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The radiative lifetime of biexcitons in Zn,Cd;_,Se-ZnS,Se, , multiple quantum wells has been stud-
ied by means of time-resolved luminescence spectroscopy under high-density excitation. It is shown that
the rise of the biexciton luminescence becomes more rapid with increasing excitation energy density and
that the biexciton luminescence decays with a double exponential form. It is found that the decay-time
constant of the faster-decay component in the double-exponential decay corresponds to the radiative life-
time of the biexciton. Its value is about 6 ps at 2 K and is about one-seventh of that in bulk ZnSe ( ~40

ps).

It is now well established that two excitons interact at-
tractively and form a bound state known as a biexciton
(excitonic molecule). To date, there has been much work
on biexciton formation in a large variety of semiconduc-
tors. In recent years, evidence for biexciton formation in
GaAs-based quantum wells has also been reported.’' >
In order to observe biexcitons in GaAs, it has been neces-
sary to confine excitons in quantum wells, since in two di-
mensions the binding energy of the biexciton increases
over the bulk value by nearly an order of magnitude.*
On the other hand, there has been only one report,> to
our knowledge, on biexciton formation in wide-band-gap
II-VI quantum wells in spite of the advantages of exciton-
ic nature: excitons and biexcitons in wide-band-gap II-VI
semiconductors have much larger binding energies than
those in ITI-V semiconductors.

We present here experimental evidence for biexciton
formation in wide-band-gap II-VI multiple quantum
wells (MQW?’s). Particularly, we demonstrate the tem-
poral behavior of biexcitons under high-density excita-
tion by employing time-resolved luminescence spectros-
copy.

The sample used in this paper was prepared by
metalorganic-molecular-beam epitaxy.® The MQW layer
was grown on a (100)-oriented GaAs substrate, fol-
lowing the deposition of a 50-nm-thick ZnSe buffer
layer and an 800-nm-thick ZnS; (3Se; o, cladding layer.
The MQW structure consisted of six periods of
8-nm-thick Zng ¢;Cd, {;Se well layers separated by 10-
nm-thick ZnS ,sSe, 4, barrier layers. A 170-nm-thick
ZnS (gSey o, cap layer was formed on top of the MQW
structure.

The experiments were performed using a mode-locked
titanium-sapphire laser and a titanium-sapphire regenera-
tive amplifier, both of which were pumped by a cw Art
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laser. The repetition rate and the pulse width of the
amplified-laser output were 250 kHz and 200 fs, respec-
tively. The wavelength of the amplified-laser output can
be tuned from 745 to 875 nm. The second harmonic light
of the amplified-laser output was used as an excitation
source. The time-resolved luminescence was measured
by means of a synchroscan streak camera in conjunction
with a subtractive-dispersion double monochromator.
The instrumental response of this system had an ex-
ponential decay-time constant of about 5 ps.

Figure 1 shows the time-integrated luminescence spec-
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FIG. 1. Time-integrated luminescence spectra at 2 K taken
from a Zn,Cd,_,Se-ZnS,Se,, MQW under excitation-energy
densities of @, 0.3; b, 1.2; ¢, 3.0; d, 6.0; e, 18; and f, 49 uJ/cm?.
These spectra are shown after being multiplied by the number
that is indicated on the left-hand side of each spectrum for clari-
ty.
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tra at 2 K taken from the MQW sample mentioned above
under excitation-energy densities of a, 0.3; b, 1.2; ¢, 3.0;
d, 6.0; e, 18; and f, 49 puJ/cm? The excitation wave-
length was 400 nm, which corresponded to band-to-band
excitation. The luminescence at the low-excitation densi-
ty shown in curve a is dominated by the radiative recom-
bination of n =1 heavy-hole excitons (denoted by X),
which shows the peak at 479.8 nm (2.583 eV). It is found
from our separate experiments that the emission line of
the n =1 heavy-hole exciton shows an almost symmetric
line shape with a linewidth of approximately 12 meV un-
der the lowest excitation by a cw He-Cd laser.” On the
other hand, under the short-pulsed excitation conditions,
a shoulder appears on the low-energy side even at the
low-excitation density less than 0.1 uJ/cm?. With increas-
ing excitation-energy density, the shoulder grows more
rapidly than the exciton line and becomes the dominant
radiative-recombination process (denoted by XX), which
shows the peak at 481.7 nm (2.573 eV).

