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Properties of the electron-hole plasma in II-VI compounds as a function of temperature
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We present time-integrated and time-resolved luminescence and gain investigations in CdS and
CdSe under low and high excitation for temperatures between liquid-helium and room temperature.
We observe an increase of the density and the lifetime of the carriers and a decrease of their drift
length with increasing temperature. The results are compared with measurements of other II-VI
compounds. The findings are discussed in the frame of the many-particle theory for an electron-
hole plasma and compared to some universal approaches to the band-gap renormalization presented
in other works.

I. INTRODUCTION

During the last decade, the investigation of nonlinear
optical systems has been found to be of great interest,
partly because of potential applications concerning opti-
cal data processing. One particular phenomenon, which
is connected with huge optical nonlinearities is the transi-
tion to an electron-hole plasma under intense laser excita-
tion. The characteristics of this plasma, e.g. , the density,
the lateral and longitudinal drift length, and the proper-
ties at various temperatures have been extensively studied
in CdS (see, e.g. , Refs. 1 and 2 and references given
therein). The aim of this paper is to present new results
from time-integrated and time-resolved measurements for
CdSe and to compare them with those known for CdS.
Moreover, new results of time-resolved gain spectroscopy
in CdS are reported. We carried out luminescence and
gain spectroscopy in the range between liquid-helium and
room temperature under low and high excitation. In
these experiments we observed the transition from a de-
generate electron-hole plasma, where the filling of the
bands is described by quasi-Fermi functions for electrons
and holes, respectively, to the nondegenerate situation.
This transition occurs around 150 K. The behavior of
certain parameters is discussed which determine this
transition, e.g. , the lifetime and the drift length of the
plasma as well as the temperature dependence of the
stimulated emission. In connection with higher tempera-
tures, the so-called Urbach-Martienssen tail in the ab-
sorption will be treated. In general, the results found for
CdSe are comparable to those for CdS.

Furthermore, recent and older approaches to universal
description of the behavior of the band-gap shrinkage due
to many-particle efFects in highly excited systems will be
discussed and related to our experimental results. In this
connection a comparison with measurements on various
II-VI compounds such as CdS, CdSe, CdTe, and ZnO re-
veals the validity of these universal expressions only to a
certain extent. Finally, the differences will be outlined
between these pure crystals and the mixed crystal
CdS, Se, where localization effects can be observed.

This paper is organized in the following way. Section

II contains the description of the time-integrated and
time-resolved luminescence and two-beam methods to-
gether with some remarks on the crystals under investiga-
tion, since there are some discrepancies to earlier mea-
surements. In Sec. III we report the results of the
luminescence experiments in CdSe under low and high
excitation. In Sec. IV we describe the results of the
time-integrated and time-resolved gain spectroscopy as a
function of the temperature in CdS and CdSe, whereas in
Sec. V the drift length of the electron-hole plasma at in-
creased temperature is discussed. Finally, - Secs. VI and
VII are dedicated to the comparison of the results with
some universal laws and with the optical behavior known
from mixed crystals, respectively.

II. EXPERIMENTAL SETUP AND CRYSTALS

The experimental techniques used were common
pump-and-probe-transmission and reAection spectros-
copies. For the time-resolved luminescence measure-
ments we worked with an excimer XeC1 laser (EMCEE

