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Biexcitonic gain characteristics in ZnSe-based lasers with binary wells
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We present systematic spectroscopic studies of the biexcitonic gain and its transition to electron-hole-plasma
gain in ZnSe separate-confinement-heterostructure lasers depending on well width, i.e., biexciton binding
energy, excitation density, and temperature. The optical gain curves were obtained by means of the variable-
stripe-length method under quasistationary conditions. The low-temperature gain spectra are modeled in the
framework of a gas of excitons and biexcitons in chemical equilibrium. Sample-dependent redshifts of the gain
curves are discussed and compared to the biexcitonic photoluminescence. At elevated tempedatbitek),

a steep increase of the laser threshold density accompanied by a strong broadening of the gain curves indicates
a change of the gain process towards recombination of a strongly Coulomb-correlated electron-hole-plasma.
[S0163-182609)08631-2

I. INTRODUCTION structures with binary QW’s and waveguide/cladding layers
consisting of Zi(S,Se¢/(Zn,Mg)(S,Se¢ or (Zn,Mg)(S,Se/

The understanding of the gain mechanisms in wide-gagzZn,Mg)(S,Sé have to be used. Structures involving the lat-
[I-VI semiconductors as candidates for blue-green laser diter type of layers can also be operated at higher temperatures
odes has attracted much interest in the past. In comparisafue to the better electronic confinement of the carriers.
with conventional 1llI-V semiconductors, where electron- Kozlov et al. attributed the gain in an ultrahigh quality 7.5
hole-plasma recombination is accepted as the gain mecham ZnSe/Z(S,S¢/(Zn,Mg)(S,Se separate-confinement-
nism, wide-gap 1l-VI compounds are characterized by theitheterostructurédSCH) laser at 10 K to an interacting gas of
strong electron-hole correlation. This leads to much largeexcitons and biexcitons in the absence of localizatfot.
exciton binding energies, further enhanced in quantum well However, to our knowledge, systematic investigations of
(QW) structures. Thus, excitonic and biexcitonic features arehe gain(especially a line-shape analysis of the gain spgctra
of key importance for the understanding of the physics leadin dependence on temperature, well width, excitation density
ing to gain especially in high-quality low-dimensional 1I-VI and excitation energy for these binary-QW-based SCH lasers
structures at cryogenic temperatures. In the past a couple afe not yet available. Such studies are inevitable for the de-
exciton-related gain processes have been stated treating thelopment of a consistent microscopic theory covering a
exciton as a stable quasiparti¢ie? large temperature range. Additionally, the gain characteris-

Very recently, a many-particle theory on a microscopictics of these laser structures are of considerable interest for
level was presenteld. This theory relies on a Green's- future applications of semiconductor lasers exhibiting strong
function formalism and includes the first-order Coulomb cor-Coulomb correlation between the carriers.
relations(excitong self-consistently. Thus, excitonic features  In the following, we present photoluminescer&) and
are reproduced, and good agreement to the experimental dgtaotoluminescence excitatigi’LE) measurements in order
at elevated temperatures ¥T.00 K) was achieved? How-  to characterize a series of SCH lasers with binary ZnSe
ever, the theory is not fully adequate at electron-gas temper®@W's of different well widths and, thus, varying biexciton
tures below 70 K3 At low temperatures, the importance of binding energies. Gain curves were obtained by means of the
biexcitons for the formation of gain has been pointed outyvariable-stripe-lengttiVSL) method® under quasistationary
e.g., by Krelleret al. reporting on lasing due to localized conditions. Polarization-dependent fs-pulse pump-and-probe
biexcitons in a(Zn,CdSe/ZnSe multiple quantum wétt? measurements were carried out to get additional insight into

