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The influence of Coulomb correlations on gain and stimulated emissionZmCadSe/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 excitdfirfE) 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.
[S0163-182698)02528-4

. INTRODUCTION shallow Zry(Cdy;Se/ZnSe quantum-well structures. At
higher temperatures beyond 80 K this mechanism is also

The understanding of the physical mechanisms giving risgavored for ZnSe/Z(5,Sé superlattices.
to laser emission in wide-gap Il-VI semiconductors has at- The influence of Coulomb correlation on gain-current
tracted much interest in the pdst’ Whereas electron-hole characteristics™! and optical probe spectfaat 300 K has
plasma recombination is accepted as the gain mechanism facently been discussed. However, a consistent model that
conventional 11I-V semiconductors, the larger exciton bind-describes properly the experimentally observed absorption
ing energy in wide-gap II-VI semiconductors gives rise to aand/or gain, luminescence, and two-beam photolumines-
considerable influence of Coulomb correlation on gain anctence excitation spectroscopy for arbitrary temperatures was
stimulated emission. From the theoretical point of view,still not available.
there are several attempts discussed in order to account for |n this paper, we present experimental results on excitonic
the lasing mechanism in II-Vl semiconductors. Exciton-optical nonlinearities and gain in(Zn,CdSe/Zn(S,Se/
related lasing, based on inelastic scattering processes in(2Zn,Mg)(S,Se quantum-well lasers applying two different
dense exciton gas such as exciton-LO-phonon, excitonspectroscopic techniques. In order to obtain insight into the
exciton, and exciton-electron interaction, was initially pro-lasing process, we have studied the excitonic bleaching un-
posed. This was discussed byr®ét ala Guillaumeet al,  der lasing conditions using a pump-and-probe photolumines-
and a detailed theoretical description in the polariton picturecence excitation spectroscop§PLE) of the stimulated
has been given by Haug and Koth. emissiont> Additionally, systematic temperature-dependent

A second process relies on the inhomogeneous broadegain measurements have been performed. The redshifts of
ing of the exciton resonance in localizing systems such aghe gain maxima and the excitonic resonances as a function
ZnCdSe/ZnSe quantum wells and was discussed by Dingf temperature are compared. We show that a model of a
et al>* Here, the inhomogeneous broadening of the excitorstrongly correlated electron-hole plasma, which is presented
resonance provides an effective multilevel system and excin detail in Ref. 17, can give a consistent interpretation of the
ton population relaxation effects are the cause for gain.  experimental data, especially at higher temperatures. The pa-

The third possible mechanism discussed by Klingshirnper is organized as follows. Section 1l gives details about the
and Haug is the biexciton decay into one photonlike and asamples and experiments. The theory used is summarized in
second excitonlike polariton. Indeed, biexcitons are favoredec. IIl. Experimental results are presented in Sec. IV and
in recent publications to explain optical gain at low tempera-are compared and contrasted to numerical solutions of the
tures in undoped, ultrapur@n,CdSe/ZnSe multiple quan- equations in Sec. V.
tum wells (MQW's) (Ref. 6 and ZnSe/Z(5,Se/

(Zn,Mg)(S,Se (Ref. 7 separate confinement hetero- Il. SAMPLES AND EXPERIMENTAL DETAILS
structures.
Electron-hole plasma recombination is assufriede the The investigated undoped separate-confinement hetero-