101—Lambda Physic) as the central pump source. The
other experiments were done with a nitrogen laser (UV
400—Molectron). In both setups these lasers were used to
pump two dye lasers. The crystal was excited by an in-
tense tunable narrow-band dye laser, mounted in a
Hansch configuration, with a light field polarized
klc, Eic, where k is the wave vector of the light field, E
its electric field, and c the crystallographic axis. The
transmission or reAection of a spectrally broad low-
intensity probe was recorded. The samples are high-
quality platelets with a thickness of 2—20 pm grown by a
vapor phase transport method. We found some
discrepancy concerning the energetic position of the exci-
ton in CdSe. Depending on the sample, the exciton reso-
nances were blue shifted by 5—8 meV compared to litera-
ture data of AI 5=1.825 eV. This phenomenon ap-
peared both in samples grown in the crystal laboratories
in Strasbourg and in Karlsruhe, and was measured in-
dependently in the laboratories of Strasbourg and of
Kaiserlautern. By means of atomic absorption measure-
ments, we found that the concentration of Cu, Ni, Zn, Al,
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Te, Mg, and K in our crystals was lower than about a
tenth of a ppm. We also checked the concentration of S
by neutron activation. It was found to be below the
detection limit of ~ 1%. So the reason for the blue shift
is presently not clear.

The dyes used were DCM solved in DMSO in the ex-
periments concerning CdSe, and Coumarin 102 and Cou-
marin 307 for CdS, respectively. The luminescence re-
sulting from the excitation was subtracted from the
recorded probe beam spectra. The spot diameter of the
exciting beam on the crystal (d =60 pm) was twice as
large as the one of the probe beam in order to ensure that
the polychromatic laser probes a homogeneously excited
crystal. The spatial and temporal coincidence of the two
beams on the crystal was checked carefully. For the
determination of the longitudinal expansion of the
electron-hole plasma into the crystal, we measured the
disappearance of the excitonic reflection structure on the
unexcited surface of the crystal platelet. By using the
thickness of the crystal as a parameter, we determined
the drift length of the plasma ld. Independently, ld could
be determined by evaluating the behavior of the integrat-
ed optical amplification of the probe beam as a function
of the crystal thickness.

The length of the laser pulses was 5 and 3 ns full width
at half maximum (FWHM) for the pump beam and the
probe beam, respectively. In the time-resolved investiga-
tions, therefore, we probed continuously the temporal
evolution of the optical properties of the crystal during
the excitation pulse in contrast to more-common experi-
ments, where the recombination after a 5-pulse excitation
is monitored. Under these conditions we observed a se-
quence of quasistationary states, following the intensity
of the exciting laser with a specific delay, depending on
the temperature. We recorded the transmission and
reflection spectra after dispersion by a 1-m spectrometer
with an optical multichannel analyzer (OMA II and WP
IV, respectively). In the time-resolved measurements we
worked with a streak camera (ARP and Hadland, respec-
tively) in front of the recording system. We used a tem-
poral resolution of 100 ps in the luminescence experi-
ments and 200 ps in the two-beam measurements, respec-
tively.
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FIG. 1. Time-integrated luminescence spectra of thin CdSe
platelets at T& =2 K for increasing excitation intensity I„,=(a)
20 kWcm, (b) 2QQ kWcm, and (c) 1 MWcm
and "3"in (c) correspond to the energetic positions, where the
results of Fig. 2 are obtained. Part (d) shows the luminescence
spectrum of a thick crystal for I„,= 1 MW cm . The excita-
tion energy was 1.846 eV in all cases.

III. LUMINESCENCE
A. Time-integrated luminescence

Since the results for CdS have been presented else-
where (see, e.g., Ref. 4), we show here only the spectra
for CdSe. With increasing excitation intensity we observe
three characteristic features in the luminescence spectra.
This is shown in Fig. l. At low intensities [I,„,=20
kW cm, Fig. 1(a)], the spectrum is governed by a peak
at 1.827 eV, which corresponds to the spectral position of
the bound exciton I2, again blue shifted by 5 meV
[I2 = 1.822 eV (Ref. 3)]. 2 meV below the bound exciton,
another feature can be distinguished, which can be
identified with the M band. The M band is situated, as in
other wurtzite II-VI materials, on the low-energy side of
a bound-exciton complex, which makes a unique assign-
ment difficult. The interpretation in terms of biexciton

decay would result in a biexciton binding energy of 5
meV. This value is in agreement with data from recent
four-wave mixing measurements and from literature.

