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Influence of Coulomb correlations on gain and stimulated emission
in „Zn,Cd…Se/Zn„S,Se…/„Zn,Mg…„S,Se… quantum-well lasers
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The influence of Coulomb correlations on gain and stimulated emission in~Zn,Cd!Se/Zn~S,Se!/
~Zn,Mg!~S,Se! quantum-well lasers is studied under stationary conditions. Systematic temperature-dependent
measurements under application of different spectroscopic techniques were performed. Optical gain is mea-
sured by means of the variable stripe-length method, whereas excitonic bleaching under lasing conditions is
analyzed through two-beam photoluminescence excitation~PLE! spectroscopy. Furthermore, complementary
low-density single-beam PLE spectra are recorded in order to study the temperature dependence of the heavy-
hole exciton peaks. The experimental data as a whole are shown to be inconsistent with any of the usually
quoted excitonic models for lasing in II-VI heterostructures. The experiments are more adequately explained
by a strongly correlated electron-hole plasma described by Bethe-Salpeter-like equations for the optical re-
sponse and recombination rates in the excited medium. The nonequilibrium Green’s-function approach used
consistently includes, at a microscopic level, band structure, quantum-confinement, and many-body effects.
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I. INTRODUCTION

The understanding of the physical mechanisms giving
to laser emission in wide-gap II-VI semiconductors has
tracted much interest in the past.1–14 Whereas electron-hole
plasma recombination is accepted as the gain mechanis
conventional III-V semiconductors, the larger exciton bin
ing energy in wide-gap II-VI semiconductors gives rise to
considerable influence of Coulomb correlation on gain a
stimulated emission. From the theoretical point of vie
there are several attempts discussed in order to accoun
the lasing mechanism in II-VI semiconductors. Excito
related lasing, based on inelastic scattering processes
dense exciton gas such as exciton-LO-phonon, exci
exciton, and exciton-electron interaction, was initially pr
posed. This was discussed by Be´noit à la Guillaumeet al.,1

and a detailed theoretical description in the polariton pict
has been given by Haug and Koch.2

A second process relies on the inhomogeneous broa
ing of the exciton resonance in localizing systems such
ZnCdSe/ZnSe quantum wells and was discussed by D
et al.3,4 Here, the inhomogeneous broadening of the exci
resonance provides an effective multilevel system and e
ton population relaxation effects are the cause for gain.

The third possible mechanism discussed by Klingsh
and Haug5 is the biexciton decay into one photonlike and
second excitonlike polariton. Indeed, biexcitons are favo
in recent publications to explain optical gain at low tempe
tures in undoped, ultrapure~Zn,Cd!Se/ZnSe multiple quan
tum wells ~MQW’s! ~Ref. 6! and ZnSe/Zn~S,Se!/
~Zn,Mg!~S,Se! ~Ref. 7! separate confinement heter
structures.

Electron-hole plasma recombination is assumed8 to be the
dominant mechanism for lasing even at low temperature
PRB 580163-1829/98/58~4!/2055~9!/$15.00
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shallow Zn0.9Cd0.1Se/ZnSe quantum-well structures. A
higher temperatures beyond 80 K this mechanism is a
favored for ZnSe/Zn~S,Se! superlattices.9

The influence of Coulomb correlation on gain-curre
characteristics4,11 and optical probe spectra12 at 300 K has
recently been discussed. However, a consistent model
describes properly the experimentally observed absorp
and/or gain, luminescence, and two-beam photolumin
cence excitation spectroscopy for arbitrary temperatures
still not available.

In this paper, we present experimental results on excito
optical nonlinearities and gain in~Zn,Cd!Se/Zn~S,Se!/
~Zn,Mg!~S,Se! quantum-well lasers applying two differen
spectroscopic techniques. In order to obtain insight into
lasing process, we have studied the excitonic bleaching
der lasing conditions using a pump-and-probe photolumin
cence excitation spectroscopy~PLE! of the stimulated
emission.15 Additionally, systematic temperature-depende
gain measurements have been performed. The redshift
the gain maxima and the excitonic resonances as a func
of temperature are compared. We show that a model o
strongly correlated electron-hole plasma, which is presen
in detail in Ref. 17, can give a consistent interpretation of
experimental data, especially at higher temperatures. The
per is organized as follows. Section II gives details about
samples and experiments. The theory used is summarize
Sec. III. Experimental results are presented in Sec. IV a
are compared and contrasted to numerical solutions of
equations in Sec. V.

