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Polarization-dependent formation of biexcitons in„Zn,Cd…Se/ZnSe quantum wells
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The dynamics of biexciton formation and the spin-relaxation process of excitons in~Zn,Cd!Se/ZnSe quan-
tum wells are investigated systematically using time-resolved photoluminescence spectroscopy. Excitons with
well-defined spin orientation were created using linearly or circularly polarized light, respectively, while the
energy of the exciting laser pulse was tuned to the transition of the ground state of the heavy-hole exciton. For
linearly polarized excitation, the rise time of the biexciton luminescence signal directly reflects the biexciton
formation coefficient. For circularly polarized laser pulses, a strong increase of the rise time of the biexciton
photoluminescence signal is observed, which is attributed to the necessity of an exciton spin-flip process in the
case of circular polarization in order to form biexcitons. The experimental data were evaluated numerically by
using a system of rate equations. Generating resonantly localized excitons, we obtain a biexciton-formation
coefficient of about 5.2310211 cm2/ps and an exciton spin-flip time of 70 ps. Increasing the excitation energy
~i.e., creating more mobile excitons!, we obtain a drastically reduced spin-flip time, indicating that exchange
interaction is the leading exciton spin-relaxation mechanism.@S0163-1829~97!02516-2#
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I. INTRODUCTION

Excitons in wide-band-gap II-VI quantum-well structur
are characterized by an enhanced exciton binding energ
compared to common III-V compounds.1 High exciton bind-
ing energies support the formation of biexcitons~excitonic
molecules! in these wide-band-gap II-VI materials.2–6 Typi-
cal biexciton binding energies in the range between 6 and
meV were reported for a variety of ZnSe-based quant
wells.3,7,8 In order to understand quantitatively the biexcit
binding energy, Pulset al. have shown that localization o
biexcitons, e.g., on alloy disorder in ternary~Zn,Cd!Se/ZnSe
quantum wells has to be taken into account, resulting i
higher stability of the biexciton complex.9,10 Concerning the
dynamics of biexcitons, many controversial results were
ported about the biexciton lifetime. Yamadaet al.3 have
measured a biexciton lifetime of 6 ps in~Zn,Cd!Se/Zn~Se,S!
quantum wells, much shorter than the exciton lifetime and
contrast to theoretical predictions of a strongly suppres
decay rate of biexcitons compared to excitons.11 Other au-
thors determined the biexciton lifetime in~Zn,Cd!Se/ZnSe
quantum wells to about 130 ps,5,9while in GaAs-based quan
tum wells the biexciton lifetime amounts to about half of t
exciton lifetime.12,13 On the other hand, detailed investig
tions of the biexciton formation process in II-VI quantu
wells are still lacking.

As a biexciton involves two excitons with opposite sp
orientations, the basic mechanism of the spin relaxation p
cess of excitons in II-VI quantum wells is of fundamen
interest for a quantitative understanding of the biexciton f
mation process. However, up to now, most experimental
vestigations concerning spin-relaxation processes are lim
to GaAs quantum wells.14–16 Damen et al. reported an
electron-spin-relaxation time of about 50 ps and an insta
neous spin relaxation for the heavy holes,17 while Bar-Ad
550163-1829/97/55~15!/9866~6!/$10.00
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and Bar-Joseph determined the electron-spin-relaxation
to about 120 ps and the heavy-hole spin-relaxation time
about 50 ps in intrinsic GaAs quantum wells.16 In contrast,
Muñoz et al.14 have considered the simultaneous spin flip
electrons and holes in addition to consecutive spin-flip p
cesses. In agreement with theoretical predictions,18,19 they
have shown that the long-range exchange interaction is
leading exciton-spin-relaxation mechanism in intrinsic qua
tum wells changing the exciton spin, e.g., from au11& into a
u21& ~or vice versa! state.18,19Also, they have found that a
low temperatures excitonic localization strongly affects t
mechanism, resulting in a reduced spin-flip rate. On the o
hand, data related to spin-relaxation processes in II-VI qu
tum wells are limited to investigations of the spin-fl
mechanism of electrons in diluted-magnetic semiconduc
quantum wells based on the CdxMn12xTe material system,