The peak broadens and increases with increasing exci-
tation intensity, and a new broad band appears at around
1.820 eV [I,„,=200 kW cm, see Fig. 1(b)]. We
identified this broad band as the spontaneous lumines-
cence of the electron-hole plasma, which is created at
higher intensities. The shift to lower energies reflects the
shrinkage of the band edge, due to many-particle eA'ects.
At even higher intensities the spectrum is governed by
stimulated emission appearing at the low-energy flank of
the plasma luminescence, see Fig. 1(c) (I,„,= 1

MWcm ). The M band mentioned above can still be
identified in Fig. 1(c) as a structure at the high-energy
side. It survives at these high excitation intensities due to
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spatial and temporal density inhomogeneities.
These findings are representative for crystals with a

small thickness d ~10 pm. In Fig. 1(d) we present a
spectrum of a thicker crystal (d =20 pm). Here we ob-
serve only one main luminescence band at high intensi-
ties. Its spectral position is 27 meV below the position of
the free exciton as determined from the reflection spectra
of this sample. This difference corresponds to the energy
of a LO phonon in CdSe. The probability for the recom-
bination of an exciton under emission of a LO phonon is
higher in these thick crystals, and the luminescence of
the electron-hole plasma is drastically reduced. More-
over, the density of the electron-hole plasma decreases
with increasing crystal thickness due to the drift of the
plasma out of the excited region. This is valid as long as
the drift length (in CdSe, 12 pm) exceeds the thickness of
the crystal. In addition, other experiments in CdS and
ZnO have shown that in thicker crystals those processes
are more probable, which have a small gain and sinall
threshold intensities. '

We have fitted the shape of the LO-phonon emission
band with a simple model assuming that it can be de-
scribed by the formula given by Gross et al. and Permo-
gorov:
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where W(e) is the probability of the first-order I.O-
phonon-assisted annihilation for the exciton with the ki-'

netic energy e. In their experimental studies of excitons
luminescence in CdSe, Abramov et al. have shown that
the first LO-phonon replica can be described with great
accuracy by
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FIG. 2. Time-resolved luminescence of CdSe, taken at the en-

ergy of (a) the M band, (b) the high-energy sides, and (c) the
low-energy sides of the plasma luminescence band, respectively
[see Fig. 1{c)j. The conditions of excitation are the same as in
Fig. 1(c).

J(e)=s' exp

From a fit with this formula we get the dashed curve
shown in Fig. 1(d), which agrees well with the experimen-
tal findings and yields a temperature of the exciton gas of
11 K. The small deviations at the low-energy edge are
due to polariton eff'ects not considered in Eq. (1). Data
for ZnO are given in, e.g., Ref. 9.

B. Time-resolved luminescence

Figure 2 shows the temporal behavior of the intensity
of the luminescence of a thin sample at different energetic
positions within the main bands indicated in Fig. 1(c),
during high excitation with ns pulses. The curves in Figs.
2(a)-2(c) are taken at the energies denoted in Fig. 1(c) as
"1," "2," and "3," lying at the high-energy Bank of the M
band [Fig. 2(a)], at the high-energy flank of the plasma
luminescence [Fig. 2(b)], and at its low-energy flank
within the stimulated emission [Fig. 2(c)]. The modes
observable in all three curves partly reAect the temporal
shape of the exciting laser. At the beginning of the exci-
tation pulse we obtain luminescence from the M band
seen in Fig. 2(a) (A'ni= 1.827 eV) as a sharp peak. When
the excitation intensity I,„, is high enough for the forma-

tion of an electron-Hole plasma, the plasma luminescence
sets in [Fig. 2(b), A'co= l. 82 eV] and reduces strongly the
contribution from the M band. At highest intensities
even stimulated luminescence occurs [Fig. 2(c),
Ac@=1.8175 eV]. At the end of the excitation pulse the
contribution of the M band partly recovers [Fig. 2(a)] be-
fore the luminescence decays within 1 ns after the end of
the excitation pulse. The stimulated emission, in turn, al-
ready decays with decreasing I,„,(t) before the end of the
excitation pulse and thus has a shorter temporal
halfwidth, as expected.