II. SAMPLES AND EXPERIMENTAL DETAILS

The investigated undoped separate-confinement het
structures lasers were grown by molecular-beam epit
2055 © 1998 The American Physical Society
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~MBE!. The II-VI layers were grown on GaAs substrates a
buffers in a twin chamber MBE system EPI 930 for separ
III-V and II-VI growth. The GaAs buffer layer thickness wa
about 300 nm. The samples were grown on full 2 in. waf
and no chemical etching was performed, prior to growth. T
start was performed on a mixedc(434)/(234) As stabi-
lized GaAs surface at a temperature of about 320 °C.
growth of the II-VI layers was initialized using a migratio
enhanced epitaxy kind regime during which Zn was k
open all the time and Se was opened for 2 sec, than clo
for 4 sec. After 20 of these cycles, the growth was continu
with normal MBE growth. The defect density was in the lo
105 cm22 and the layers were fully strained. Th
ZnS0.06Se0.94 waveguide layers with an overall thickness
170 nm are embedded in Zn0.85Mg0.15S0.27Se0.73cladding lay-
ers being 1mm thick. One structure contains five 5-nm-thic
Zn0.8Cd0.2Se wells while the other structure possesses
3-nm-thick Zn0.8Cd0.2Se wells separated by 10-nm-thic
ZnS0.06Se0.94 barriers, respectively. The samples were op
cally excited by 10-ns pulses of an excimer pumped d
laser at a repetition rate of 50 Hz. Thus, the created carr
can be considered to be in a steady state. The excita
energy was chosen to be resonant with the energy of the
light-hole exciton in the wells. For the gain measureme
the variable stripe-length method~VSLM! ~Ref. 16! was
used. The stripe width was 10mm and the stripe length wa
controlled by a stepper motor and varied between 20 and
mm. The amplified spontaneous emission~ASE! emitted
from the sample edge was dispersed by a double monoc
mator and detected by an optical multichannel analyzer.
polarizer was used. The modal gaingmod(E) at energyE is
extracted from

I 1~E,L1!

I 2~E,L2!
5

exp„gmod~E!L1…21

exp„gmod~E!L2…21
~1!

with L1,2 two different stripe lengths,I 1,2 the respectively
measured intensities of the ASE, or from direct fits to

I ~L,E!5
I sp~E!

gmod~E!
@exp„gmod~E!L…21# ~2!

with I sp(E) the spontaneous emission intensity. Special c
was taken to avoid gain saturation effects in the gain spec
By plotting the ASE intensity as a function of the strip
length, gain saturation is indicated by a deviation of the A
intensity from that given by Eq.~2! at long stripe lengths
Gain saturation is found to set in forgmodL.3 on the high-
energy side of the gain spectra in these samples. The
spectra presented below are therefore measured for s
lengths shorter than those for which saturation effects oc

In order to get information about the lasing process,
have studied the excitonic bleaching under lasing conditi
using pump-and-probe photoluminescence excitation s
troscopy~PLE! of the stimulated emission.15 This spectro-
scopic technique reveals only those absorption channels
contribute to the stimulated emission being detected as lu
nescence from the sample edge. For this technique, two
chronously pumped dye lasers are used. Both laser be
were focused on top of the sample as stripes to sup
stimulated emission along the stripe direction. One~pump! is
fixed in energy and creates a certain carrier density wit
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the active layer of the sample. The second dye laser~probe!
is tuned to scan the PLE spectrum. The probe laser lies t
porally and spatially within the pump pulse to explore t
lasing-relevant sample absorption. It has been thoroug
checked that the stimulated emission wavelength stays in
pendent of the excitation energy of the pump laser across
tuned wavelength spectrum. The probe excitation inten
was kept constant throughout the PLE scan by means
calibrated continuous-adjustable attenuator. It is chosen la
enough to keep the sample in the stimulated-emission reg
during the whole scan over the energy range of the inve
gated absorption, which is essential for a reliable meas
ment. In this case, the PLE spectrum is a qualitative mea
of the relative efficiency of the laser excitation channels a
thus, not identical but somewhat related to the absorp
behavior under lasing conditions. In conjunction with a m
croscopic theory that considers the quantitative change of
absorption coefficient under the actual pump conditions,
tailed information about the optical nonlinearities under la
ing conditions can be obtained.

