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Electron-hole plasma expansion in the direct-band-gap semiconductors CdS and CdSe
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The properties of the electron-hole plasma in direct-band-gap semiconductors are investigated by
excite- and probe-beam techniques with use of CdS and CdSe as examples. By spatially resolved
transmission and reflection spectroscopy and by using samples of different thicknesses, the diffusion
length and other data of the plasma are determined. A “slow drift” is found, i.e., the drift velocity
is smaller than the Fermi velocities of electrons and holes. The drift distances are of the order of 10
pm with some significant differences between CdS and CdSe. Various models used in the literature
to fit the observed gain spectra are critically discussed.

I. INTRODUCTION

The electron-hole plasma (EHP) has been investigated
in direct-band-gap semiconductors like CdS, CdSe, or
GaAs since several years by various spectroscopic tech-
niques. Without trying to be complete, we should like to
mention luminescence spectroscopy,! 3 transmission and
reflection spectroscopy by the two-beam method with
fixed energy of the exciting photons fiwe.,*~® or with
variable fiw,. as excitation spectroscopyﬁ“8 There are
measurements with temporal®>®!® or spatial''=!* resolu-
tion, and others under homogeneous and stationary excita-
tion conditions.> 121415

The results are gradually converging: an EHP is
formed in all direct-band-gap semiconductors under suffi-
ciently strong pumping. The excitation intensity I,
necessary to produce an EHP varies from a few tens of
kW/cm? for the III-V compound GaAs,>® over some
hundreds of kW/cm? for the II-VI compound semicon-
ductors,*>7 up to a few GW/cm? for the I-VII compound
CuCl.!'® In the latter case, exciton and biexciton features
are dominant under less extreme pumping conditions.

In direct-band-gap semiconductors with a dipole-
allowed band-to-band transition, an EHP is, at low tem-
peratures, connected with population inversion and high
optical amplification (gain) of the order of 1 pum~'. Small
excited volumes are therefore a favorable and often neces-
sary condition to produce and to observe an EHP.> !

Early calculations based on quasiequilibrium conditions
predicted a first-order phase transition to an EHP liquid
for the direct-band-gap semiconductors below a critical
temperature T, analogous to the case of the indirect-
band-gap materials like Si, Ge, or GaP.!”~!° In the mean-
time it became clear both from experiment and theory
that no liquidlike phase is formed, since the lifetime of
the carriers in the plasma is so short that no clear phase
separation can develop.>"-10:12:14,20

On the other hand, some aspects of the EHP in direct-
band-gap materials are still subject to controverse discus-
sion. Two of them will be addressed here:

The way the gain and luminescence spectra are best fit-
ted by a theoretical model changed with time. - First, a
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recombination with completely relaxed k conservation has
been favored.*~%2! Then k conservation and many parti-
cle effects have been considered.>?>~25 Presently, some
authors stress a model with k conservation, including an
ambipolar drift of the plasma, but neglecting all many-
particle effects.!®2

It is generally agreed that a gradient of the chemical
potential of the EHP caused, e.g., by inhomogeneous exci-
tation conditions, will lead to an ambipolar drift current.
However, quite different values of the drift length /5 and
the drift velocity vp can be found in the literature: One
group of authors finds from their experiments values of
vp < 10° cm/sec and Ip <20 pm.''=" The value for vp
is below the Fermi velocities of electrons and holes, v§
and v}, respectively. In the following this will be called
“slow drift.” These numbers are slightly above those cal-
culated with the “thermo-diffusion model”.?’” Some au-
thors claim that the values of vp are limited in polar,
direct-band-gap materials even by the velocity of the
acoustic ~ phonons. The values are 10° <Urta
<vpa <5X 10° cm/sec.?® In contrast, another group of
authors deduce from their experiments vp> 107
cm/sec.!%262°=31 This value equals roughly the Fermi
velocities of the carriers in the EHP and exceeds vta,1a
by about 2 orders of magnitude. This case will be called
“fast drift” in the following. Values of I > 100 um have
been reported.”? 3! The main arguments come in this
case from spatially resolved luminescence spectros-

29-31 and the analysis of gain spectra.!%26

It should be noted, that a similar controversy exists for
indirect-band-gap materials at temperatures above T,,%%
which is, however, not subject to this contribution.

The aim of this paper is to present experimental data
for direct-band-gap materials which are suitable for use in
the deduction of information about the state of the EHP
and its expansion. CdS and CdSe have been selected as
examples.

In the next section the experimental setup will be
described. In Sec. III the experimental findings are
presented. Section IV contains a discussion of the various
possibilities, how to fit theoretical model calculations to
the measured gain or luminescence spectra and the con-
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clusion that may be drawn from this fit. In Sec. V fol-
lows the interpretation of the other experimental data,
especially of those from spatially resolved transmission
and reflection measurements.

II. EXPERIMENTAL SETUP

The experimental setup shown in Fig. 1 allows one to
measure spatially and, in principle, also temporally
resolved, the transmission and reflection spectra of the
samples, without and with simultaneous excitation by an
intense pump beam. The important features of this setup
are briefly described here. For more details, the reader is
referred to Refs. 14 and 15.

The central excitation source is a N, laser, producing
pulses of about 200 kW peak power and of a temporal
half-width of 10 nsec with a repetition rate of about 30
Hz, synchronized with the scan rate of the optical mul-
tichannel analyzer. The N, laser simultaneously pumps
two dye lasers, an intense narrow-band dye laser (NDL)
and a weak broadband dye laser (BDL) acting as excita-
tion and probe sources, respectively. The spectral half-
width of the NDL is <0.1 meV and the pulse duration
TnpL 18 about 5 nsec FWHM (full width at half max-
imum). The laser is tuned in the exciton continuum
for CdS and CdSe [fiwe(CdS)=2.587 eV and
#iw e (CdSe)=1.847 eV] to ensure efficient pumping of
the plasma by one-photon absorption at all intensities,
with a rather small excess energy in order to avoid un-
necessary plasma and lattice heating. The BDL cavity is
aligned to emit pulses of 7gp; ~3 nsec FWHM. The opti-
cal delay is adjusted so that the probe beam impinges on
the sample at the maximum of the pump beam, resulting
in almost stationary excitation conditions during the
‘probe pulse. The dyes in the BDL are selected to emit
rather flat spectra of about 50 meV total width extending
from the n =1 AT5 and BT 5 excitons to lower energies.
Both dye-laser beams pass through pinholes (4, and 4,).