Most widely, the experimental investigations in the pastthe gain mechanism. The temperature-dependent change of
concentrated oiiZn,CdSe QW'’s as active regions in [I-Vl the gain process from biexcitonic to Coulomb-correlated
lasers. These structures are characterized by large inhomogslectron-hole-plasma recombination is investigated. The
neous broadening of theslheavy-hole exciton resonance low-temperature gain spectra are thorougly compared to the-
(Xnhn) due to well width and additional alloy composition oretical predictions of the gain due to biexcitonic decay.
fluctuations of the QW. Thus, localization effects have to be The paper is organized as follows. The sample structures
taken into account, eventually leading to gain from localizedand experimental details are described in Sec. Il. Sec. Il
or extended states, which may change with temperature. Thishows the experimental results. At first the samples are char-
complicates an unambiguous interpretation of the experiacterized at moderate excitation densities, which is followed
mental data. by the gain data. In Sec. IV the low-temperature data are

In order to reduce the influence of localization, laserdiscussed according to the semiclassical model of a gas of
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excitons and biexcitons in chemical equilibrium. Finally, the T T
results are summarized and some conclusions are drawn in
Sec. V.

Il. SAMPLES AND EXPERIMENTAL DETAILS

In the following the samples are named according to the
composition of the waveguide allogQuaternary/Ternajy
followed by the nominal QW thickness of the active layer.
We investigatd a 7 nmZnSe/Zi{S,Se/(Zn,Mg)(S,Se SCH
laser (sample T7 and a series of ZnS&h,Mg)(S,Se/ , , , .
(Zn,Mg)(S,Se lasers with a QW thickness of 3, 5, and 7 nm 2.78 2.79 2.80 2.81 2.82 2.83
(samples Q3, Q5, Q7, respectivelffhe nominally undoped ENERGY (eV)
samples were grown by molecular-beam epitaxy in an EPI _ _ o N
930 twin chamber system. Prior to growth, a 200-nm-thick FIQ. 1. Normalized PL spectra at different excitation |nt_en5|t|es
GaAs buffer layer was deposited on the 2 inch GaAs:Si subS1oWing theXy, and XX PL lines a 2 K for sample T7, being a
strates, which were then transferred situ into the 1I-VI _typlcal example_ for blexcnonlc_emlssmn. The spectra are normal-
growth chamber. Elemental sources for Zn, Se, and Mg werlged to the maximum of thp, line.
used. Sulphur was supplied by a cracker cell being able t . .
change thpe flux by apvglve V\%thin a few seconds%J At the?ASE) emitted from the sample edge was dispersed by a
interfaces of two quaternary compounds with different MngUble monochromator and_ detected by an optical mult[—
concentrations, i.e., the interfaces of the waveguides anahannel analyzer. No polarizer was used. The modal gain
cladding layers of the samples Q3, Q5, Q7, the temperaturdmodE) at energyE is extracted from
of the Mg cell had to be changed by 25°C, corresponding to
a factor of two in the beam equivalent pressure. Therefore, l(ELy) Zqungd(E)Ll]_l 1)
the growth was interrupted for 30 min to stabilize the Mg [2(E,L2)  eXdgmod E)L2]—1

source. During that time, there was no impinging flux on the . . . .
sample surfaces. with L, , two different stripe lengths and , the respectively

All structures are pseudomorphic with a lattice mismatchmeasured intensities of the ASE. The gain spectra presented
of the claddings and the waveguides to the substiatta below were obtained by calculating the gain from up to ten
between 10* and 10°3. The typical full width at half maxi- different stripe-length combinations all giving the same gain
mum (FWHM) in high-.resolution x-ray diffraction is 30 arc curves. Thus, inhomogeneities of the stripe or saturation ef-

sec. The waveguides have an overall thickness of 170 nng?CtS are ruled out. L
each cladding layer is 1.2m thick. The band-gap energy Additionally, polarization-dependent fs-pulse pump-and-

differences between the wells, waveguides and cladding Iaﬁrgbt; gﬁ;ﬁmf;;nwﬂzi?emﬁgr?cml di(ﬁggzsenfggg—rlmigjs’
ers were deduced from PL measurements. The samples 9 y '