Furthermore, low-density single-beam PLE spectra
measured to study the temperature dependence of the he
hole exciton peaks. Complementary continuous-wave
sorption measurements at 2 K show that the absorption spec
tra have nearly the same spectral shape as the PLE spect
particular, no shift of peaks is observed if PLE and abso
tion spectra are compared.

III. THEORY

The Green’s-function approach used here, the details
which are given in Ref. 17, consistently describes light em
sion and absorption, treating the relevant quasiparticles,
scribing the excited semiconductor medium~carriers, pho-
tons, and plasmons! within the same fully-quantum-
mechanical footing.18,19 The quantum confinement an
valence-band coupling, which are used as input for
many-body calculations, require the diagonalization of
corresponding Luttinger Hamiltonian.20 We consider only
constituent materials in which the band gap is sufficien
large to decouple the conduction bands, which are then p
bolic. The dispersion relations for a typical quantum well a
illustrated in Fig. 1, together with the effective TE comp
nents of the dipole moment, which give rise to optical sel
tion rules. The influence of Coulomb correlations beyond
random phase approximation~RPA! is contained in the
transverse polarization function. The retarded componenPr

includes spectral information while the carrier recombinat
rates are described by the backward propagator,P,. The
detailed analysis given in Ref. 17 shows how these t
quantities are related. The Wannier exciton is obtained in
limiting case of vanishing carrier populations in the Beth
Salpeter equation for the polarization function. This cor
sponds to the experimental findings presented in Sec
However, with a finite carrier density, the Coulomb potent
is screened, the band gap is modified, and carrier-ca
scattering takes place. The Bethe-Salpeter equation no lo
corresponds to a simple excitonic picture and now descr
a many-particle system that in this sense goes beyond
exciton picture. Taking the results obtained forP, in Ref.
17, we can derive the emitted light field intensityI (v). If we
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assume the samples to be antireflection coated, so that
nator effects play no role,I (v) per unit length can be
simplified,19,21

I ~v!;\v2/4p2ciP,~v!, ~3!

while the absorption reads

a~v!;c/@2vAe~`!#Im Pr~v!. ~4!

IV. EXPERIMENTAL RESULTS

The evolution of the edge emission spectra from pu
intensity values below threshold to those well above thre
old and the low-density PLE spectra of the two laser samp
at 2 K are displayed in Fig. 2. The threshold is defined as
pump intensity where an abrupt increase of the output in
sity occurs with increasing pump intensity. Pumping into t
energy of the light-hole exciton, the threshold densities
15 kW/cm2 and 20 kW/cm2 for the laser structures with 5
35 nm and 633 nm active layers, respectively. The rath
similar threshold pump intensities for both samples cor
spond to an estimated carrier density of about 1011 cm22

~assuming a typical carrier lifetime of 100 ps and an abso
tion coefficient of 33104 cm21 for both samples!. This
value is well below the Mott density22 @ns'(123)31012

cm22# for the present QW structures. The emission spe
from the sample edge do not show any significant shift of
emission maxima if excitation density is varied from belo
to well above threshold density. However, a considera

FIG. 1. ~a! Nonparabolic dispersion relations for a 5 nm
Zn0.8Cd0.2Se/ZnSe QW. From top to bottom the bands corresp
at k50 to HH1, HH2, LH1, and HH3.~b! Corresponding TE dipole
moments.
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redshift between the stimulated emission and the low-den
PLE maxima is observed, being larger for the 3-nm wells~31
meV! than for the 5-nm wells~24 meV! at 2 K @see Figs. 2~a!
and 2~b!#.

