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We investigate here the influence of reabsorption on the excitonic luminescence spectrum of AgGaSe, ,

CuGaS„and ZnSe under excitation by an electron beam and a He-Cd laser (in the case of ZnSe only). We

develop a simple and new theoretical model to analyze our experimental data; it shows that reabsorption

should be taken into account in most of our luminescence experiments at 77 K. We believe that such a study

provides an interesting method to determine free-exciton energies when they correspond to large absorption

coefficients. We have also studied the excitonic luminescence of ZnSe at liquid-helium temperature but, in this

case, there is no reabsorption and we think that this is due to strong polariton effects.

I. INTRODUCTION

In direct-band-gap semiconductors, the free
exciton is characterized by a large oscillator
strength and a large absorption coefficient
(10'—10' cm '). Absorption and ref lectivity spec-
tra are well interpreted by the classical exciton
theory' or, more recently, at low temperature
and in pure samples by the polariton theory. '
However the free-exciton luminescence spectrum
is not always as well. understood. ' One of the
main problems is that the recombination radiation
of free excitons in the bulk is partly reabsorbed
before reaching the surface. ' "

We wish to describe a detailed and new study
of the influence of reabsorption on the excitonic
luminescence in some direct-band-gap semicon-
ductors. This study is based on ref lectivity, ab-
sorption, and radiative- recombination experi-
ments performed in AgGaSe„CuGaS, and ZnSe.
We report here data obtained at 77 K for all these
semiconductors, and we present also similar
measurements done in ZnSe at liquid-helium tem-
perature, essentially because we are more in-
terested in this material which might lead to in-
~cresting applications. In our luminescence ex-
periments the excitation source was either a He-
Cd laser or an electron beam whose energy could
be changed between 10 and 35 kV. The depth of
the excited layer could thus be varied between a
fraction of a micron and a few microns, the idea
being that reabsorption should depend on this
depth. In AgGaSe, and CuGaS, we have also in-
vestigated the polarization of the excitonic lumin-
escence with respect to the optical axis because
the absorption coefficient (and thus reabsorption)
is not the same for both polarizations. To analyze
our data we use a simple theoretical model which

shows that reabsorption is involved in most of our
luminescence experiments at 77 K and gives us a
general and interesting method to obtain free-
exciton energies when the corresponding ab-
sorption coefficients are large. From a similar
study we deduce that there is no reabsorption in

ZnSe at liquid-helium temperature and we con-
clude that in this case our data involve important
polariton effects. As far as we know, this is the
first evidence for such effects in this material.

II. EXPERIMENTAL TECHNIQUES

For the cathodoluminescence measurements,
the samples were excited by a pulsed electron
beam. " The pulse rise time, length, and repeti-
tion frequency were, respectively, 5 nsec, 100
nsec, and 200 cps. The electron energy could be
varied between 7 and 35 kV; the maximum in-
tensity of the electron beam was 0.1A/cm'. In
the photoluminescence experiments, the excita-
tion source was a 20-mW cw He-Cd laser work-
ing at 3250 A. The beam was mechanicallychopped
and focused on a spot of 0.5 mm diameter. The
luminescence was collected from the excited face
of the sample. The emitted radiation was dis-
persed by a double pass Perkin-Elmer 99G mono-
chromator and detected by a, RTC XP 1020 photo-
multiplier. The ref lectivity and absorption mea-
surements were performed with a HRS 2 Jobin-
Yvon monochromator and a Hamamatsu S20 photo-
multiplier. For the observation of cathodolumine-
scence, ref lectivity, and absorption spectra, the
samples were glued with silver paint on the cold
finger of an optical cryostat. In the case of the
photoluminescence experiments, the sample was
immersed in liquid helium or nitrogen.

The samples, which were not intentionally
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doped, have been prepared by different techniques:
ZnSe was obtained by a method" derived from the
Meis and Fuscher's one, "CuoaS, by transport in

gaseous iodine, "and AgoaSe, by the Bridgman
method. '4 The crystals used in our experiments
were etched in a brome-ethanol solution (ZnSe)
or in a mixture of sulphuric acid and potassium
bichromate (AgGaSe, and CuGaS, ). The samples
were platelets of typical diameter 3 or 4 mm, and
their thickness was generally of the order of 0.5
mm for the luminescence measurements.

III. THEORETICAL MODEL

0

where x is the depth in the sample from the sur-
face and n(x) ~e""' ~ "r is the exciton density pro-
file. The integral f, n(x)e 'dx is the Laplace
transform H(a) of n(x).