dominant mechanism for lasing even at low temperatures istructures lasers were grown by molecular-beam epitaxy
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(MBE). The II-VI layers were grown on GaAs substrates andthe active layer of the sample. The second dye Igz@be
buffers in a twin chamber MBE system EPI 930 for separatés tuned to scan the PLE spectrum. The probe laser lies tem-
[1I-V and [I-VI growth. The GaAs buffer layer thickness was porally and spatially within the pump pulse to explore the
about 300 nm. The samples were grown on full 2 in. waferdasing-relevant sample absorption. It has been thoroughly
and no chemical etching was performed, prior to growth. Theehecked that the stimulated emission wavelength stays inde-
start was performed on a mixex4x4)/(2xX4) As stabi- pendent of the excitation energy of the pump laser across the
lized GaAs surface at a temperature of about 320 °C. The&uned wavelength spectrum. The probe excitation intensity
growth of the 1l-VI layers was initialized using a migration was kept constant throughout the PLE scan by means of a
enhanced epitaxy kind regime during which Zn was kepfcalibrated continuous-adjustable attenuator. It is chosen large
open all the time and Se was opened for 2 sec, than closezhough to keep the sample in the stimulated-emission regime
for 4 sec. After 20 of these cycles, the growth was continuediuring the whole scan over the energy range of the investi-
with normal MBE growth. The defect density was in the low gated absorption, which is essential for a reliable measure-
10° cm ? and the layers were fully strained. The ment. In this case, the PLE spectrum is a qualitative measure
ZnS, 0S8 o4 Waveguide layers with an overall thickness of of the relative efficiency of the laser excitation channels and,
170 nm are embedded in Mg, 155,758, 73cladding lay-  thus, not identical but somewhat related to the absorption
ers being 1lum thick. One structure contains five 5-nm-thick behavior under lasing conditions. In conjunction with a mi-
Zn, Cdy ,.Se wells while the other structure possesses sixroscopic theory that considers the quantitative change of the
3-nm-thick Zn ¢Cdy,Se wells separated by 10-nm-thick absorption coefficient under the actual pump conditions, de-
ZnS, 0S& o4 barriers, respectively. The samples were opti-tailed information about the optical nonlinearities under las-
cally excited by 10-ns pulses of an excimer pumped dydng conditions can be obtained.

laser at a repetition rate of 50 Hz. Thus, the created carriers Furthermore, low-density single-beam PLE spectra are
can be considered to be in a steady state. The excitatiomeasured to study the temperature dependence of the heavy-
energy was chosen to be resonant with the energy of the firfole exciton peaks. Complementary continuous-wave ab-
light-hole exciton in the wells. For the gain measurementssorption measurements 2K show that the absorption spec-
the variable stripe-length metho®@/SLM) (Ref. 16 was tra have nearly the same spectral shape as the PLE spectra. In
used. The stripe width was ]/_Om and the stripe |ength was particular, no shift of peaks is observed if PLE and absorp-
controlled by a stepper motor and varied between 20 and 20@on spectra are compared.

um. The amplified spontaneous emissiGASE) emitted
from the sample edge was dispersed by a double monochro-

mator and detected by an optical multichannel analyzer. No lil. THEORY
polarizer was used. The modal gajp.(E) at energyE is The Green's-function approach used here, the details of
extracted from which are given in Ref. 17, consistently describes light emis-
sion and absorption, treating the relevant quasiparticles, de-
l1(E.Ly) :eXp(ngd(E)Ll)_l (1) scribing the excited semiconductor mediyoarriers, pho-
I2(E,L2)  exp(@mod E)L2)—1 tons, and plasmons within the same fully-quantum-

mechanical footing®'® The quantum confinement and
valence-band coupling, which are used as input for the
many-body calculations, require the diagonalization of the
lso E) corresponding Luttinger Hamiltonigf. We consider only
g C“E)[GXP(gmcm(E)L)—1] (2)  constituent materials in which the band gap is sufficiently
mo large to decouple the conduction bands, which are then para-
with | s(E) the spontaneous emission intensity. Special car®olic. The dispersion relations for a typical quantum well are
was taken to avoid gain saturation effects in the gain spectrdllustrated in Fig. 1, together with the effective TE compo-
By plotting the ASE intensity as a function of the stripe nents of the dipole moment, which give rise to optical selec-
length, gain saturation is indicated by a deviation of the ASEion rules. The influence of Coulomb correlations beyond the
intensity from that given by Eq(2) at long stripe lengths. random phase approximatiofRPA) is contained in the
Gain saturation is found to set in fgg,,L >3 on the high- transverse polarization function. The retarded compoRént
energy side of the gain spectra in these samples. The gaincludes spectral information while the carrier recombination
spectra presented below are therefore measured for strigates are described by the backward propagd®or, The
lengths shorter than those for which saturation effects occudetailed analysis given in Ref. 17 shows how these two
In order to get information about the lasing process, wequantities are related. The Wannier exciton is obtained in the
have studied the excitonic bleaching under lasing conditionimiting case of vanishing carrier populations in the Bethe-
using pump-and-probe photoluminescence excitation spe&alpeter equation for the polarization function. This corre-
troscopy (PLE) of the stimulated emissiof?. This spectro- sponds to the experimental findings presented in Sec. V.
scopic technique reveals only those absorption channels thietowever, with a finite carrier density, the Coulomb potential
contribute to the stimulated emission being detected as lumis screened, the band gap is modified, and carrier-carrier
nescence from the sample edge. For this technique, two syseattering takes place. The Bethe-Salpeter equation no longer
chronously pumped dye lasers are used. Both laser beamsrresponds to a simple excitonic picture and now describes
were focused on top of the sample as stripes to suppoa many-particle system that in this sense goes beyond the
stimulated emission along the stripe direction. Qmemp is  exciton picture. Taking the results obtained for in Ref.
fixed in energy and creates a certain carrier density withirl7, we can derive the emitted light field intensifw). If we