5. Q7 with quatemary wavequides are characterized b i:sapphire laser, emitting 110 fs pulses at a repetition rate of
S)tal Qban d of?set betw)éen theg QW and the waveguide yo 2 MHz (spectral width 21 me)/ spectrally overlapped both
about 150—160 meV. with a fraction of 60% in the valence he exciton and biexciton resonances. It was divided into a

bands. This corresponds to linear optical absorption spectr%t[fe?g tf;ﬂ”“ﬁq.if‘f? at\évsdlﬁ;rgufeo';n%f tgsnpungpbe;méc:hﬁ a
calculated with the theory approach presented in Ref. 13 anﬁonochrofna;olr %n d d(;StectF()a d by a Ao%omlsﬁ' I'Ser syn
published elsewher®.In contrast to these structures, sample y ap uitiphier using

T7 exhibits just a small total band offset between the activéOCk'In technique. For these transmission experiments the

layer and the waveguide of approximately 35 meV, whos&Padue GaAs substrate was removed by wet-chemical etch-

main part occurs in the valence bands. The total band offset§9-
between the waveguides and the cladding layers amount to
140-160 meV for all samples. Ill. EXPERIMENTAL RESULTS
At moderate excitation densities, the samples were ex-
cited by a cw Af -laser-pumped dye-laser beam, which was
focussed as a circular spgtiameter ~70 wm) on the
samples. The PL emitted through the sample surface was Examplarily, Fig. 1 shows typical PL spectra for sample
dispersed by a monochromator and detected by a photomul-7 at 2 K, normalized to theXy, PL line intensity. The
tiplier. biexcitonic PL line(henceforth labeled a¥X) develops en-
The gain spectra were obtained under quasistationary corgetically below theX;,, emission line and increases super-
ditions by means of the VSL method under application of ndinearly with the excitation intensityl(,J. The biexcitonic
laser pulses. The laser system consists of an excimer-laserigin of the XX line was proved in polarization dependent
pumped dye-laser emitting pulses of 10 ns width. The stripdour-wave mixing experiments, yielding a biexciton binding
length was varied between 50 and 3@en, its width kept  energyEy,=4.8 meV for sample T#’ The line shape of the
fixed to 10um. The samples were excited resonantly via theX,;, emission line is determined by homogeneous and inho-
heavy-hole exciton resonane¢g,, or nonresonantly via the mogeneous broadeniryoigt profile). The inhomogeneous
waveguide (barrien. The amplified spontaneous emission linewidth of X, was extracted in a lineshape analysis yield-

INTENSITY (arb. units)

A. Characterization of the samples at moderate excitation
densities
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. . different samples excited via the waveguide. The evolution of the

FIG. 2. PL (dashed and PLE (solid) spectra for the different o ission detected from the sample edge is shown from slightly
samples 82 K and moderate excitation intensitiglskw/cr?). The o1 1o slightly above the threshold intensitly,() using a stripe
PLE spectrdrecorded on th&X line) show theXy, andX, heavy-  jength of 220 um. (d) Additional ASE spectrum slightly above

and light-hole exciton resonances. Inset: PLE spectra recorded f‘?ﬁreshold for an index-guided structure made from sample T7.
elevated excitation densities on theX line (dashedl and ASE

maximum(solid) for sample T7.

2.76 28 284 286
ENERGY (eV)