The resonance linewidths in the PLE spectra amountin
13.2 meV~18.5 meV! for the 5-nm~3-nm! heavy-hole~hh!
resonances at 2.569 eV~2.673 eV! can be attributed to alloy
composition and well thickness fluctuations. The binding e
ergiesEb of the quasi-2D excitons in the 535 nm and the
633 nm QW systems are approximately 32 and 36 meV23

respectively. Temperature-dependent PLE spectra s
well-defined excitonic features between 2 and 300 K~see
Fig. 3!. This points to the fact that the exciton binding ene
gies are larger than the LO-phonon energy of 30 meV~Ref.
4! in these QW systems, so that direct dissociation of ex
tons into continuum states is energetically not possible
LO-phonon-exciton scattering. For comparison, we ha
plotted calculated PLE spectra in Fig. 3, which will be d
cussed in detail in Sec. V.

Figure 4~a! shows the two-beam PLE spectra of the
33 nm sample. The excitation energy of the pump la
coincides with the light-hole exciton transition, and stim
lated emission is detected at 2.642 eV. The spectrum
corded for pump off exhibits a strong heavy-hole excit
peak at about 2.673 eV. With increasing pump intensity, o
observes a bleaching and a broadening of the excitonic
sorption. Figure 4~b! shows the two-beam spectra for th
same sample at 75 K, where the excitation energy of
pump laser is 2.715 eV and the stimulated emission is
tected at 2.638 eV. The spectrum for pump off exhibits
strong exciton peak at 2.666 eV. One observes a sim

d

FIG. 2. Evolution of the laser edge emission from below thre
old to well above threshold at 2 K for the ~a! 535 nm and the~b!
633 nm sample. The low-density PLE spectra are also shown
reference.
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2058 PRB 58P. MICHLER et al.
FIG. 3. Measured PLE spectra~solid! and calculated linear ab
sorption spectra~dashed! at three different temperatures for the~a!
535 nm and the~b! 633 nm sample.

FIG. 4. ~a! Two-beam PLE spectra of the 633 nm sample at 2
K under different pump intensities from zero to well above thre
old density. The luminescence background caused by the p
laser is subtracted in each spectrum. The spectra are normaliz
the probe PLE intensity at 2.695 eV.~b! Respective two-beam PLE
spectra at 75 K.
bleaching and broadening behavior of the excitonic re
nance with increasing pump intensity as for the 2 K measure-
ment. Clearly, the excitonic enhancement is more stabl
lower temperature. However, it is remarkable that a p
nounced excitonlike peak is remaining visible for pump
tensities well above the threshold densities for both temp
tures. This result points to the influence of Coulom
correlations being still strong at densities sufficient to yie
stimulated emission.

In Fig. 5, gain spectra~obtained by the stripe-length
method, see Sec. II! are shown for the 535 nm and 633 nm
sample at three different excitation densities. The excitat
energy is resonant to the energy of the light-hole exciton
both samples~identical to the energy of the pump laser in th
two-beam experiment!. The following features are observe
for increasing excitation intensity. The transition of mod
gain into absorption shifts to higher energies. The peak
ergy of the modal gain remains nearly constant compare
the width of the gain spectra. The low-energy tail of the ga
spectra shifts to lower energies. The gain curves of th
33 nm sample are broader than those of the 535 nm
sample at comparable excitation densities. This feature
responds to the findings in the linear PLE spectra shown
Fig. 2. It is due to the more pronounced inhomogene
broadening in the thinner QW’s.

Furthermore, one notices that the modal gain is clea
larger for the 633 nm sample than for the 535 nm sample
at corresponding excitation intensities. To compare the m
terial gaing(E) of the two samples, its relation to the me
sured modal gaingmod(E) has been used,

gmod~E!5Gg~E!2a, ~5!

-
p
to

FIG. 5. Measured optical gain spectra at various pump po
levels for the~a! 535 nm and the~b! 633 nm sample.
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with G the optical confinement factor. The total lossa
~caused by scattering of light at crystal defects and by
perfect waveguiding! is assumed to be independent of e
ergy. The confinement factors of the two laser samples w
determined from fits to measured far fields, yieldingG(6
33 nm)50.105 andG(535 nm)50.146. For the 633
nm (535 nm! sample we get a peak optical gaingpeak

52900 cm21 ~1500 cm21) for an excitation density of 100
kW/cm2. The larger value for the smaller well width is ex
pected since the quasi-2D density of states increases
decreasing well thicknessLz , being proportional to 1/Lz .

