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Time-resolved luminescence study of biexcitons in CuCl quantum dots
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Population dynamics of excitons and biexcitons in nanometer-sized CuCl microcrystallites (nanocrys-
tals) was studied with a time-resolved luminescence measurement. A recurring process between excitons
and biexcitons was clearly observed as a function of the second decay component of the biexciton
luminescence and with an increase of the exciton luminescence. They become prominent with an in-
crease in the excitation intensity. The biexciton luminescence is broadened asymmetrically to higher en-
ergy with an increase in the biexciton density. These temporal as well as spectral characteristics of biex-
citon luminescence are inherent to CuCl nanocrystals but are not observed in a CuCl bulk crystal, which
shows that biexcitons are much more efficiently formed from excitons in a CuCl nanocrystal than in a

CuCl bulk crystal.

Population dynamics of excitons and biexcitons in
semiconductors has been studied for a long time.!™3
With an increase in the excitation intensity, a biexciton is
formed as a result of the binary interaction between two
excitons. Conversely, when a biexciton is annihilated an
exciton and a photon are formed. Excitons can be re-
formed by the radiative annihilation of biexcitons and
subsequently form biexcitons again. This recurring pro-
cess has been assumed to describe the population dynam-
ics of excitons and biexcitons in CuCl and CuBr, %3 which
are prototypical materials for the study of biexcitons.
However, the recurring process has not allowed one to
understand the temporal change of excitons and biexci-
tons in bulk crystals. In fact, published data of the biex-
citon luminescence in CuCl bulk crystals show single-
exponential decay,’” ¢ although the excitation density
ranges widely from 50 nJ/cm’ to 8 mJ/cm? In the
present study, we turn to the population dynamics of ex-
citons and biexcitons in nanometer-sized CuCl microcrys-
tallites (CuCl nanocrystals), where quantum confinement
of an exciton can be prototypically observed.”® Biexci-
tons in semiconductor nanocrystals have been a subject of
extensive theoretical studies because the spatial
confinement modifies the biexciton state considerably.®°®
The dynamical behavior of biexcitons in nanocrystals in
comparison with that in bulk crystals is another interest-
ing subject to be studied. Excitons and biexcitons are
spatially confined in nanocrystals, so that the recurring
process is expected to take place much more frequently
compared with the bulk crystal. In CuCl nanocrystals,
biexciton lasing was observed and the optical gain associ-
ated with the transition from the biexciton state to the
exciton state was much higher than for the bulk crys-
tal.'®!! A time-resolved luminescence study is expected
to help understand these phenomena.

Samples studied were CuCl nanocrystals embedded in
NaCl crystal and a CuCl bulk crystal. The growing pro-
cedure of the nanocrystal sample and the characteriza-
tion procedure are described in our previous paper. '
The size of the bulk single crystal was 7.0X6.5X35.5
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mm3. Samples were directly immersed in liquid nitrogen
and their luminescence was analyzed temporally as well
as spectrally. The excitation laser source was a regenera-
tively amplified output of the self-mode-locked
Ti:sapphire laser. The output photon energy was doubled
and the excitation ultraviolet pulses had a pulse width of
200 fs, a spectral width of 15 meV, and a pulse energy of
7 uJ. The photon excitation energy was 3.266 or 3.283
eV, which corresponds to the higher-energy part of the
Z, exciton resonance. The pulse repetition rate was 1
kHz. The luminescence was analyzed by means of a 25-
cm subtractive dispersion double monochromator and a
synchroscan streak camera. The spectral resolution was
set to be 3.3 meV and the time resolution of the system
was 23 ps.