samples exhibit FWHM's oK,,, in PLE increasing from 2.8
ing I'%,~0.6 meV, in correspondence with the mainly inho- to 5.1 meV , mainly originating from inhomogeneous broad-
mogeneous linewidth at very low-excitation densities of 18NINg- They show small Stokgs shifts amounting, €4g. (o 3
W/cn?. We observe a distinct increase of the homogeneoum.ev for sam'ple Q3. Examplarily, for sample T7.’ the Inset O.f
FWHM £ (T ith itation density in th E_lg. 2(d) depicts the PLE spectrum at high-excitation densi-
Of Xpp (I'hom) With exci ation density In the range a5 apove the laser threshold, which was recorded at the
from about 0.5 to 2 meV resulting in a stronger overlap ofyayimym of the ASE emitted from the sample edge in com-
Xpp and XX. T'hom |sxd|rectly related to the dephasing time \arison to the PLE spectrum at moderate excitation densities
T, of the excitons ['yoy=24/T>), which strongly decreases recorded for a detection position on th line. We observe
with excitation density due to elastic and inelastic scatteringyp increasing broadening &, with excitation density.
processe$® We extract deph_asing times 'in 'the range_of Some |n summary, two main features become apparent in the
100 fs up to a few ps, which are of similar magnitude asseries of samples with decreasing QW thickness: The in-
found elsewhere in the literatut®® creased electronic confinement results in a blueshift of the
The PL and PLE spectra of the different samples at 2 Kexcitonic resonances and an enhanced biexciton binding en-
andl¢,c=1 kW/cn? are depicted in Fig. 2. The PL spectra ergy. Additionally, the localizatioralthough weak is en-
show theXy, and XX lines. The PLE spectra were recorded hanced in the smaller quantum wells due to the increasing
for a detection position on the low-energy tail of & line.  jnfluence of well width fluctuations.
They exhibit theX,,, and 1s light-hole exciton ¥,) reso-
nances. AtX;,, a doublet structure occurs, which cannot be
clearly identified here. However, it is of no importance for
the following investigations. The threshold carrier densities for the optical net gain
For sample T7, the FWHM oX,,, in PLE amounts to 0.7 (l1,,) were estimated from absorption measurements and
meV, and no Stokes shift is observiske Fig. 2d)]. This  range from 2 to 5 10" c¢m™ 2 for the investigated samples,
allows to study the gain characteristics of an interactingvhich is below the nominal Mott density of ZnSe of about
quasi-two-dimensional2D) system of excitons and biexci- 2.5X10'2 cm~2 at 2 K* Sample T7 is characterized by the
tons with negligible localization effects. The samples withlowest threshold density of approximately 250 cm™2.
guaternary waveguides show blueshifts of the excitonic resoFhe samples with quaternary waveguides exhibit a slight in-
nances up to the order of some 10 meV due to quanturmrease of the threshold density with well width up to 4.4
confinementsee Figs. @)—2(c)]. This is accompanied by x10' cm™ 2,
an energetic difference between the excitonic and biexcitonic Figure 3 shows, for all samples, in comparison to the PL
PL maxima increasing from 5 to 9 meV, which is a roughspectra atl,.=1 kWi/cn?, the emission from the sample
estimate of the biexciton binding energy. Additionally, the edge under stripe excitation at waveguide energies and 2 K.

B. Gain characteristics of the samples



5746 O. HOMBURG et al. PRB 60

For all samples, the ASE emission from the sample edge @@ T=2K "1 Wem))
evolves spectrally close to théX line but showing a small 300 - " o4k
sample-dependent redshift. In the sample series with quater- -
nary waveguides this redshift decreases with decreasing well 200 207
width, and no redshift at all is observed for sample Q3. Strik- 174
ingly, above threshold the ASE peaks at a nearly constant T 100 M\ 146
distance of 9—10 meV below,, for all samples. On the L
high-energy side of the ASE emission, a second small peak %
coincides with theX,, PL line. Obviously, this peak is due to Y v \
the radiative recombination of excitons. 2 : .

In order to detect the emission from the sample surface, 8 | 27 2805
the samples under stripe excitation were tilted. In this case, = (b) 1 (W/em)
the XX line remained spectrally fixed at excitation intensities 2000 —281ev ’
distinctly abovel,,, as well as at moderate excitation densi- 130
ties. To rule out that the mostly occurring redshifts of the
ASE compared to th&X line are caused by absorption of 100 0
light in the weakly excited regions at the stripe edges, an
index-guided structure of sample T7 was homogeneously ex-
cited, examplarily. Therefore, a laser slab of A6 width 0 LT 4
and 2-mm length was prepared by removing the surrounding ! ) . i ,
ZnSe-based layers of the SCH down to the GaAs substrate 2.79 2.80 2.81

by selective etching. The ASE of the homogeneously excited ENERGY (eV)

slab (stripe length 22Qum) taken slightly above threshold FIG. 4. Experimental gain spectra for sample T7 excited via the

emerges at the same energy position as in the unprepargghequide(a) and viaX;, (b) at 2 K and different excitation inten-
sample[see dotted line in Fig. @)]. This finding indicates sjtjes.