with L, , two different stripe lengthsl, , the respectively
measured intensities of the ASE, or from direct fits to

I(L,E)=
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FIG. 1. (8 Nonparabolic dispersion relationsrf@ 5 nm 53 nm sample. The low-density PLE spectra are also shown for
Zn, ¢Cd, ;.Se/ZnSe QW. From top to bottom the bands correspongeference.

atk=0 to HH1, HH2, LH1, and HH3(b) Corresponding TE dipole

moments. ) ) e i
redshift between the stimulated emission and the low-density

assume the samples to be antireflection coated, so that redoLE maxima is observed, being larger for the 3-nm wls
nator effects play no rolel(w) per unit length can be MeV) than forthe 5-nm well$24 meV) at 2 K[see Figs. &)
simplified 2921 and Zb)]. o ,
The resonance linewidths in the PLE spectra amounting to
l(w)~Hhw?4m2CiP<(0), (3) 13.2 meV(18.5 meV for the 5-nm(3-nm) heavy-hole(hh)
resonances at 2.569 €¥2.673 e\ can be attributed to alloy
while the absorption reads composition and well thickness fluctuations. The binding en-
ergiesky of the quasi-2D excitons in the>65 nm and the
a(w)~cl[2oVe(*)]Im P'(w). (4 6x3 nm QW systems are approximately 32 and 36 MgV,
respectively. Temperature-dependent PLE spectra show
IV. EXPERIMENTAL RESULTS well-defined excitonic features between 2 and 30Qske
Fig. 3. This points to the fact that the exciton binding ener-
The evolution of the edge emission spectra from pumpgies are larger than the LO-phonon energy of 30 niB¥f.
intensity values below threshold to those well above thresh4) in these QW systems, so that direct dissociation of exci-
old and the low-density PLE spectra of the two laser samplesons into continuum states is energetically not possible by
at 2 K are displayed in Fig. 2. The threshold is defined as th& O-phonon-exciton scattering. For comparison, we have
pump intensity where an abrupt increase of the output intenplotted calculated PLE spectra in Fig. 3, which will be dis-
sity occurs with increasing pump intensity. Pumping into thecussed in detail in Sec. V.
energy of the light-hole exciton, the threshold densities are Figure 4a) shows the two-beam PLE spectra of the 6
15 kWi/cnt and 20 kW/cr for the laser structures with 5 x3 nm sample. The excitation energy of the pump laser
X5 nm and 6<3 nm active layers, respectively. The rather coincides with the light-hole exciton transition, and stimu-
similar threshold pump intensities for both samples correfated emission is detected at 2.642 eV. The spectrum re-
spond to an estimated carrier density of about'in™?  corded for pump off exhibits a strong heavy-hole exciton
(assuming a typical carrier lifetime of 100 ps and an absorppeak at about 2.673 eV. With increasing pump intensity, one
tion coefficient of 3x10* cm™! for both samples This  observes a bleaching and a broadening of the excitonic ab-
value is well below the Mott densit§ [ng~(1—3)x 10>  sorption. Figure %) shows the two-beam spectra for the
cm 2] for the present QW structures. The emission spectraame sample at 75 K, where the excitation energy of the
from the sample edge do not show any significant shift of thgopump laser is 2.715 eV and the stimulated emission is de-
emission maxima if excitation density is varied from belowtected at 2.638 eV. The spectrum for pump off exhibits a
to well above threshold density. However, a considerablestrong exciton peak at 2.666 eV. One observes a similar
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FIG. 3. Measured PLE specttaolid) and calculated linear ab-
sorption spectradashed at three different temperatures for tte