The gain spectra of both samples for two different
evated temperatures are shown in Fig. 6. The excitation d
sity was chosen to be about two times the threshold den
at each temperature. We observe a strong redshift of the
maxima with increasing temperature, which is mainly det
mined through the temperature dependence of the band
energy and will be discussed below in more detail. The g
spectra of both samples have nearly the same spectral w
at 300 K after that of the 633 nm sample is clearly broade
at low temperature~see Fig. 5!, and still somewhat broader a
150 K. This is due to the fact that the spectral shape of
gain at 300 K is mainly determined by carrier-carrier inte
action and carrier–LO-phonon scattering masking the or
nal inhomogeneous density of states, which could clearly
seen at 2 K. Another feature of the measured gain spect
that the experimental low-energy tail is negative. This fe
ture is typical of stripe-length measurements, in which
modal gain extracted is influenced by other loss mechani
a @see Eq.~5!#. Additionally, we have plotted in Fig. 6 cal
culated gain spectra using the same material parameters

FIG. 6. Measured~solid! and calculated~dashed! optical gain
spectra at two different temperatures for the~a! 535 nm and the~b!
633 nm sample.
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the case of the calculated low-density PLE curves in Fig
A detailed discussion of the numerical results will follow
Sec. VI.

The redshifts of the gain maxima near threshold alo
those of the exciton PLE maxima are plotted as a function
temperature in Figs. 7~a! and 7~b! for both samples. The
solid curves are theoretical fits of the positions of the hea
hole peaks as a function of temperatureT, given by the em-
pirical Varshni formula24

Ehh~T!5Ehh~0!2aT2/~T1b! ~6!

with Ehh(0)52.569 eV~2.673 eV!, a5831024 eV/K (5.3
31024 eV/K!, andb5433 K ~177 K! for the 535 nm (6
33 nm! sample. The dashed curves represent the same
vertically shifted by the distance PLE peak-gain peak at 2
to highlight the increasing energetic difference between g
maxima and the low-density hh peaks with increasing te
perature for both samples. Accordingly, the threshold pu
level for optical net gain increases with increasing tempe
ture as shown in the insets of Figs. 7~a! and 7~b!. The thresh-
old dependence on temperature is traditionally discusse
terms of an effective temperatureT0, as a measure of its
strength being mainly dependent on the laser material.
have verified that the temperature dependence can be
described by an exponential law25 in the whole investigated
temperature regime~2–300 K!,

Pth;exp~T/T0!. ~7!

FIG. 7. Temperature dependence of the energy position of
excitonic resonance in the PLE spectra~squares! and of the gain
maximum in the VLSM~triangles! for the ~a! 535 nm and the~b!
633 nm sample. Inset: Threshold pump intensities for the onse
optical gain for the corresponding samples.
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2060 PRB 58P. MICHLER et al.
The globalT0 value averaged over a large temperature ra
is 233 K ~256 K! for the 535 nm (633 nm! sample. Only
a slight difference (,10%) of theT0 values is thus obtained
for the two samples with different well widthsLz . The val-
ues are somewhat smaller than for GaAs/AlxGa12xAs
quantum-well lasers, whereT0 values around 300 K were
found under comparable experimental conditions.26 The
~Zn,Cd!Se/Zn~S,Se!/~Zn,Mg!~S,Se! laser structures hav
therefore a slightly stronger increase in threshold den
with temperature than the GaAs/AlxGa12xAs quantum-well
lasers.