In one set of experiments, the diameter of 4, is about
2—3 times that of 4. The beams are made collinear with
a partly transmitting mirror (PTM). They are polarized
with Elc, c being the crystallographic axis. Finally, the
two apertures 4, and A, are imaged with one lens (L,)
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FIG. 1. A setup which allows one to measure, spatially

resolved, the transmission and reflection spectra of a sample
with the excite-and-probe technique.
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on the sample in the cryostat. Evidently, the spot diame-
ter of the BDL will be larger on the sample because the
distances of both pinholes to the crystal are equal. This
allows then to measure variations of the optical properties
inside and outside the excitation spot. The temporal coin-
cidence of the pulses and their shape is controlled during
the measurement with a fast photodiode and an oscillo-
scope and their spatial coincidence by a microscope, not
shown in Fig. 1. The maximum intensity of the NDL on
the sample is about 5 and 2 MW/cm? in the cases of CdS
and CdSe, respectively, limited by the damage threshold.
It can be decreased by neutral-density filters. The intensi-
ty of the BDL is kept at values where all variations of the
optical properties induced by the BDL can be excluded.
The transmitted or reflected BDL beam and the sample
are then magnified in a plain by L3 or L,, respectively.
The factor of magnification is selected to be 10 (5) for
CdS (CdSe). In this plane the end of a multimode fiber
optics can be moved in both axes perpendicular to the
beam with a micrometer screw. The core diameter of the
fiber optics is 50 um. This allows scanning over the exci-
tation spot, with a spatial resolution of 5 um (10 um) on
the crystal. The output of the fiber optics is imaged on
the entrance slit of a 1-m spectrometer. The wavelength-
dispersed spectrum is detected by a SIT vidicon tube and
subsequently digitalized, stored, and handled in an
OMA-II system. Figure 2 shows the spatial profiles of
the pump and the probe beams on the sample measured
with the setup described above for the case of CdS. This
type of measurement evidently yields information about
the lateral drift or expansion of the EHP.

In a second set of experiments we have chosen the di-
ameter of A, to be about one-third that of 4,. Conse-
quently, the excited sample is probed in this case tem-
porally and spatially in the center of the excitation spot.
The probe beam is sent once on the excited surface of the
sample and once on the opposite one. In both cases the
transmitted and reflected probe beams are analyzed with
respect to plasma gain and excitonic reflection. By using
samples of various thicknesses d (2.0 <d <40 um), this
type of experiment gives information about the longitudi-
nal drift, i.e., the expansion of the plasma into the depth
of the sample.

s
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FIG. 2. Lateral spatial profiles of the two dye-laser beams
NDL and BDL on the sample, measured with the setup
sketched in Fig. 1. r is the distance from the center of the exci-
tation spot.
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The samples used are high-quality platelets, with the ¢
axis in the platelet plain. The thicknesses of the samples
range between 2 and 38 um in the case of CdS and be-
tween 5 and 20 um for CdSe. The thinner ones are excit-
ed homogeneously in depth. Samples are selected that
show sharp excitonic reflection structures. Unfortunately,
it turned out that the CdSe samples are damaged in the
center of the excitation spot after a few pulses under con-
ditions where an EHP is formed. Therefore no reflection
spectra have been taken for this material and the
transmission spectra from the damaged region are
suppressed. The samples are mounted strain free in a
He-evaporation cryostat, which allows variation of the
lattice temperature 7; from 5 K to higher values.

The main information deduced from the experiments
described in the following comes from the analysis of the
spectra of optical amplification, (gain) g(#w), connected
with an EHP at low temperatures in the semiconductors
under consideration, and from the dependence of the ab-
solute value of amplification and of excitonic reflection as
a function of the sample thickness.

III. EXPERIMENTAL RESULTS

In the first subsection, data for CdS are reported, and in
the second, for CdSe.

A. CdS

The data obtained with the setup described above at the
center of the excitation spot for samples with a thickness
d <3 pum can be considered as characteristic for a station-
ary, nondrifting plasma. There are almost no temporal
variations of I.,(¢) and the plasma density n, during the
probe pulse since we have Tnpy > TgpL >>7,, T, being the
lifetime of the electron-hole pairs in the plasma (see Sec.
V). There are no lateral gradients in the center of the
spot, and samples of this thickness are almost homogene-
ously excited in the depth because the diffusion length I,
is of the order of d. The last point can also be considered
from another point of view: The absorption coefficient at
#iw ey is around 10° cm™!. The penetration depth of the
pump laser is thus about 0.1 um. If [, is significantly
below 1 um, the sample is nonhomogeneously excited in
depth, but in this case vp is so low (vp <5X10° cm/s)
that the influence of vy on the spectra of the EHP can be
completely neglected. If, on the other hand, Ip >3 um,
the longitudinal drift is suppressed by the one-dimensional
confinement of the EHP. A fast longitudinal drift should
show up in a significant variation of the gain spectra in
thicker samples without confinement. Figure 3 shows a
set of gain spectra g (#w) for various values of the excita-
tion intensity /..., deduced from the transmission spectra
of the unexcited and the excited sample, I; and Ij,
respectively, according to Refs. 5 and 7. If necessary, the
luminescence has been subtracted from I}. The modula-
tion of g(#iw), caused by the shift of the Fabry-Perot
modes of the platelet-type samples, with increasing excita-
tion,”® has been averaged out in such a way that the
smooth curve passes through the modulation structures at
half-height, thus keeping the value of G (see below) con-
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FIG. 3. Gain spectra g(#iw) of the EHP in CdS under sta-
tionary and homogeneous excitation conditions measured for
three different excitation conditions. The excitation depth [, is
given by the diffusion length I, or the sample thickness d,
whichever is shorter. i

stant. As in the case without spatial resolution,’” one finds
that the energy #iw,, of the crossover between gain and ab-
sorption shifts to the red with increasing I.... Further-
more, the spectral width of the gain spectra and the in-
tegral gain G increase with I,.. G is defined as