I.et us now define the following quantity:

A(hv) =1(hv)/(hv)'[1 —R(hv)]H(0)e ""t~r

= aH(a)/H(0)

=A(a) . (3)

The first equality in Eq. (3) shows that all the
quantities except H(0) in the expression of A(hv)
can be obtained from ref lectivity and luminescence
experiments. From the second equality, we see
that for a, given experiment [n(x) fixed], A is a
function of the photon energy hv through the ab-
sorption coefficient n. For small absorption co-
efficients (ad«1), H(a) =H(0) and A is equal to
a. Thus we can obtain H(0) from measurements
of the absorption coefficient in the region of the
spectrum where it is small (for example, & 10'

In this section, we want to present a method to
analyze the free-exciton luminescence in direct-
band-gap semiconductors when reabsorption of the
emitted light is not negligible. In the absence of
reabsorption, the detailed balance principle shows
that the intensity I(hv) of the radiation emitted by
the sample is connected to the absorption coef-
ficient a(hv) as follows':

I (h v) = p(h v) a (h v) [1—R (h v) ] e ""~~ re ~ ~r, (1}

where R(hv) is the ref lectivity coefficient, p, is
the chemical potential of the excitons which are
supposed to be thermalized, and P is a constant
coefficient. The samples thickness being much
larger than the excitation depth d, the intensity
of the observed radiation taking into account the
reabsorption is

I(h v) = P'(h v)'[1 R(hv)] a(h v)

cm ') and easy to determine from transmission
experiments. Therefore luminescence, reflect-
ivity and absorption experiments will allow us to
get A(hv).

We wish now to study the general behavior of
A(a) to determine typical shapes of A(hv), parti-
cularly in the case of strong excitonic absorption.
For large absorption coefficients (ad - 1), A(a)
depends on the function H(a), i.e. , on the exci-
ton profile n(x). Whether the sample is excited by
electronic bombardment or by a laser beam, the
excitation gives rise to the following phenomena:
(i) creation of excitons with a profile g(x); (ii)
diffusion and recombination of these excitons. (We
do not consider here the formation of excitons
from the injected electron-hole pairs because
this process is very fast. ) The exciton concentra-
tion n(x) is governed by the steady-state equa-
tion"

D 2
—r+g(x) =0,sn()

Bx (4)

where D is the diffusion coefficient and r the
recombination rate of excitons. If S is the sur-
face recombination velocity, the condition at the
surface of the sample is

8 9—n(0) = —n(0) .
Bx D

The thickness of the sample being much larger
than the excitation depth, the exciton concentra-
tion must verify another condition:

n(~) =0.
The resolution of these equations is generally

complicated and depends on the function g(x).
However, the condition at the sample surface
[Eq. (5)] yields" the following result provided
that g(x) is not infinite at the surface: when the
absorption coefficient increases from 0 to in-
finity, A(a) increases at first as a, reaches a
maximum A,„, and then decreases towards an
asymptotic value A„. Equations (4)-(6) simplify
if we assume that the excitons lifetime is in-
dependent of the concentration and that their gen-
eration is proportional to the intensity of the ex-
citing beam. These conditions are generally
satisfied when the excitation is weak, i.e. , when
there is no exciton-exiton interactions and no
stimulated emission for example. Thus in the
case of electron beam excitations, and using for
g(x) the empirical expression of Philibert, "the
calculation of A(a} is straightforward and yields
the following results": the curve A(cy) is indepen-
dent of the excitation intensity, A,„,„and A„de-
crease zohen the excitation dePth increases and the
ratio A,„/A„ increases upwith the excitation depth.
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IV. EXPERIMENTAL RESULTS
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FIG. 3. (a) Comparison of the experimental reflectivi-
ty in polarization parallel to the optical axis (solid curve)
to a theoretical fit (dashed line) done using a simple
damped oscillator (see text). (b) Absorption spectrum
obtained with the help of Kramers-Kronig relations.
The arrow indicates the free-exciton energy obtained
from reflectivity.

conduction bands, whose intensities depend on
the polarization of the radiation relatively to the
optical axis: A, which corresponds to the band

gap and is more intense in parallel than in per-
pendicular polarization, 8 which is allowed only
in perpendicular polarization, and C which is
more intense in perpendicular polarization. Note
that the notations used here are those of Ref. 22.