5X5 nm and thgb) 6 X3 nm sample.
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FIG. 5. Measured optical gain spectra at various pump power
levels for the(a) 5X5 nm and thgb) 6 X3 nm sample.

bleaching and broadening behavior of the excitonic reso-
nance with increasing pump intensity as foe thK measure-
ment. Clearly, the excitonic enhancement is more stable at
lower temperature. However, it is remarkable that a pro-
nounced excitonlike peak is remaining visible for pump in-
tensities well above the threshold densities for both tempera-
tures. This result points to the influence of Coulomb
correlations being still strong at densities sufficient to yield
stimulated emission.

In Fig. 5, gain spectraobtained by the stripe-length
method, see Sec.)lare shown for the 5 nm and 6<3 nm
sample at three different excitation densities. The excitation
energy is resonant to the energy of the light-hole exciton for
both samplesidentical to the energy of the pump laser in the
two-beam experimeint The following features are observed
for increasing excitation intensity. The transition of modal
gain into absorption shifts to higher energies. The peak en-
ergy of the modal gain remains nearly constant compared to
the width of the gain spectra. The low-energy tail of the gain
spectra shifts to lower energies. The gain curves of the 6
X3 nm sample are broader than those of th&5 nm
sample at comparable excitation densities. This feature cor-
responds to the findings in the linear PLE spectra shown in
Fig. 2. It is due to the more pronounced inhomogeneous
broadening in the thinner QW'’s.

Furthermore, one notices that the modal gain is clearly
larger for the 6<3 nm sample than for the>65 nm sample

FIG. 4. (a) Two-beam PLE spectra of thext3 nm sample at 2 at corresponding excitation intensities. To compare the ma-
K under different pump intensities from zero to well above thresh-terial gaing(E) of the two samples, its relation to the mea-

old density. The luminescence background caused by the pumgured modal gaim,,,{E) has been used,
laser is subtracted in each spectrum. The spectra are normalized to

the probe PLE intensity at 2.695 ell) Respective two-beam PLE

spectra at 75 K.

Imod E)=T"g(E) —a, ®



PRB 58 INFLUENCE OF COULOMB CORRELATIONS ON GAIN ... 2059

200
150
100

2.68

=
=
e
S
9
>
9
=
3

(a) MQW: 5x5 nm

2

260

(kW/cm2)

wn
[=

2.56

I

[e=]

2.52F

ENERGY (eV)

[ T=300K L T=150K has|l @ PLE peak

N =1.9x1012 cm-2 “-‘ N =1.0x1012 cm*2 4 gain maximum
-150 - } | 244

S

t A S

MODAL GAIN (cm-1)
3

200 24w ‘2.;16 243 250 2'5:2 0 50 100 150 200 250 300 350 400
ENERGY (eV) TEMPERATURE (K)
200 280
b b) MQW: 6 x 3
. isof MQW: 6x3 nm 576 (D) MQW: 6 o
T P g
= ~ 272 S
Z 2L 268 =)
& 0 264
3 2
2 Lol T=300K if T=150K Z 200
8 150l N=1.9x102cm2 | N=8.7x1011 cm2 2.56r & gain maximum .
= 200 L— . : . s M 2.52 . ) : : L ey
S0 252 254 256 258 260 262 0 50 100 150 200 250 300 350 400
ENERGY (eV) TEMPERATURE (K)
FIG. 6. Measuredsolid) and calculateddashedl optical gain FIG. 7. Temperature dependence of the energy position of the

spectra at two different temperatures for tBe5x 5 nm and théb) ~ €Xcitonic resonance in the PLE spectsgjuares and of the gain
6X3 nm sample. maximum in the VLSM(triangles for the (@) 5X5 nm and th&b)