Figure 8 shows the temperature dependence of the en
differenceDE between the gain maxima and the low-dens
hh peaks for both samples. At low temperatures (T,50 K!,
DE is nearly constant and clearly larger for the 633 nm
sample~31 meV! than for the 535 nm sample~24 meV!.
With rising temperatureDE increases for both sample
however the slope is larger for the 535 nm sample. At 300
K, DE reaches a value of about 43 meV for both sample

V. DISCUSSION

Localization effects due to well-width fluctuations and a
loy disorder in ternary QW’s make the unambiguous iden
fication of the lasing mechanism in II-VI materials difficul
One has to distinguish between free and localized excito
If the lasing mechanism involves free excitons, the laser p
cesses can be distinguished spectroscopically by the ch
teristic energy of the luminescence. There is a wealth
literature comparing the energetic distanceDE between the
heavy-hole–exciton peak and the actual lasing energy. T
distance has been used as a measure of the importance
of excitonic processes in a laser. Now, we will compare
experimental data with the predictions for this distance
rived from the models mentioned before, and with the res
of the many-body theory including inhomogeneous broad
ing, which can dramatically increase this distance. A deta
evaluation of this effect is given in the analysis of our the
retical result below. The spectral positions of the stimula
emission at 2 K are 24 meV and 31 meV below the h
exciton peak for the 535 nm sample and 633 nm sample,

FIG. 8. Temperature dependence of the energy difference
tween the excitonic resonances in the PLE spectra and the
maxima for the 535 nm and the 633 nm samples. The dashe
curves are guides for the eye.
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respectively. If exciton–LO-phonon scattering would be t
mechanism of the stimulated emission, the energetic dif
enceDE between the stimulated emission at threshold a
the hh exciton peak should equal the LO-phonon ene
ELO530 meV ~Ref. 4! and should not depend on the we
width. This is in contrast to our findings.

In the case of exciton-exciton scattering one exciton
combines radiatively while the other is scattered into
higher bound state or into the continuum, resulting in t
so-called P2, P3, and P` bands.27 For three-dimensiona
~3D! excitons E1S2E2S50.75Ry

3D , whereas for two-
dimensional~2D! excitons E1S2E2S50.88Ry

2D , with E1S

(E2S) the 1S (2S) exciton-state energy andRy
3D (Ry

2D) the
3D ~2D! value of the exciton binding energy. For a quasi-2
exciton we would therefore expect the 2S exciton state to lie
somewhere between 0.75Eb and 0.88Eb beyondE1S . Taking
the lower limit ~3D case! DE should be found in the rang
betweenEb and 0.75Eb , which results in values between 2
~27! and 32 meV~36 meV! for the 535 nm (633 nm!
sample. However, exciton-exciton scattering, which seem
be possible from energetic considerations, is excluded s
we observe no redshift of the gain spectrum with increas
excitation density~see Fig. 5!, which is a characteristic sig
nature for this process due to excitation-induced reabsorp
processes.28

The exciton-electron process is characterized by a sig
cant temperature-dependent redshift of its emission m
mum \vmax relative to the heavy-hole excitonic resonan
Ehh,

\vmax~T!5Ehh~T!2
1

2

Mex

mel
kBT, ~8!

whereMex andmel are the exciton and the electron mass
respectively. Therefore, exciton-electron scattering sho
lead to a linear increase ofDE, which is in contrast to our
experimental results at low temperatures (,150 K, see Fig.
8!. Even if one fits the temperature shift ofDE between 150
K and 300 K with a linear regression of Eq.~8!, the experi-
mental temperature coefficient of 0.72kB (1kB) for the 6
36 nm (535 nm! sample is well below the theoretical on
of about 2.6. Therefore, exciton-electron scattering is a
excluded at higher temperatures.

Biexcitonic recombination can be excluded sinceDE is
much larger than the reported values for biexciton bind
energies of 6–15 meV in comparable II-V
heterostructures.6,29,30 Furthermore, biexcitonic signature
are not visible in edge emission spectra of our samples~see
Fig. 2! in contrast to results in extremely pure laserlike stru
tures recently reported by Krelleret al.29 The reason for this
different behavior is not finally clear. However, it is probab
connected with the larger inhomogeneous broadening of
samples.