ﬁa)CO
G= [ “glw)dHio). (1)

Figures 4 and 5 contain some addition information with
which to supplement Ref. 7. Figure 4 shows the red shift
of the chemical potential with increasing lattice tempera-
ture at I =const=4 MW/cm?. Figure 5 shows the red
shift of #iw., with increasing I.,. with the lattice tempera-
ture as a parameter. When 7T, <50 K (open symbols) the
red shift is less pronounced than for higher temperatures
(solid symbols).

There is not a systematic variation of the shape of
g (#iw) with the sample thickness. Gain appears both in
the transmitted and reflected probe beam.* 416

In Fig. 6(a) we give the maximum of In(f}/I;) for
transmission experiments as a function of the sample
thickness. This quantity equals rather precisely the prod-
uct of gain times the depth of the excited volume g /excs
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FIG. 4. Red shift of the crossover energy #w., of the EHP
gain spectra in CdS with increasing lattice temperature T, at
constant excitation conditions (I..=4 MW/cm?, #iwe,=2.587
eV). ‘
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FIG. 5. Shift of the crossover #w,, as a function of the exci-

tation intensity, measured relative to its position at maximum
excitation Im* =5 MW/cm? (#iw..=2.587 €V). Parameter is
the lattice temperature: 7, =5 K (A), 15 K (0), 40 K (), 60
K (A), 80 K (M), and 100 K (@). The solid lines only guide the

eye in the two temperature regions 7 z 50 K.

since the unexcited sample is transparent around 2.53 eV
and since the index of refraction changes only slightly in
this spectral region.®3* The straight solid and dashed
lines are averages over the experimental points for two
different excitation intensities and shall guide the eye.
The curve necessarily starts from the origin. It increases
with sample thickness, but saturates for d >4 um. The
experimental values fluctuate around 0.5 and 0.8, respec-
tively, for the two different excitation intensities. These
fluctuations show the ‘“quality” of the individual sample
and make it rather hazardous to draw conclusions from
only two samples, as is done for CdTe.!°

It is well known that the excitonic reflection structures
disappear if an EHP is created (see, e.g., Refs. 5, 12, and
35). In Fig. 6(b) we give as a function of d the variation
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FIG. 6. (a) Maximum values of the quantity In(I#/I7) as a
function of the sample thickness d, measured in transmission
for two different values of the excitation intensity I... (b) Nor-
malized variation of the excitonic reflection AR* /AR measured
on the unexcited surface of the sample as a function of d for
two different values of 1.

AR* between the reflection maximum and minimum for
the AT5 (n =1) exciton resonance, measured at the center
of the excitation spot, but on the nonexcited surface of the
sample, and normalized by the value AR of the unexcited
sample. Since the excitonic structures disappear com-
pletely in the center of the excitation spot on the excited
surface (Ref. 12 or Fig. 7), i.e., for d =0, the curve must
again start from the origin. With increasing d, AR*/AR
grows and recovers the value of the unexcited sample
above d ~5 um. A small additional damping of the exci-
ton leading to AR* /AR =0.9+0.1 can be caused simply
by irradiation of the unexcited sample surface with the
probe beam or the luminescence of the sample. Almost
identical data are found for the BT'5 (n =1) resonance.

Figures 7 and 8 make use of the lateral spatial resolu-
tion of the setup. Figure 7 gives the following quantities
as a function of the distance r from the center of the exci-
tation spot: the profile of the excitation beam I, (7) (A),
the integrated gain G(r) (O), and the modulation of the
excitonic reflectivity AR*(#)=R jox —Ryin Of the AT
(n =1) exciton (O ) measured now on the excited surface
of the sample. One sees that the profile of G (r) directly
reproduces I...(r). AR*(r) is zero at the center of the ex-
citation spot, but recovers the value of the unexcited sam-
ple (—) just outside the excitation spot. The features
described above are independent of the excitation intensity
when in the MW/cm? range. They do not change for
variations of the excitation-spot diameter from 10 to 50
pm and of the lattice temperature from 5 to 120 K.

To obtain additional information about a possible drift
of the EHP, we measured the gain spectra at the same lo-
cal excitation intensity, I (7)=1.5 MW/cm?, once in the
center of the excitation spot and once on its flank, as
shown in the inset of Fig. 8. The two gain spectra almost
coincide, with the exception of a slight red shift of fiw., at
the flank. The slope around #w., decreases only slightly
when going from the center to the flank.

B. CdSe
The data of Figs. 9—12 are measured, for CdSe, close to
the center of the excitation spot, but outside the damaged
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FIG. 7. Spatial profile of the excitation spot (A ), the integral
gain G (O), and the modulation AR of the reflectivity at the
n =1 AT s resonance (O ).
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tion intensities I’ at the center of the excitation spot and on its
flank, as indicated in the inset (I'=1.5 MW/cm?
Fiwexc=2.587 €V).
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area. Figure 9 shows I and I for a 5-um-thick sample.
The increase of absorption above #iw., and the optical am-
plification below it are obvious. The spectra are modulat-
ed by the Fabry-Perot modes (FP) of the platelet-type
'sample. There is also a blue shift of the modes with in-
creasing excitation, as in the case of CdS.”%34

Figure 10 gives the gain spectrum deduced from I and
IF. The modulation is due to the shift of the modes. The
smooth solid, dashed and dotted lines are curves calculat-
ed with different models and vp=0. They will be dis-
cussed in Secs. IV and V. The solid line coincides almost
perfectly with the experimental one, if the modulations
due to the shifting FP modes are averaged out in the way
described above.