20

where electron-spin scattering is discussed as a consequ
of spin-spin exchange interaction with the magnetic ions

In this paper we present a systematic study of the bie
ton formation process in~Zn,Cd!Se/ZnSe quantum wells
Exciting resonantly excitons with either linearly or circular
polarized laser pulses, an exciton system with a well-defi
spin orientation is generated. As the biexciton involves ex
tons with opposite spin orientations, the onset of the biex
ton luminescence signal is used as a monitor for the spin
process of excitons for circularly polarized laser pulses a
for the biexciton formation process in the case of linea
polarized excitation, respectively. By varying the energy a
the density of the exciting laser pulse, we are able to de
mine the dominating spin-flip mechanism of excitons
~Zn,Cd!Se/ZnSe quantum wells.

II. EXPERIMENTAL DETAILS

The ~Zn0.88,Cd0.12)Se/ZnSe quantum-well heterostru
ture under investigation was grown by molecular-beam e
9866 © 1997 The American Physical Society
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taxy on a ~100!-oriented undoped GaAs substrate and
200-nm GaAs buffer layer at a growth temperature
315 °C. TheLz55 nm quantum well layer is embedded b
tween a 20-nm ZnSe top barrier layer and a 70-nm Zn
buffer layer. The extension of the complete structure is
low the critical thickness and is therefore fully strained w
the in-plane lattice constant of the GaAs substrate. In or
to guarantee a homogeneous excitation, a mesa stru
with an extension of 50mm, i.e., smaller than the excitin
laser focus, was fabricated using a combination of electr
beam lithography and wet chemical etching with a brom
in ethyleneglycole solution.21

The time-resolved photoluminescence~PL! experiments
have been performed at a temperature of 2 K using a
frequency-doubled mode-locked Ti-sapphire laser with
pulse width of 1.5 ps and a repetition rate of 82 MHz. T
exciting light was circularly polarized using al/4 plate and
linearly polarized with a polarization filter, respectively. Th
luminescence signal was dispersed by a 0.32-m spectrom
with a spectral resolution better than 0.2 nm and detected
a synchroscan streak camera followed by a charge cou
device array, providing an overall time resolution of abou
ps. For comparison, cw measurements have been perfo
using the 363.8-nm line of an argon-ion laser for the exc
tion and a charge coupled device camera for the detecti

III. RESULTS AND DISCUSSION

A. Exciton and biexciton recombination

In Fig. 1 a set of time-integrated spectra of the~Zn,Cd!Se/
ZnSe quantum well at T52 K is shown for cw laser excita
tion and excitation densities ranging from 0.02 W/cm2 to
1.15 kW/cm2, which correspond to exciton generation rat
between 4.031016 and 2.331021 cm22 s21. The spectra are
normalized to the peak exciton intensity in order to comp
the line shape. Below a generation rate of ab

FIG. 1. Normalized PL intensity atT52 K of a ~Zn,Cd!Se/ZnSe
quantum well for different cw excitation densities.
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431017 cm22 s21, the spectrum consists of a single line th
is attributed to the radiative recombination of the heavy-h
exciton. For higher excitation intensities, a second peak
pears energetically below the exciton luminescence, wh
increases in intensity superlinearly with the excitation de
sity. As impurity or defect related luminescence is expec
to saturate at high excitation powers, the low-energy pea
attributed to the recombination of biexcitons.2–5,7,9,12,22The
energetic distance of 9 meV between the exciton and
biexciton emission peak, which is controlled by both t
biexciton binding energy and the localization energies of
citons and biexcitons, respectively,9 is in good agreemen
with literature data for ZnSe-based quantum wells.3,4,6,9