The possibility of optical gain at the low-energy tail of
strongly inhomogeneous excitonic density of states has b
proposed in ZnCdSe/ZnSe heterostructures by Dinget al.3,4

An unambiguous identification of lasing from excitons in
localizing system such as ZnCdSe/ZnSe multiple quan
wells has been obtained by Cingolaniet al.31 by measuring
the diamagnetic shift of the stimulated emission being q
dratic in magnetic field. From our experimental results

e-
in



em
o
re

te

b
tio
s

le
g
e
o

tio
ts
in
om
ig
ie
en
in
s
e
u-

te
ta
g
ta
a
o
ls

s
b
n
a
th

al-
-

,
ab

ni
ns
nd

he

e
in

us
te
u
re
cu
tu
er

ate
The

r all
, ex-
nd

den-
and

is
ory
ition
tive
ro-
ve,
cess
the
ex-
tra
are
w-
e of
ted

ro-
ted
in-

ost

and
nm

ma

re
ith

PRB 58 2061INFLUENCE OF COULOMB CORRELATIONS ON GAIN . . .
cannot decide whether the stimulated emission at low t
perature is due to localized excitons or due to a gain m
driven by an electron-hole plasma. At higher temperatu
(T.60 K! the excitons are more and more thermally exci
into extended states above the mobility edge27 where they
behave at least as free excitons if not as a Coulom
correlated electron-hole plasma. In this sense, localiza
should play a reduced role in the recombination proces
high temperatures.

Finally, band-to-band transitions of an electron-ho
plasma have to be considered. The characteristics of the
curves in dependence on excitation density favor this typ
recombination. The observed shift of the low-energy tail
the gain spectra to lower energies with increasing excita
density~see Fig. 5! can be explained by many-body effec
of the electron-hole system, which lead to band-gap shr
age. Further, the blueshift of the crossover energy fr
modal gain to absorption can be explained through the h
energy shift of the chemical potential with increasing carr
density. However, the data of the two-beam experim
clearly show that a pronounced excitonlike peak is remain
visible for pump intensities well above the threshold den
ties. This is not explainable in the framework of a ‘‘fre
carrier model,’’ i.e., without consideration of strong Co
lomb correlations between the carriers.

As a conclusion drawn from the up-to-now presen
findings in the literature and in this paper, one has to s
that neither an excitonic nor a plasma picture of the lasin
capable of explaining consistently the different experimen
observations, not even those found in the analysis of one
the same sample. This makes desirable an approach g
beyond the limits of the relatively simply structured mode
used so far.

The microscopic theory summarized in Sec. III provide
more consistent interpretation. The numerical study starts
finding the material parameters applying to the differe
samples. The homogeneous broadening and band gap
function of temperature are determined by comparison of
experimentally determined low-excitation PLE with the c
culated linear absorption~see Fig. 3!. The procedure is jus
tified, since measured absorption spectra~not shown here!
have nearly the same spectral shape as the PLE spectra
no deviations of the maxima in corresponding PLE and
sorption spectra are observed.

As previously discussed, the inhomogeneous broade
is caused by well width and alloy concentration fluctuatio
For a concrete analysis of inhomogeneous broadening u
controlled conditions in our numerical analysis, we take
fixed well width and introduce a Gaussian distribution of t
ZnxCd12xSe alloy concentration around a central valuexc ,
P(x)5P0exp@2(x2xc)

2/xw
2 #, where xw characterizes the

width of the dispersion. We get the best overall agreem
between experimentally and numerically determined l
shapes forxc50.84 (0.8) andxw50.015 (0.014) for the
633 nm (535 nm! sample. In other words, inhomogeneo
broadening is slightly stronger for the thinner wells. No
that there is a discrepancy between computed and meas
high-energy subband peak positions at high temperatu
We attribute this shift to the fact that we assumed, for cal
lation, the same band-gap shift as a function of tempera
for both the well and barrier alloy. The difference, howev
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does not affect the following analysis, since we concentr
on the spectral region around the lowest-energy peak.
inhomogeneous broadening determined byxc ,xw values
characterizes the sample as a whole and is kept fixed fo
temperatures. The homogeneous broadening, however
hibits a strong frequency, carrier density, momentum, a
temperature dependence. Now, we increase the carrier
sity until gain develops. The comparison between theory
experiment at elevated temperatures of 150 and 300 K
given in Fig. 6. Good qualitative agreement between the
and experiments is achieved as far as the spectral pos
and gain linewidth are concerned. However, the nega
low-energy tail in the measured gain spectra is not rep
duced by the numerical calculation. As mentioned abo
loss mechanisms not related to the gain-generating pro
are responsible for this finding and are not considered in
theoretical model. The good overall agreement between
periment and theory for the low- and high-density spec
demonstrated in this paper shows that the approximations
justified. Since we fix the parameters obtained from the lo
density spectra and use them to analyze a broader rang
carrier densities, the procedure is meaningful. The compu
results thus yield information about the microscopic p
cesses involved. This would not be true if we had adjus
each curve at each density value, since the microscopic
formation contained in the numerics would have been l
through the fit procedure.