that the sample-dependent redshift of the ASE maximum

compared to the XX line maximum has to be of intrinsic Umod E)=T'g(E) - a, )
origin in the dense exciton/biexciton system, which is dis-
cussed in Sec. V. with T" the optical confinement factor. The total loss factor

The optical gain spectra were determined by fitting the(caused by scattering of light at crystal defects and by im-
measured ASE intensity at different stripe lengths on base d#erfect waveguidingwas neglected, in correspondence with
Eq. (1). Figure 4 displays the development of the gain at 2 Kthe absence of absorption at the low-energy tail of the gain
for sample T7 excited via the waveguit® and X, (b). In  spectra. The optical confinement factors were calculated to
the nonresonant cage), the experimental peak gain coin- Yield 0.032, 0.013, 0.021, 0.029 for the samples T7, Q3, Q5,
cides with the ASE maximurficompare to Fig. @)]. Like ~ Q7, respectively. Thus, high material gains of about 1
the ASE maximum, the peak gain is slightly redshifted of X10" cm™! are obtained, with sample Q3 providing the
about 5 meV compared to the maximum of %X line. The  highest value of 1.510* cm™%.
gain curves exhibit small FWHM’s of 6-9 meV. The peak To get even more insight into the gain mechanism,
gain increases linearly with excitation intensity and its en-polarization-dependent fs-pulse pump-and-probe measure-
ergy position stays constant. The transparency point—thgents were carried out for sample T7 at 2 K. Figure 6 shows
crossover from gain to absorption—exhibits a slight blueshifthe differential-transmission spectra in the vicinity Xfy,
only. Under resonant excitatiotb) the gain maximum is and XX without time delay between the pump and probe
slightly blueshifted when compared to the nonresonant case,

and the gain curves possess even smaller FWHM's. 300 T=2k ' ' ' ' i
All samples qualitatively show the same gain characteris- Samoles: I(
tics. However, in correspondence with the ASE spectra, a 2504 >ampies: L]

= Q3

diminishing redshift of the peak gain compared to X
2001 @ Q5

line maximum is observed for decreasing well width, i.e.,

MODAL PEAK GAIN (1/cm)

increasing biexciton binding energy, until complete coinci- 150 A S ]
dence of gain an&X line for sample Q3. A '
Figure 5 gives a complete survey of the dependence of the 100 i .
modal peak gain on excitation intensity and well width for
the samples with quaternary waveguides at 2 K. The values 50 ]
were extracted from the various gain curves. The modal peak ol % L
gain increases linearly with excitation intensity for all 10 15 20 25 30 35 40 45
samples and reaches values up to 270 tnHigher gain EXCITATION INTENSITY (kW/cmz)
values were not accessible by means of the VSL method due
to saturation effects. FIG. 5. Excitation intensity dependence of the peak gain at 2 K

For a comparison of the samples the material gdi8) is  for the samples with quaternary waveguides excited via the wave-
more meaningful. It was extracted from guide.
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FIG. 6. Differential-transmission spectra for sample T7 at 2 K 250 _( ) T=100K I (kW/em”
excited resonantly by fs pulses slightly above the laser threshold Sample: Q3 -7
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=]
=

using cross-linearly(solid) and co-circularly (dashegl polarized
pump and probe pulses.

