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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 excitq@s,j6dSe/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 5.2 10~ ' cnm?/ps and an exciton spin-flip time of 70 ps. Increasing the excitation energy
(i.e., creating more mobile excitonsve obtain a drastically reduced spin-flip time, indicating that exchange
interaction is the leading exciton spin-relaxation mechan[$0163-18207)02516-2

[. INTRODUCTION and Bar-Joseph determined the electron-spin-relaxation time
to about 120 ps and the heavy-hole spin-relaxation time to
Excitons in wide-band-gap 11-VI quantum-well structures about 50 ps in intrinsic GaAs quantum welfsin contrast,
are characterized by an enhanced exciton binding energy 44unoz et al.” have considered the simultaneous spin flip of
compared to common I11-V compoundsigh exciton bind- electrons and holes in addition to consecutive spin-flip pro-
ing energies support the formation of biexcitof@xcitonic cesses. In agreement with theoretical predmtﬁ?r’@,?{hey
molecules in these wide-band-gap II-VI materials® Typi- have shown that the long-range exchange interaction is the

cal biexciton binding energies in the range between 6 and %’E ?::23Exfr',t;:_?r?m{rﬁlZﬁgg ??r?h:msrzén |nt]r|>nii|t((:) 1uan—
meV were reported for a variety of ZnSe-based quantu ging pin. €.,

: 18,19
wells®78n order to understand quantitatively the biexciton [~ 1) (or vice versastate.™ “Also, they have found that at
binding energy, Pulgt al. have shown that localization of low temperatures excitonic localization strongly affects this

biexcitons, e.g.. on alloy disorder in terna@n,CdSe/ZnSe mechanism, resulting in a reduced spin-flip rate. On the other
quantum \;vells'has to be taken into accour’n, resulting in and, data related to spin-relaxation processes in 1l-VI quan-

higher stability of the biexciton comple¥® Concerning the um wells are limited to investigations of the spin-flip

dynamics of biexcitons, many controversial results were refnechanism of electrons in diluted-magnetic semiconductor

ported about the biexciton lifetime. Yamada al® have quantum wells ba§ed on ”“? ;M'nl,'xTe material systerff
measured a biexciton lifetime of 6 ps (@n,CdSe/ZrSe,S where electron-spin scattering is discussed as a consequence

guantum wells, much shorter than the exciton lifetime and inOf spw;]-_spm exchange interaction with fche m(;ign?tl;]: |obns. .
contrast to theoretical predictions of a strongly suppresse%i Inft IS paper we present a syséte/matéc study of the :lexm—
decay rate of biexcitons compared to excitbh©ther au- on formation process "‘Z”’C.d) an e quantum wells.
thors determined the biexciton lifetime iZn,CdSe/ZnSe Exciting resonantly excitons W.'th either Imequy or cwcularly
quantum wells to about 130 B while in GaAs-based quan- polarized laser pulses, an exciton system with a well-defined

tum wells the biexciton lifetime amounts to about half of thetSpln or_|tehntat|on 'Its ger?erat_ed.tA:[_S the lt)r:excnontln\f/(#]vei_exc[-
exciton lifetime'13 On the other hand, detailed investiga- [0S WIth OPPOSIE Spin orientalions, the onset ot the biexcl-

tions of the biexciton formation process in II-VI quantum ton Iuminescen_ce signal i_s used as a ”?0”“‘“ for the spin-flip
wells are still lacking process of excitons for circularly polarized laser pulses and
As a biexciton involves two excitons with opposite Spinfor the biexciton formation process in the case of linearly

orientations, the basic mechanism of the spin relaxation pmpolarized excitation, respectively. By varying the energy and

cess of excitons in 1l-VI quantum wells is of fundamental th_e density of the exciting laser pulse, we are able to deter-

interest for a quantitative understanding of the biexciton forMine the dominating spin-flip mechanism of excitons in

mation process. However, up to now, most experimental inan,Ca)Se/ZnSe quantum wells.
vestigations concerning spin-relaxation processes are limited
to GaAs quantum well¥~'® Damen et al. reported an

electron-spin-relaxation time of about 50 ps and an instanta- The (Znggg,Cdg.19)Se/ZnSe quantum-well heterostruc-

neous spin relaxation for the heavy holésyhile Bar-Ad  ture under investigation was grown by molecular-beam epi-

II. EXPERIMENTAL DETAILS
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FIG. 1. Normalized PL intensity &t=2 K of a(Zn,CdSe/ZnSe

; y a 4x 10" cm 2s™1, the spectrum consists of a single line that
quantum well for different cw excitation densities.