On the basis of the spectral position, we attribute the
line XX to the radiative recombination of biexcitons.®
The most frequent recombination process of biexcitons
involves the annihilation of one electron-hole pair, leav-
ing one exciton. This biexciton line follows the expected
superlinear excitation-density dependence, and the
dependence of the biexciton intensity on the exciton in-
tensity gives approximately I, <IL7. Then, the energy
difference between the exciton and the biexciton lines is
about 10 meV. Here, it is also found from our separate
experiments that the difference in peak energy between
the absorption and luminescence spectra of the n =1
heavy-hole exciton is as small as 5 meV.” This energy
difference, defined as a Stokes shift, results from the lo-
calization of excitons. On the other hand, such a locali-
zation effect on the biexciton is considered to be small be-
cause of the larger spatial extent of the biexciton than
that of the exciton. Therefore, the binding energy of the
biexciton in the quantum well can be estimated to be
about 15 meV. This value is approximately four times as
large as that in bulk ZnSe [3.5 meV (Ref. 9)]. The in-
crease in the binding energy is clearly due to the effect of
quantum confinement on the biexciton in the quantum
well.

In order to confirm the above identification, the tran-
sient luminescence decay of the biexciton has been mea-
sured under various excitation-energy densities. Figure 2
shows the typical three time-resolved luminescences of
the biexciton at 2 K taken from the MQW sample under
excitation-energy densities of @, 6.0; b, 18; and c, 49
uJ/cm? At the excitation-energy density as low as 6.0
uJ/cm?, the biexciton luminescence reaches the max-
imum intensity at about 50 ps after the excitation.
Thereafter, it decays exponentially with a decay-time
constant of about 140 ps. With increasing excitation-
energy density, the rise of the biexciton luminescence be-
comes more rapid. In addition, a faster-decay component
appears and it becomes prominent. As a result, the biex-
citon luminescence shows a double-exponential decay.
Using a least-squares fit to the double-exponential decay
as well as a deconvolution technique in consideration of
the instrumental time resolution, the decay-time con-
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FIG. 2. Time-resolved luminescence of the biexciton in a
Zn,Cd;_,Se-ZnS,Se;, MQW at 2 K under excitation-energy
densities of a, 6.0; b, 18; and c, 49 uJ/cm?. The luminescence in-
tensity is plotted on a logarithmic scale.

stants of the faster- and slower-decay components at 49
uJ/cm? are estimated to be about 6 and 210 ps, respec-
tively. At the excitation-energy densities above 49
uJ/cm?, these two values are found to be almost constant.

Furthermore, in order to identify the appearance of the
faster-decay component as the characteristic of the biex-
citon luminescence itself, the transient decay at various
positions of the luminescence band has been measured.
Figure 3 shows the time-resolved luminescence at 2 K ob-
served at a, 480.0; b, 481.0; ¢, 481.5; d, 482.0; e, 483.0;
and f, 484.0 nm under the excitation-energy density of 49
u¥/cm?. It can clearly be seen from this figure that the
faster-decay component appears only around the peak of
the biexciton luminescence, which corresponds to the
spectrum shown in Fig. 1(f). It is noted here that the
peak of the biexciton luminescence (Fig. 3, curve d)
occurs earlier than that of the exciton luminescence (Fig.
3, curve a). This experimental result means that the
luminescence intensity of excitons reflects the total num-
ber of excitons in the sample whereas the biexciton for-
mation is controlled by the density of electron-hole pairs.