Figure 3(a) shows our ref lectivity data in parall-
el polarization at 77 K. The absorption spectrum
calculated from the ref lectivity with the help of
Kramers-Kronig relations is presented in Fig.
3(b) and exhibits a peak whose maximum is at
1.818 eV. We believe that this peak is due to free
excitons. Indeed this result is in rather good
agreement with previous measurements done by
Tell et al."who have obtained from ref lectivity
experiments 1.817 eV for the energy of the n= 1
free exciton at liquid-nitrogen temperature. From
Fig. 3(b), we get the absorption coefficient at the
free-exciton energy which is 5 x 10' cm '. Figure
3(a) shows also a least-squares fit of the reflect-
ivity accident with a simple damped oscilla-
tor." The long-wavelength reflectivity is taken
to be 0.235 as estimated from room-temperature
refractive index measurements. '4 The best fit
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FIG. 4. A (hv) and absorption (solid and dashed lines)
spectra in parallel and perpendicular polarizations.
A(hv) is given for different energies of the electron
beam. Note that L((() corresponds to radiation polarized
perpendicularly (parallely) to the optical axis.

is obtained for the following values of the param-
eters: the oscillator energy E,=1.818 eV, the
oscillator strength 4nP= 5.8 x 10 ' and the damping
constant I'= 8 meV. We have also measured at 77
K the absorption coefficient in the range 10-600
cm ' in parallel and perpendicular polarizations
on a, 100- pm thick platelet of the same ingot.
These results are shown in Fig. 4. The ratio
of the absorption coefficients (n„/n, ) is about
10, in good agreement with the measurements
of Tell et al." Therefore the absorption coef-
ficient for the free-exciton energy in perpendi-
cular polarization must be around 5 x 10' cm '.
The penetration depth of the electron beam vary-
ing between 0.1 p.m for 7 kV and 1.4 p, m for 35
kV [from Eq. (B2)], we can predict that the free-
exciton luminescence will be weakly reabsorbed
in perpendicular polarization and strongly in
the parallel one.

We have reproduced in Fig. 5 the cathodolumin-
escence spectra in the free-exciton energy region
for parallel and perpendicular polarizations.
These spectra were obtained at 77 K for different
electron beam energies. It can be noted that the
main luminescence peak is progressively de-
formed from the spectrum in perpendicular po-
larization obtained with a 7-keV electron beam
[7 kV(&)] to the 30-kV(~~) spectrum. This lum-
inescence peak shifts from 1.818 to 1.807 eV and
its width increases. From these spectra, we have
calculated A(kv) using Eq. (3) and our absorption,
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seems to be a little bump near 1.832 eV. We in-

terpret it tentatively as the n = 2 free exciton. "
From this study, we conclude that the variation
of the position and of the shape of the exciton peak
in the luminescence spectra reported here (Fig.
5) are actually due to reabsorption.

40
CS
~tl40
C

C

~m

~Q

1.8II

Photon energy (eII)

FIG. 5. Cathodoluminescence spectra of AgGaSe2 at
77 K for polarizations parallel and perpendicular to the
optical axis and for different energies of the electron
beam.

ref lectivity, and luminescence data corrected by the
photomultiplier response. The A(hv) spectra
shown in Fig. 4 have been normalized so that they
coincide with the absorption coefficient measured
directly between 1.79 and 1.81 eV. We have seen
previously that when reabsorption is negligible
(od « I), A(hv) is equal to a(hv). This is the
case of the 7-kV (&) spectrum (nd =0.1) which
presents a peak at 1.820 eV corresponding cer-
tainly to free excitons. The maximum of A(hv)
is about 6 && 10' cm ', in good agreement with the
results obtained from ref lectivity by the Kramers-
Krdnig transformation. However the energy of the
A(hv) maximum is slightly shifted towards high

energies with respect to our ref lectivity data,
but at the moment we do not have any explanation
to propose for this discrepancy. In agreement
with our theoretical model, it is observed that,
when the reabsorption becomes larger, the peak
at 1.820 eV becomes smaller and is finally trans-
formed in a dip whose depth increases with the
electron beam energy. Besides, the theoretical
results obtained in Sec. IQ are well illustrated by
the 20 and 30 kV (~~) A(hv) spectra: (i) A and
A„are smaller at 30 kV than at 20 kV, (ii)A „/
A.„is larger at 30 kV than at 20 kV. One can also
notice that in the 7 kV (i) A(hv) spectrum, there

8. CuGaS~

This I-III-VI, compound has the same band
structure than AgGaSe, . However the polariza-
tion ratio, the oscillator strength and the ab-

sorption coefficient in parallel polarization for
the A transition are larger than in the case of
AgGaSe, ."