Luminescence and absorption spectra are shown in
Fig. 1. The absorption spectrum shows a clear but broad
Z, exciton structure whose energy is higher than the ex-
citon energy of 3.218 eV in a bulk crystal. The blueshift
of the Z; exciton luminescence, 11 meV, corresponds to
the size-quantized energy of the Z; exciton in a CuCl
nanocrystal whose radius is 4.2 nm.'? The luminescence
spectrum consists of an exciton band and a biexciton
band.!®!113716  Bjexciton luminescence bandwidth is
broader than that in a CuCl bulk crystal. With the in-
crease in the excitation density, the biexciton lumines-
cence increases more than the exciton luminescence, but
both of them depend on the excitation density sublinear-
ly.!%!! The biexciton luminescence in both samples is as-
cribed to the biexciton annihilation leaving a longitudinal
exciton because the induced absorption band related to a
transverse exciton was observed at lower energy than the
biexciton luminescence band by 7 meV. It is already well
confirmed that the exciton band is inhomogeneously
broadened because of the size inhomogeneity of nanocrys-
tals.!” However, the biexciton band cannot be simply
considered to be inhomogeneously broadened, because
the biexciton luminescence changes its energy little with
the change of the nanocrystal radius'>'®'® and because
the biexciton luminescence band is broadened asymmetri-
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FIG. 1. Absorption spectrum (dotted line) and luminescence
spectra (solid lines) of a sample, CuCl nanocrystals embedded in
a NaCl crystal, at 77 K. Luminescence spectra are taken under
the excitation photon energy of 3.283 eV with excitation densi-
ties of 7.2 mJ/cm? and 74 uJ/cm? The luminescence spectrum
of a CuCl bulk crystal under the same excitation density is
shown by a dashed line.

cally to the higher-energy side with the increase in the ex-
citation intensity.

Energy- and time-resolved luminescence of both the ex-
citon and biexciton is shown in Fig. 2. It is clearly ob-
served that the exciton lifetime is much longer than the
biexciton lifetime. At the zero time delay, biexciton
luminescence is 2.5 times stronger than the exciton
luminescence. Then, the biexciton luminescence spec-
trum is so broad that its high-energy tail merges into the
exciton luminescence band.

The temporal change of the exciton and biexciton
luminescence at their peak energies is plotted logarith-
mically or linearly in Figs. 3(a) and 3(b) for two different
excitation densities. Biexciton luminescence decay is de-
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FIG. 2. A contour map of the energy- and time-resolved
luminescence of the CuCl nanocrystal sample at 77 K. Excita-
tion photon energy is 3.283 eV and excitation density is 7.2
mJ/cm?.
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scribed by the double-exponential decay. The time con-
stant of the fast decay is about 70 ps, while the time con-
stant of the slow decay is 800 ps. The slow decay time
constant is half of the decay time constant of the exciton
luminescence, 1.6 ns. On the other hand, temporal
change of the biexciton luminescence in a bulk CuCl
crystal under the same excitation condition is expressed
by the single-exponential decay. The decay time constant
is 85 ps. This decay time constant agrees with the data of
previous authors,? although the excitation density in our
experiment is 10* times larger than that of those authors.
Biexciton luminescence is enhanced in comparison
with the exciton luminescence with the increase in the ex-
citation intensity. The initial part of the temporal change
of the exciton luminescence also depends strongly on the
excitation intensity. With the increase in the excitation
intensity, a spikelike structure at the zero time delay
grows and the initial rise becomes prominent. The decay
time constant of the spikelike structure increases and the
intensity of the structure increases when the observed
photon energy approaches the biexciton luminescence en-
ergy. This fact ascertains that the spikelike structure
comes from the high-energy tail of the biexciton lumines-
cence. The spikelike structure gives the spectrally (verti-
cally) broadened pattern at the zero time delay to the

" contour map of Fig. 2.

