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Biexciton binding energy in CuCl quantum dots
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Induced absorption from the exciton state to the biexciton state was clearly observed under the site-
selective excitation of the inhomogeneously broadened Z; exciton band in CuCl microcrystallites em-
bedded in NaCl crystals. This allows us to obtain the size-dependent biexciton binding energy in CuCl
quantum dots. The binding energy of biexcitons increases with the decrease in their size and its size
dependence and bulk value are well represented by the expression 78/a **+52/a* + 33 (meV), where a *
is the effective radius of microcrystallites in a unit of nm. The experimental results are compared with
an available theoretical result. The enhanced Coulomb interaction in microcrystallites still increases the
biexciton binding energy in the large-size regime, where the quantum confinement energy of excitons is
not considerable. The size-dependent biexciton binding energy cannot be explained by the weak-

confinement model of biexcitons.

It is well established that the quantum confinement
effect in semiconductor microcrystallites (quantum dots)
is classified into the weak confinement regime and the
strong confinement regime.! ™3 In the weak confinement
regime, the exciton center-of-mass translational motion is
quantized and the blueshift of the exciton energy is ex-
pressed as m#*/2M (a —ap /2)?, where M is the transla-
tional mass of the exciton, a is the radius of microcrystal-
lites, and aj is the Bohr radius of the exciton.? Here the
so-called dead-layer correction is included as a —ap /2,
and we use a*=a —ag /2, the effective radius, in the fol-
lowing text. In this regime, one may consider that the
center-of-mass translational motion of the biexciton is
also quantized.* Because the biexciton translational mass
is about twice the exciton translational mass, the biexci-
ton binding energy is expected to increase by
742 /4Ma*? with decrease of the radius. Theoretically,
the biexciton state in the weak confinement regime has
been treated by using this simple expression.” However,
the experimental results for CuCl quantum dots, which
are the prototypical material belonging to the weak
confinement category, are confused and do not follow this
simple relation.*® In the case of CuCl microcrystallites
in NaCl crystals, the biexciton luminescence varies with
the change of the size of microcrystallites,4 but does not
vary in the case of CuCl microcrystallites in glass.® In
the former case, the biexciton binding energy seems to
vary by 7*#?/4Ma*? from the large-size limit of micro-
crystallites. However, the reported biexciton binding en-
ergy of the CuCl microcrystallites at the large-size limit,
42 meV, does not agree with that of bulk CuCl, 33 meV.

Obviously, the experimental determination of size-
dependent biexciton binding energy has been obstructed
by the size inhomogeneity of quantum dots. In the weak
confinement regime, the exciton blueshift is proportional
to 1/a*2, so that site-selective spectroscopy was used to
overcome this difficulty. However, site-selective lumines-
cence spectroscopy did not succeed in observation of
single-size microscrystallites, because the higher excited
states of large microcrystallites are superposed on the
ground states of small microcrystallites and because the
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biexciton luminescence is stronger in larger microcrystal-
lites.* In fact, luminescence spectra of CuCl quantum
dots under site-selective excitation give small biexciton
structures which move with the change of the excitation
photon energy, while the moving structures are much
smaller than the nonmoving biexciton luminescence band
coming from the large microcrystallites.® This makes it
bothersome to obtain size-dependent biexciton binding
energy.

In this study, we used the nanosecond pump-and-probe
method under the site-selective excitation. The burnt hole
in the exciton absorption band and the induced absorp-
tion band were studied as a function of the excitation
photon energy. The induced absorption band arises from
the transition from the transverse exciton state to the
biexciton state. By observing both the induced absorp-
tion band and the burnt hole with the change in the
pump photon energy, we can obtain the biexciton binding
energy as a function of the size of quantum dots. The
site-selective pump-and-probe method is superior to the
site-selective luminescence method, because the former is
not affected by the size-dependent luminescence yield of
excitons and biexcitons.