From ref lectivity, absorption, and luminescence
experiments at 77 K, we have determined A(hv)
in parallel and perpendicular polarizations using
the same procedure as in the case of AgGaSe, .
The results obtained in perpendicular polarization
are shown in Fig. 6(a). According to Tell et al. ,

"
the absorption coefficient for the exciton energy
in perpendicular polarization does not exceed
1500 cm ', so that there is no reabsorption and

A(hv) represents the absorption spectrum. We
observe perfectly the v=1 free exciton" at
2.4995+ 0.0004 eV and the n = 2 one a,t 2.524 eV.
Thus assuming an hydrogenoid model, the ex-
citon binding energy is 32 meV. Tell et al."
obtained from ref lectivity measurements E,
=2.499 eV and R, =29 meV. It is noteworthy that
the absorption spectrum obtained directly on a
similar crystal fits well with the A(h v) spectrum
which shows that the excitons are thermalized at
77 K. Figure 6(b) gives A(hv) in parallel polariza-
tion for different energies of the electron beam.
As in AgGaSe„ the A(hv) spectrum presents a, dip
which is located at 2.5015+0.0008 eV and whose
depth increases with the electron beam energy.
Reabsorption is thus an important effect in this
case but contrarily to what could be expected,
the energy of the dip is not exactly the same as
the one of the peak in perpendicular polarization.
It is shifted by a quantity ~E=2meV about towards
high energies. This shift could be explained by a
difference between the energies of the I', exciton
allowed in perpendicular polarization and the I',
exciton allowed in the parallel one.""However
we do not think that this explanation is likely for
two reasons: (i) the energy of the exciton in per-
pendicular polarization (obtained here from
luminescence measurements) is the same than in
parallel polarization"; (ii) we have also ob-
served in cubic ZnSe that the energy of the dip is
at a slightly higher energy than that of the ex-
citon (see Sec. IVC1).

On the other hand 4E seems to correspond to
the longitudinal transverse exciton splitting 4».
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maximum at the energy of the longitudinal ex-
citon. As pointed out by these authors, this theo-
retical result is consistent with optical data ob-
tained in different materials. We can guess that
this phenomenon will be visible" only if 4» is
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C. ZnSe

The optical properties of this material are better
known than those of the ternary compounds.
Particularly its luminescence has been exten-
sively investigated by different authors. " We
wish to present here the results of a study which
we have also performed to investigate the in-
fluence of reabsorption on the free exciton ra-
diation spectrum inthig compound.

2.41
I

2.5O
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FIG. 6. CuGa82 at 77 K. Absorption (solid lines) and
A(hv) spectra in polarization (a) perpendicular and (b)
parall. el to the optical axis. The arrows indicate the
positions of the n =1 transverse (Eo) and longitudinal
(EJ) excitons and of the n=2 exciton.

1. Liquid-nitrogen temperature

From absorption, ref lectivity, and luminescence
experiments, we have calculated as previously
the A(kv) spectra shown in Fig. 7. It can be seen
that these spectra exhibit a camel back shape
with a dip increasing with the excitation depth.
This dip occurs at 2.7936+0.0004 eV and is shifted
towards high energy compared to the exciton en-
ergy obtained from electroreflectance measure-

Let E~ and E ~ be the longitudinal and transverse
exciton energies at k = 0 and &' the dielectric con-
stant far from the exciton energy,

lo $e

77K
e-z

h~r=E~ —Er = 2rPEr/e'. (7)

Taking E~ =E,=2.5 eV, 4m'P=0. 015,"and E'=8.5,"
we get E~- E~= 2.2 meV which is close to the dif-
ference we observe between the energies of the
peak in perpendicular polarization and of the dip
in parallel polarization. Besides the energy of the
reflectivity minimum which is general, ly con-
sidered as that of the longitudinal exciton' is
situated at 2.5015 eV like the dip in the A(hv) spec-
trum. Thusthedipinthe A(hv) spectra, i.e. , the
maximum of reabsorption, is close to the energy
of the longitudinal exciton. In fact this result is
not very surprising. Indeed, as shown by Tait and
Weiher" from calculations of the excitonic ab-
sorption spectrum in Cds done in the formalism
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FIG. 7. Absorption spectrum obtained from direct
measurements (solid line). A(7'ev) spectra for different
kinds of excitations: C) He-Cd laser; ~ electron beam
20 kV; ~ electron beam 30 kV.
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ficient is not large enough. Finally, in view of the

study presented in this section, we believe that
the excitation dependence of the luminescence
spectra in the exciton energy region (see Fig.
9) is here also due to reabsorption.