Figure 11 shows gain spectra for various values of I,..
As in CdS, the height and width of the spectra increase
with I.,.. However, in contrast to CdS, #iw., now shows a
slight blue shift with increasing I.,..

Figure .12 gives the integrated gain G as a function of
I.,.. G increases first linearly with /... and then tends to
saturate above 1.5 MW/cm?. This behavior is similar to
that of CdS.” Figure 13 corresponds to Fig. 4 for CdS
and shows the temperature dependence of #w., for con-
stant /... The function decreases in both cases monoton-
ically in the investigated range of temperatures. Figure 14

20+ CdSe
TL= 5K
15F  lexe= 2MW/cm? .

intensity (lin.arb.units)
bS)
T

1 | L | 1
1.7862 17964 18067 18169 fl.8272

photon energy (eV)
FIG. 9. Transmission spectra of the BDL through a 5-um-
thick CdSe platelet ‘without and with additional excitation, I
and I%, respectively. The arrow indicates #iw,.
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FIG. 10. Gain spectrum resulting from Fig. 9, together with
three curves calculated for vp=0, n,=8.5x10' cm~3, and
T,=15 K. Dotted line, model with k conservation; dashed line,
model without k conservation; solid line, model with k conser-
vation, energy-dependent damping, and excitonic enhancement.

finally shows gain spectra for three samples of various
thicknesses ranging from 5<d <9 um. The peak values
of g(#w) and G increase sublinearly with d. An increase
of d by a factor of 2 results in an increase of
In(I* /I) = g naxlexc Of only 25%.

Figures 15 and 16 again make use of the spatial resolu-
tion of the setup. Figure 15 gives the normalized integrat-
ed gain G as a function of the distance r from the center
of the excitation spot. The radius of the excitation spot is
about 20 um. In contrast to CdS, gain is observed in this
case outside the excitation spot. G decays to one-half of
its maximum value over a distance of about 20 um out-
side the excitation spot. With increasing distance from
the center of the excitation spot, the width of the gain
spectrum decreases, indicating a decrease of n,. In con-
nection with Fig. 11, this explains the red shift of #iw,
with increasing r, as shown in Fig. 16.

IV. HOW TO FIT THE GAIN SPECTRA

The information that may be deduced from the gain
spectra depends significantly on the model used to fit
them: Concerning the direct-band-gap materials, there
was a certain evolution concerning the question of what is
considered to be “state of the art.” Assuming that all ex-
citonic correlations are screened in an EHP, one would ex-
pect, in a direct-band-gap material in the simplest case

2 " cdse
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T 3

v o

l;i 5 051

g :'E/ 2 sax 092 VoS

S Ori7ss; 17964 18067 18169 \\18272
2

°© _05k photon energy (eV) \\\

FIG. 11. Gain spectra of CdSe under stationary and homo-
geneous excitation conditions for various excitation intensities.
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FIG. 12. Integrated optical gain as a function of the excita-
tion intensity I, for CdSe.

(parabolic bands), gain and luminescence spectra, g(#w)
and [(#w), respectively, given by the square-root depen-
dence of the combined density of states above the reduced
gap Egz(n,) and modulated by the Fermi functions of elec-
trons and holes, f, and f}:

g (ho) ~[#iw —Eg (n))1"*(f,+fr—1) , #w>E;

I(#i>) ~[#io— Ey (n, )] fo+fn) » o> Eg b))

g (fiw)=1(fiw)=0, #iw<E .

Examples of g(#iw) calculated according to (2) are given
in Figs. 10 and 20. This square-root increase of g(#w) or
[(#w) at the low-energy edge has never been observed in
any experiment (e.g., Refs. 1—16). The spectra always
start slightly superlinearly at their low-energy edges, i.e.,

g (i), 1 (#iw) ~ (v — E})* for #iw > E; (3)

with 1 <a <2. With such behavior being known from the
indirect-band-gap materials, where the k conservation is
relaxed by the participation of a phonon, one used a
heuristic “no-k-conservation model” to fit the gain spec-
tra.>~72! This model gave reasonable agreement between
experiment and theory (see, e.g., Ref. 7 or Fig. 10), al-
though it lacks the justification from first principles.

The situation improved considerably when a model was
developed that started with k conservation and included
many-particle (MP) effects. See, e.g., Refs. 22 and 23, and
24 and 25 for recent reviews. Two of these effects are of

l.8233—x—x\
> CdSe
- = 2
o xS 2MW/cm
o
3
2 18170 X~
1 1 1
0 25 50 75

lattice temperature T{(K)
FIG. 13. Energy #iw., of the crossover from gain to absorp-
tion as a function of the lattice temperature 7T, under constant
excitation. )

FIG. 14. Gain spectra of CdSe for constant excitation condi-
tions and various sample thicknesses d.

special importance. One is a k-dependent damping of the
electron and hole states evoked by the recombination of an
electron-hole pair. This damping is smallest around the
Fermi vector ky and increases roughly quadratically with
|k—kg |.2* It has the consequence that /(%) and g (#iw)
are smeared out around E,, transforming the square-root
behavior into the experimentally found behavior. The
gain and luminescence spectra then extend to values some-
what below E; (Fig. 10). The other term is the so-called
excitonic enhancement. It describes a part of the
electron-hole pair correlation still present in the plasma.
This correlation and the related increase of the oscillator
strenght are strongest around the chemical potential p of
the electron-hole pairs in the plasma, because, there, occu-
pied and empty states coexist.?>~2° Figure 17 gives some
examples for CdS. The behavior for CdSe is qualitatively
the same.!> The influence of the excitonic enhancement is
mainly to increase the slope of the transition from gain to
absorption in g (#iw) (Fig. 10 and Ref. 7), and to shift the
maxima of /(#iw) and g (#iw) somewhat toward higher en-
ergies. The spectra calculated with this model are in
quantitative agreement with experimental data. See Fig.
10 or Refs. 2, 7, and 13—15.