Samples studied in this work are CuCl microcrystal-
lites in NaCl crystals and a platelet-type CuCl single crys-
tal 18 pum thick. The preparation and characterization
procedures of microcrystalline samples were written in
our previous papers.”® The average size of microcrystal-
lites was determined by small-angle x-ray-scattering mea-
surement. Samples were directly immersed in superfluid
helium and were studied in a nanosecond pump-and-
probe configuration. For the microcrystalline samples, a
narrow-band dye laser (Lumonics HD500) pumped by a
30-Hz Q-switched Nd**T:YAG (yttrium aluminum gar-
net) laser was the pump source. For the bulk sample, the
third harmonics of the Nd3>*:YAG laser were used as the
pump source. In both cases, probe pulses were amplified
spontaneous emission of LD390 dye pumped by the same
Nd3*:YAG laser. The linewidth of the dye pump pulses
was 0.014 meV, which is narrower than the homogeneous
linewidth of Z, excitons in CuCl microcrystallites.® The
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pump-and-probe spectra were measured by a diode-
array-type optical multichannel analyzer and a 93-cm
monochromator with a spectral resolution of 0.6 meV.
The luminescence spectrum was also studied at 77 K un-
der the excitation of the third harmonics of the
Nd3*:YAG laser.

Pump-and-probe spectra are shown in Fig. 1. The spec-
tra of the microcrystalline sample consist of the bleaching
structure of Z, excitons which is burnt out by the spec-
trally narrow pump pulses, and the induced absorption
structure due to the transition from the transverse exci-
ton state to the biexciton state. Burnt holes in the exciton
absorption spectra move with the change in the pump
photon energy. Simultaneously, the induced absorption
band shows the energy shift, but it is much smaller than
the pump energy shift. Burnt holes are the main part in
the bleaching structure in the Z,; exciton absorption
band. Therefore, the burnt exciton state is relevant to the
induced absorption band. The induced absorption band
and the burnt holes are observed simultaneously by
nanosecond pump-and-probe spectroscopy. This means
that they are directly connected with each other. The sit-
uation is different in the case of luminescence spectrosco-
py under the site-selective excitation, because the biexci-
ton luminescence decay time (80 ps) is much faster than
the exciton luminescence decay time (1.6 ns).” In this
sense, it is difficult to connect the exciton luminescence
band with the biexciton luminescence band directly. The
induced absorption band due to the transition from the
transverse exciton state to the biexciton state in bulk
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FIG. 1. Differential absorption spectra of CuCl microcrystallites un-
der the site-selective excitation. The average radius of CuCl microcrys-
tallites in the sample was 2.7 nm, and the sample had a broad size distri-
bution of microcrystallites. The excitation photon energy for (a), (b), (c),
and (d) is 3.2204, 3.2288, 3.2372, and 3.2457 eV, respectively. Down-
ward arrows show the burnt hole in the inhomogeneously broadened ex-
citon band, while upward arrows show the induced absorption coming
from the transition from the exciton state to the biexciton state. The ex-
citon density was 1.5 mJ/cm?. The differential absorption spectrum of a
CuCl bulk crystal under the band-to-band excitation is also shown at the
bottom part (). The excitation photon energy was 3.49 eV, and its den-
sity was 20 mJ/cm?. The upward arrow shows the induced absorption,
the downward arrow the optical gain maximum, the open circle the I,
bound exciton, and the open square the two-photon absorption of biex-
citons.
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CuCl is also shown in Fig. 1. It was observed at 3.169
eV, in agreement with the previous report.>!° This
means that the biexciton binding energy in bulk CuCl is
33 meV.

In Fig. 2 the energy position of the induced absorption
band is plotted as a function of the pump photon energy,
which is exactly equal to the burnt exciton energy. The
energy of the induced absorption band increases slowly
and monotonously with the increase in the pump photon
energy. It is noted that the blueshift of the induced ab-
sorption is much smaller than that of the burnt hole in
the exciton band. The energy of the induced absorption
band for the bulk sample was also indicated in Fig. 2.

The biexciton binding energy B,, is defined as
B,,=2E,—E,,, where E, is the exciton energy and E
the biexciton energy. The transition from the exciton to
the biexciton takes place at E,, —E,, which corresponds
to the induced absorption band. Therefore, the biexciton
binding energy B,, is obtained by the burnt exciton ener-
gy E, minus the induced absorption energy, E, —E,.
We can obtain the biexciton binding energy readily from
Fig. 2. The blueshift of the quantized exciton energy AE
is related to the effective radius of CuCl microcrystallites
a* as AE=7#/2Ma*>.'" In this way, the biexciton
binding energy is obtained in Fig. 3 as a function of the
effective radius of microcrystallites.