is attributed to the radiative recombination of the heavy-hole
exciton. For higher excitation intensities, a second peak ap-
taxy on a(100-oriented undoped GaAs substrate and apears energetically below the exciton luminescence, which
200-nm GaAs buffer layer at a growth temperature ofincreases in intensity superlinearly with the excitation den-
315 °C. TheL,=5 nm quantum well layer is embedded be- sity. As impurity or defect related luminescence is expected
tween a 20-nm ZnSe top barrier layer and a 70-nm ZnSgp saturate at high excitation powers, the low-energy peak is
buffer layer. The extension of the complete structure is beattributed to the recombination of biexcitofis:”2122?The
low the critical thickness and is therefore fU”y strained with energetic distance of 9 meV between the exciton and the
the in-plane lattice constant of the GaAs substrate. In ordefiexciton emission peak, which is controlled by both the
to guarantee a homogeneous excitation, a mesa structukgexciton binding energy and the localization energies of ex-
with an extension of 5Qum, i.e., smaller than the exciting citons and biexcitons, respectivelyis in good agreement
laser focus, was fabricated using a combination of electronwith literature data for ZnSe-based quantum waft§:°
beam lithography and wet chemical etching with a bromine  For an estimate of the relative intensities of the exciton
in ethyleneglycole solutioft: and the biexciton luminescence, the exciton and biexciton

The time-resolved photoluminescen(®L) experiments components of the photoluminescence spectra are separated
have been performed at a temperatufe20K using a by using a double Gaussian functifiThe theory predicts a
frequency-doubled mode-locked Ti-sapphire laser with @oltzmann distribution for the exciton and a reverse Boltz-
pulse width of 1.5 ps and a repetition rate of 82 MHz. Themann distribution for the biexciton line shapddowever,
exciting light was circularly polarized usingh4 plate and  due to the low temperature in our experimerfs=@2 K), the
linearly polarized with a polarization filter, respectively. The thermal energk T is small compared to the inhomogeneous
luminescence signal was dispersed by a 0.32-m spectrometgfoadening of the exciton and the biexciton luminescence
with a spectral resolution better than 0.2 nm and detected bypectrum. In addition, excitons and biexcitons are even lo-
a synchroscan streak camera followed by a charge coupleghlized in this temperature ranf&Thus the fit by a double
device array, providing an overall time resolution of about 5Gaussian line shape is expected to be a good approximation.
ps. For comparison, cw measurements have been performeg Fig. 2 the spectrally integrated intensities of the exciton
using the 363.8-nm line of an argon-ion laser for the excitaand biexciton lines are plotted versus the exciton generation
tion and a charge coupled device camera for the detectionyrate. In the low-density limit, the biexciton intensity in-
creases superlinearly, while a linear growth of the exciton
intensity is observed. In contrast, for high excitation densi-
ties, a slower rise of both intensities occurs. For all laser
A. Exciton and biexciton recombination powers, however, the biexciton intensity depends quadrati-
cally on the exciton intensity.

The rate equations for a system of excitonsand biex-
citons ng are given by Kimet all? with the steady-state
solutions

Ill. RESULTS AND DISCUSSION

In Fig. 1 a set of time-integrated spectra of {da,CdSe/
ZnSe quantum well at ¥2 K is shown for cw laser excita-
tion and excitation densities ranging from 0.02 Wfcto
1.15 kW/cn?, which correspond to exciton generation rates
between 4.6 10'° and 2.3 10?* cm 2s 1. The spectra are
normalized to the peak exciton intensity in order to compare Ny
the line shape. Below a generation rate of about
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whereg is the continuous generation rate agglis a char-
acteristic generation rate separating the exciton-dominant re-
gion from the biexciton-dominant regidA.n Fig. 2, ny(g)

and ng(g) according to Eq.1) are shown as solid lines.
Good agreement between the experimental data and the the-
oretical model is obtained using a characteristic generation
ratego=1x 10" cm ?s 1. As can be seen from Fig. 2, for
generation rates less thgg the exciton population is preva-
lent, while for generation rates greater tt@nthe biexciton
emission dominates the photoluminescence spectrum.
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B. Biexciton formation dynamics
after linearly and circularly polarized excitation

biexciton intensity [arb. units]

o
=3

0 =26 40 60
While cw measurements only yield information about the delay time [ps]

quasiequilibrium distribution between excitons and biexci-
“?”Sa ,t'me'reSOIVe_d m_easuremems rgveal the dynamics of the FIG. 3. Normalized PL intensity of the biexciton transition as a
biexciton recombination and formation process. The decaynction of delay time. Localized excitons with an initial density of