—_
w
(=4

pulse for two different polarization arrangements, namely
cross-linearly and co-circularly polarized light at an excita-

tion density slightly above the laser threshold. Under both
polarization configurations induced transmission is observed . , .
at the spectral position of,,,. Under excitation with cross- 2.80 2.82 2.84 2.86
linearly polarized light, induced transmission is additionally ENERGY (eV)

observed at the spectral position of the biexcitonic reso-

nance. Since in the linear optical regime no absorption wag ", samples Qdsquares and Q7 (triangles excited via the

found fat this spectral posmo.n, Fhls corresponds to (eal Opt'\'/vaveguide.(b) Corresponding gain curves for sample Q3 at 100 K
cal gain. In contrast, no gain is observed for co-circularly ,qer different excitation intensities.

polarized light for which biexciton creation is forbidden.

These findings are a clear signature of biexcitonic Contrib”burves are strongly broadened. The FWHM bt

tions to the gairt? However, if the differential-transmission —70 KW/cn? amounts to 38 meV A large blueshift o?cthe
spectra are .com'pared to thg gain curves which were optametpansparency point with excitation intensity is detected. This
und_er_ quasistationary co_ndlt_lomsee F|g. 3 the Ia_tter W'I.I is accompanied by a small blueshift of the peak gain. At
exhibit a redshiit, which is discussed in Sec. IV in detail. higher temperatures these effects are even more pronounced.

In Fig. . @), _the temperature dependence. of the Ias_e%\" these characteristics are in accordance with the features
threshold intensity for the samples Q3 and Q7 is examplarily.

depicted. For both les th be divided i tof gain due to recombination of a Coulomb-correlated
epicted. For both samples e Curves can be divided In 8Iectron-hole-plasma, which obviously takes over at elevated
three temperature regions exhibiting distinguished characte

E’emperatures. Corresponding calculations on the basis of a

istics. At low temperatures the threshold intensity Staysfirst-principles theory presented in Ref. 13 are published
nearly constant. This is followed by a more or _Iess PrO-o|sewherd® Therefore, in the following discussion we con-

nounced decrease at 50 K for both samples. This is probablé(entrate on the low-temperature gain characteristics
due to the thermal activation of carriers, e.g., previously '
bound to impurities but now also feeding the gain process.

Between 70 and 90 K—when the thermal energy is close to
the biexciton binding energy—a steep increase of the thresh- Because of their high quality, the investigated samples
old intensity indicates the dissociation of biexcitons and th%”ow to Study even small Changes of the gain curves in de-
change of the gain process towards Coulomb-correlateghjl. The experimental data give clear evidence that the ra-
electron-hole-plasma recombination. For sample Q7, this ingjative decay of biexcitons is the prominant gain process at
crease is very abrupt between 70 and 80 K. This corresponqgy temperatures. A most appropriate theoretical approach
to thermal energieksT=6—7 meV (compare toE3,~5 including biexcitonic contributions to the gain would be a
=1 meV given in Sec. Il A. Sample Q3 shows a more many-particle theory on a microscopic level, where excitonic
gradual increase of the threshold intensity at higher temperaand biexcitonic correlations are self-consistently accounted
tures from 80 to 120 K, corresponding to thermal energiesor. However, such a theory is, at the moment, far from being
kgT=7—10 meV(compare tcES,~8+1 meV). established and might be a challenge for future advanced

At more elevated temperatures, the threshold intensity extheory development.
ponentially increases with temperature, which is most com- The model we apply here relies on a widely-used semi-
monly observed for lasing by electron-hole-plasmaclassical two-level system consisting of a gas of excitons and
recombinatiort+?! biexcitons in chemical equilibriurf®=2° Since the samples