For an estimate of the relative intensities of the excit
and the biexciton luminescence, the exciton and biexci
components of the photoluminescence spectra are sepa
by using a double Gaussian function.10 The theory predicts a
Boltzmann distribution for the exciton and a reverse Bol
mann distribution for the biexciton line shape.8 However,
due to the low temperature in our experiments (T52 K!, the
thermal energykT is small compared to the inhomogeneo
broadening of the exciton and the biexciton luminesce
spectrum. In addition, excitons and biexcitons are even
calized in this temperature range.10 Thus the fit by a double
Gaussian line shape is expected to be a good approxima
In Fig. 2 the spectrally integrated intensities of the excit
and biexciton lines are plotted versus the exciton genera
rate. In the low-density limit, the biexciton intensity in
creases superlinearly, while a linear growth of the exci
intensity is observed. In contrast, for high excitation den
ties, a slower rise of both intensities occurs. For all la
powers, however, the biexciton intensity depends quadr
cally on the exciton intensity.

The rate equations for a system of excitonsnX and biex-
citons nB are given by Kimet al.12 with the steady-state
solutions

nX}F S 11
g

g0
D 0.521G , nB}F S 11

g

g0
D 0.521G2, ~1!

FIG. 2. Spectrally integrated PL intensities of the exciton (X)
and biexciton (B) signal of a~Zn,Cd!Se/ZnSe quantum well as
function of the generation rate. The solid lines represent the
according to Eq.~1!.
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9868 55R. SPIEGELet al.
whereg is the continuous generation rate andg0 is a char-
acteristic generation rate separating the exciton-dominan
gion from the biexciton-dominant region.22 In Fig. 2, nX(g)
and nB(g) according to Eq.~1! are shown as solid lines
Good agreement between the experimental data and the
oretical model is obtained using a characteristic genera
rateg05131019 cm22 s21. As can be seen from Fig. 2, fo
generation rates less thang0 the exciton population is preva
lent, while for generation rates greater thang0 the biexciton
emission dominates the photoluminescence spectrum.

B. Biexciton formation dynamics
after linearly and circularly polarized excitation

While cw measurements only yield information about t
quasiequilibrium distribution between excitons and biex
tons, time-resolved measurements reveal the dynamics o
biexciton recombination and formation process. The de
time of the exciton signal was found to be 48 ps, while
biexcitons a time constant of 65 ps was measured. In the
of a thermodynamic equilibrium~i.e., the interconversion
time between excitons and biexcitons is much shorter t
the recombination lifetimes! the biexciton decay time is ex
pected to be half of the exciton decay time.12 However, in
the ~Cd,Zn!Se/ZnSe system under investigation, the biex
ton formation time is almost comparable to the lifetimes~see
below!. In addition, due to the high biexciton binding ener
and the low temperature of 2 K, the thermal dissociation
biexcitons into two excitons is negligible. This may possib
account for the enhanced decay time of the biexciton co
pared to the exciton observed in our experiments. It sho
additionally be mentioned that calculations of Citrin11 within
the excitonic molecule model have shown that the radia
recombination rate of biexcitons can indeed be even sma
than for excitons, in agreement with our data.

To analyze the biexciton formation dynamics, the wav
length of the exciting laser was tuned to the excitonic
sorption peak, thus creating excitons resonantly, i.e., av
ing the generation of free electrons and holes. Either line
or circularly polarized laser light was used in order to obt
a well-defined initial exciton-spin state. In direct-gap sem
conductors the component of the total angular momentum
the exciton in thez direction can have the valuesu6 1

2& for
electrons in the conduction band andu6 3

2& for holes in the
heavy-hole valence band. Therefore, the total exciton spi
heavy-hole excitons can beu61& or u62&. The latter are
optically inactive and cannot be photoexcited. Thus, excit
resonantly the exciton transition withs1 or s2 circularly
polarized laser pulses, onlyu11& or u21& excitons are gen-
erated, respectively, while for linear polarization of the e
citing laser pulseu11& excitons andu21& excitons are cre-
ated equally. As the biexciton state involves two excito
with opposite spin orientations, an exciton spin-flip proce
is required in the case of circularly polarized excitation
order to form biexcitons, while this process is not requir
for linearly polarized excitation.