IV. THE GAIN SPECTRA
A. Time-integrated measurements

In CdSe and CdS as in Inost of the direct-gap semicon-
ductors, we can observe the formation of an electron-hole
plasma under high laser excitation best in gain spectros-
copy (see, for example, Refs. 1, 2, and 4). This
phenomenon is connected with the changes of the optical
properties observed, e.g., in the transmission spectra,
shown in Fig. 3 for CdSe for increasing excitation intensi-
ties at low temperature. Starting at low intensities (last
curve) one can clearly observe the exciton resonances of
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FIG. 3. Transmission spectra of CdSe at low temperatures
for increasing excitation intensities, starting with the curve at
the back. The maximum value of I,„„. is 2 MW cm
fico„,=1.846 eV. The resonances of the AI, and I2 excitons
are shown.
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the I~ exciton (1.828 eV), the A I 5(n =1) (1.831 eV), and
the 3 I 5(n =2) exciton (1.843 eV), respectively, at the
high-energy side of the absorption edge. All resonances
are blue shifted by an amount of 6 meV (see above). Be-
tween the resonances and below the absorption edge, the
Fabry-Perot modes of the crystal can be observed.

With increasing excitation intensity, we find a continu-
ous red shift of the absorption edge due to the shrinkage
of the band gap, and the broadening and decrease of the
exciton resonances. The n =2 resonance disappears at
lower intensities than the n =1 resonance, due to the
smaller oscillator strength and larger Bohr radius. The
band-gap renormalization leads to the decrease of the
mode structures mentioned above. In addition, the
modes are also blue shifted, due to the changes of the re-
fractive index. The band filling which leads to optical
amplification (gain) on the low-energy side cannot be seen
in Fig. 3, due to the spectral resolution. Typical spectra
for the optical amplification in CdS and CdSe are shown,
e.g. , in Ref. 2.

We can fit the measured gain spectra deduced from the
transmission and shown in Fig. 4 (solid lines) using the
many-body theory developed, e.g. , in Ref. 10. The gain
spectra are defined as the logarithm of the ratio of the
transmission of the probe beam through the crystal under
excitation to the transmission without excitation. The
spectral region for gain reaches from the reduced band
gap at the low-energy side up to the chemical potential of
the electron-hole plasma at the high-energy side. We find
values for the plasma density n in CdSe at a temperature
of 15 K of around 3 X 10' cm for excitation intensities
of around 1 MWcm 2 [Fig. 4(a), dashed line]. Higher
values of n as presented in Ref. 2 have been achieved
with higher excitation intensities. This is again a proof
that the electron-hole plasma (EHP) is not in a liquidlike
state (see also Ref. 1).

The temperature given above rejects the temperature
of the plasma T, which differs slightly from the lattice
temperature T& ( TI = 5 K). In CdS and CdSe the
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FIG. 4. Measured spectra of optical gain in CdSe under high
excitation (solid lines). (a) T~=5 K; (b) TI =90 K. The dashed
lines show the calculations according to the many-particle
theory for the EHP (Ref. 10) with an assumed n~ of 3 X 10' and
7X10' cm and a T~ of 15 and 105 K, respectively.

difference between TI and T is rather small due to the
strong coupling to the phonon system in these more ionic
bound materials [fractional ionic character =0.7 (Ref.
11)]. In more covalent bound materials, e.g. , GaAs [frac-
tional ionic character =0.3 (Ref. 11)], where the cou-
pling is weaker, T exceeds TI by more than 100 K in this
temperature region and under comparable excitation con-
ditions.

