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We investigate size-dependent nonlinear polarization due to Wannier excitons confined in CuCl quan-
tum dots (QD’s) with a radius R of 15-80 A embedded in glass. The third-order optical susceptibility
x'* measured at 80 K increases as a function of radius and subsequently decreases after reaching a max-
imum value of 2X 1076 esu at R ~50 A. Homogeneous widths and longitudinal relaxation times were
also measured and the results were analyzed taking into account a two-level atomic model. We obtain
evidence that the size-dependent y'* originates from the size-dependent oscillator strength of coherently
generated excitons in the QD. The oscillator strength varies as R%2 for 19 <R <40 A and is enhanced
by a factor of 940 at maximum compared to that of bulk exciton.

In recent years optical nonlinearity of low-dimensional
systems of semiconductors has attracted much attention
because of the possibility of anomalously high nonlinear
polarizabilities. In a quantum-dot (QD) system, photoex-
cited electron-hole pairs are three-dimensionally confined
because of the confinement potential in all three direc-
tions. In CdS,Se;_, microcrystallites embedded in glass,
an electron and a hole are independently confined and the
size effect on third-order optical susceptibility x>’ has
been studied both theoretically and experimentally.! 3

When a crystallite radius R is larger than an effective
Bohr radius ap of an exciton, a different type of
confinement appears. Since the character of an exciton as
a quasiparticle is well conserved, the translational motion
of the exciton is confined in a QD. The confinement of
the excitonic envelope wave function is expected to give
rise to enhancement of the oscillator strength f, per QD
by a factor R3/aj.>* This size-dependent oscillator
strength was experimentally confirmed by our previous
work from the size-dependent radiative decay rate of the
confined exciton in CuCl QD’s in glass® and by Itoh,
Furumiya, and Gourdon using CuCl QD’s in NaCl crys-
tals.” Such a giant-oscillator-strength effect will result in
an enhancement of the nonlinear polarizability. Experi-
mental studies for CuCl microcrystallites have shown
that y‘* is dependent upon size by measurements of the
absorption saturation of the confined excitons®® and de-
generate four-wave mixing.!®!! In the above studies,
however, the size dependence of longitudinal and trans-
verse relaxation times T'; and T, was not taken into ac-
count. Since the imaginary part of x‘* in the resonance
regime is affected by not only oscillator strength but also
relaxation parameters, it is still an open question as to
whether a giant-oscillator-strength effect on a confined
exciton enhances certainly the nonlinearity.

In this paper we report experimental evidence for the
mesoscopic enhancement of third-order nonlinear suscep-
tibility due to the size-dependent oscillator strength of
confined excitons, which was theoretically predicted by
Hanamura.? We have performed measurements of x>,
Ty, and T, of CuCl microcrystallites embedded in glass
in a wide range of sizes from 15 to 80 A. Taking into ac-
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count the measured size dependence of both T'; and T,
the size-dependent y'* allows us to find that the oscilla-
tor strength depends upon R?? and is enhanced by the
factor of 940 at maximum compared to that of the bulk
exciton. The suppression of the enhancement of x>’ was
observed at larger sizes as well as higher temperatures.
This supports the theory that the formation of the
coherent excitons within the QD plays an important role
in the size-dependent nonlinearity.

The CuCl QD’s in the glass matrix were obtained by
the double heat-treatment procedure of borosilicate
glasses doped with CuCl.® This glass was heat treated at
temperatures of 550°C-650°C to yield CuCl microcrys-
tallites with a wide range of mean radii from 15 to 80 A.
The volume fraction of QD’s is 0.1-0.4 %. The peak en-
ergy of the absorption spectrum due to the Z; exciton is
shifted depending on the mean radius,%!? and therefore
the translational motion is confined in the microcrystal-
lites. The mean radius was determined using the empiri-
cal relationship between the radius and the lowest energy
of the confined Z; exciton. This relationship was derived
by measurements of the transmission-electron micro-
graph for some of the samples studied here and the
small-angle x-ray scattering. !?

Measurements of y‘3) were carried out using degen-
erate four-wave mixing (DFWM) with a two-beam
configuration by an excimer-laser pumped dye laser with
duration of 20 ns. The pumping power level of ~10
kW/cm? which was typically used in this experiment en-
sures that the detected nonlinearity is due to the third-
order polarization. T, was determined by lifetime mea-
surements of Z; exciton luminescence using a cw mode-
locked uv laser.® T, was measured by hole burning ex-
periments and resonant luminescence experiments under
the size-selective excitation within an inhomogeneously
broadened absorption spectrum of the excitons.