In Fig. 3 the spectrally integrated PL intensity of the bie
citon is plotted versus delay time after linearly~stars! and
circularly ~circles! polarized laser pulses, respectively. T
same energy and density of the exciting laser pulse was
in both cases. Excitons are generated resonantly in local
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states by tuning the wavelength of the exciting laser puls
the low-energy side of the exciton absorption signal. Th
any further relaxation process except the formation of bi
citons can be excluded. For linear polarization, a fast on
of the biexciton signal reaching the maximum after about
ps is observed. In this case, excitons with spinu11& and
u21& are generated equally. Thus the formation of biex
tons from two excitons with opposite spin orientation det
mines the rise time of the biexciton luminescence. In co
trast, using circularly polarized laser pulses, the rise time
the biexciton signal is significantly increased and the PL s
nal reaches its maximum about 50 ps after the excitation
this case excitons with parallel spin orientation are crea
As a consequence, a spin-flip process of excitons is requ
in order to form a biexciton, resulting in an increase of t
biexciton rise time. Therefore, we are able to investigate
biexciton formation process as well as the exciton-sp
relaxation rate by analyzing the biexciton transient for t
two different excitation conditions described above.

Applying a straightforward kinetic theory, the rate equ
tions under pulsed generation describing a system of in
converting spin-up excitons, spin-down excitons, and biex
tons with densitiesX↑, X↓, andB, respectively, are

dX↑

dt
52

X↑

tX
2

X↑

2tU
1

X↓

2tU
2CX↑X↓1

B

2tB
1g↑~ t !, ~2!

dX↓

dt
52

X↓

tX
2

X↓

2tU
1

X↑

2tU
2CX↑X↓1

B

2tB
1g↓~ t !, ~3!

dB

dt
52

B

tB
1CX↑X↓, ~4!

where tX and tB are the exciton and biexciton lifetimes
respectively,tU is the exciton spin-flip time,C is the biex-
citon formation coefficient, andg↑(t) and g↓(t) are the
d-like generation rates in the case of pulsed excitation
X↑ andX↓, respectively. The thermal dissociation of biexc

FIG. 3. Normalized PL intensity of the biexciton transition as
function of delay time. Localized excitons with an initial density
about 13109 cm22 have been generated by resonant excitation
the low-energy side of the exciton peak with linearly~stars! and
circularly ~circles! polarized laser pulses. The solid lines repres
theoretical fits according to Eqs.~2!–~4!.
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tons into excitons was neglected in Eqs.~2!–~4!, which is a
rather good assumption for the low temperature of 2 K and
the high biexciton binding energy prevalent in our expe
ment.

The above rate equations were solved numerically. T
resulting time transients of the biexciton luminescence w
compared to the experimental data, taking into account
finite-time resolution by convolving the theoretical time tra
sients with the experimentally obtained transient of the la
pulse. The fitting procedure was done as follows. In the fi
step the biexciton transient obtained after linearly polariz
laser excitation was modeled. In this case the exciton-s
relaxation process does not affect the dynamics of bie
tons, as both spin components are generated equally.
onset of the biexciton signal is determined by the biexci
formation coefficient. In the second step we modeled
biexciton transient obtained after circularly polarized exci
tion with the same excitation density and excitation ene
as in the case of linearly polarized laser pulses. In this pa
the fitting procedure the exciton-spin-relaxation time was
only parameter to be varied in order to describe the onse
the biexciton luminescence signal. The exciton and biexc
lifetimes as well as the biexciton formation coefficient we
taken from the corresponding linearly polarized experime
For this reason an accurate determination of the spin
time of excitons can be obtained from the numerical analy
of the data.