Population dynamics of excitons and biexcitons is de-
scribed by the normalized rate equations which take ac-
count of the recurring process! 3

dny(t)/dt=—n,(t) /7, +an.(1)*+B8(1) , (1)
dn (1) /dt = —n(t) /T +n, (1) /7, —2an ., (1)2+8() ,
()

where n,,,)(2) is the biexciton (exciton) number density,
Th(ex) 1S the biexciton (exciton) radiative decay time con-
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FIG. 3. Temporal change of the luminescence intensity of ex-
citons and biexcitons at two different excitation densities, 1.7
mJ/cm? and 26 uJ/cm?. Excitation photon energy is 3.266 eV.
(a) shows the logarithmic plot of the luminescence intensity at
3.232 (Z;) and 3.170 eV (B). (b) shows the linear plot of the
luminescence intensity at 3.232 eV. Fitting on the basis of Egs.
(1) and (2) is shown by solid lines. Parameters are 7,(.x)=76 ps
(1.6 ns), a=0.04, and 8=0.55 for the excitation density of 1.7
mJ/cm?, while 7,.x,=68 ps (1.7 ns), «=0.04, and 8=0.05 for
the excitation density of 26 uJ/cm?.
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stant, « is the formation rate of the biexciton as a result
of the interaction between two excitons, 6(¢) is the nor-
malized generation function of excitons and biexcitons,
and S is a ratio of the biexciton number density to exciton
number density at the zero time delay. Numbers of exci-
tons and biexcitons in nanocrystals are not continuous
numbers but integers. However, the ensemble average of
numbers in nanocrystals is continuous numbers and is
represented by number densities.

Fitting of the experimental results shown in Figs. 3(a)
and 3(b) is done by the following procedures. The exciton
population decays exponentially after 300 ps, so that the
exciton radiative decay rate 1/7, is obtained from the
exponential fit without uncertainty. The slower decay
rate of the biexciton population is almost equal to twice
the exciton radiative decay rate. The faster decay com-
ponent is obtained by subtracting the slower decay com-
ponent from the experimental data. Thus the faster de-
cay rate which corresponds to 1/7, is obtained. After
that, temporal change of the population of both excitons
and biexcitons is fitted by integrating rate equations (1)
and (2) numerically with two adjustable parameters a and
B. The fitted results are shown in Figs. 3(a) and 3(b).
Here, calculated values n, /7, and n., /7, are plotted to
fit with the luminescence intensity. In addition, n, /7, is
divided by 1.5 in comparison with n., /7, because the
spectral width of the biexciton luminescence is about 1.5
times as broad as that of exciton luminescence. The
fitting is very good for every excitation density.

The spikelike structure observed at 3.232 eV at the
time origin in Fig. 3(b) comes from the superposition of
the biexciton luminescence on the exciton luminescence.
Therefore, we omitted the structure to fit the data. Now,
characteristic points in the temporal change of excitons
and biexcitons are well understood. The slow component
of the biexciton decay comes from the second term in the
right-hand side of Eq. (1), the formation process of biexci-
tons, as a result of binary interaction of excitons. The
slow rise in the exciton luminescence is explained by the
second term in the right-hand side of Eq. (2), the forma-
tion of excitons as a result of radiative annihilation of
biexcitons. With the increase in the excitation intensity,
parameter a changes little, while parameter B increases.

Parameter S is not zero. Therefore, we consider that
biexcitons are formed just after the excitation, even if the
excitation photon energy, 3.266 eV, corresponds to the
higher-energy side of the Z; exciton absorption. It
should be noted that we could explain the quick rise in
the biexciton luminescence not by the second term in the
right-hand side of Eq. (1) but by the last term. Biexciton
formation takes place most efficiently just after the exci-
tation. Biexciton lifetime in nanocrystals is almost the
same with that in a bulk crystal. This fact indicates that
the biexciton envelope function is not so deformed.? This
is reasonable because the interexciton distance in a CuCl
biexciton, 1.5 nm, is still smaller than the radius of nano-
crystals, 4.2 nm. In nanocrystals, absence of spatial
diffusion minimizes the temporal decrease in the number
densities of excitons and biexcitons. Therefore, the
second term in Eq. (1) becomes larger than the first term
before the biexciton density decreases below the detection
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limit, because the radiative lifetime of the biexciton is 21
times shorter than that of the exciton. On the other
hand, the absence of the slow decay time constant in
biexciton luminescence in a bulk crystal suggests the seri-
ous temporal decrease of exciton density caused by the
spatial diffusion.