Recently, it has been argued that the EHP might be
subject to a drift under inhomogeneous excitation condi-
tions,' 126 the electrons and holes having the same drift
velocity v, for reasons of neutrality.!> The drift of the
carriers can be described by modified Fermi functions,

-1
ﬁz EFeh
= —(k=*k 2_ - 1 ,
fe,h exp 2me’thTp( De,h) kBTp + ]
4)

(=)

CdSe
T,=5K
m Igxe= 2MW/cm?

integrated optical gain G
o
o

1
10 20 30 40 60

OO

FIG. 15. Integrated optical gain G as a function of the dis-
tance » from the center of the excitation spot. The radius of the
excitation spot is about 20 pm.
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FIG. 16. Dependence of fiw., on the distance r from the
center of the excitation spot.

with kp  =(m,/#)vp. For parabolic bands the quasi-
Fermi-levels E F,, and the potential
w=Ef —Ep,, are independent of vp for given values of
n, and T,. The influence of kp becomes important when
the kinetic energy E D=ﬁ2kDe 4/ 2Me,p Telated to the drift
vector kp becomes comparable to the one related to the
Fermi vector. Figure 18 gives calculated Fermi functions
for various values of vy for CdS. Plotted as a function of
energy, the modified Fermi functions become flatter with
increasing vp. The value f =-;— shifts to lower energies
due to the square-root dependence of the density of states.
Again, the curves for CdSe are almost identical.’> If k
conservation is used, the value of #iw., shifts from u to
lower energies. Figure 19 gives the calculated shift for
CdS and CdSe.

Recently, a model has been stressed to fit the gain spec-
tra of a drifting plasma which takes into consideration
only recombination under k conservation [Eq. (2)] and the
Fermi function of Eq. (4), neglecting all other contribu-
tions such as damping or excitonic enhancement.!>?¢ Fig-
ure 20 shows a set of spectra calculated for CdS with this
model. It is clear from Egs. (2) and (4) that the gain spec-
trum will always start with infinite slope at E;. However,
for drift velocities vp >vry, gain spectra are produced
that roughly start as described in Eq. (3).

As can be seen from Fig. 10 and from Fig. 22 below, it
is possible to fit an experimentally observed gain spectrum
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FIG. 17. Excitonic enhancement p as a function of the ener-
getic distance from the reduced gap E; for constant plasma

density n, and various values of the plasma temperature 7, and
drift velocity vp.
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FIG. 18. Calculated Fermi functions f, and f}, for electrons

and holes for various values of the ambipolar drift velocity vp
for CdS as a function of the kinetic energy of the carriers, E.

either by taking into account many-particle effects or
nonequilibrium (NE) effects, i.e., drift. The plasma pa-
rameters deduced in both cases are significantly different,
however. A fit to a gain spectrum of a given, experimen-
tally determined width gives an increasing value of n,
with increasing vp, with all other parameters unchanged.
Therefore, arguments must be found to decide under
which experimental condition MP or NE effects are
predominant.

-A first conclusion can be drawn from measurements in
which the EHP is subject to three-dimensional confine-
ment. Such experiments have been reported for
Ga,_,Al, As, in Ref. 2. NE effects are excluded under
these conditions. The luminescence spectra can only be
fitted by using MP effects in the way described above.
The same conclusion can be drawn from the gain spectra
of CdS taken at the center of the excitation spot for thin
samples (d <3 pum). As mentioned in Sec. III A, lateral
drift is suppressed by symmetry arguments, while longitu-
dinal drift is either negligible (/p <d) or quenched by
one-dimensional confinement (I >d). Again, a good fit
is reached only by including MP effects in the calculation,
e.g., Refs. 4 and 14.
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FIG. 19. Shift of the crossover #w. with respect to the
chemical potential u as a function of the ambipolar drift veloci-
ty vp for CdS and CdSe. The parameters are given in the fig-
ure. The Fermi velocities deduced from the Fermi energies are,
for CdS, vf=2.5%10" cm/sec and vf:=0.5X 107 cm/sec; and,
for CdSe, vf=2.4X 107 cm/sec and v2=0.7x 107 cm/sec.
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FIG. 20. Calculated gain spectra for CdS using only k con-
servation and drift.

Consequently, we can state that MP effects must al-
ways be taken into account when calculating the optical
properties of an EHP. If an EHP has the possibility of
expanding, NE effects must also be considered, but not
exclusively.

The influence of NE effects on the Fermi functions and
the excitonic enhancement can be seen from Figs. 17 and
18. It results in a red shift of #w ., and a considerable de-
crease of the slope around #iw., as shown in Fig. 21,
where two gain spectra have been calculated for vp=0
and 2.3X10% cm/sec, with all other parameters un-
changed. The low-energy tail of the spectrum is not al-
tered. The calculated curves of Fig. 21 can be compared
to the measured ones of Fig. 8 since the scales for two
curves are identical within one figure. For the curve mea-
sured in the center, significant drift can be excluded by
the arguments given above. The experimentally observed
red shift of %w,, observed on the flank leads, with Fig. 19,
to vp=2.3x%10° cm/sec, if attributed to drift alone. As
seen from Fig. 21, this considerably reduces the slope
around 7w, in contrast to the experiment. Thus it can be
concluded that, for the lateral drift velocity holds,
0< v, <2.3%X10° cm/sec. These values of v, have only a
minor influence on the line shape. The shift of #w., can
only partly be attributed to drift; it is also partly due to
other effects, such as small local variations of n, and/or

T,.