6X 3 nm sample. Inset: Threshold pump intensities for the onset of
) ) ] optical gain for the corresponding samples.
with T' the optical confinement factor. The total loss
(caused by sca_tte_ring of light at crystal_ defects and by im'the case of the calculated low-density PLE curves in Fig. 3.
perfect waveguidingis assumed to be independent of en- 5 getajled discussion of the numerical results will follow in
ergy. The confinement factors of the two laser samples wergg. /.
determined from fits to measured far fields, yieldifig6 The redshifts of the gain maxima near threshold along
X3 nm)=0.105 andl'(5X5 nm)=0.146. For the &3  those of the exciton PLE maxima are plotted as a function of
nm (5X5 nm) sample we get a peak optical ga@jeax  temperature in Figs. (@ and 7b) for both samples. The
=2900 cm* (1500 cmi'*) for an excitation density of 100 solid curves are theoretical fits of the positions of the heavy-
kWi/cn?. The larger value for the smaller well width is ex- hole peaks as a function of temperatiiiegiven by the em-
pected since the quasi-2D density of states increases withirical Varshni formuld*
decreasing well thickneds,, being proportional to 1/,.
The gain spectra of both samples for two different el- En(T)=E(0)—aT?(T+b) (6)
evated temperatures are shown in Fig. 6. The excitation den-
e el s} (012560 eV(2.673 o a-810* eV (53
: 104 eV/K), andb=433 K (177 K) for the 5x5 nm (6

mgxima with increasing temperature, which is mainly deter-X3 nm) sample. The dashed curves represent the same fits
o ey e e o s o T il e by e stance PLE peskgan peak o 2

) : ighlight the increasing energetic difference between gain
spectra of both samples have nearly the same spectral W'diﬁaxi%nagan d the low- der?sity hﬁ] peaks with increasing tgm-

at 300 K after that of the 83 nm sample is clearly broader ;
at low temperaturésee Fig. 5, and still somewhat broader at perature for both samples. Accordingly, the threshold pump
e evel for optical net gain increases with increasing tempera-

150 K. This is due to the fact that the spectral shape of th Ure as shown in the insets of Fig€aand Tb). The thresh-

gain at 300 K is mainly determined by carrier-carrier inter_oId dependence on temperature is traditionally discussed in
action and carrier—LO-phonon scattering masking the origi- P P y

nal inhomogeneous density of states, which could clearly pierms of an effective temperaturl, as a measure of its

seen at 2 K. Another feature of the measured gain spectra Eﬁtrength _b_eing mainly dependent on the laser material. We
that the experimental low-energy tail is negative. This fea- ave verified that the temperature dependence can be well

ture is typical of stripe-length measurements, in which the?erf’]cr'tr)etd rbyranirigogggtlgl I&win the whole investigated
modal gain extracted is influenced by other loss mechanism§ " PErature reg B '

a [see Eq(5)]. Additionally, we have plotted in Fig. 6 cal-
culated gain spectra using the same material parameters as in Pin~exp(T/Ty). !
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50 respectively. If exciton—LO-phonon scattering would be the
= 6x3nmMQW E mechanism of the stimulated emission, the energetic differ-
*  5x5nm MQW . enceAE between the stimulated emission at threshold and
. ) the hh exciton peak should equal the LO-phonon energy
40r e ELo=30 meV (Ref. 4 and should not depend on the well
> o width. This is in contrast to our findings.
g e In the case of exciton-exciton scattering one exciton re-
B S e combines radiatively while the other is scattered into a
% 301 " o ' higher bound state or into the continuum, resulting in the
IS so-called P,, P, and P, bands’’ For three-dimensional
I . AEM =E (T-E_ (D (3D) excitons Ejs—E,s=0.75R5°, whereas for two-
L dimensional (2D) excitons E;s— E,s=0.88R2°, with Ejg
20, 50 100 150 200 250 300 (Ezs) the 1S (29) exciton-state energy arid>” (RZP) the
TEMPERATURE (K) 3D (2D) value of the exciton binding energy. For a quasi-2D

. exciton we would therefore expect th& Bxciton state to lie
FIG. 8. Temperature dependence of the energy difference besomewhere between 0Epand 0.8&, beyondE; 5. Taking
tween the excitonic resonances in the PLE spectra and the ga'ﬁl‘e lower limit (3D cas¢ AE should be found in the range
maxima for th'e 5%5 nm and the &3 nm samples. The dashed betweerE, and 0.7%, , which results in values between 24
curves are guides for the eye. (27) and 32 meV(36 meV) for the 5x5 nm (6X3 nm
sample. However, exciton-exciton scattering, which seems to