Under constant excitation conditions the shape of the
gain spectra changes with increasing temperature, as
shown in Fig. 4(b) for T =105 K. The variation of the
quasi-Fermi functions and of the excitonic enhancement
with temperature lead to the smoother high-energy side
of the spectrum.

The integrated gain, i.e., the area under the gain spec-
trum decreases with increasing T in accordance with the
results for CdS presented in Ref. 2. From these experi-
mental data the dependence of n on the temperature can
be deduced from the comparison with the calculations us-
ing the many-particle theory of the EHP mentioned
above. Figure 4 already indicates that n increases with
T under constant excitation conditions. This is further
elaborated in the following: since the filling of conduction
and valence bands in the plasma state with electrons and
holes, respectively, is described by the corresponding
quasi-Fermi functions, the width of the gain spectra is
given by the sum of the quasi-Fermi energies of electrons
and holes, ref . This value is calculated in dependence
of the temperature for CdS and CdSe for different plasma
densities, assuming a negligible drift velocity of the EHP
(Ref. 2) in Figs. 5(a) and 5(b). In the case of CdS, n at
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helium temperature amounts to 2 X 10' cm . Assuming
a constant n, one would expect a continuously decreas-
ing QEf'" down to zero at around 160 K. That corre-
sponds to a degenerate plasma up to this temperature and
a nondegenerate situation for higher temperatures, de-
scribed by Boltzmann statistics. In fact, the experimental
results [dotted line in Fig. 5(a)] reveal a constant n~ only
up to 100 K and a linear increase above, as shown in Fig.
6, where n is plotted as a function of the temperature for
CdS (triangles) and CdSe (circles). At 175 K, n~ has
reached CdS with 4X10' cm twice the value at low
temperatures.

We observed the same behavior in CdSe, shown in Fig.

FICx. 5. The sum of the quasi-Fermi energies of electrons and
holes as a function of the temperature for difterent plasma den-
sities. Solid lines, theory; dashed lines, experiments under con-
stant excitation conditions (a) CdS; (b) CdSe.

5(b). For the highest excitation intensities with
n =8X10' cm, QEf' goesbelow zero also at 160K.
The smaller n obtained in the recent experiments com-
pared to Ref. 2 leads to a deviation from the constant
value of n already at around 70 K and a doubling at 100
K, as can be seen in Fig. 6. Consequently, n has been in-
creased by a factor 1.S with respect to low temperatures
in CdS as well as in CdSe at those temperatures, where
the transition to a nondegenerate plasma is expected from
the calculated T dependence of the quasi-Fermi func-
tions. These findings are supported by the increase of the
change of the refractive index under excitation with in-
creasing temperature, as it has been shown in Ref. 2.

There are two reasons for this behavior. First, due to
the decrease of +sf with increasing temperature (Fig. 5)
a higher n is necessary to reach the situation of a degen-
erate EHP, according to the modified effective density of
state. This results in a decreasing stimulated emission
and a decreasing gain with increasing temperature, as ob-
served in the experiments. Since this recombination
mechanism is reduced, the lifetime of the EHP ~ in-
creases. This will be shown in the next section in discus-
sion of the time-resolved measurements. Second, the
drift length of the plasma ld decreases continuously with
increasing temperature, as will be shown in Sec. V.

As a consequence of the temperature behavior of ~
and ld, n~ can reach higher values. The corresponding
increase of the red shift of the absorption edge cannot be
observed due to an exponential absorption tail, which is
valid for CdS for temperatures above 90 K. ' This so-
called Urbach-Martienssen tail determines the absorption
edge at high temperatures. The bleaching of this tail
leads to a compensation of the red shift and even to an
effective blue shift of the absorption edge under excita-
tion for temperatures above 160 K, respectively. As a
consequence, apart from the changes of the refractive in-
dex, the characteristic features connected with the forma-
tion of an electron-hole plasma in CdS and CdSe, namely
the gain and red shift of the edge, disappear from the
transmission spectra for temperatures higher than 180 K.