15f
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FIG. 21. Calculated gain spectra for CdS, including damping
and excitonic enhancement for vp =0 and 2.3 X 10® cm/sec.

MAJUMDER, SWOBODA, KEMPF, AND KLINGSHIRN 32

The experimental finding that the EHP gain spectra do
not change significantly with increasing d, i.e., under con-
ditions where there is no more confinement, demonstrates
that the longitudinal drift velocity is also so small that it
has no appreciable influence on the line shape. Thus we
can conclude from the line-shape analysis that under the
experimental conditions outlined in Sec. II both the lateral
and longitudinal drift velocities are smaller than-the Fer-
mi velocities of electrons and holes, and that here they
have only a marginal influence on the EHP gain spectra.

After considering the line shape, some thoughts should
be devoted to the spectral position of Eg(n,) relative to
the free exciton energy of the unexcited sample. The cal-
culation of this quantity is, in polar materials, far from
being trivial. The calculation must start from the bare
band gap. In the case of the exciton, the reduction of the
gap due to polaron corrections and the Coulomb interac-
tion must be subtracted, where the first quantity is partly
quenched for the exciton ground state if the exciton Bohr
radius and the polaron radius are comparable. This is the
case in CdS.’®37 For the EHP, exchange-correlation ef-
fects must be included, as well as a dielectric function
governed by the plasmon-phonon mixed states.”>3*3% As
a consequence, two rather large quantities must be com-
pared [in CdS around 150 meV (Refs. 36 and 37)], and
only their difference gives the energetic distance between
the exciton at low densities and Eg(n,). Often, calcula-
tions are applicable only for either the low- or high-
density regime. Usual high-density approximations tend
to converge, for n,—0, to the polaron gap and not to the
free-exciton state, as they should. Theories which
describe the optical properties over the entire density
range from the exciton to the EHP including the delicate
intermediate densities, are found in Ref. 25. They coin-
cide with experiment without considering NE effects.
Despite the difficulties outlined briefly above, the analysis
of the EHP data in Ga;_,Al,As with respect to Eg(n,)
under three-dimensional confinement gave excellent agree-
ment between experiment and theory using MP effects
without drift.2 For CdS it has already been shown in Ref.
7 that the curves deduced from the experimental gain
spectra for Eg(n,) and wu(n,,T,) using MP effects
without drift are in good agreement with theory.”> For
CdSe there is also reasonable agreement between calculat-
ed values of Ez(n,) and those deduced from the line-
shape fit using MP effects but no drift.!®

V. EVALUATION OF THE EXPERIMENTAL
RESULTS AND DISCUSSION

First, we discuss the results obtained in the center of
the excitation spot, where drift phenomena can be exclud-
ed. The data of Figs. 3 and 11 prove once again that the
plasma does not reach its liquidlike equilibrium state.
The width of the gain spectra, and thus n,, increases sig-
nificantly with I, in contrast to what is expected for a
liquidlike state. The variation of #w., with I is less
pronounced. #w,, can be identified with u for vp <vf®.
As discussed above, this is fulfilled in the center of the ex-
citation spot, i.e., in Figs. 3 and 11.

The weak variation of u with I, is in agreement with
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theory,7’36’37 which shows that the curves ,u(Tp,np) are

rather flat over a broad range of n, values below the
equilibrium density.3®37 In the past, this behavior of p
has been used erroneously several times as a sufficient ar-
gument to claim the existence of a liquidlike plasma
phase, e.g., in CdS or CdSe.

The decrease of #iw,, with increasing T; (Figs. 4 and
13) reproduces mainly the temperature dependence of the
Fermi functions and the band gap.

The calculated curves in Fig. 10 show that in CdSe the
best fit is obtained with the model taking into account k
conservation, damping, and excitonic enhancement. The
calculated curve coincides almost perfectly with a curve
where the modulation due to the shift of the Fabry-Perot
modes is averaged out (see Sec. III). The same result has
been also found for CdS or GaAs.>" 13142325

The sublinear increase of G with I.,. (Fig. 12 and Ref.
7) can be explained qualitatively by a decrease of the ef-
fective carrier lifetime 7, with increasing n,, caused by
stimulated emission and the quadratic recombination
mechanism.

Figures 3 and 5 show that the crossover #iw.,, and thus
U, decreases with increasing I.,. in CdS at low tempera-
tures. This means that du/0n, is negative. A region in
which this condition is fulfilled exists for T, < T, below
the equilibrium density of the plasma.’®*” Indeed, the ex-
perimental values of n, are below the calculated equilibri-
um values in CdS in ny=5%10"® cm™3.3% The phase
separation that would occur in an equilibrium state under
these conditions is suppressed by the short lifetime 7,.7%
The stronger variation of #w,., with I.,. in CdS above 60
K may be attributed to the superposition of various
recombination processes, as already discussed in Ref. 7.