K

co

g

2.760 2.765
Photon energy (eV)

2.770 2.775

FIG. 8. Photoluminescence spectrum of the LO-phonon
replica of the exciton line in ZnSe at 77 K. The dotted
line gives the experimental data. The dashed line repre-
sents calculations done in the polariton model and the
solid line the exciton model (see text).

ments. " We have observed the same kind of ef-
fect in CuGaS„and it is thus interesting to obtain
a precise value of the transverse exciton energy
in our samples. We have fitted in the exciton and
polariton formalisms the luminescence line shape
of the exciton LO phonon replica shown in Fig. 8.
Both models and the values of the parameters
we used are, respectively, given in Sec. IVC2.
The results are given in Fig. 8. The energy of
the LO phonon at the center of the Brillouin zone
being 31.7 meV, "we obtain for the transverse
exciton energy 2.7924+0.0004 eV inthe polariton
model and 2.7918+0.0004 eV in the exciton one.
The exciton dip in the A(hv) spectrum is thus
shifted towards high energy with respect to the
transverse exciton by 1.2 meV (polariton model)
or 1.8 eV (exciton model). Thus it is quite clear
that the dip in the A(hv) spectrum occurs near
the energy of the longitudinal exciton. Indeed,
with 4mP=6. 1 x 10," and q'=7. 7, the long-
itudinal transverse splitting is 4~~= 1.1 meV.
This is quite comparable to what happens in

CuGaS, and can certainly be interpreted as in the
case of this ternary compound.

From Sondergeld and Stafford3' measurements,
the binding energy of the free exciton is 20+ 0.7
meV which gives 2.807 eV for n =2 exciton energy.
In fact we observe in the A(hv) spectra a peak in
the case of laser beam excitation and a well shaped
dip in the case of electron beam bombardement
near 2.808 eV that we attribute to the n = 2 ex-
citon. This corresponds to a binding energy of the
exciton of 21 meV. The n = 2 peak does not present
a dip in the A(hv) spectrum corresponding to laser
excitation certainly because the absorption coef-

Photolum&nescenc

10kV

20k%I

30 i(V

2. 14
I

2. 16 2.18 2.SO

Photon energy (eY )
2.82

FIG. 9. Luminescence spectra of ZnSe at 77 K using
different kinds of excitations gaser and electron bom-
bardment). The arrow gives the n = 2 exciton position.

2. Helium temperature

As shown in Fig. 10, the high-energy part of
the photoluminescence spectrum at 2 K presents
a succession of narrow peaks which have already
been observed by other authors. " If we compare,
for example, the relative intensities of I, or I,
(bound excitons) and of E„(free excitons) to what

has been reported in previous works, " it is clear
that the quality of our samples is very good. How-

ever, in some samples, the F„, I„andI, peaks
and their phonon replicas are wider and shifted
to lower energies 'oy the same quantity"" (from
2 to 4 meV), but all the results presented here
have been obtained with samples which did not
present this kind of effect. Figure 11 gives the
luminescence spectra in the exciton energy region
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escence data shown in Fig. 11, we have obtained
the A(hv) spectra presented in Fig. 13. Taking
into account the luminescence results described
above we used here the values of T given in Fig.
12 in the case of the polariton model. We note
first that it is not possible to superpose the low

energy part of the A(hv) spectra on the absorption
curve. However, this part of the luminescence
spectrum is dominated by the recombination of ex-
citons bound to neutral impurities. The large
resistivity of the samples at room temperature"
(10' 10' 0 cm) shows that impurities are almost
all compensated, so that they are all ionized during
absorption measurements. On the contrary, in the
luminescence experiments the sample is strongly
excited and all the impurities are neutral. There-
fore we believe that this may explain the dis-
crepancy between A(hv) and n. The second state-
ment is that the A(hv) spectra present a dip at
2.8030 eV which corresponds nearly to the long-
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FIG. 12. Experimental {) spectrum of the LD-phonon
replica of the exciton luminescence line obtained in ZnSe
at helium temperature; (a) and (b) correspond, respec-
tively, to electron beam and laser excitations. The
dashed lines give the theoretical line shape of this replica
calculated in the exciton model: in (a), Eo ——2.8014 eV
and T=12.6 K; in (b), Eo —-2.8014 eV and T=7 K. The
solid lines correspond to calculations done in the po-
lariton model with m, =0.16 mo (Ref. 29), m&=0.75 mo
(Ref. 33), e' = 7.7 (Ref. 34) and 41lp= 0.0061 (Ref. 32);
the values of Eo and T are given in the figure.

where m* = m, + m„ is the exciton mass. Figure
12 represents the experimental photoluminescence
and cathodoluminescence peaks and the best fits
in the polariton model and in a simple exciton
model where

I (hv) = (hv E + fi)3~2e ""~~r
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The corresponding values of Ep and T are given
in Fig. 12. One can see that the polariton model
gives better fits and seems more appropriate
than the exciton one. From these data we deduce
also that the polaritons are in quasithermal
equilibrium over a range of 2 meV around Ep.