So far, the biexciton binding energy in semiconductor
quantum dots has been a subject of extensive theoretical
study. Because a biexciton is a composite of two electrons
and two holes, we must solve the four-body problem un-
der the spatially restricted condition. The perturbation
method, '3 the variational method,>'*!® the matrix-
diagonalization method,'®!” and the path-integral
method® were used to calculate the binding energy of the
biexciton. The most sophisticated variational result
differs much from the matrix-diagonalization result at the
small-radius limit.!>!” Because two electrons and two
holes are spatially confined in a small quantum dot, both
Coulomb attraction between electrons and holes and
Coulomb repulsion between two electrons (holes) are
much enhanced simultaneously with the increase of
kinetic energy due to the spatial localization. This com-
petition brought forth the controversial results. A weak
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FIG. 2. Induced absorption energy as a function of the pump photon
energy. The energy of the induced absorption band in bulk CuCl is
shown by an arrow. The solid line is a guide for eyes.
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point of the variational approach is that one of the varia-
tional parameters is fixed. On the other hand, the numer-
ical matrix-diagonalization method seems not to have a
weak point at the small-size regime,!® and gives a func-
tional form to the biexciton binding energy. The biexci-
ton binding energy is expressed by B, =C,/a’
+C,/a+B,, (bulk), where C,; and C, are independent of
the radius and B,, (bulk) is the biexciton binding energy
in the bulk crystal.

Other variational approaches to the biexciton binding
energy in a quantum dot are based on the adiabatic ap-
proximation or two-body approximation.>!'* They used
smaller numbers of variational parameters than Ref. 15
to calculate the biexciton binding energy. They are too
simple to derive the biexciton binding energy in quantum
dots, because the competition among Coulomb attraction
energy, Coulomb repulsion energy, and kinetic energy is
quite delicate. Another reason why we do not use the
calculation of Ref. 5 is that it derives the expression of
biexciton binding energy B, =w’#’/4Ma**+ B, (bulk)
at the large-size limit, because the expression conflicts
with our experimental results as described below. In this
paper, therefore, we compared our experimental results
with the calculated result done by the numerical matrix-
diagonalization method,!®!” although the calculated re-
sult is limited within the rather small-radius range
a <5ap. The calculated result is shown by a dashed line
in Fig. 3. In the calculation, we replaced a by a*. Here
we used the well-known CuCl parameters, an exciton
binding energy of 213 meV, and an exciton Bohr radius
of 0.68 nm. Therefore, the calculated range is limited up
to 5ag=3.4 nm. The calculated binding energy is a little
smaller than the experimental data, but the overall radius
dependence is the same. It is noted that the calculation
was done with the condition mS*/m; =0.2 and €,/¢,=1,
where m.,;, is the effective mass of the electron (hole),
and €, and ¢, are dielectric constants of the quantum dots
and matrix, respectively. The dielectric constant of CuCl
is £,=7.9,% while that of NaCl is €,=5.6. The ratio
€,/€, is 1.4. In this case, the dielectric confinement effect
makes the enhancement curve of the biexciton binding
energy steeper.!>?! The disagreement between the exper-
imental data and the theoretical curve is reduced by tak-
ing account of the dielectric confinement effect.

Experimental data in Fig. 2 and the solid circles in Fig.
3 suggest that the biexciton binding energy seems to ap-
proach 42 meV at the large-size limit, if the biexciton
binding energy in a bulk crystal is not taken into account.
In fact, we can fit the experimental solid circle data in
Fig. 3 by using the expression C/a**+42 (meV), where
the functional form is based on the weak confinement
model of biexcitons. The value, 42 meV, is larger than the
biexciton binding energy in bulk CuCl, 33 meV, by 9
meV. The biexciton binding energy should approach the
bulk value at the large-size limit. At the large-size re-
gime, the relation between the radius of microcrystallites
and the blueshift of the exciton energy is not necessarily
held.?? This probably obscured the clear observation of
the size-dependent biexciton binding energy at the large-
size regime. The approach of the biexciton binding ener-
gy to the bulk value was seen in the biexciton lumines-
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FIG. 3. Biexciton binding energy as a function of the effective radius
of CuCl microcrystallites. The effective radius is defined by
a*=a —ag /2. Solid circles are obtained by the induced absorption en-
ergy, and solid squares are obtained by the biexciton luminescence ener-
gy. Biexciton binding energy in bulk CuCl is shown by an arrow. A
solid line is a phenomenological curve fitted by the expression
78/a**+52/a* +33 (meV), where a * is the effective radius in a unit of
nm. A dashed line is based on the calculation done by Hu, Lindberg,
and Koch, with parameters m.* /m* =0.2 and ¢, /e,= 1.

cence spectra of samples which contain different
average-size CuCl microcrystallites. Figure 4 shows the
luminescence spectra of microcrystallite and bulk sam-
ples under the band-to-band excitation. The luminescence
band observed around 3.17 eV comes from the biexciton
annihilation, leaving the longitudinal exciton behind.
The biexciton luminescence energy of CuCl microcrystal-
lites whose radius is less than 5.4 nm is lower than that in
the bulk sample by 7.5 meV. However, the biexciton
luminescence energy of 9.5-nm CuCl microcrystallites
goes to higher energy and is close to the bulk energy.