The temporal behavior of biexcitons in bulk ZnSe has
also been studied in order to compare the above-
mentioned quasi-two-dimensional case with a three-
dimensional case. Figure 4 shows the time-integrated
luminescence spectra at 2 K taken from an ultrahigh-
purity ZnSe bulk crystal under excitation-energy densi-
ties of a, 0.1; b, 0.6; ¢, 1.5; d, 6.2; and e, 52 uJ/cm?. The
ZnSe bulk crystal was grown by a recrystallization
traveling-heater method.!® The excitation wavelength
was 400 nm, which corresponded to band-to-band excita-
tion. At the excitation-energy density as low as 0.1
1¥/cm?, the luminescence spectrum is dominated by a
free-exciton line associated with lower polaritons at 442.3
nm (denoted by X). It is noted here that there is no
bound-exciton line associated with donor and acceptor
impurities in this spectral range. This fact enables us to
observe a biexciton line clearly. With increasing
excitation-energy density, the biexciton line (denoted by
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XX) grows superlinearly (approximately Iy;, <I2,) and
broadens to the lower-energy side as is clearly shown in
Fig. 4. It can be seen from this figure that the biexciton
line includes some fine structures. It has also been re-
ported that five biexciton levels were observed by means
of resonant Raman scattering under two-photon excita-
tion of biexcitons.’® These assignments will be discussed
elsewhere.

The transient luminescence decay of the biexciton line
in bulk ZnSe is shown in Fig. 5. The excitation-energy
densities were a, 0.9; b, 6.3; ¢, 15; d, 84; and e, 188
;J.J/cm2 At the excitation-energy density as low as 0.9
wJ/cm?, the biexciton luminescence shows a slow rise and
reaches the maximum intensity at about 250 ps after the
excitation. Thereafter, it decays exponentially with a
decay-time constant of about 530 ps. With increasing
excitation-energy density, the rise of the biexciton
luminescence becomes more rapid. In addition, a faster-
decay component appears and it becomes prominent. As
a result, the biexciton luminescence shows a double-
exponential decay. The decay-time constant of the
faster-decay component gradually becomes small and, on
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FIG. 4. Time-integrated luminescence spectra at 2 K taken
from bulk ZnSe under excitation-energy densities of a, 0.1; b,
0.6; ¢, 1.5; d, 6.2; and e, 52 pJ/cmz. These spectra are shown
after being multiplied by the number that is indicated on the
left-hand side of each spectrum for clarity.
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the other hand, that of the slower-decay component be-
comes large with an increase in the excitation-energy
density. Using the least-squares fit, the decay-time con-
stants of the faster- and slower-decay components at 188
uJ/cm? are estimated to be about 40 and 680 ps, respec-
tively. At the excitation-energy densities above 188
uJ/cm?, these two values are found to be almost constant.
This temporal behavior of the biexciton luminescence is
similar to that observed in the MQW sample mentioned
above.

It is reasonable to understand that the temporal
behavior of the biexciton luminescence directly corre-
sponds to the change in the total number of biexcitons.
Then, the above results shown in Figs. 2 and 5 can quali-
tatively be explained as follows: At lower-excitation den-
sities, excitons form initially following the creation of
electron-hole pairs by optical excitation. Thereafter, biex-
citons are formed as a result of the interaction between
the two excitons. Therefore, the slow rise of the biexci-
ton luminescence shown in curve a of Fig.2 and curve a
of Fig. 5 reflects the formation process of biexcitons from
the excitons. The process of biexciton formation is very
dependent on the density of excitons. At higher-

T T T T T T T T

bulk ZnSe

\w&w K -
\\\:\\“jwvmﬁ\

(arb. units)

LUMINESCENCE INTENSITY
F /{

0 200 400 600 800
TIME DELAY (ps)

FIG. 5. Time-resolved luminescence of the biexciton in bulk
ZnSe at 2 K under excitation-energy densities of a, 0.9; b, 6.3; c,
15; d, 84; and e, 188 uJ/cm?. The luminescence intensity is plot-
ted on a logarithmic scale.
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excitation densities, on the other hand, the biexciton
luminescence reaches the maximum intensity just after
the excitation as shown in curve ¢ of Fig. 2 and curve e of
Fig. 5. The results mean that the biexciton formation
takes place most efficiently just after the excitation. This
is due to the increase in the formation rate of biexcitons
caused by the exciton-exciton interaction as a result of
the increase in the density of excitons. It may also be
considered that the biexcitons are directly formed by the
electron-hole pairs created initially by the optical excita-
tion.