B. Time-resolved measurements
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FICz. 6. The density of the plasma n~ in CdS (triangles, left
ordinate) and CdSe (circles, right ordinate) under high excita-
tion as a function of the temperature as obtained from the com-
parison between experiment and many-particle theory.

Similar to the time-resolved luminescence measure-
ments, we worked here with a multitrack recording sys-
tem. The gain spectra are recorded in eight temporal
consecutive periods (tracks) with temporal width varying
between 200 ps and 1 ns. From the evaluation of these
spectra we get information about the temporal evolution
of the plasma density (Fig. 7) and the change of the re-
fractive index (Fig. 8) for diferent temperatures. The
solid lines present the temporal shape of the exciting laser
NDL (narrow-band dye laser), which serves as a source
with varying excitation intensity up to an I,„, of 4
MW cm

From Fig. 7 we find the following results for the plas-
ma density n„. At low temperatures (triangles), n fol-
lows instantaneously the pulse shape of the NDL apart
from small deviations at the leading and trailing edges of
the pulse. The maximum values of n are, of course,
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FIG. 7. The temporal behavior of the density of the EHP in
CdS at a lattice temperature TI of 5 K (triangles) and 100 K
(squares). The solid line represents the temporal shape of the
exciting laser (I,„,).

higher than in the time-integrated measurements. At the
leading edge of the pulse, n starts to saturate at I„,=2
MWcm, which is in agreement with earlier experi-
ments. ' In the first spectra taken after the maximum of
the exciting pulse NDL, „, n has already decreased by
about 35%. the same is true for the temporal behavior of
the integral optical gain and the chemical potential of the
EHP, not shown here. That means that we get no delay
between exciting pulse and reaction of the system larger
than 200 ps, which is our shortest time interval. This is
in accordance with a lifetime ~ of the EHP of 200 ps,
which was also reported earlier by other authors. '

In contrast, the onset of n~(t) at 100 K (squares) shows
a delay with respect to I,„,(t), and the maximum is
reached at later times. Moreover, the decrease of n after
NDL „is delayed by =400 ps; 1 ns after NDL, „, n

has decreased only about 5%. n reaches higher values
at 100 K than at 5 K, in accordance with the results
presented in the time-integrated measurements. The
same temporal behavior can be observed in the change of
the refractive index b, n at 140 K (squares in Fig. 8). Here

the absolute shift of the Fabry-Perot modes of the plate-
letlike crystal is taken to show the temporal evolution of
b, n as already presented in Ref. 2. We do not show b, n (t)
at 5 K, since this dependence evolves like n (t) with time
constants below our temporal resolution. We obtain the
same overall retardation in the reaction of the system as
we have seen in Fig. 7 at 100 K. We explain this situa-
tion with an increase of ~ to values around 400 ps due to
the decrease of the stimulated emission, which leads in
turn to the higher values of n„(see also Sec. III).

This development leads at room temperature to the sit-
uation also sketched in Fig. 8 by open circles. The tem-
poral evolution of An is strongly retarded and reaches its
maximum more than 1 ns after NDLm, „. In the temporal
range under investigation, g decrease could not even be
observed. The values of hn are again larger at these tem-
peratures in accordance with Ref. 2 and the results of the
previous sections. These findings suggest values of w

around 1 ns for room temperature.

V. THE EXPANSION OF THK EHP

The gradient of the density and of the chemical poten-
tial of the EHP, which appears under surface excitation,
leads to a drift into the crystal. We have determined the
drift length Id at 5 K in earlier experiments to 5 and 12
pm in CdS and CdSe, respectively. The resulting drift ve-
locities for electrons and holes are somewhat larger than
a simple diffusion model would suggest. On the other
hand, they are smaller than the corresponding Fermi ve-
locities and are thus negligible in connection with the in-
terpretation of the gain spectra. Nevertheless, the drift
reduces n by a certain amount.