The globalT, value averaged over a large temperature rangge possible from energetic considerations, is excluded since
is 233 K (256 K) for the 5X5 nm (6x3 nm) sample. Only e ghserve no redshift of the gain spectrum with increasing
a slight difference £10%) of theT, values is thus obtained gy itation density(see Fig. 5, which is a characteristic sig-
for the two samples with different well widths,. The val-  pature for this process due to excitation-induced reabsorption
ues are somewhat smaller than for GaAg@¥d; ,As processe&
quantum-well lasers, wherg, values around 300 K were  The exciton-electron process is characterized by a signifi-
found under comparable experimental conditihsThe  cant temperature-dependent redshift of its emission maxi-

(Zn,CdSe/Zr(S,Se/(Zn,Mg)(S,Se laser structures have myum 7, . relative to the heavy-hole excitonic resonance
therefore a slightly stronger increase in threshold densny:—hm

with temperature than the GaAs[&a; _,As quantum-well

lasers. x
Figure 8 shows the temperature dependence of the energy homad T)=En(T)— 5 -

differenceAE between the gain maxima and the low-density e

hh peaks for both samples. At low temperaturés:60 K),  whereM,, andm, are the exciton and the electron masses,

AE is nearly constant and clearly larger for thex8 nm  respectively. Therefore, exciton-electron scattering should

sample(31 meV) than for the 5<5 nm sample(24 meV). lead to a linear increase @fE, which is in contrast to our

With rising temperatureAE increases for both samples, experimental results at low temperatures150 K, see Fig.

however the slope is larger for thexd nm sample. At 300 8). Even if one fits the temperature shift &E between 150

K, AE reaches a value of about 43 meV for both samples. K and 300 K with a linear regression of E@), the experi-

mental temperature coefficient of OKg2 (1kg) for the 6

X6 nm (55 nm) sample is well below the theoretical one

of about 2.6. Therefore, exciton-electron scattering is also

Localization effects due to well-width fluctuations and al- €xcluded at higher temperatures.
loy disorder in ternary QW’s make the unambiguous identi- Biexcitonic recombination can be excluded sinkE is
fication of the lasing mechanism in 1I-VI materials difficult. much larger than the reported values for biexciton binding
One has to distinguish between free and localized excitongnergies of 6-15 meV in comparable [I-VI
If the lasing mechanism involves free excitons, the laser probeterostructure$?*° Furthermore, biexcitonic signatures
cesses can be distinguished spectroscopically by the chara@e not visible in edge emission spectra of our sam(dee
teristic energy of the luminescence. There is a wealth ofig. 2) in contrast to results in extremely pure laserlike struc-
literature comparing the energetic distankE between the tures recently reported by Krellet al?° The reason for this
heavy-hole—exciton peak and the actual lasing energy. Thigifferent behavior is not finally clear. However, it is probably
distance has been used as a measure of the importance or wonhnected with the larger inhomogeneous broadening of our
of excitonic processes in a laser. Now, we will compare oursamples.
experimental data with the predictions for this distance de- The possibility of optical gain at the low-energy tail of a
rived from the models mentioned before, and with the resultstrongly inhomogeneous excitonic density of states has been
of the many-body theory including inhomogeneous broadenproposed in ZnCdSe/ZnSe heterostructures by Ringl>*
ing, which can dramatically increase this distance. A detailed\n unambiguous identification of lasing from excitons in a
evaluation of this effect is given in the analysis of our theo-localizing system such as ZnCdSe/ZnSe multiple quantum
retical result below. The spectral positions of the stimulatedvells has been obtained by Cingolatial ! by measuring
emission &2 K are 24 meV and 31 meV below the hh the diamagnetic shift of the stimulated emission being qua-
exciton peak for the 5 nm sample and 83 nm sample, dratic in magnetic field. From our experimental results we

kgT, ®

V. DISCUSSION
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cannot decide whether the stimulated emission at low tem-
perature is due to localized excitons or due to a gain more
driven by an electron-hole plasma. At higher temperatures
(T>60 K) the excitons are more and more thermally excited
into extended states above the mobility édgehere they
behave at least as free excitons if not as a Coulomb-
correlated electron-hole plasma. In this sense, localization
should play a reduced role in the recombination process at
high temperatures.