The spectral difference in biexciton luminescence be-
tween CuCl nanocrystals and CuCl bulk crystals is clear-
ly viewed, when the time-resolved luminescence spectra
are compared with each other. Figure 4 shows the time-
resolved luminescence spectra of CuCl nanocrystals and
CuCl bulk crystals. In CuCl nanocrystals, the biexciton
luminescence spectrum is broadened to higher energy at
the initial stage. Afterwards, it gradually becomes sharp.
On the other hand, in CuCl bulk crystals, the linewidth
of the biexciton luminescence does not change and is nar-
rower than that in nanocrystals. The highly asymmetric
biexciton luminescence band cannot be interpreted as an
inhomogeneously broadened band, because the high-
energy shift of the biexciton luminescence is much small-
er than that of the exciton with the decrease of the nano-
crystal size.

Asymmetric broadening of the biexciton luminescence
depends on the excitation intensity and decreases at a
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FIG. 4. Time-resolved biexciton luminescence spectra of a
CuCl nanocrystal sample. Excitation photon energy is 3.283 eV
and excitation density is 7.2 mJ/cm?. A solid line shows the
time-resolved luminescence at 22 ps. A long-dashed line shows
the time-resolved luminescence at 174 ps. A short-dashed line
shows the time-resolved luminescence of a bulk CuCl sample at
22 ps. The time-resolved luminescence spectrum of the bulk
sample does not change as time proceeds. Biexciton lumines-
cence intensity is normalized. Biexciton luminescence of the
nanocrystal sample is broadened asymmetrically to higher ener-
gy. The lower figure shows the half-width at the half maximum
of the asymmetrically broadened biexciton luminescence band
as a function of time. Solid circles show the half-width at the
higher-energy side and solid squares show the half-width at the
lower-energy side. The broadening decreases at the time con-
stant of 52 ps.
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time constant of 52 ps which is almost equal to the biexci-
ton lifetime. This fact shows that the broadening de-
pends on the biexciton density in nanocrystals and, there-
fore, is ascribed to the strong biexciton-biexciton interac-
tion in nanocrystals. It is noted that the exciton band is
inhomogeneously broadened and that the broadening
does not depend on the excitation density even just after
the excitation. It means that exciton-exciton or exciton-
biexciton scattering does not cause the asymmetric
broadening of the biexciton luminescence band. In CuCl
bulk crystals, the symmetric broadening of biexciton
luminescence was reported and was interpreted as the
biexciton-biexciton collision.!* Therefore, asymmetric
broadening observed in CuCl nanocrystals is interpreted
not as simple biexciton-biexciton collision but may be in-
terpreted as excited states of biexcitons which are in-
duced by the biexciton-biexciton interaction.” We imag-
ine the biexciton excited states are composed of an exci-
ton at the ground (n =1) quantum state and an exciton
at the excited (n =2,3,...) quantum state or two exci-
tons at the excited quantum state. Energy separation be-
tween the ground biexciton state and its first excited state
is estimated to be three times the quantum confinement
energy of excitons, 11 meV, for CuCl nanocrystals 4.2 nm
in radius. This energy separation is almost equal to the
biexciton binding energy. Therefore, biexciton lumines-
cence broadens asymmetrically up to the exciton lumines-
cent energy as a result of smearing by the size distribu-
tion, if the excited-state biexcitons annihilate leaving ex-
citons at the ground quantum state. The possible instan-
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taneous formation mechanism of biexcitons is the direct
two-photon creation of the biexciton excited states. Fur-
ther study is necessary to clarify the physical process.