In Fig. 9, new results for ld are plotted as a function of
the temperature on a logarithmic scale, obtained with
different experimental techniques as described in Sec. II.
Solid circles reAect the investigation of the gain as a func-
tion of the crystal thickness, whereas crosses and train-
gles are deduced from the disappearance of the A I ~

- and
8I &-exciton resonances, respectively, from the refiection
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FICs. 8. The temporal behavior of the change of the refrac-
tive index as deduced from the shift of the Fabry-Perot modes
in arbitrary units at 140 K (squares) and room temperature
(open circles). The solid line presents the temporal shape of the
exciting laser (I„,).

FIG. 9. The drift length ld of the EHP in CdS as a function
of the temperature achieved by investigating the spectrally in-

tegrated EHP gain (solid circles), reAection structures of the
A I 5 (crosses) and Bl & (triangles) excitons on the unexcited sur-
face, laser-induced gratings (solid squares) from Refs. 15 and 16.
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spectra of the unexcited surface. In addition, results
from measurements using laser-induced gratings' ' are
shown for comparison (solid squares), which are in good
agreement with our values.

The continuous decrease of ld with increasing tempera-
ture can be explained by several mechanisms: first, the
influence of scattering with phonons will increase;
second, due to the higher n the scattering between elec-
trons and holes will also increase. In addition, /d de-
creases at temperatures about 150 K, which corresponds
to the temperature of the transition from a degenerate to
a nondegenerate plasma in CdS, assuming a n of 2X 10'
cm [see Fig. 5(a) in Sec. IV A]. In a degenerate plasma
only those particles can participate in scattering process-
es with small or zero energy transfer, which are situated
around the quasi-Fermi energy. Thus, the transition to
the nondegenerate state, where all particles are able to
scatter with small energy transfer, is also connected with
an increase of the scattering probability.

Beside this, the behavior of ld leads, together with the
increase of v presented in the preceding section, to a
significant decrease of the drift velocity vd. At 100 K, Ud

has a value of 1X10 cms '. Taking into account the
Fermi velocity to be more or less constant, at least one of
the electrons, the neglection of Ud described above is also
justified at high temperatures.

3

-4
I
I

"s

VI. UNIVERSALITY OF BAND-GAP
RENORMAI. IZATION

In this section we compare our measured results with
theory discussed in literature. In Ref. 17, a universal for-
mula was presented, describing the sum of exchange and
correlation energies in an electron-hole liquid in units of
the excitonic Rydberg energy. It contains, beside some
constants, only the dimensionless parameter r, given by
r, = [3j(4m X,a„Xn ) ]'~, with a,„as the excitonic Bohr
radius and n as the density of the excited system. Thus,
the properties of the crystal under excitation, e.g. , the
shrinkage of the band gap AE as a consequence of ex-
change and correlation effects turn out to be independent
of band characteristics of a specific material. In Fig.
10(a) the dotted line presents b,E~ in units of the exciton-
ic Rydberg Ry as a function of r, according to Ref. 17.
We calculated r, by using the density of an EHP as evalu-
ated from our measurements with the help of the many-
particle theory in Sec. IV, and an a„,e.g. , for CdS of 2.8
nm.

In a recent work, ' Zimmermann proposed another ex-
pression for hE as a function of the density
and of the temperature in connection with the descrip-
tion of the Mott transition: b,Es(n, T)
=( —3.24r, ~ )(I+0.0478r, J )' ", where J=ksTRy
Expressing r, in terms of the plasma density, this equa-
tion leads to the known n ' dependence of exchange and
correlation energies in an EHP. This relation is plotted
in Fig. 10(a) for three different temperatures (T =30, 150
and 300 K) as solid lines. For low densities (i.e., large r, )

the results from Ref. 17 correspond to Zimmermann's ap-
proach for low temperatures. For high densities the