Finally, band-to-band transitions of an electron-hole . . . . .
plasma have to be considered. The characteristics of the gain 262 264 266 268 270 272 274 276
curves in dependence on excitation density favor this type of EXCITATION ENERGY (eV)
recombination. The observed shift of the low-energy tail of
the gain spectra to lower energies with increasing excitation
density(see Fig. % can be explained by many-body effects
of the electron-hole system, which lead to band-gap shrink-
age. Further, the blueshift of the crossover energy from
modal gain to absorption can be explained through the high-
energy shift of the chemical potential with increasing carrier
density. However, the data of the two-beam experiment
clearly show that a pronounced excitonlike peak is remaining
visible for pump intensities well above the threshold densi-
ties. This is not explainable in the framework of a “free 262 264 266 268 2790 292 294 276
carrier model,” i.e., without consideration of strong Cou- ENERGY (eV)
lomb correlations between the carriers.

As a conclusion drawn from the up-to-now presented [g g (3 Two-beam PLE spectraf@ 3 nm QW at aplasma
findings in the literature and in this paper, one has to statgsmperaturd’, =50 K. From top to bottom the pump intensities are
that neither an excitonic nor a plasma picture of the lasing i$=0.33,0.5,1,% P,,. The corresponding absorption spectra, with
capable of explaining consistently the different experimentathe same normalization, are shown(b).
observations, not even those found in the analysis of one and
the same sample. This makes desirable an approach goiriges not affect the following analysis, since we concentrate
beyond the limits of the relatively simply structured modelson the spectral region around the lowest-energy peak. The
used so far. inhomogeneous broadening determined ky,x,, values

The microscopic theory summarized in Sec. Il provides acharacterizes the sample as a whole and is kept fixed for all
more consistent interpretation. The numerical study starts byemperatures. The homogeneous broadening, however, ex-
finding the material parameters applying to the differenthibits a strong frequency, carrier density, momentum, and
samples. The homogeneous broadening and band gap asemperature dependence. Now, we increase the carrier den-
function of temperature are determined by comparison of theity until gain develops. The comparison between theory and
experimentally determined low-excitation PLE with the cal- experiment at elevated temperatures of 150 and 300 K is
culated linear absorptiofsee Fig. 3. The procedure is jus- given in Fig. 6. Good qualitative agreement between theory
tified, since measured absorption spedmat shown here  and experiments is achieved as far as the spectral position
have nearly the same spectral shape as the PLE spectra, ansl gain linewidth are concerned. However, the negative
no deviations of the maxima in corresponding PLE and abtow-energy tail in the measured gain spectra is not repro-
sorption spectra are observed. duced by the numerical calculation. As mentioned above,

As previously discussed, the inhomogeneous broadeninigss mechanisms not related to the gain-generating process
is caused by well width and alloy concentration fluctuations are responsible for this finding and are not considered in the
For a concrete analysis of inhomogeneous broadening undétieoretical model. The good overall agreement between ex-
controlled conditions in our numerical analysis, we take aperiment and theory for the low- and high-density spectra
fixed well width and introduce a Gaussian distribution of thedemonstrated in this paper shows that the approximations are
Zn,Cd, _,Se alloy concentration around a central vakie justified. Since we fix the parameters obtained from the low-
P(x)= Poexq—(x—xc)zlev], where x,, characterizes the density spectra and use them to analyze a broader range of
width of the dispersion. We get the best overall agreementarrier densities, the procedure is meaningful. The computed
between experimentally and numerically determined lineresults thus yield information about the microscopic pro-
shapes forx.=0.84 (0.8) andx,=0.015 (0.014) for the cesses involved. This would not be true if we had adjusted
6Xx 3 nm (5X5 nm) sample. In other words, inhomogeneouseach curve at each density value, since the microscopic in-
broadening is slightly stronger for the thinner wells. Noteformation contained in the numerics would have been lost
that there is a discrepancy between computed and measurdéttough the fit procedure.
high-energy subband peak positions at high temperatures. Figure 9 depicts the computed two-beam PLE spectra and
We attribute this shift to the fact that we assumed, for calcu€orresponding nonlinear absorption spectra for the 3 nm
lation, the same band-gap shift as a function of temperatur®IQW sample at 50 K, simulating the measuremésam-
for both the well and barrier alloy. The difference, however,pare Fig. 4. We do not have access to the actual plasma

(@)
T =50K
p!