1. Biexciton formation process

As the formation of biexcitons is a bimolecular proce
the increase of the biexciton population is nonexponen
and therefore cannot be described by a single time cons
Thus the biexciton formation process is characterized by
biexciton formation coefficient. In order to obtain the bie
citon formation coefficient, the exciton peak density gen
ated by the laser pulse has to be determined accurately.
corresponding value was estimated from the peak power
focus, and the width of the laser pulse, taking into acco
reflective losses of the incident power at the focusing le
the cryostate windows, and the sample surface. An abs
tion coefficient ofa513105 cm21 at the maximum of the
excitonic absorption23 was used. The energy dependence
the absorption coefficient was considered by varying the
citing laser power according to the absorption profile in or
to obtain an initial exciton density independent of the ex
tation energy.

In Fig. 4 the biexciton formation coefficientC as derived
from the experiments with linearly polarized laser excitati
is plotted as a function of the excitation energy~squares! for
an initial exciton density of 13109 cm22. For comparison,
the PL spectrum~dashed line! showing the exciton (X) and
the biexciton (B) luminescence and the photoluminescen
excitation ~PLE! spectrum~solid line! showing the absorp
tion peak of the heavy-hole exciton are included in the fi
ure. The Stokes shift of about 3 meV between the absorp
peak and the luminescence of the heavy-hole exciton i
cates the influence of localization effects due to alloy and
well width fluctuations in this ternary~Zn,Cd!Se/ZnSe
quantum-well system.

For the lowest excitation energy, i.e., resonant excitat
of excitons in localized states, the biexciton formation co
-
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ficient is about 5.2310211 cm2/ps. Increasing the excitation
energy, the biexciton formation coefficient decreases. A
value of about 1310211 cm2/ps is obtained for excitation at
the high-energy side of the excitonic absorption (E52.688
eV!. From these results we conclude that the biexciton for-
mation from localized excitons seems to be much more effi-
cient than from mobile ones. This is in qualitative agreement
with results obtained for GaAs quantum wells.24,25 They
have shown that the biexciton formation is drastically en-
hanced for a resonant generation of cold excitons compared
to nonresonant excitation. This was associated with the pres
ence of excess translational energy in the latter case. How
ever, a detailed energy dependence of the biexciton forma-
tion efficiency was not shown.

2. Spin-flip processes of excitons

In Fig. 5~a! the exciton-spin-relaxation timetU ~full
circles! obtained from the experiments using circularly po-
larized laser pulses is plotted versus the excitation energy for
an initial exciton density of 13109 cm22. Additionally, the
PL ~dotted line! and the PLE spectrum~dashed line! of the
quantum well are shown. For resonant excitation of excitons
in localized states (E52.677 eV!, the exciton-spin-
relaxation timetU is about 70 ps and decreases to a value of
about 20 ps as the excitation energy is tuned across the ex
citon peak to 2.688 eV. This demonstrates an enhanced spin
flip rate for delocalized excitons as compared to localized
ones.

To evaluate the responsible spin-flip mechanism of exci-
tons, the square of the exciton-spin-relaxation rateR51/tU
is plotted in Fig. 5~b! as a function of excitation energy.
Adreani and Bassani have shown that the long-range ex-
change interaction for heavy-hole excitons in a quantum well
vanishes linearly with the wave vectorK.26 The solid line in

FIG. 4. Dependence of the biexciton formation coefficient on
excitation energy for an initial carrier density of 13109 cm22 ~full
squares!. The dashed and the solid line represent the PL and the
PLE spectrum of the corresponding quantum well, respectively. The
Stokes shiftDEStokesbetween the PL and the PLE signal amounts to
about 3 meV.
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9870 55R. SPIEGELet al.
Fig. 5~b! representing the dependenceR2}E(}K2) therefore
indicates that the long-range exchange interaction seem
be the spin-flip mechanism responsible for the excitons in t
investigated quantum-well structure.