In contrast to CdS, CdSe here shows a different
behavior with du/dn, >0. In CdSe, the calculated values
of ng are about (5—8)x10'7 cm3.3%37 This means that
the experimentally observed values of n, are around or
even larger than n,. Indeed, one has du/dn, >0 in this
regime. 3%

In the following we concentrate on the question of the
drift length I, and the drift velocity vp under inhomo-
geneous excitation conditions. By I, we mean the dis-
tance the carriers in the EHP move away from the place
where they have been excited during their lifetime under
the influence of the inhomogeneous excitation outlined in
Sec. II. The lifetime of the carriers in the plasma, Tp» 1S
then connected with I, and vp by

ID =UpTp - (5)

The data shown in Fig. 7 give an upper limit for the la-
teral drift length by the spatial resolution of the setup, i.e.,

Values of this order of magnitude may be concluded
from other experiments also. Efficient laser-induced grat-
ings have been observed in CdS due to the formation of an
EHP—by Saito'® and by us.’®% The efficiency of the
grating tends to zero, if the lateral drift length of the car-
riers becomes comparable to the lattice constant of the
grating A. In Refs. 38 and 39, nsec excitation pulses have
been used and the lattice spating A was about 17 um.
From this, it follows that /p < A=~17 um. In psec, tem-

porally resolved experiments,'® values of 2.4 <A <9.6 um
have been used. From these data it can be seen that the
maximum grating efficiency decreases with decreasing A,
the decrease being, however, more pronounced for A <4.6
pm than above it. This indicates, also, values of I
around 4 ym.

The longitudinal drift into the depth of the excited
sample is also around 4 ym. This follows from the fact
that the product g(#w)X /. starts to become indepen-
dent of the sample thickness d for d <4 um, while
g (#iw) X l o decreases for values of d <3 um [Fig. 6(a)].

The same conclusion can be drawn from the data of
Fig. 6(b), where the excitonic reflection is measured on the
unexcited surface of the sample. For d around 5 um the
reflection structures of the 4 and B excitons have almost
fully recovered, indicating that the EHP does not reach
the opposite side of the sample, in contrast to d <5 pm.
A similar result has also been found in Ref. 35 by measur-
ing the excitonic reflectivity of CdS platelets 0.5—5 um
thick at the excited and unexcited surfaces. In order to
find the same decrease of the excitonic reflection structure
at the unexcited surface as compared to the excited one,
I, had to be increased by a factor of 4, indicating a
value of I, comparable with the sample thickness.

As a conclusion of the discussion of the data for CdS, it
can be stated that the longitudinal drift length under inho-
mogeneous excitation conditions (absorption length of the
light <1 um and only a few meV of excess energy) is
about 4 um. An upper value of the lateral drift distance
is 5 um. Since the lateral gradient of the generation rate
is, in our experiments, almost comparable to the longitu-
dinal one, it seems not unreasonable to assume that the
longitudinal and lateral drift lengths are roughly equal.

In Sec. IV we found an upper limit for v, ~2.3X 10°
cm/sec. The upper limits of I, and vp being known, a
value of 7, may be found from Eq. (5). With Ip <4 um
and vp <2X 10° cm/sec, we obtain 7, =200 psec. This
value is in good agreement with the data in Refs. 10 and
40. Another crosscheck of the parameters can be deduced
from the relation between the generation rate G*, I,
and the other plasma parameters. We have

n,=G*r, , (6a)
G*= e (6b)
B ﬁwexch ’

and, with (5),

T oy, 1
no—=G*r. — exclp exc i 7)
’ p ﬁwexch ﬁwexch

Equation (6b) holds because the penetration depth,
a” N #iwey,), of the exciting light, Ip, and d fulfill, in our
experiments, the relation

a M iwee) <<lp<d . (8)

 With vp=2X%10° cm/sec and I.,.,=2 MW/cm?, we ob-

tain, from Eq. (7), n,=2.5%X10" cm?® This value is in
good agreement with the experimental data. As a conse-
quence, the set of data given for CdS in Table I can be
considered to be consistent. Larger deviations (e.g., as-
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TABLE I. Plasma parameters for CdS and CdSe at a lattice temperature around 5 K.

CdS

CdSe Comment

Parameters used in the fit* (from [28,43)])

Electron mass m, 0.205mq
Hole mass 7, 1.1mg
Exciton energy E. (eV) 2.5521
Exciton binding

energy E% (meV) 28
Bohr radius a. (nm) 2.8
Dielectric constant 8.6
Excitation intensity 1—4

I.,. MW/cm?)

0.13m,
0.59m, m;.=(mhzlmh|1)l/3
1.8252 AT

17.5
4.72
9
0.5—-2 In CdSe lower than measured

value because of surface damage

Parameters deduced from the fit

Plasma density n, (cm™?) (1—4)x 108
Carrier lifetime 7, (psec) 200+50
Plasma temperature T, =20
for T;=5 K (K)
Chemical potential u
Plasma binding energy

2.542 eV+1 meV

(5—9)x 10" Increasing with I
400+100 Decreasing with I,
~15 Slightly increasing with #wey.

1.822 V+2 meV Varying with I,

Efyp=E—p (meV) ~10 ~3
Drift length Ip (um) 4+2 13+7 Under inhomogeneous excitation
Drift velocity vp (cm/sec) <2.5X 10° cm/sec <3x10° cm/sec
Quasi-Fermi-energy Ef (meV) 37.0 24 CdS: n,=3x10" cm~?
T,=20 K
Quasi-Fermi-energy Ef (meV) 6.8 7.5 CdSe: n,=8x10" cm™3
T,=15 K
“Drift energy” (meV)
Ef=(m,/2)v} 0.33 0.15 Cine
E1'5=(m;,/2)vf) 1.8 0.67 For vp=2X10° cm/sec
2From Refs. 28 and 43.
suming vp=2X 10" cm/sec and I =100 um) would lead 3 n;“‘c a? 173
to internal contradictions in the set of Egs. (5)—(8). In Ip= 8 1 (o) ~Tpm. ©
np a exc

particular, it should be noted that the value of n, neces-
sary to fit the observed spectral width of the gain spectra
with the data given just above had to be n, >>2X 108
cm ™3, while Eq. (7) would result in n, <<2X 10'8 cm?.

For CdSe one finds, from the experimental data in Fig.