From the experimental ref lectivity and absorp-
tion spectrum given in Fig. 13 and the lumin-

PHOTON ENERBY( ~ V)

FIG. 13. ZnSe at liquid-helium temperature. (a) Be-
flectivity (b) A (hv) spectra for different conditions of
excitation: L laser beam; ~ 30-kV electron beam; h,
7-kV electron beam. The solid line gives the absorption
coefficient measured directly in a thin sample (25 pm).
El (Ez) gives the energy of the longitudinal (transverse)
exciton.
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itudinal exciton energy as it is the case at 77 K.
However the depth of the dip does not increase
with the width of the excited layer so that it is
certainly not possible to interpret it in terms of
reabsorption. This suggests strongly that the ex-
citonic absorption is smaller at low temperature
than at 77 K. Such a result might seem surpris-
ing but similar conclusions have been recently
drawn in CdS,"Cu, o,"and GaSe, ~ from direct
absorption measurements. As discussed in Refs.
41-43, it seems that such an effect can only be
understood in a polariton model. Therefore, from
the results reported here, we are led to conclude
that there are certainly strong polariton effects
in ZnSe at low temperature. Finally, Sell et al.4'

have observed in GaAs at low temperature (2 K)
a doublet structure in the exciton luminescence
spectrum. These authors have attributed the low-
energy peak to the lower polariton branch and the
upper one to the upper polariton branch. Cal-
culations of A(hv) from the results of Ref. 44 lead
to A(hv) spectra whose shape is similar to ours.
Therefore, in view of our results, we think that in
ZnSe the low-energy peak at 2.8022 eP in the A(hv)
spectrum is due to the lower polariton branch
whose population is in thermal equilibrium be-
tween 2.801 and 2.803 eV as seen previously. We
suggest that the large increase of A(hv) above
2.803 eV may be due to the upper polariton
branch.

V. CONCLUSION

To summarize, using a simple and new theo-
retical model to analyze our luminescence data
in AgGaSe» CuGaS» and ZnSe, we have shown
that reabsorption is generally not negligible in
the excitonic luminescence observed at 77 K in
these materials. The method presented here to
study reabsorption yields also the free-exciton
energy and is obviously applicable to other di-
rect-band-gap materials. Of course this method
is only interesting when the absorption coef-
ficient is large in the exciton energy region. It
is noteworthy that in CuGaS, and in ZnSe our
model gave us the longitudinal exciton energy be-
cause it happens that in these cases the absorption
is maximum at this energy. This can be under-
stood from the theory of Tait and Weiher. "

In addition, we deduce from our investigations
that in ZnSe at liquid-helium temperature there is
practically no reabsorption of the l.ight emitted
in the excitonic part of the spectrum. We believe
that this means that polariton effects are im-
portant in this material at low temperature.
This conclusion is supported by previous studies
performed in CdS, ' Cu, Q,~ and GaSe.~
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APPENDIX A

To describe the behavior of A(a) when a tends
to infinity we develop first n(x) in the vicinity of
the surface (x =0):

n(x) =n (0) + x + xO(x) .sn 0
Bx

Using E(l. (5), this yields

n(x) =n(0)(1+ xS/D) + xO(x) .
The Laplace transform of n(x) is thus

1 1 8 1 1
H(a) = —n(0)+ —,—n(0)+ —,0—

Q D Cl' Q

n(0) 1 S n(0) 1 1A(a) = +—— + —0
H(0} a D H(0) a a

The coefficient of 1/a being positive, A(a) ap-
proaches a limit A„by decreasing values when a
tends to infinity. A(a) being proportional to a for
the small values of a, it has a maximums, „
for a finite value a of e.

