) on the
behavior of an exciton. If w is the thickness of the space
charge layer with an excess concentration of charged donors
N* =N, — N, (in the case of an n-type semiconductor
such as CdS), ¢, is the static permittivity, and e is the abso-
lute value of the electron charge, then under thermodynamic
equilibrium conditions at low temperatures we have

E (z) = (4mele,) N* (z—w)
in the range of depths 0<z<w and
E(z)=0

outside this range. The intrinsic mechanism ceases to oper-
ate when |E(/)| R E,, where E, is the absolute value of the
ionizing field (for the 4, _, exciton in CdS this field is E,
~10° V/cm), which corresponds to the inequality

N*|l—w|=E;e./4ne.

For typical values N ¥ S Np ~10'> cm ~? in our CdS
samples the above inequality may be satisfied only if w is
sufficiently large (w= 5x 10* A). Throughout the part of

Akhmediev et al. 414



the crystal where a reflected wave can form (whose thick-
ness is of the order of @'~ 10* A) in practice the field re-
tains ionizing intensity [|E(a”'|R (1 —a~'/w)E,],
which should destroy the structure in the reflection spec-
trum. This is why we cannot use the adiabatic approach of
Ref. 8 to describe our experimental results.

The value of the electric field |E(/)|, in which the
boundary condition method can be applied, can vary within
wide limits depending on the characteristic values of w. If
wXa™ !, the field E(/) should be much weaker than E,. If
the distance (depth) wis comparable with /, then |E(/) | may
even exceed E;. The parameters occurring in the boundary
conditions should then be sensitive to the actual distribution
of the built-in charge N *, which can be controlled by exter-
nal factors.

6. CONCLUSIONS

The approach to the solution of the problem of reflec-
tion of light in the spectral region of exciton resonances
adopted above is of fairly general validity. There is no need
to specify completely the model from the microscopic point
of view, but the model should reflect the principal features of
the behavior of an exciton near the crystal surface. A gener-
alized model of an exciton-free surface dead layer has beem
developed on the basis of this approach, where it is assumed
that this layer may form as a result of intrinsic or extrinsic
mechanisms. Such a layer represents a homogeneous surface
region of a crystal of thickness amounting to 2-3 exciton
radii, which makes no exciton contribution to the polariza-
tion. The internal boundary of this region is subject to inho-
mogeneous supplementary boundary conditions imposed on
the exciton polarization. The parameters of these conditions
allow effectively for the changes in the resonance frequency,
dissipative damping, and effective mass of excitons, as well
as for a change in the oscillator strength of the transition in a
thin transition region between the dead layer and the bulk of
the crystal.

Variation of the values of three parameters of the sup-
plementary boundary conditions makes it possible to de-
scribe theoretically the fundamental features of the experi-
mentally observed exciton reflection spectra of light incident
on CdS crystals and demonstrates, in agreement with the
experimental data, the great variety of possible reflection
spectra. Calculations of these spectra on the basis of the gen-
eralized dead layer model with inhomogeneous supplemen-
tary boundary conditions predicts new spectral features
which appear for a certain selection of the parameters of the
additional boundary conditions and which we observed in
the case of CdS and other semiconductor crystals in the spec-
tral region of large exciton states.

The detailed structure of the transition region near the
surface in a real crystal depends on many difficult-to-control
factors, particularly the technological conditions during the
growth of crystals. A self-consistent microscopic analysis of
the behavior of an exciton in this situation is a very difficult
and cumbersome task. The solution of this problem is not
always justified from the practical point of view, particularly
when an analysis is made of other (apart from specular re-
flection) optical resonances associated with allowance for
the influence of interfaces on the scattering of light by a
rough surface, for luminescence due to bulk polaritons, for

415 Sov. Phys. JETP 69 (2), August 1989

resonant elastic and inelastic bulk scattering of light, for
emission of radiation, and for scattering accompanied by the
excitation of surface polaritons. In this respect the method of
inhomogeneous boundary conditions developed above pro-
vides a very effective and practical method for solving prob-
lems relating to surface effects which are important from the
physical point of view.

DThe authors are grateful to Sv. A. Pendyur and O. N. Talenskii for sup-
plying crystal samples.
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