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Biexciton formation in Cd xZn12xSe/ZnSe quantum-dot and quantum-well structures
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The dimensionality dependence of the biexciton formation process is investigated by comparing~Cd,Zn!Se/
ZnSe quantum-dot and quantum-well structures using time-resolved photoluminescence~PL! spectroscopy.
Modeling the onset of the biexciton PL signal with a system of rate equations, we obtain a biexciton formation
coefficient of about 4310210 cm2/ps for 35-nm quantum dots and of 0.2310210 cm2/ps for the quantum-well
reference, respectively, indicating a distinct enhancement of the biexciton formation efficiency in quantum
dots. By analyzing the spectral line shape of the PL signal, an increase of the biexciton binding energy from 6.4
meV in the case of the quantum-well reference, to 11.3 meV for the quantum dots, is determined.
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A variety of recent publications were related to the opti
properties of excitonic molecules~biexcitons! in quasi-two-
dimensional semiconductor heterostructures.1–6 Compared to
the bulk, an increased contribution of the biexciton transit
to the photoluminescence~PL! line shape is observed fo
quantum wells~QW’s!.6 In addition, an enhancement of th
biexciton binding energy~BBE! has been found by reducin
the dimension from bulk material to quasi-two-dimension
structures, which is a consequence of the increased Coul
interaction due to carrier confinement.1,6 This effect is even
more important for totally confined systems like quantu
dots ~QD’s!.7–12

In contrast to various studies on the BBE, experimen
and theoretical results related to the biexciton formation
namics in semiconductor nanostructures are still rare.
QW’s an increased biexciton formation efficiency is fou
by analyzing the biexciton formation process for a reson
generation of cold5,13 or localized excitons.3 This was ex-
plained by the small center of mass kinetic energy in
quantum-well layer characterizing these exciton states.
to the three-dimensional carrier confinement, the lateral
citon migration is completely suppressed in QD’s, whi
might enhance the biexciton formation efficiency. Howev
up to now, a direct comparison of the biexciton formati
process in QD’s and QW’s is still lacking.

In this paper, we compare the biexciton formation proc
and the PL line shape of~Cd,Zn!Se/ZnSe QD’s and QW’s
The biexciton formation coefficient is determined by eva
ating the onset of the biexciton PL signal after pulsed ex
tation. Applying a straightforward line shape analysis,
dimensionality dependence of the BBE is obtained.

The Cd0.12Zn0.88Se/ZnSe quantum-well heterostructu
under investigation was grown by molecular-beam epita
on a~100!-oriented undoped GaAs substrate using a 200-
GaAs buffer layer. TheLz55 nm QW is cladded between
20-nm ZnSe top barrier layer and a 70-nm buffer layer. T
sample is fully strained, with an in-plane lattice constant
the GaAs substrate. A dot pattern consisting of a large a
(8003800mm2) of individual dots was defined in a poly
560163-1829/97/56~23!/15261~3!/$10.00
l

n

l
b

l
-

In

nt

e
e

x-

,

s

-
i-
e

y
m

e
f
y

methlmethacrylate resist by electron-beam lithography,
transferred into the semiconductor by a wet chemical etch
process using a K2Cr2O7:HBr:H2O solution. This technique
was used to fabricate QD’s of high optical quality with
lateral extensionLx535 nm.14 The quasi-zero-dimensiona
behavior of such a structure is confirmed by a system
size-dependent blueshift of the PL signal with decreasing
diameter.14 Because the same QW layer is used for tw
dimensional~2D! and zero-dimensional~0D! systems, a di-
rect comparison of quasi-two-dimensional and quasi-ze
dimensional excitons and biexcitons is possible.

In order to study the biexciton formation dynamics in t
QW and QD structures, time-resolved PL spectroscopy
used. Sample excitation was performed at a temperature
K by a pulsed frequency-doubled titanium sapphire las
yielding pulses with a pulse length of 1.5 ps and a repetit
rate of about 82 MHz. The PL signal was dispersed by
0.32-m Jobin Yvon monochromator, and recorded usin
Streak camera with an S20 cathode and a subsequent ch
coupled device array. The overall time resolution of t
setup is about 5 ps.

In Fig. 1, a set of time-integrated PL spectra after puls
excitation is shown for the unpatterned QW sample~a! and
the QD’s~b! for average excitation densitiesP ranging from
1 to 100 W/cm2. The excitation was performed in th
CdZnSe layer with an excess energy of about one L
phonon energy in order to avoid carrier capture from
barrier layer, and to guarantee an efficient and fast occu
tion of the exciton ground state.15

In order to compare the line shape, the PL spectra
normalized to the peak exciton intensity. Below an excitat
density of 1 W/cm2, the spectra of the QD and the QW
sample consist of a single line which is attributed to t
radiative recombination of the heavy-hole exciton. F
higher excitation intensities, a second peak appears ener
cally below the exciton luminescence, which increases
intensity superlinearly with the excitation density, and whi
is attributed to the recombination of biexcitons. Compari
PL spectra at the same excitation power, the biexciton c
15 261 © 1997 The American Physical Society
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tribution is much stronger in the case of QD’s, indicating
higher biexciton formation efficiency. In addition, the ene
getic spacing between exciton and biexciton peaks is sig
cantly increased.

Quantitative information about the biexciton formation e
ficiency in QD’s and the QW is obtained by evaluating t
transient onset of the biexciton PL signal. In Fig. 2 the bie
citon PL intensity of the QD’s and the QW is plotted vers
time for an average excitation density of 100 W/cm2. In the
case of the QW the PL maximum of the biexciton signal
reached after 50 ps, while for QD’s a significantly fas
onset of the biexciton peak is obtained.