Figure 9 depicts the computed two-beam PLE spectra
corresponding nonlinear absorption spectra for the 3
MQW sample at 50 K, simulating the measurement~com-
pare Fig. 4!. We do not have access to the actual plas

FIG. 9. ~a! Two-beam PLE spectra for a 3 nm QW at atplasma
temperatureTpl550 K. From top to bottom the pump intensities a
P50.33,0.5,1,23Pth . The corresponding absorption spectra, w
the same normalization, are shown in~b!.
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temperature, which, however, will definitely be higher th
the lattice temperature of 2 K. An intermediate valueTpl
550 K has been selected to illustrate the coexistence o
excitonlike feature and optical gain at low temperatures. T
method can be summarized as follows. First, the linear
sorption is computed. From that the numbers of carriers g
erated by the pump can be estimated. Second, the nonl
absorption and the number of carriers generated by the p
at each excitation frequency are evaluated. The emission
tensity due to the total number of carriers is computed at
detection frequency. The luminescence intensity caused
action of the pump only is also calculated and subtrac
giving rise to the differential luminescence presented. T
computed spectra consistently reproduce the experime
results depicted in Fig. 4, where the excitonic features
progressively bleached and broadened with increasing pu
generated carrier densities. The coexistence of excitonic
tures, which we rather interpret in terms of a correla
electron-hole plasma, and gain is evident in the absorp
spectra at higher densities.

We would like to point out that spectroscopy is a releva
tool in the study of the microscopic mechanisms that g
rise to lasing in II-VI compounds, but has its shortcomin
For example, if the quantum-well width is reduced, the
sulting more effective overlap between the carrier wa
functions increases the electron-hole binding and con
quently the many-body effects in the optical spectra. In ot
words, the excitonlike features should in principle be mo
evident in thinner quantum wells. However, thinner samp
usually are more strongly inhomogeneously broadened
thicker ones, and the inhomogeneous broadening effects
erase the ‘‘excitonic’’ features from an experimental sp
trum. The progressive masking of the Coulomb correlat
features with increasing inhomogeneous broadening in
absorption and/or gain spectra is depicted in Fig. 10. Mo
over, it demonstrates the strong dependence of the peak
position on inhomogeneous broadening. As a consequen
is not adequate to compare samples just on the basis of
nonlinear absorption and luminescence alone if inhomo
neous broadening is a pronounced effect.

In summary, calculations of absorption and gain based
the first-principles theory for light emission and absorpti
in semiconductors presented here show good agreement
experimental data obtained from II-VI laser structures in
linear and high-density regimes. This provides an interpre
tion of the mechanism responsible for lasing in II-VI qua
tum wells in terms of a strongly Coulomb correlate
electron-hole plasma. By the detailed theoretical and exp
mental analysis performed, we have demonstrated the
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siderable influence of inhomogeneous broadening on the
ergy difference between the peak gain and the peak of
excitonic absorption. Thus, it is definitely not adequate
deduce an acting lasing mechanism mainly from that part
lar quantity. We hope that the predicted spectra will stim
late further systematic experimental studies under contro
growth and excitation conditions. The influence of Coulom
correlations in the distribution functions should play a role
the very-low-temperature regime. The full solutions of t
self-consistent equations for the self-energy, chemical po
tials, and polarization functions are currently being inves
gated and will be the subject of future publications.

ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungs
meinschaft~Grant Nos. He 1975/4, Gu 252/9, and Ho 138
7!.

FIG. 10. Absorption spectra for a 3 nm QW atplasma tempera-
tureTpl550 K. A Gaussian distribution is assumed for the conce
tration fluctuation,P(x)5P0 exp@(x2xc)

2/xw#. Following the arrow,
the inhomogeneous broadening is increased,xw

50.005,0.01,0.015,0.02,0.025,0.03.
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