time of the exciton signal was found to be 48 ps, while forgpout 1x16° cm~2 have been generated by resonant excitation at
bIeXCItOﬂS a time constant Of 65 pS was measured In the Ca% |ow_energy side of the exciton peak with |ineafglar9 and

of a thermodynamic equilibriunti.e., the interconversion circularly (circles polarized laser pulses. The solid lines represent
time between excitons and biexcitons is much shorter thatheoretical fits according to Eq&2)—(4).
the recombination lifetimgsthe biexciton decay time is ex-
pected to be half of the exciton decay tiffeHowever, in  states by tuning the wavelength of the exciting laser pulse to
the (Cd,ZnSe/ZnSe system under investigation, the biexcithe low-energy side of the exciton absorption signal. Thus
ton formation time is almost comparable to the lifetinisse  any further relaxation process except the formation of biex-
below). In addition, due to the high biexciton binding energy citons can be excluded. For linear polarization, a fast onset
and the low temperature of 2 K, the thermal dissociation ofof the biexciton signal reaching the maximum after about 30
biexcitons into two excitons is negligible. This may possibly ps is observed. In this case, excitons with spinl) and
account for the enhanced decay time of the biexciton comr—1) are generated equally. Thus the formation of biexci-
pared to the exciton observed in our experiments. It shouldons from two excitons with opposite spin orientation deter-
additionally be mentioned that calculations of Citfiwithin  mines the rise time of the biexciton luminescence. In con-
the excitonic molecule model have shown that the radiativerast, using circularly polarized laser pulses, the rise time of
recombination rate of biexcitons can indeed be even smallethe biexciton signal is significantly increased and the PL sig-
than for excitons, in agreement with our data. nal reaches its maximum about 50 ps after the excitation. In
To analyze the biexciton formation dynamics, the wave-this case excitons with parallel spin orientation are created.
length of the exciting laser was tuned to the excitonic ab-As a consequence, a spin-flip process of excitons is required
sorption peak, thus creating excitons resonantly, i.e., avoitin order to form a biexciton, resulting in an increase of the
ing the generation of free electrons and holes. Either linearlpiexciton rise time. Therefore, we are able to investigate the
or circularly polarized laser light was used in order to obtainbiexciton formation process as well as the exciton-spin-
a well-defined initial exciton-spin state. In direct-gap semi-relaxation rate by analyzing the biexciton transient for the
conductors the component of the total angular momentum afwo different excitation conditions described above.
the exciton in thez direction can have the valugs 3) for Applying a straightforward kinetic theory, the rate equa-
electrons in the conduction band ajd3) for holes in the tions under pulsed generation describing a system of inter-
heavy-hole valence band. Therefore, the total exciton spin afonverting spin-up excitons, spin-down excitons, and biexci-
heavy-hole excitons can be-1) or |+2). The latter are tons with densitieX', X!, andB, respectively, are
optically inactive and cannot be photoexcited. Thus, exciting

. o L+ _ o dx! X X! X+ B

resonantly the exciton transition with™ or o circularly D D L exixlh—agit),
polarized laser pulses, ony-1) or |—1) excitons are gen- dt x 27y 2Ty 27g

erated, respectively, while for linear polarization of the ex-

citing laser pulseé+1) excitons and— 1) excitons are cre- dx! xtoxt Xt

ated equally. As the biexciton state involves two excitons dt ™ 271y 27y 275

with opposite spin orientations, an exciton spin-flip process

is required in the case of circularly polarized excitation in dB

order to form biexcitons, while this process is not required T T—B+CXTXl, (4)

for linearly polarized excitation.
In Fig. 3 the spectrally integrated PL intensity of the biex-where 7y and 75 are the exciton and biexciton lifetimes,
citon is plotted versus delay time after linealistars and  respectively,r is the exciton spin-flip timeC is the biex-
circularly (circles polarized laser pulses, respectively. Theciton formation coefficient, andy'(t) and g'(t) are the
same energy and density of the exciting laser pulse was use#llike generation rates in the case of pulsed excitation for
in both cases. Excitons are generated resonantly in localized' and X', respectively. The thermal dissociation of biexci-
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tons into excitons was neglected in E¢8)—(4), which is a
rather good assumption for the low temperatuf® & and
the high biexciton binding energy prevalent in our experi-
ment.