APPENDIX 8

To obtain A(a) in cathodoluminescence as a
function of the electron beam energy, we start
from E(l. (4}which yields easily

(((a) = f n(x)s dx
0

v[n(0)(aD+ S) —G(a)]

where G(a) is the Laplace transform of g(x}, r
the exciton lifetime, and L = (Dv)"'. Since H(a)
cannot be infinite for a = 1/L, we obtain the follow-
ing condition:

(0)
G (1/L)

(D/L) + S

Finally we get

H(a)A(a) =
(0)

G(1/L)(LS+ aLD) —(LS+D)G(a)
[G (1/L) LS —(LS+D)G (0)](1 —a'L')
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In cathodoluminescence, the generation profile is
given by the Philibert" formula

G(x) =XVI(1+h)op(e '& —e '"""~'~), (B2)

where h=1.2 Q, C;(M, /Z', ), a=4.5x10'/V"' in
cm ', p is the density of the material, V is the
energy of the electron beam in keV, I is the in-
tensity of the electron beam, C„Z„M, are the
concentrations, atomic numbers, and atomic
masses of the different atoms constituting the
sample, and K is a constant which is approxima-
tely equal to 1/2Eo if Eo is the band gap. The
Laplace transform of g(x) is

G(a) = G (0)/(na+ 1)(uya+ 1),

B G(u) a(2o.ya+ y+ 1) Ba
BV G(0} (aa+1)'(aya+1)' BV

G(u)/G(0) is thus a decreasing function of the

where a = 1/op ~ V' "and y=h/(1+ &). Let us ex-
amine at first the variation of G(a) with the energy
of the electron beam:

energy of the electron beam. When'the absorption
coefficient tends towards infinity, it is shown in
Appendix A that A. (a) tends towards a limit

n(0) LG(1/I, )/G(0)
H(0) r[D+ LS —I,SG (1/ L)/G (0)]

Equation (B4) shows that A„ is an increasing func-
tion of G(1/L)/G(0); it is thus a decreasing func-
tion of the energy of the electron beam.

Let us study now the variation of A(a)/A„:

A(a) ar(aD+ S) aL(LS+D)G(a)
n'L'-1 D(a'L' —1)G(1/L) '

A(a)
BV A

a(D+ LS)[(1+y) (L, + aya') + 2ya (1+ aL}] Be
DL(aL+ 1}(aa+1)'(aya+ 1)' BV

'

Therefore A(a}/A„ increases with a and increases
with the energy of the electron beam. A fortiori,
the behavior of A /A„will be the same.

*Laboratoire associ6 au CNHS.
'See, for example, R. J. Elliott, Phys. Rev. 108, 1384

(1957); M. D. Sturge, ibid. 127, 768 (1962); F. Stern,
Solid State Phys. 15, 300 (1963).

2See, for example, J. J. Hopfield and D. G. Thomas,
Phys. Rev. 139, 563 (1963); F. Evangelisti, A. Frova,
and F. Patella, Phys. Rev. B 10, 4253 (1974); W. C.
Tait and R. L. Weiher, Phys. Rev. 166, 769 (1968).

3See, for example, H. Barry Bebb and E. W. Williams,
in Semiconductors and Semimetals, edited by R. K.
Willardson and A. C. Beer (Academic, New York,
1972), Vol. 8, p. 182.

4J. P. Noblanc, thesis, Paris (1970) (unpublished);
J. P. Noblanc, J. Loudette, and G. Duraffourg, Phys.
Status Solidi 32, 281 (1969).

5A. Maruani, J. P. Noblanc, and G. Duraffourg, in
Luminescence of Crystals, Molecules and Solutions,
edited by F. Williams (Plenum, New York, 1972),
p. 262.

6T. Gato, T. Takahashi, and M. Ueta, J. Phys. Soc.
Jpn. 24, 314 (1968).

V. Heim and P. Hiesinger, Phys. Status Solidi B 66,
461 (1974).

A. A- Gippius, V. S. Vavilov, Zh. R. Panossian, and
V. V. Usakov, in Eksitony v Poluprovodnikakh, Edition
"Science" (Nauka, Moscow, 1971), p. 6S.

9J. Voigt and F. Spiegelberg, Phys. Status Solidi 30,
659 (1968).

' B. Sermage and G. Duraffourg, J. Phys. Suppl. 35,
289 (1974).
P. Blanconnier, J. Cryst. Growth 17, 218 (1972).' W. M. de Meis and A. G. Fuscher, Mater. Res. Bull.
2, 465 (1967).

'~W. N. Honeyman and K. H. Wilkinson, J. Phys. D 4,
1182 (1971).

'4P. Blanconnier, P. Henoc, and A. C. Papadopoulo,
Centre National d'Etudes des T616communications,
Document PEC No. 217 (unpublished).

~ We have checked that in our pulsed excitation experi-
ments the risetime and the decay time of the observed
luminescence were both much smaller than the exci-
tation pulse width.