15, a value for the lateral drift length of I, =20 um. The

sublinear increase of the gain spectra with the sample
thickness in Fig. 14 indicates, in a plot similar to that of
Fig. 6(a), that one has already reached, for 5<d <10 um,
the region where the initially linear increase of In(I7 /I )
bends over towards saturation. It seems therefore reason-
able to assume for CdSe a longitudinal drift length of the
order of 10 um, in reasonable agreement with that for la-
teral drift.

Recent time-resolved psec luminescence experiments in

CdSe (Ref. 3) also allow deduction of a value of I,. The

authors of Ref. 3 calculate a value n,falc=5>< 10¥ cm—3
under the assumption that the electron-hole pairs stay in
the volume given by the diameter of the excitation spot,
a =10 pm, and the inverse absorption coefficient for the
exciting light, &~ (#iwey), equal to 0.3 um. From analysis
of the luminescence spectra they deduce n;*™~4x 10"
cm ™3, in reasonable agreement with our data. Assuming
that the discrepancy between n,f“lc and n,"™ is due to an
expansion of the EHP into a hemisphere of radius I

(Ip >a /2), one obtains, for Ip,

Evidently, the diffusion length of the plasma in CdSe is
definitely larger than in CdS. There are two reasons to
explain this. First, the lifetime of the EHP in CdSe is
larger than in CdS. Values around 350 psec are given in
the literature®*! (also see Table I). Second, all values of
n, measured so far in CdS are below the calculated equili-
brium density ny. This means that there is a trend in the
plasma to condense into droplets. In CdSe one has
n, >ng. Consequently, the EHP tends to expand. Final-
ly, it should be noted that the set of plasma parameters
given for CdSe in Table I fulfills the conditions imposed
by Egs. (5)—(8). )
The kinetic energies associated with the drift velocities
are considerably smaller than the Fermi energies (Table I).
The influence of vp on the line shape of plasma gain and
luminescence is thus of minor importance. On the other
hand, v, exceeds the value of the transverse velocity of
sound vt by almost an order of magnitude. Thus, vy, is
not a strict upper limit for v, for the materials and exci-
tations conditions investigated here. A  similar
phenomenon has been found for GaAs, where the drift
velocity v, of the heavier carriers (the holes) has been in-
vestigated in an electric field E both experimentally and
theoretically.*> One finds that v, increases with E up to
values of v, =8 10° cm/sec and then saturates. Again,
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one has v >>vra. The value of 8 X 10° cm/sec is reached
for |E| ~10° V/cm.

Although the material parameters of GaAs are dif-
ferent from those of CdS or CdSe, some semiquantitative
numbers may be deduced for our problem from Ref. 42.
There the driving force is a gradient of the electrical po-
tential ¢. In the drift of the EHP the driving force could
be a gradient of the chemical potential u. An upper limit
is |gradu | ~0.5%x10° V/cm in our experiments, assum-
ing that p tends to zero about 50 um outside the excita-
tion spot. According to Ref. 42, one would find, for
GaAs, for |gradé|=|E|=0.5x10° V/cm, a value
vy ~0.8X10° cm/sec, in reasonable agreement with the
data of Table 1.

To summarize this part of the discussion, we found that
one has a “slow drift” of the EHP both in CdS and CdSe.
Up until now there has been no obvious reason to assume
that the behavior of the EHP in other direct-band-gap
materials like GaAs or CdTe should be completely dif-
ferent under comparable excitation conditions.

On the other hand, neither we nor—to our
knowledge—anyone else is presently able to explain these
values of vp and I quantitatively. They are too large to
be compatible with simple diffusion since a value of the
diffusion coefficient D around 10° cm?/sec would follow
from lD=(D7'p)1/ 2, It is also not clear why Cherenkov-
type emission of acoustic phonons does not limit the
values of vp to the velocity of sound in polar materials.

One point, which leads some authors to the assumption
of fast drift, is spatially resolved luminescence experi-
ments. As mentioned already in Ref. 11, these experi-
ments must be considered with some care. As is well
known, the high gain values connected with an EHP in
direct-band-gap semiconductors generally give rise to su-
perradiant emission mainly parallel to the excited surface
of the sample, even if a resonator geometry of the crystal
is avoided. This emission will leave the sample, e.g., at its
edges, but it may also be scattered out of the sample by
surface irregularities or scattering centers in the sample.
Thus, experiments of spatially resolved luminescence
probe not only the spatial distribution of the EHP, but
also that of the emitted light and scattering centers. On
the other hand, spatially resolved measurements of the
EHP gain and the disappearance of the excitonic reflec-
tion are only sensitive to the EHP itself.

The other argument—for a “fast drift”—comes from a
fit to the gain spectra with drift and k conservation alone.
As discussed in Sec. IV, this fit overestimates both v, and
n,. To demonstrate this, we show in Fig. 22 an observed
gain spectrum of the EHP in CdTe from Ref. 19, together
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FIG. 22. Experimental plasma gain spectrum of CdTe from
Ref. 19 fitted with the model involving only k conservation and
drift (dashed line), and with a model without drift using k con-
servation damping and excitonic enhancement (dotted line). The
positions of the reduced gap are indicated in both cases.

with two calculated ones. The material parameters used
in the fit are given in Ref. 19. For the dashed curve only
k conservation and drift are used. The values deduced
from the fit are the same as in Ref. 19, namely
n,=6x10"" cm~3, T, =16 K, and v, =1.2X 10" cm/sec,
indicating “fast drift.” The dotted line has been calculat-
ed including k conservation, excitonic enhancement, and
damping, but completely neglecting vp, resulting in
n,~10" cm =3 and T, ~8 K.

According to the above discussion this approximation
may be made up to vp ~10° cm/sec. The fit to the exper-
imental curve is equally good. The value of the reduced
gap lies for n,=10"7 cm™>, only slightly below the lower
calculated curve in Ref. 19, showing E;(n,), and thus
again gives some support to the calculation of E,(n,) us-
ing the single-plasmon-pole approximation including
plasmon-phonon mixed modes.
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