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The quantum-confinement effect is demonstrated in the luminescence of the CsPbCls-like ag-
gregated phase in Pb?'-doped CsCl single crystals. Namely, microscopic excitonic superradiance is
considered to explain the observed picosecond decay kinetics of the aggregated-phase emission band
at 420 nm. The low- and high-temperature limits of the temperature dependence of the radiative
decay time in the quantum dot are derived and compared with experimental data. Different pro-
cesses that might influence the observed wavelength and temperature dependence of the observed

decay time are discussed.

I. INTRODUCTION

The optical properties of foreign aggregated phases
(having the structure of known bulk materials) in crys-
tal or glass matrices are attracting increasing interest in
recent years in connection with the study of quantum-
confinement effects. [See Refs. 1 — 3, reviews (Refs. 4 and
5), and references therein.] In particular, semiconductor
microcrystallites are of interest due to their high radiative
efficiency. Pronounced high-energy shifts and substan-
tial broadening of absorption, excitation, and emission
spectra® have been observed, particularly when at least
one dimension of the aggregates is less than about 10ap,
where ap is the Bohr radius of the exciton in the equiv-
alent bulk material. This rough limit of aggregate size is
further modified by Coulomb and exchange interaction
among electron and holes depending on the particular
material under consideration. Furthermore, extremely
fast components in the decay kinetics have been reported
and were explained by microscopic excitonic superradi-
ance in the aggregates.” As the typical values of ag are
in the range of a few nanometers, it is necessary to fab-
ricate aggregates in the nanometer size range, in which
case the aggregates are usually called nanocrystals, quan-
tum dots (QD), or quantum boxes. Many of the observed
phenomena are then explainable as the consequences of
the spatial confinement of the exciton motion in the ag-
gregates, which gives rise to the discrete structure of the
levels near the bottom of the exciton band with the lowest
level shifted to higher energy with respect to the direct
excitonic transition in the equivalent bulk material. In
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addition to the scientific interest in quantum-confinement
effects, these phenomena have also attracted attention for
applications due to the increased efficiency of excitonic
radiative decay in confined systems. Moreover, there is a
possible enhancement of the third-order nonlinear optical
susceptibility.® Even if not in the near future, such mate-
rials, therefore, might serve as the basis of an alternative
class of solid-state lasers® and optoelectronic devices.
The most thoroughly studied systems of this kind are
CuCl QD’s in NaCl host crystals'® or in glass matrices!!
and CdS and CdSe (Refs. 12 and 13) QD’s in various glass
or organic matrices. In addition, a considerable amount
of work has been carried out on other material systems.
The optical properties of Pb2* ions in alkali halide crys-
tals have been studied for quite some time, primarily due
to interest in isolated Pb?* centers in face-centered cu-
bic alkali halides (NaCl structure). It is known that di-
valent ions tend to aggregate spontaneously in some of
these crystal matrices even at room temperature (RT).
A quenching procedure is thus currently employed in or-
der to ensure the mutual isolation of the Pb2* ions prior
to the optical measurements. The optical properties of
the aggregated Pb?* phase were reported only for the
Suzuki-like phase (i.e., with irregular structure of aggre-
gates) in KCL:Pb2*.1* As for the optical properties of
Pb2* in body-centered alkali halide crystals (CsCl struc-
ture), only a few studies dealing with the absorption'®
and steady-state emission spectra!®? of isolated Pb2+
centers have been published, and to our knowledge, there
is no information available concerning the optical prop-
erties of aggregates of Pb2* jons in this kind of crystal
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lattice.

It should be stressed that the 2+ charge state of Pb
is the most stable one in alkali halide crystal lattices at
room temperature and that is why we deal with the ag-
gregates based on Pb%* ions. The 1+ charge state of Pb
is observed usually only in z- or ~-ray irradiated crys-
tals at sufficiently low temperatures'® and clusters of Pb°
atoms have been observed only in rather photosensitive
lead halides PbX, (X=Cl,Br) after long exposure of UV
or x rays.'®

It is the aim of this paper to report on the optical
properties of a system showing the effects of quantum
confinement on the exciton motion, namely, the Pb2+
aggregated phase in the CsCl host. Its absorption, exci-
tation, and emission spectra are found to be very similar
to those of the bulk CsPbCl; crystal, while the unam-
biguous influence of the quantum confinement is observed
in the decay kinetics. The remainder of this paper is
organized as follows. In Sec. II, we discuss the sample
preparation and experimental procedures. The results of
the cw and time-resolved spectroscopy are presented in
Sec. ITI, while Sec. IV contains a discussion and analysis
of these results. We conclude in Sec. V.

II. EXPERIMENT

The crystals of CsCl:Pb (0.01% of PbCl; in the melt)
and CsPbCl; were grown by the Bridgman technique
from chemicals purified by multiple-zone melting.2° The
samples of approximate size 7x7 X2 mm were cut from
the as-grown crystal and then polished. Thin films of
CsPbCl3 on quartz substrates were obtained by evapora-
tion of bulk CsPbCl; in vacuum from a platinum crucible.

Several types of spectra were obtained employing var-
ious experimental setups. Steady-state excitation and
emission spectra were measured under excitation by a hy-
drogen flashlamp on a modified spectrofluorometer 199S
manufactured by Edinburgh Instrument (spectral resolu-
tion 2.6 nm) and emission spectra with higher resolution
(0.25 nm) were obtained by an OMA (EG&G) and exci-
tation by a nitrogen laser. The decay kinetics on the ps
time scale were measured by a Hamamatsu streak camera
under excitation by the second harmonic of a picosecond
dye laser (Antares system). The excitation and emission
spectra were corrected for spectral dependence of the ex-
citation energy and spectral response of the monochro-
mator and photomultiplier (OMA head), respectively, to
obtain the true profiles. The fluorescence decay times
were obtained by deconvoluting the measured signal with
the instrument response.