The quantum confined exciton system can be con-
sidered to be a two-level atomic system. In the low densi-
ty regime of the two-level system, the imaginary part of
¥ on resonance is given by the following equation:

Imy*=(e2/2m0 ?AfIN/TITT! . (1)
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Here, f, and ', are the oscillator strength per QD and
the homogeneous width (AT, 1), respectively, and N is the
number density of QD’s. Since there exists the inhomo-
geneous broadening due to the size distribution of micro-
crystallites, we can selectively excite the microcrystallites
in which the Z, exciton level with I'; is resonant with
the pumping light. The selective excitation showing the
hole-burning effect has been demonstrated in pump and
probe experiments in CdSe QD’s.!>!* 1In this case f, N,
is proportional to al',, where a'is the absorption
coefficient at the wavelength of the pumping light and N,
is the number density of the QD’s selectively excited.
Thus, Imy'® in cgs units is rewritten as

242) (e /2myw)?
X#f,a/T, T, )

Imy*=1.3X10""X[n/(n

where n is the refractive index.

The |x¥®)| spectrum measured by changing the pump-
ing wavelength near the Z; exciton band showed the
large enhancement at the absorption peak. Such a reso-
nant behavior of the |x'*| spectrum was reported in our
previous papers.!®!! In order to discuss the size-
dependent behavior of the nonlinear polarization, we
measured values of |y®)| at the peak energy of the Z, ex-
citon absorption in CuCl QD’s with various mean radii.
Figure 1 shows the values of |x'®|/a as a function of R
in the temperature range of 80-180 K. | Xml/a depicts
the observed size dependence of ¥'*' even if each sample
contains microcrystallites with various volume fractions.
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FIG. 1. The size dependence of |x¥®’| /& measured at the Z,
exciton peak energy of CuCl microcrystallites for different tem-
peratures. The straight line shows the R! dependence. The ar-
rows indicate the radius at which the maximum value of
|x?] /a is obtained.

As shown in this figure, |¥®| /@ measured at 80 K in-
creases monotonically with the increase of R in the range
15-50 A and subsequently decreases for the larger radii.
The fluctuations of the data suggest that the value of
|x'*| /a depends on the magnitudes of T; and I', which
are sample dependent because of the presence of nonradi-
ative processes and phase relaxation due to surface im-
perfections. The maximum value of [¥®'| is 2X 1076 esu
for the volume fraction of ~0.3%. At 100 K, X3 /a
exhibits a maximum value at R,, ~40 A, shown byo an ar-
row in Fig. 1. This value is smaller than R,, ~50 A at 80
K. The radius R,, at which |X‘3’|/a has a maximum
value becomes even smaller, ~30 A at 140 K, while it
shows no peak at 180 K. These results imply the size-
dependent nonlinear polarization and the suppression of
the enhancement depending on the temperatures.'> In
order to investigate how f,, T, and I';, contribute to the
size-dependent ¥'*), we derived size dependence of these
parameters by measuring T and I'),.

Figure 2 shows a figure of merit |xY*’| /aT, as a func-

tion of R. The figure of merit increases upon an increase

of R and subsequently decreases after reaching a max-
imum value at ~45 A. The radius dependence for
R <45 A is approximately R, which is stronger than the
observed dependence of I)((”I/a This results from the
fact that T, is approximately dependent on R ~%*%. The
size-dependent behavior of the figure of merit suggests
that f, and/or I';, depend upon the radius.

I', was examined by hole-burning measurements and
resonant luminescence measurements. The hole-burning
spectrum was found to be weakly dependent on the
pumping intensity at the power density of 10-300
kW/cm?. For R =36 A, T, changed from 1.6 to 1.9
meV at these power densities. This suggests that trans-
verse relaxation of excitons is affected not only by the
scattering with phonons and the confinement sphere but
also by exciton-exciton scattering. In resonant lumines-
cence experiments, the luminescence line shape exhibited
a Lorentzian shape and I', was deduced from half of the
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FIG. 2. The figure of merit |y¥*|/aT, as a function of
cyrstallite radius. The straight line indicates the R* depen-
dence.
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half width at half maximum of the shape. Comparing the
values evaluated by the two different measurements, we
found that the discrepancy is about 20%. Consequently,
we used the values of I', which were determined from the
linewidth of resonant luminescence at the same pumping
power levels as the DFWM experiments (~ 10 kW/cmz)
The value of ' is about 1.9 meV for R =20 A, while it
decreases with increase of R for R <50 A. For larger ra-
dii, the value becomes a constant value of about 0.9 meV.

Using the measured values of I';,, a, and T';, values of
[x®|T, /aT,; were calculated. Shown in Fig. 3 is
[x'®|T, /aT; as a function of R. This figure demon-
strates clearly that f, increases upon an increase of R in
the range of 1540 A. For R >40 A, however, it de-
creases suggesting the suppression of the enhancement
because of the contribution from the higher confined
states. The least-square fit of the radius dependence al-
lows us to find R%? taking the data for 19 <R <40 A.
This radius dependence of f, is in good agreement with
the observed dependence of R*! which was derived from
the radiative lifetimes of the Z, excitons.® It is worth
noting that the stronger dependence seen for R <19 A
may be related to the deviation from the exciton
confinement since the ratio R /ay is smaller than 3 in this
region. 16