FIG. 10. (a) The shrinkage of the band gap in units of the ex-
citonic Rydberg as a function of r, : dashed line, Vashishta et al.
(Ref. 17); solid lines, Zimmermann (Ref. 18) for T =30, 150, and
300 K. (b) Comparison between theory from Ref. 18 for T =30
K and experimental data: open circles, CdS from Ref. 1; solid
circles, CdS from Sec. IV; squares, CdSe from Ref. 2, open tri-
angle, CdTe from Refs. 2 and 19, solid triangle, ZnO from Ref.
6. For more information, see text.

latter one gets independent of the temperature.
In Fig. 10(b), b,E (T=30 K) according to Zimmer-

mann is compared with results from several measure-
ments on II-VI materials: CdS for low temperatures
from Ref. 1 (open circles) and for 5 K ~ T ~ 150 K from
the results presented in Sec. IV (solid circles), CdSe for
low temperatures from Ref. 2 (squares, a,„=4.72 nm,
Ry = 17.5 meV), CdTe from Ref. 19 (open triangle,
a,„=6.7 nm, Ry=12 meV), and ZnO from Ref. 6 (solid
triangle, a,„=1.8 nm, Ry=60. 8 meV).

The measured overall behavior of AE as a function of
r, can be described with the theory as it can be seen espe-
cially for CdS and CdSe. Nevertheless, the absolute
values of AE deduced from experiment are too large,
and the difference between experimental data and theory
from Ref. 17 is even larger. These discrepancies seem to
be a result of the ionic character of the II-VI compounds,
because results for Ge, Si, or GaAs can be described quite
well in this theoretical frame. ' ' In the ionic bound
semiconductors we deal with the following situation:
since the radii of exciton and polaron have comparable
values, the band renormalization due to exciton-phonon
interaction which leads to the so-called polaron gap is
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rather pronounced. As a result, the Rydberg energy of
the 1s exciton is larger than the binding energy seen in
the experiment. A rescaling of Ry to larger values would
in turn bring the experimental data closer to the calculat-
ed curve. The modified masses would also change the ex-
citonic Bohr radii, and thus r, .

VII. COMPARISON WITH THE MIXED
CRYSTALS CdS& „Se„

Finally, we want to compare the pure crystals CdS and
CdSe with the alloy system CdS, Se„. In these mixed
crystals, localization effects due to compositional disorder
play a dominating role at temperatures below 60 K.
The fluctuating composition leads to fluctuations in the
crystal potential, where optically created excitons get lo-
calized within 50 ps after excitation. This process
evolves eventually via the localization of the hole in the
valence band and the Coulomb interaction between elec-
tron and hole. The Auctuations lead to an exponential
tail in the density of states, which can be observed in the
time-integrated luminescence spectra at low temperatures
as a broad band without specific features. The lifetimes
of the localized excitons are three times longer than those
of free excitons and they depend on the spectral position.
This can be observed in the temporal behavior of the rise
and decay time in time-resolved measurements.
In two-beam experiments we obtain at low temperatures
a bleaching of these localized states resulting in a blue
shift of the absorption edge under excitation. Besides,

many-particle effects, which lead in the pure constituents
to an EHP, can be neglected due to the decreased mobili-
ty of the localized excitons. ' 7 Characteristic
features of the EHP-like gain and red shift of the absorp-
tion edge under excitation can only be observed at tem-
peratures above 60 K, where a delocalization due to a
thermal reexcitation of the excitons out of the localized
states occurs. This behavior can also be seen in the time-
integrated and time-resolved luminescence measure-
ments. The optical properties of CdS& Se„above 60 K
are essentially the same as in the pure constituents and
dominated by the formation of an EHP under high exci-
tation. Experiments with laser-induced gratings showed
reduced diffusion coefFicients indicating a reduced but
nonzero mobility of the excitons in the localized states
and increased phase relaxation times. For details con-
cerning these experiments the reader is referred to the
literature, e.g. , Refs. 22—27.
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