Very recently, such temporal behavior of biexciton
luminescence under high-density band-to-band excitation
has also been observed in nanometer-sized CuCl micro-
crystallites.!! Then, the decay-time constant of the
faster-decay component was interpreted as the radiative
lifetime of biexcitons and the slower-decay component
was explained by considering the recurring process be-
tween excitons and biexcitons: excitons reformed by the
radiative annihilation of biexcitons form biexcitons again.
Therefore, we can similarly consider that the decay-time
constant of the faster-decay component, which is prom-
inently observed at the higher-excitation densities as
shown in curve c of Fig. 2 and curve e of Fig. 5, corre-
sponds to the radiative lifetime of the biexcitons. Then,
the radiative lifetime of the biexciton in the Zn, Cd,_, Se
MQW and that in the bulk ZnSe are obtained to be about
6 and 40 ps, respectively, by means of the least-squares fit
to the double-exponential decay and the deconvolution
technique as already mentioned above. On the basis of
the fact that oscillator strength is proportional to the re-
ciprocal of the radiative lifetime, the above experimental
results mean that the oscillator strength for the transition
between the biexciton and exciton states in the
Zn,Cd,_,Se quantum well increases by a factor of about
7 in comparison with that in the bulk ZnSe.

On the other hand, the decay-time constant of the
slower-decay component of the biexciton luminescence in
the bulk ZnSe is about 680 ps as shown in curve e of Fig.
5. This value is approximately half of the radiative life-
time of free excitons, 1300 ps, which is determined by the
radiative lifetime of the LO-phonon-assisted free excitons
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(X —1LO) in order to avoid a polariton effect. This fact
can easily be explained by considering the recurring pro-
cess between excitons and biexcitons, in which the total
number of biexcitons is proportional to the square of that
of excitons. The slower-decay component of the biexci-
ton luminescence observed in the MQW (r; ~210 ps) can
also be explained similarly. On the basis of the above ex-
perimental results, it is found that the exciton oscillator
strength in the Zn,Cd,_, Se quantum well increases by a
factor of about 4 in comparison with that in the bulk
ZnSe. In the case of a ZnSe quantum well with the same
well layer thickness of 8.0 nm and infinite potential
height, the exciton oscillator strength is found from cal-
culation to be 4.1 times as large as that in the bulk ZnSe.
Therefore, we consider that the experimental results are
well supported by the calculated results though the
quantum-well layer is not ZnSe, but Zn, Cd,_,Se. How-
ever, there is little theoretical consideration about the os-
cillator strength for the transition between the biexciton
and exciton states in the quantum well.

In conclusion, we have studied the time-resolved
luminescence of the biexcitons in the Zn,Cd,_,Se-
ZnS,Se,_, multiple quantum wells under high-density
excitation. With increasing excitation-energy density, the
rise of the biexciton luminescence became more rapid. In
addition, the biexciton luminescence showed the double-
exponential decay and the decay-time constant of the
faster-decay component was attributed to the radiative
lifetime of the biexcitons. On the other hand, the
slower-decay component was explained by considering
the recurring process between the biexcitons and exci-
tons. The above experimental results were compared
with that for the bulk ZnSe. It was shown that the oscil-
lator strength for the transition between the biexciton
and exciton states in the Zn,Cd,_,Se quantum well in-
creased by a factor of about 7 in comparison with that in
the bulk ZnSe.
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