The smaller radius dependence of the oscillator
strength compared to the theoretical expectation of R 3 is
mainly due to the finiteness of the confinement potential.
In the theoretical model, the infinite and spherical poten-
tial is assumed outside the QD consisting of an ideal crys-
tal and the effect of local fields is neglected.® In this
study, however, the band edge of the borosilicate glass is
about 4.3 eV, whereas the band gap of the CuCl crystal is
3.42 eV. Consequently, the wave function can penetrate
into the glass, and thereby the weaker confinement effect
on the oscillator strength can be expected. The following
contributions might also alter the size dependence: (1)
the effect of the inhomogeneity in the size of the micro-
crystallites; the selective excitation cannot exclude com-
pletely the contribution from the microcrystallites with
different radii which are simultaneously excited within
T',; (2) the frequency dispersion effect of |x'*)|; the micro-
crystallites which are “off resonant” with the pumping
wavelength may contribute to the |y'*’| measured with
the selective excitation of the mirocrystallites concerned.
However, other effects such as polarization charge and
the trapping states induced at the interface are ruled out
in CuCl, since we observed no luminescence from such
centers. We can also ignore an effect of the inhomogenei-
ty in the shape of the microcrystallites. Unlike CuCl mi-
crocrystallites embedded in NaCl crystals,” the
transmission-electron micrograph of our samples gave a
confirmation of the absence of a disclike crystallite which
causes the stronger confinement in one direction.

For R >40 A, both f, and |x¥'*|/a decrease with in-
creasing R. This decrease suggests that the contribution
from the higher states of the quantum confinement can-
not be neglected to the third-order polarization. Such a
behavior is more clearly demonstrated by the size depen-
dence of |x¥®|/a at higher temperatures in Fig. 1. If we
calculate the energy separation AE between the lowest
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FIG. 3. The size dependence of |y'*|T', /aT, (xf,). The
straight line indicates the R >* dependence.

and the first excited levels of the confinement correspond-
ing to Rm, we obtain 6, 9, and 16 meV for R,, ~50, 40,
and 30 A, respectively. These energies are comparable to
the thermal energies of corresponding temperatures.
Therefore, the saturation behavior of the increase of
lx®|/a as well as f, is interpreted in terms of the
thermal distribution of the confined excitons at the
higher levels. The contribution from the higher levels
cancels out the resonant enhancement at the lowest level.
Theoretically, Takagahara demonstrated the decrease of
x® for larger sizes taking into account the redistribution
of the oscillator strength under the condition that the
many confined levels are included within the homogene-
ous width.!” This is in line with the continuous change
of the mesoscopic enhancement into the finite nonlinear
polarizability of the bulk crystal.

From the above arguments we might expect a higher
maximum value of |x'®'| at temperatures lower than 80
K. However, such an enhancement cannot be expected if
we take into account longitudinal and transverse exci-
tons. A confined exciton with a larger radius corresponds
to an exciton with a smaller wave vector where a
longitudinal-transverse splitting A, is important. An
exciton of which a confinement energy is smaller than
Ay could not contribute to the nonlinear polarization. '®
Using A r=35.7 meV in CuCl, we obtain a corresponding
radius of 50 A. Therefore, the giant-oscillator-strength
effect disappears for R <50 A.

In what follows, we can estimate values of f, using the
results in Fig. 3 and Eq. 2) Taking the value of
7.5%X107% esuchm/s as |x®|T, /aT; for R =15 A
and 1.7X107% esueVcm/s for 40 A, we estimate
fx~0.24 and 5.5 for 15 and 40 A, respectively. If we
compare the value for 40 A with that of the bulk exciton
in CuCl crystal, which is f =5.85X 1073, the

enhancement factor f, /f. z, for 40 A is 940. This value

can be compared with that derived from the measured
value of the radiative lifetime of the excitons. Taking the
lifetime of 200 ps for R =40 A from Fig. 3 in Ref. 6, we
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obtain f, /f z,~ 950. The agreement between both values

is excellent, and this gives a further confirmation for the
mesoscopic enhancement of the oscillator strength in the
QD.

Moreover, the large oscillator strength of the confined
exciton is comparable to that of biexcitons fz in the
CuCl bulk crystal; fz/f z, =3200 which was derived

from the radiative lifetime of 50 ps.!® It is worth noting
the difference of the physical picture between the biexci-
ton and the confined exciton. The giant-oscillator-
strength effect on the biexciton results from the
confinement of two excitons imposed by the Coulomb in-
teraction, while the confinement of the exciton in the QD
is externally imposed by the barrier potential. The more
interesting and important feature in the QD system is a
capability to control the confinement region changing the
extent and the height of the barrier potential. This pro-
vides a means to engineer optical properties associated
with the oscillator strength.

In conclusion, we have unambiguously confirmed that
the size-dependent Y'® originates from the giant-

oscillator-strength effect on the confined exciton in a QD.
The oscillator strength compared to the bulk value
fx/f z, is enhanced by the factor of 41-940 depending

upon the radius from 15 to 40 A. The suppression of the
mesoscopic enhancement for the larger sizes, which is
dependent on the temperature, revealed that the resonant
enhancement with the lowest confinement state plays an
important role in the size-dependent x'*). At higher tem-
peratures, the redistribution of the oscillator strength
within the homogeneous width causes the saturation and
the decrease of the size-dependent polarizability.
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