The above rate equations were solved numerically. The
resulting time transients of the biexciton luminescence were
compared to the experimental data, taking into account the
finite-time resolution by convolving the theoretical time tran-
sients with the experimentally obtained transient of the laser
pulse. The fitting procedure was done as follows. In the first
step the biexciton transient obtained after linearly polarized
laser excitation was modeled. In this case the exciton-spin-
relaxation process does not affect the dynamics of biexci-
tons, as both spin components are generated equally. The
onset of the biexciton signal is determined by the biexciton
formation coefficient. In the second step we modeled the
biexciton transient obtained after circularly polarized excita- P TP T B T Bt £
tion with the same excitation density and excitation energy 2,665 2.670 2675 2.680 2.685 2.690
as in the case of linearly polarized laser pulses. In this part of excitation energy [eV]
the fitting procedure the exciton-spin-relaxation time was the
only parameter to be varied in order to describe the onset of FIG. 4. Dependence of the biexciton formation coefficient on
the biexciton luminescence signal. The exciton and biexcitomxcitation energy for an initial carrier density ok1L0° cm ™2 (full
lifetimes as well as the biexciton formation coefficient weresquares The dashed and the solid line represent the PL and the
taken from the corresponding linearly polarized experimentsPLE spectrum of the corresponding quantum well, respectively. The
For this reason an accurate determination of the spin-fliptokes shifA Egoesbetween the PL and the PLE signal amounts to
time of excitons can be obtained from the numerical analysigbout 3 meV.
of the data.

»

(@]
L B e s

~

¢ [107""cm?/ps]
N

PL—,PLE—intensity

\ >

T T

ficient is about 5.X 10™ ' cn?/ps. Increasing the excitation
1. Biexciton formation process energy, the biexciton formation coefficient decreases. A

As the formation of biexcitons is a bimolecular process,value of about k10™** cn/ps is obtained for excitation at

the increase of the biexciton population is nonexponentiall€ Nigh-energy side of the excitonic absorptidh<2.688

and therefore cannot be described by a single time constarffY)- From these results we conclude that the biexciton for-

Thus the biexciton formation process is characterized by thghation from localized excitons seems to be much more effi-

biexciton formation coefficient. In order to obtain the biex- /€Nt than from mobile ones. This is in qualitative agreement
citon formation coefficient, the exciton peak density gener-WIth results obtained for GaAs quantum weélfs” They

ated by the laser pulse has to be determined accurately. THVe shown that the biexciton formation is drastically en-

corresponding value was estimated from the peak power, tha2nced for a resonant generation of cold excitons compared
focus, and the width of the laser pulse, taking into accouni© nonresonant excitation. This was associated with the pres-
’ : ence of excess translational energy in the latter case. How-

reflective losses of the incident power at the focusing lens; _ S
the cryostate windows, and the sample surface. An absoriVe": @ detailed energy dependence of the biexciton forma-

tion coefficient ofw=1x10° cm* at the maximum of the 1N &fficiency was not shown.

excitonic absorptiof? was used. The energy dependence of

the absorption coefficient was considered by varying the ex-

citing laser power according to the absorption profile in order In Fig. 5@ the exciton-spin-relaxation time (full

to obtain an initial exciton density independent of the exci-circles obtained from the experiments using circularly po-

tation energy. larized laser pulses is plotted versus the excitation energy for
In Fig. 4 the biexciton formation coefficiet as derived an initial exciton density of X 10° cm™2. Additionally, the

from the experiments with linearly polarized laser excitationPL (dotted ling and the PLE spectrurtdashed ling of the

is plotted as a function of the excitation enefgguaresfor  quantum well are shown. For resonant excitation of excitons

an initial exciton density of X¥10° cm 2. For comparison, in localized states E=2.677 eV}, the exciton-spin-

the PL spectrunfdashed ling showing the excitonX) and  relaxation timery is about 70 ps and decreases to a value of

the biexciton B) luminescence and the photoluminescenceabout 20 ps as the excitation energy is tuned across the ex-

excitation (PLE) spectrum(solid line) showing the absorp- citon peak to 2.688 eV. This demonstrates an enhanced spin-

tion peak of the heavy-hole exciton are included in the fig-flip rate for delocalized excitons as compared to localized

ure. The Stokes shift of about 3 meV between the absorptionnes.

peak and the luminescence of the heavy-hole exciton indi- To evaluate the responsible spin-flip mechanism of exci-

cates the influence of localization effects due to alloy and/otons, the square of the exciton-spin-relaxation fRtel/r

well width fluctuations in this ternary(Zn,CdSe/ZnSe is plotted in Fig. %b) as a function of excitation energy.

guantum-well system. Adreani and Bassani have shown that the long-range ex-
For the lowest excitation energy, i.e., resonant excitatiorchange interaction for heavy-hole excitons in a quantum well

of excitons in localized states, the biexciton formation coef-vanishes linearly with the wave vectr?® The solid line in