In addition, distinct changes of the gain curves are obwere excited by laser pulses of 10 ns width, being large
served at elevated temperatures. In Fidp),the gain spectra compared to the radiative lifetimes of about 100 ps of exci-
are plotted at 100 K for sample Q3, examplarily. The gaintons and biexcitons in ZnSe-based QW structures, and to the

w
(==

MODAL GAIN (1/cm)
=)
(=}

FIG. 7. (a) Temperature dependence of the threshold intensity

IV. DISCUSSION
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relaxation times on a ps time-scale, the excitory)(and 200 - - - —
biexciton (nyy) densities can well be assumed to be in a T=40K N (10" em”)
steady state. According to this classical treatment, biexcitons g 150} Ta=43K 13
can be formed in a collision process of two excitons, whereas =
in the reverse process a biexciton may dissociate into two E 100
excitons. The particle densities, and nyyx of the exciton/ =3
biexciton gas in chemical equilibrium with effective tem- O 4 \
peratureT ¢ are related by a mass action Ea* i i
S of

n% = | ik L

_:n*, (3) i N L

Nyx 2.81 2.82 2.83 2.84 2.85

ENERGY (eV)

—EB FIG. 8. Experimental(dashedl and corresponding calculated

XX
(kBTeff)eXF< KeTors ff) » (4 (solid) gain spectra for sample Q3 with increasing carrier densities
e

n*—di< 1 ms

= 5
dxx \ 2742 Mxx (N) at T=40 K andTe=45 K.

where dj, mj, i=X,XX denote the degeneracies andments were carried out under quasistationary conditions,

masses of the exciton and biexciton, respectively,@hthe  scattering and spin-flip processes of the carriers occur very

equilibrium constant. effectively on a short time-scale, so that all four degenerate

Accordingly, optical gain develops in the exciton/ x, states are eventually equally occupiedy€4). One
biexciton system due to population inversion between thgondegenerate biexciton ground stafigy=0, dyx=1) is

Xpn and XX states depending on the momentumThe ra-  accounted for. The translational masses of the biexciton and
diative decay of a biexciton into an exciton and a photonexciton are taken as followsnyy=2my, my=1.26m,.%

follows the reaction As already mentioned in Sec. Il B, for sample Q3, which
is characterized by the largest biexciton binding energy, the
biexcitorn(k +q)=excitor(k) + photor(q). ASE and the gain developed in spectral coincidence with the

. . . . XX line [see Fig. 8)]. For the experimental regime of high-
Assuming alg-ln_dep_endent d|pol_e matrix el_ement and a ., irier densities %£5% 10" cm2) and slightly elevated
B.oltzmz.;mn dlstr|but|.on of t.h.e Kinetic energies, th? two- temperature$40 K) the influence of the anyway weak local-
dimensional(2D) gain coefficientg(E) for the biexciton i, 4t5n hecomes negligible, and the application of the above
gain processXXe Xpy) is 65|mp|y related to the spontaneous el is reasonably justified. Figure 8 shows the experimen-
emission ratePs(# ) by* tal and calculated gain spectra for sample Q3 at 40 K for
different excitation densities. For the calculations, the values
of ERx=8 meV, Ex =2.849 eV andl'},=5 meV were

deduced from PL and PLE measurements, so that the effec-
tive temperatureTo¢s remained the only fitting parameter
M wdond apart from the normalization consta@t The best overall
with = XXX (6)  agreement between the calculated and experimental gain
My dxNxx spectra was obtained witF,;; between 40 and 50 K. The

. o . calculated gain curves show a very good agreement with the
denoting the excitation-induced reabsorptiof{—XX) de- experimental data. Especially, at high-excitation densities

pending on the ratioy /nxx, which may lead to redshifts of (upper three spectrathe model reproduces the linear in-

the gaa;‘; curves compared to the spontaneous emissiQQeage and constant energy position of the peak gain with
spectrat” Ex andExx denote the energies of the exciton and oy citation density as observed for the other samples as well

biexciton, respecf[ivel'y. With the spontaneous emission ralfsee Sec. Il B. Additionally, in correspondence with the
Psp(f @) for 2D biexcitonic decay follows in analogy t0 3D gxperiment, the calculated gain curves exhibit just a slight