FIG. 1. Normalized PL spectra of the unpatterned quantum-w
reference~a! and the 35-nm dot array~b! for different excitation
densitiesP at T52 K.

FIG. 2. Normalized PL intensity of the biexciton signal
35-nm quantum dots~triangles! and the unpatterned quantum we
~circles! as a function of time for an excitation density o
100 W/cm2. The solid lines represent best fits according to Eqs.~1!
and ~2!.
fi-
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In order to obtain the biexciton formation coefficie
quantitatively, we have to analyze the onset of the biexci
PL intensity in more detail. Following Ref. 16, a straightfo
ward kinetic theory was applied, using the following ra
equations to describe a system of excitons and biexcit
with densitiesnx andnb :

dnx

dt
5G~ t !2

nx

tx
1

nb

tb
22Cnx

2, ~1!

dnb

dt
52

nb

tb
1Cnx

2, ~2!

wheretx andtb are the exciton and the biexciton lifetime
respectively, andC is the biexciton formation coefficient
The generation rate of excitonsG(t) takes into account the
finite relaxation time of the photogenerated carriers into
exciton ground state, as determined by evaluating the t
sient onset of the exciton PL signal. The thermal dissociat
of biexcitons into excitons is neglected, which is a rath
good assumption for the low temperature of 2 K and the high
BBE in wide-gap II-VI nanostructures. The above rate eq
tions were solved numerically, and the resulting time tra
sients of the exciton and the biexciton luminescence sig
were compared to the experimental data, taking into acco
the finite time resolution of the setup. In order to obtain t
biexciton formation coefficientC quantitatively, the exciton
peak density generated by the laser pulse has to be d
mined very accurately, as described in Ref. 3. In a first
proximation the same density of photogenerated carriers
assumed for the QD’s and the QW sample.

In Fig. 2 the experimental data~circles, triangles! are
compared to the model calculations~solid lines!. A biexciton
formation coefficient ofC50.2310210 cm2/ps is obtained
for the QW. In contrast,C54310210 cm2/ps is determined
for QD’s, which is more than one magnitude higher than
value for the QW, indicating a significantly enhanced bie
citon formation efficiency in QD’s. The transition from QW
to QD corresponds to a change from a system allowing
eral exciton migration to a totally confined system. Thus
reduction of dimensionality results in a more efficient bie
citon formation. This is in qualitative agreement with da
published by R. Spiegelet al.,3 who reported an enhance
ment ofC in QW’s caused by a suppression of lateral ex
ton migration due to localization effects.

In order to estimate the BBE, a line shape analysis ha
be performed. In the case of the QW we can follow Philli
et al.,13 and determine the BBE using a model line shape
thermally distributed biexcitons, and taking into account
inhomogeneous line broadening due to well width and al
fluctuations. In Fig. 3~a! we compare this model line shap
and the experimental data for the QW for an average exc
tion density of 100 W/cm2. In addition, the contributions o
biexcitons and excitons are plotted separately as das
lines, where the latter is deduced from the PL signal at l
excitation densities. A good agreement between experim
tal data and model calculations can be achieved, yieldin
BBE of 6.4 meV in the 2D sample. It has to be noted th
this value should be regarded as a lower limit. Taking in
account the localization of excitons and biexcitons a l
temperatures,4 a Gaussian fit for the biexciton line shape
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the QW should even be more appropriate than the usage
thermal biexciton distribution. With this kind of line shap
analysis, a BBE of 8.4 meV is obtained in the QW.

To describe the biexciton line shape of the QD spec
the quasi-zero-dimensional density of states has to be ta
into account. For 35-nm QD’s we can neglect higher exci
dot states, which are shifted at least 8 meV to higher ener
with respect to the ground state, and therefore do not c
tribute significantly to the PL signal. This can be shown
calculating the energetic distance between the ground s
and the excited dot states using the effective-m

FIG. 3. PL spectra of the unpatterned quantum well~a! for P
5100 W/cm2 and of a 35 nm dot array~b! for P550 W/cm2. The
exciton spectrum obtained at low densities (1 W/cm2), and the
biexciton contribution to the line shape as described in the text,
shown as dashed lines.
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approximation.17 Thus a single Gaussian function is used
describe the dot ground state. In Fig. 3~b! we plot the model
line shape and the experimental data for QD’s for an exc
tion density of 50 W/cm2. For comparison, the contribution
of biexcitons and excitons are also shown. The experime
data are described rather good using a BBE of 11.3 meV

As indicated by the evaluation of our data, the BBE
significantly enhanced in QD’s compared to the QW, a
though the lateral extension of the dot is larger than the
citon diameter. This is in agreement with theoretical calc
lations of Takagahara,7 who demonstrated a strong influenc
of the dielectric confinement on the BBE, which further e
hances the BBE in deep-etched QD’s as compared to bu
ones.

In conclusion, we compared the biexciton formation pr
cess and the biexciton binding energy in QD’s with a late
extension of Lx535 nm and a QW reference by time
resolved PL spectroscopy. The biexciton formation coe
cient C was determined by modeling the onset of the bie
citon PL signal using a system of rate equations. A stro
enhancement of C was found increasing from
C50.2310210 cm2/ps in the case of the QW to
C54310210 cm2/ps for the QD’s, indicating a more effi-
cient formation of biexcitons in totally confined II-VI nano
structures. By analyzing the luminescence spectra, a sig
cant increase of the BBE in QD’s as compared to the Q
reference is found. This is attributed to an increased car
and dielectric confinement in QD’s.

We would like to thank O. Breitwieser for technical as
sistance in realizing the QD structures, and gratefully a
knowledge the financial support of this work by the Deutsc
Forschungsgemeinschaft~SFB410!.
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