In Fig. 6 the spectrally integrated intensity of the biexc
ton signal is plotted versus delay time after linearly~stars!
and circularly~circles! polarized laser excitation at 2.682 eV
~i.e., the maximum of the excitonic luminescence peak!. The
initial carrier density wasnex513109 cm22 @Fig. 6~a!# and
nex5331010 cm22 @Fig. 6~b!#. The difference of the biex-
citon onset after linearly and circularly polarized excitation
which is mainly controlled by the time constant required fo
the exciton spin-flip process, is reduced drastically with i
creasing excitation density. From a quantitative descripti
of the experimental data using the model described abo
~solid lines!, a decrease of the exciton spin-flip time from
about 35 ps atnex513109 cm22 to about 15 ps at
nex5331010 cm22 was obtained.

FIG. 5. ~a! Exciton spin relaxation time and~b! square of the
exciton spin relaxation rate as a function of excitation energy for
initial carrier density of 13109 cm22. In ~a!, the dashed and the
solid line represent the PL and the PLE spectrum of the correspo
ing quantum well, respectively. In~b!, the solid line is a fit to the
data as described in the text.
to
e

,
r
-
n
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A similar behavior was observed by Mun˜ozet al. in GaAs
quantum wells.14 The faster spin relaxation at high excitatio
densities was explained by the proportionality of the sp
relaxation time and the inverse carrier momentum relaxa
time according to either the D’yakonov-Perel’ mechanism27

or the exchange interaction. At low temperatures the car
momentum relaxation may be determined by scattering w
residual ionized impurities28 and a higher carrier density wil
screen the Coulombic interaction with the charg
impurities.29 Thus an increase of the carrier concentrati
results in a higher carrier mobility, i.e., longer carrier m
mentum relaxation time due to screening. Therefore
shorter spin-relaxation time is expected.

On the other hand, an increase of the excitation den
causes a filling of the localized states and the succes
occupation of free-exciton states. As free excitons are ch
acterized by a faster spin-flip time than localized ones@see
Fig. 5~a!#, an increase of the laser intensity would result in
faster exciton-spin relaxation process. However, from

n

d-

FIG. 6. Normalized PL intensity of the biexciton transitio
as a function of delay time for an excitation energyE52.682 eV
with linearly ~stars! and circularly~circles! polarized laser pulses
for an initial carrier density of ~a! 13109 cm22 and ~b!
331010 cm22.
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experiments, it is not possible to separate one of the
mechanisms described above.

IV. CONCLUSION

In summary, time-resolved and time-integrated photo
minescence spectroscopy have been performed in orde
gain insight into the biexciton formation process and the
namics of exciton-spin relaxation in~Zn,Cd!Se/ZnSe quan-
tum wells. By adjusting the polarization of the exciting las
pulse, a well-defined spin state of the generated exciton
was established. Direct access to the relevant time cons
have been obtained by analyzing quantitatively the time e
lution of the biexciton signal for various excitation cond
tions. The experimental data demonstrate the importanc
localization effects for a quantitative understanding of
exciton and the biexciton dynamics. Generating resona
n
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localized excitons, we obtain a biexciton formation coef
cient of about 5.2310211 cm2/ps and a spin-flip time of
excitons of 70 ps. Creating mobile excitons, both the biex
ton formation coefficient and the exciton spin-flip time si
nificantly decrease. This indicates, on the one hand, a
efficient formation of biexcitons from free excitons tha
from mobile ones. On the other hand, we conclude from
energy dependence of the exciton-spin flip rate that the lo
range exchange interaction is most likely the dominat
mechanism controlling the low-temperature spin dynamics
~Zn,Cd!Se/ZnSe quantum wells.
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