6See Appendix A.
J. Philibert, M6taux, Corrosion, Industrie 40, 157
(1965); 216 (1965); 325 (1965)~

' See Appendix B.
' It is easy to calculate A (n) in the case of band to band

transitions. The results are the same as in Appendices
A and B.
See, for example, G. Bruhat, Cou~s de Physique
Generale, Optique (Masson, Paris, 1965), p. 822.
V. L. Levskin, E. Ya. Arapova, A. I. Blazhevich,
Yu. V. Voronov, I. G. Voronova, V. B. Gutan, A. V.
Lavrov, Yu. M. Popov, S. A. Firdman, V. A. Chik-
hacheva, and V. V. Schaenko, in Soviet Researches on
Luminescence, edited by D. V. Skobeltsyn (Consultant
Bureau, New York, 1964), p. 59.
J. E. Rowe and J. L. Shay, Phys. Rev. B 3, 451 (1971).
B. Tell and H. M. Kasper, Phys. Rev. B 4, 4455 (1971);
B. Tell, J. L. Shay, and H. M. Kasper, ibid. 6, 3008
(1972).
G. D. Boyd, H. M. Kasper, J. H. McFee, and F. G.
Starz, IEEE J. Quantum Electron. QE-S, 900 (1972).
B. Tell, J. L. Shay, and H. M. Kasper, Phys. Hev. B
4, 2463 (1971); B. Tell and H. M. Kasper, @id. 7, 740
(1973).
C. Benoit a la Guillaume (private communication).

27M. Bettini, S. Suga, and K. Cho, Solid State Commun.
18, 17 (1976).

2~W. C. Tait and R. L. Weiher, in Ref. 2.



3946 8. SERMAGE AND M. VOOS

~P. J. Dean and J. L. Merz, Phys. Rev. 178, 1310
(1969); J. L. Merz, Phys. Rev. B 9, 4593 (1974); J. L.
Merz, H. Kukimoto, K. Nassau, and J. W. Shiever,
ibid. 6, 545 (1972); J. L. Merz, K. Nassau, and J. W.
Shiever, ibid. 8, 1444 (1973); J. C. Bouley, P. Blan-
connier, A. Hermann, Ph. Ged, J. Henoc, and J. P.
Noblanc, J. Appl. Phys. 46, 3549 (1975); H. Roppis-
cher, J. Jacobs, and B. V. Novikov, Phys. Status
Solidi A 27, 123 (1975).
R. A. Forman and M. Cardona, in II-VI Semiconducting
Compounds, edited by D. G. Thomas (Benjamin, New

York, 1967), p. 100.
3~J. L. Lacombe and J. C. Irwin, Solid State Commun. 8,

1427 (1970). We have obtained the same value by
measuring the energy difference between I& and I,—LO.
The best fit for the LO-phonon replica of the free-
exciton luminescence line at liquid-helium tempera-
ture is obtained for this value of 4nP which is a reason-
able one compared to the value obtained in Ref. 33.
G. E. Hite, D. T. F. Marple, M. Aven, and B. Segall,
Phys. Rev. 156, 850 (1967).

34M. Aven, D. T. F. Marple, and B. Segall, J. Appl.
Phys. Suppl. 32, 2261 (1961); D. T. F. Marple, J.
Appl. Phys. 35, 539 (1964).

35M. Sondergeld and R. G. Stafford, Phys. Rev. Lett.
35% 1529 (1975).

3~H. Roppischer et al, in Ref. 29.
In these samples, we have observed peaks due to
wurtzite ZnSe both in luminescence and reflectivity.
On the other hand, in x-ray diffraction measurements,
we did not see any spot due to the wurtzite structure.
However, this is not surprising because this tech-
nique is far less sensitive than luminescence or re-
flectivity. It seems then that these samples contain
some microcrystals of wurtzite ZnSe which create
stresses in the blende part and shift the band gap.
W. W. Tait and R. L. Weiher, Phys. Rev. 178, 1404
(1969).
Y. Toyozawa, Prog. Theor. Phys. 20, 53 (1958).
J. C. Bouley et al. , in Ref. 29.
'J. Voigt, Phys. Status Solidi B 64, 549 (1974).

42F. I. Kreingold and V. L. Makarov, Zh. Eksp. Teor.
Fiz. Pis'ma Red. 20, 441 (1974) [Sov. Phys. -JETP
Lett. 20, 201 (1974)].

3A. Bosacchi, B. Bosacchi, and S. Franchi, Phys. Rev.
Lett. 36, 1086 (1976).

44D. D. Sell, S. E. Stokowski, R. Dingle, and J. V. Di-
lorenzo, Phys. Rev. B 7, 4568 (1973).