Exx—Ex—E
g(E){l—nexp(—%”Psp(ﬁw), (5)

biexcitonic decalf blueshift on the high-energy side at high-excitation densities.
However, the upper three calculated spectra do not show the
Ny x Exx—Ex—E crossover from gain to absorption. This is a consequence of
g(E)=C Teff[ 1-7 ex;{ - W) } accounting for only one transitiorX(X«< X,;) and neglecting

transitions at higher energies, especially ¥)g absorption

(0— Xy - Thus, at high-excitation densities population in-
() version betweerXX and X, occurs for all energieg, and

no absorption is observable in the calculated gain spectra
C is a constant including the dipole matrix element and(»<1).
0(Exx— Ex—E) denotes the biexcitonic 2D density of = However, if the energy separation betweég, and XX
states. (EZ,) is small, the influence of the excitonic absorption (0

In ZnSe QW structures four degeneratg, resonances —X,,) on the high-energy side of the biexcitonic gain can-

(se=*1/2, jo==*=3/2), two optically allowed excitons and not be neglected, i.e., the biexcitonic gain might be overruled
two dark states, have to be considered. Since our experby excitonic absorption leading to a redshift of the gain

Exx—Ex—E
KgTefs

X 0( EXX_ EX_ E)eX[{ -
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maximum. Indeed, the sample-dependent redshifts of the V. SUMMARY AND CONCLUSIONS
gain curves compared to theX line, which were experimen-

tally observed with decreasing biexciton binding energy, The low-temperaiure data are interpreted in the frame-

work of a gas of excitons and biexcitons in chemical equi-

might be explained by the increasing influenceXg§, ab- libri Ul deled th . i f
sorption. Considering the strong linewidth broadeningcgf ~ 'Prium. We successfully modeled the main gain features on
JDase of a semiclassical two-level system of the involved ex-

on the order of some meV at elevated excitation densities; >~ : o iy
which is comparable t&E,=4.8 meV for sample Tisee  Citations. At low temperatures and high-excitation densities,

Sec. Il A), the exciton and biexciton resonances are nofl® Peak gain increases linearly, and its energy position re-

clearly separated an¥,,, absorption is expected to play an m_ains nearly constant._ The tran_sparency_ point e_xhibits a
important role. slight blueshift only. Wlth increasing eff_ectlve carrier tem-
Whereas the gain curves that were obtained for sample TReratures the theoretical gain curves shift to the red in cor-
under quasistationary conditions exhibit these redskéige  respondence with the observed redshift of the peak gain un-
Fig. 4), the gain in the differential-transmission spectra moreder waveguide excitation when compared to resonant
closely coincides with the&XX line (see Fig. 6. Under fs-  excitation. A mostly occurring redshift of the peak gain com-
pulse excitation without pump-probe delay, the gain in thepared to theXX line maximum was, to its main parts, attrib-
coherent polarization regime is probed, and scattering prodted to exciton absorption superimposed to the biexciton
cessesdephasingcan be neglected. Thus, the gain is due totransition in particular for those samples exhibiting a small
cold biexcitons without excess energy that were coherentlgnergy separation of the exciton and biexciton resonance. At
created by the broadband pump pulse in a two-photon akelevated temperatures a change of the gain mechanism to
sorption process as stated in Ref. 12. Coulomb-correlated electron-hole-plasma recombination was
Most probably even more important, Kozleval*? dem-  gemonstrated.
onstrated a very complicated and distinguished gain dynam- For a better understanding of the gain characteristics es-
ics in dependence on time, carrier density and polarizatiopecially for the samples exhibiting low-biexciton binding en-
configuration. Especially, they observeptical gain and ab-  ergies, a more sophisticated theoretical approach would be
sorption across the biexcitonic resonanaehich they attrib-  inevitable, in which the exciton/biexciton system is treated

uted to the interplay between coherent and incoherent en a microscopic level including dephasing effects. This is
fects. In our experiments under quasistationary conditionsyell beyond the scope of this paper.

we extracted the modal gain from the ASE from the sample
egde perpendicular to the exciting laser pulse. In this case,

the exciton/biexciton gas underg_oes a manyfol_d of s_cattering ACKNOWLEDGMENTS
processes and reaches the fully incoherent regime, in contrast
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