PL INTENSITY (arb. units)

ABSORPTION (arb. units)
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temperature, which, however, will definitely be higher than
the lattice temperature of 2 K. An intermediate vallig 5x104 |
=50 K has been selected to illustrate the coexistence of an
excitonlike feature and optical gain at low temperatures. The
method can be summarized as follows. First, the linear ab-
sorption is computed. From that the numbers of carriers gen-
erated by the pump can be estimated. Second, the nonlinear 3x104
absorption and the number of carriers generated by the probe
at each excitation frequency are evaluated. The emission in-
tensity due to the total number of carriers is computed at the

detection frequency. The luminescence intensity caused by
action of the pump only is also calculated and subtracted,

giving rise to the differential luminescence presented. The

computed spectra consistently reproduce the experimental
results depicted in Fig. 4, where the excitonic features are

progressively bleached and broadened with increasing pump-
generated carrier densities. The coexistence of excitonic fea- Ax104 b
tures, which we rather interpret in terms of a correlated
electron-hole plasma, and gain is evident in the absorption

4x104

2x104

1x104

ABSORPTION (cm-1)

spectra at higher densities. -2x104

We would like to point out that spectroscopy is a relevant T R S E S S
tool in the study of the microscopic mechanisms that give 2.60 2.62 2.64 2.66 2.68 2.70 2.72
rise to lasing in 1I-VI compounds, but has its shortcomings. ENERGY (eV)

For example, if the quantum-well width is reduced, the re-

sulting more effective overlap between the carrier wave g 10 Absorption spectra f@ 3 nm QW aplasma tempera-
functions increases the electron-hole binding and consgyreT =50 K. A Gaussian distribution is assumed for the concen-

quently the many-body effects in the optical spectra. In othefration fluctuationP(x) = Py ex (x—x)%/x,]. Following the arrow,
words, the excitonlike features should in principle be morethe  inhomogeneous ~ broadening  is  increasedx,,

evident in thinner quantum wells. However, thinner samples=0.005,0.01,0.015,0.02,0.025,0.03.
usually are more strongly inhomogeneously broadened than
thicker ones, and the inhomogeneous broadening effects can
erase the “excitonic” features from an experimental spec-siderable influence of inhomogeneous broadening on the en-
trum. The progressive masking of the Coulomb correlatiorergy difference between the peak gain and the peak of the
features with increasing inhomogeneous broadening in thexcitonic absorption. Thus, it is definitely not adequate to
absorption and/or gain spectra is depicted in Fig. 10. Morededuce an acting lasing mechanism mainly from that particu-
over, it demonstrates the strong dependence of the peak-gdar quantity. We hope that the predicted spectra will stimu-
position on inhomogeneous broadening. As a consequence léite further systematic experimental studies under controlled
is not adequate to compare samples just on the basis of thejrowth and excitation conditions. The influence of Coulomb
nonlinear absorption and luminescence alone if inhomogeeorrelations in the distribution functions should play a role in
neous broadening is a pronounced effect. the very-low-temperature regime. The full solutions of the
In summary, calculations of absorption and gain based oself-consistent equations for the self-energy, chemical poten-
the first-principles theory for light emission and absorptiontials, and polarization functions are currently being investi-
in semiconductors presented here show good agreement wigated and will be the subject of future publications.
experimental data obtained from II-VI laser structures in the
linear and high-density regimes. This provides an interpreta-
tion of the mechanism responsible for lasing in II-VI quan-
tum wells in terms of a strongly Coulomb correlated This work was supported by the Deutsche Forschungsge-
electron-hole plasma. By the detailed theoretical and experimeinschaftGrant Nos. He 1975/4, Gu 252/9, and Ho 1388/
mental analysis performed, we have demonstrated the com).
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