2. Spin-flip processes of excitons



9870 R. SPIEGELet al. 55

'E‘ 1.0F
| a
o' —° > 0.8 )
a B . o -
Seol- = £ 1
£ // \\ ® — 0.6 :
- / [~ 8 -
=N | / \X_,b £ :g i
‘: L // "_"II ol n=1%10° cm™2
oé- / n: .E :
/ | c L
é 2 _ /// E.J % 0.2 N * linear polarization
5 L
§ .// q ) ::é 0.0 O circular polarization
H —
- " :.q:) 1.0 A
s 20 c i
A CdZnSe/ZnSe > osl
o T=2K £ |
= X
o 15[ Nye=1#10%m™ “osf
8 W
c L
a0l 4::3 o4l n=3#10"" cm™2
= = I
OE : [
a i S 02} * [inear polarization
c 0.5 O L
S i ‘%_f J O cireular polarization
‘S b.) 0.0 1 I |
K [ 0 20 40 60
I AW N E A e e e 1
0.0 s 2570 2e75 2080 2ess 280 delay time [ps]

excitation energy [eV]

FIG. 6. Normalized PL intensity of the biexciton transition
FIG. 5. (a) Exciton spin relaxation time antb) square of the  as a function of delay time for an excitation eneigy:2.682 eV
exciton spin relaxation rate as a function of excitation energy for arwith linearly (starg and circularly (circles polarized laser pulses
initial carrier density of %10° cm™2. In (a), the dashed and the for an initial carrier density of(a) 1x10° cm 2 and (b)
solid line represent the PL and the PLE spectrum of the correspondx 10'° cm™2.
ing quantum well, respectively. Itb), the solid line is a fit to the

data as described in the text. . . .
A similar behavior was observed by Momet al.in GaAs

quantum wells* The faster spin relaxation at high excitation
densities was explained by the proportionality of the spin-
Fglaxation time and the inverse carrier momentum relaxation
fime according to either the D’yakonov-Perel’ mecharfism
or the exchange interaction. At low temperatures the carrier
momentum relaxation may be determined by scattering with

and circularly(circles polarized laser excitation at 2.682 eV residual ionized |mpur|t|.é§ gnd a h'Qhef carrier density will
(i.e., the maximum of the excitonic luminescence peake  SCreen tgge Coulombic interaction with the charged
initial carrier density wasi,=1x10° cm™2 [Fig. 6@]and impurities: Thus an increase _qf th_e carrier concentration
Nex=3X10° cm2 [Fig. &b)]. The difference of the biex- results in a h|gh.er carrier mobility, i.e., anger carrier mo-
citon onset after linearly and circularly polarized excitation, Mentum relaxation time due to screening. Therefore, a
which is mainly controlled by the time constant required forshorter spin-relaxation time is expected.

the exciton spin-flip process, is reduced drastically with in- On the other hand, an increase of the excitation density
creasing excitation density. From a quantitative descriptiortauses a filling of the localized states and the successive
of the experimental data using the model described aboveccupation of free-exciton states. As free excitons are char-
(solid lineg, a decrease of the exciton spin-flip time from acterized by a faster spin-flip time than localized ofse=e
about 35 ps atng,=1x10° cm ? to about 15 ps at Fig. 5a)], an increase of the laser intensity would result in a
Nex=3Xx10Y cm~2 was obtained. faster exciton-spin relaxation process. However, from our

Fig. 5(b) representing the dependerR&x E(=K?) therefore
indicates that the long-range exchange interaction seems
be the spin-flip mechanism responsible for the excitons in th
investigated quantum-well structure.

In Fig. 6 the spectrally integrated intensity of the biexci-
ton signal is plotted versus delay time after lineaidyars
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experiments, it is not possible to separate one of the twdocalized excitons, we obtain a biexciton formation coeffi-

mechanisms described above. cient of about 5.X10 ' cm?/ps and a spin-flip time of
excitons of 70 ps. Creating mobile excitons, both the biexci-
IV. CONCLUSION ton formation coefficient and the exciton spin-flip time sig-

] ] ] nificantly decrease. This indicates, on the one hand, a less
In summary, time-resolved and time-integrated photolufficient formation of biexcitons from free excitons than
minescence spectroscopy have been performed in order {gym mobile ones. On the other hand, we conclude from the
gain insight into the biexciton formation process and the dyenergy dependence of the exciton-spin flip rate that the long-
namics of exciton-spin relaxation iZn,CdSe/ZnSe quan- range” exchange interaction is most likely the dominating

pulse, a well-defined spin state of the generated exciton 9agn cgSe/znSe quantum wells.

was established. Direct access to the relevant time constants
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