This observation shows that biexciton binding energy
varies much more than the quantized energy of the exci-
ton center-of-mass translational motion at the large-size
regime. It means the failure of the model,*> which as-
sumes that biexciton center-of-mass translational motion
is quantized in CuCl microcrystallites at the large-size
limit. One cannot fit the experimental data including the
bulk data in Fig. 3 at the large-size limit by taking the
expression C/a *24+ 33 (meV). Instead, the experimental
results were fitted fairly well by the expression
B,.,=C,/a**+C,/a*+33 (meV), and C,=78 and
C, =52 were obtained, where a* is in units of nm. The
important contribution of the C,/a* term suggests the
significant contribution of the Coulomb term at the
large-size regime.

The quantum-size effect for not only biexciton binding
energy but also bound exciton binding energy was dis-
cussed in the quantum well.?> Both of them increase
with the decrease in the well thickness. Figure 4 shows
the bound exciton luminescence I, and I, of CuCl micro-
crystallites, and their energies increase with the increase
in the size from 5.4 to 9.5 nm. The I, line comes from the
exciton bound to the neutral acceptor, and the I, line
comes from the exciton bound by a neutral donor. 10 1t is
well known that the Hamiltonian for the exciton bound
by a neutral donor or a neutral acceptor is similar to that
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FIG. 4. Luminescence spectra of different-size CuCl microcrystallites

and a bulk CuCl crystal. The excitation photon energy was 3.49 eV, and

its density was 0.5 mJ/cm?. Downward arrows show the biexciton

luminescence, open circles I, bound exciton luminescence, and crosses
I, bound exciton luminescence. The mean radius shown was estimated
by the small-angle x-ray-scattering experiment.

for the biexciton. The Hamiltonian comes from the
kinetic-energy term and the Coulomb energy term. The
Coulomb energy term among two electrons and two holes
is common in both excitons bound by a neutral donor (ac-
ceptor) and a biexciton, and the difference arises in the
kinetic-energy term. The contribution of the kinetic-
energy term to the enhancement of the binding energy is
smaller than the observed enhancement of the binding en-
ergy. In fact, 7°#*/4Ma**=3.0 meV is much smaller
than the observed enhancement of the binding energy,
19.5 meV, at a*=5.1 nm. Therefore the similar energy
shift of biexciton and bound excitons at the large-size re-
gime is ascribed to the significant contribution of the
Coulomb energy term. The enhancement of the biexciton
binding energy at the large-size regime is interpreted in
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this way. At the large-size regime, the Coulomb energy
still grows with the increase in the size of microcrystal-
lites. Biexciton diameter in CuCl is 3 nm and the extent
is not much smaller than even 10 nm. Because the exci-
ton binding energy is as large as 213 meV, the increase in
the biexciton binding energy is not negligible even with
the slight reduction of the size.

In summary, induced absorption from the exciton state
to the biexciton state was clearly observed under the
site-selective  excitation of the inhomogeneously
broadened Z, exciton band in CuCl microcrystallites em-
bedded in NaCl crystals. This allows us to obtain the
size-dependent biexciton binding energy in CuCl quan-
tum dots. The binding energy of biexcitons increases
with the decrease in the size, and its size dependence was
well fitted by the expression 78/a*?+52/a*+33 (meV),
where a* is the effective radius of microcrystallites in
units of nm. The experimental results are fairly well ex-
plained by the theoretical result by Hu et al.!®!7 Tt is
noted that biexciton binding energy still increases at the
large-size regime, where the quantum confinement energy
of the exciton is not considerable. Biexciton binding en-
ergy cannot be explained by the weak confinement model
of biexcitons, where center-of-mass translational motion
of biexcitons is quantized. Coulomb interaction still in-
creases the binding energy of biexcitons in the large-size
regime.
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