In summary, the exciton luminescence and the biexci-
ton luminescence in CuCl nanocrystals were investigated
with time-resolved spectroscopy. The biexciton lumines-
cence shows two-component decay behavior and the
slower decay time constant is half of the decay time con-
stant of the exciton luminescence. Exciton luminescence
shows a clear increase. These characteristics are pro-
nounced with the increase in the excitation intensity and
are well explained by the recurring process between exci-
tons and biexcitons. Biexcitons are created just after the
excitation, even if the exciton band is excited. Simultane-
ously, biexciton luminescence spectra are broadened
asymmetrically to the higher energy depending on the ex-
citation intensity. These observations are interpreted as a
result of frequent exciton-exciton and biexciton-biexciton
interactions in CuCl nanocrystals. Characteristic
features observed temporally as well as spectrally are not
observed in a CuCl bulk crystal. This is because excitons
and biexcitons are spatially confined in nanocrystals
while not in a bulk crystal.

The authors wish to thank Professor Y. Amemiya in
the Photon Factory for his help in the small-angle x-ray
scattering experiments. This work was supported by the
New Energy and Industrial Technology Development
Organization (NEDO) of Japan.

1E. Hanamura and M. Inoue, Prog. Theor. Phys. Suppl. 57, 35
(1975).

Y. Unuma, Y. Masumoto, and S. Shionoya, J. Phys. Soc. Jpn.
51, 1200 (1982).

3T. Ikehara and T. Itoh, Solid State Commun. 79, 755 (1991).

4Y. Segawa, Y. Aoyagi, O. Nakagawa, K. Azuma, and S. Nam-
ba, Solid State Commun. 27, 785 (1978).

5Y. Masumoto, S. Shionoya, and Y. Tanaka, Solid State Com-
mun. 27, 1117 (1978).

SH. Akiyama, M. Kuwata, T. Kuga, and M. Matsuoka, Phys.
Rev. B 39, 12973 (1989).

7A. I. Ekimov, Al. L. Efros, and A. A. Onushchenko, Solid
State Commun. 56, 921 (1985).

8A. D. Yoffe, Adv. Phys. 42, 173 (1993).

%Y. Z. Hu, M. Lindberg, and S. W. Koch, Phys. Rev. B42, 1713
(1990).

10y, Masumoto, T. Kawamura, and K. Era, Appl. Phys. Lett.
62, 225 (1993).

11y, Masumoto, J. Lumin. (to be published).

12T, Itoh, Y. Iwabuchi, and M. Kataoka, Phys. Status Solidi B
145, 567 (1988). The small-angle x-ray scattering data of this

sample show that the mean radius of nanocrystals is 3.0 nm.
The blueshift of Z; exciton luminescence is not reflected by
the mean size of nanocrystals but by the size of luminescent
nanocrystals. When the size distribution is large, the
luminescence spectrum shows Stokes shift from the absorp-
tion peak.

13M. Ueta, H. Kanzaki, K. Kobayashi, Y. Toyozawa, and E.
Hanamura, Excitonic Processes in Solids (Springer, Berlin,
1986), p. 143.

147, B. Grun, B. Hénerlage, and R. Lévy, in Excitons, edited by
E. I. Rashba and M. D. Sturge (North-Holland, Amsterdam,
1982), p. 459.

IST. Itoh, F. Jin, Y. Iwabuchi, and T. Ikehara, in Nonlinear Op-
tics of Organics and Semiconductors, edited by T. Kobayashi
(Springer, Berlin, 1989), p. 76.

16R. Levy, L. Mager, P. Gilliot, and B. Honerlage, Phys. Rev. B
44, 11286 (1991).

7T. Wamura, Y. Masumoto, and T. Kawamura, Appl. Phys.
Lett. 59, 1758 (1991).

18Y. Masumoto and S. Okamoto (unpublished).