III. EXPERIMENTAL RESULTS

The transmission spectra of the CsPbCl; thin film and
the CsCL:Pb crystal are shown in Fig. 1. The structure in
transmission of the as-received CsCl:Pb [Fig. 1(a)] for op-
tical wavelength A > 320 nm can be erased by quenching
(heating at about 400 °C for 30-60 min and fast cool-
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FIG. 1. Transmission spectra of CsCl:Pb and CsPbCl; thin
films at 295 K: (a) as-received CsCl:Pb, (b) CsCL:Pb after
the quenching procedure described in the text, (c) CsCL:Pb
quenched and annealed at 210 °C for 15 h, (d) CsPbCl; thin
film.

ing to RT), as shown in Fig. 1(b), and restored by an-
nealing at temperatures ~200-250 °C for 12-24 h [Fig. 1
(c)]. The position of the lowest absorption peak in Figs.
1(a) and (c) is very close to that of the CsPbCls thin
film in Fig. 1(d), and can be shifted to the high-energy
side of the peak found in the as-received sample by an-
nealing at ~ 200°C to the quenched samples. Hence,
the absorption at A > 320 nm is clearly connected with
the aggregation of Pb2* ions in the CsCl lattice. The
steady-state excitation and emission spectra of CsCl:Pb
and bulk CsPbCl; are shown in Fig. 2, and are observed
to be to a considerable extent similar for both materials.
(Am is the wavelength of the emission-line maximum and
Az is the wavelength of the exciting light.) The intensity
of the 420-nm emission band in the CsCl:Pb sample is a
monotonically decreasing function of temperature reach-
ing at 180 K about 5-10% of the value at 10 K. The
same anomalous high-energy shift (about 7 nm between
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FIG. 2. Excitation and emission spectra of CsCl:Pb and
CsPbCl; single crystals: (a) excitation spectrum of CsCl:Pb,
A =418 nm, T'=4.2 K; (b) excitation spectrum of CsPbCls,
Am =418 nm, T'=4.2 K; (c) emission spectrum of CsClL:Pb,
Az =337 nm (N2 laser), T =10 K; (d) emission spectrum of
CsPbCls, A; =337 nm (N3 laser), T=10 K.
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FIG. 3. The decay of CsCl:Pb emission (as-received sam-
ple) at the maximum of the band, A\, = 400 nm, \,, = 419
nm, T =10 K: instrumental response to second harmonic of
ps dye laser excitation pulse is given by smaller dots. The
solid line is the convolution of the instrumental response with
single-exponential function having the decay time 33 ps.

10 and 200 K) of the emission band (with a maximum
near 419-420 nm at 4.2 K) with increasing temperature
in CsCl:Pb and bulk CsPbCl3 was found, which was ear-
lier reported for CsPbCl3.2! While the absorption and
steady-state emission of the Pb%2* aggregated phase in
the CsCl host are similar to those of bulk CsPbCls, their
decay kinetics were found to be considerably different. At
10 K three decay times — 0.5, 2.8, and 12 ns — were re-
ported for the decay of the bulk CsPbClz emission at 418
nm;?? however, at 419 nm only single-exponential decay
with time constant ~ 30 ps was found in the CsPbClj3-like
phase in as-received CsCl:Pb (Fig. 3). The decay curve
in the latter case can be fit by a single exponential in
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FIG. 4. Wavelength dependence of the decay times ob-
tained at A; = 400 nm, T = 10 K: (a) as-received CsCL:Pb
[transmission Fig. 1(a)], (b) quenched and annealed CsCl:Pb
[transmission Fig. 1(c), 15 h at 210 °C], (c) annealed CsCL:Pb
(16 h at 250 °C).

FIG. 5. Temperature dependence of observed decay times,
Az =400 nm. Because of the shift of the emission band with
rising temperature (see text), the wavelength was adjusted at
every temperature to keep its relative position with respect to
the maximum of emission band a constant (A, =419 nm at
10 K). Curve a (b) and c (d) belong to the sample described
in caption of Figs. 4(a) and (c), respectively. Curves ¢ and
d were obtained using Eq. (4). See text. The solid line in
5-50 K range is obtained using Eq. (10) with AE=2.6 meV,
7-(0) = 30 ps. The solid line in 70-270 K range is obtained
using Eq. (9) with AE=7 meV, 7.(0)=30 ps, and e=1.

the entire wavelength interval examined (406—430 nm at
10 K) with the decay time depending on the wavelength.
The general features of this dependence are the same
for the samples with different thermal histories (Fig. 4).
The temperature dependence of the decay times mea-
sured near the emission maximum are shown in Figs.
5(a) and (b) for two different samples.

IV. DISCUSSION

It is possible to conclude from the transmission, ex-
citation, and emission spectra presented that the Pb2+
aggregated phase in the CsCl host is structurally very
similar to the CsPbCls structure. We present the fol-
lowing hypothesis for the creation of the CsPbCls-like
structure in Pb2*-doped CsCl (Fig. 6). Two unit cells
of the CsCl lattice and Cs™ ions from the surrounding
ones are displayed in Fig. 6(a). The two central Cs*
ions in the cells are replaced by one Pb2* ion and the
charge compensating vacancy in the lower and upper cell,
respectively. Let us suppose that the Pb2* ion is delo-
calized over the two host cation sites in the lower and
upper cells passing through the Cl~ plane between the
unit cells as shown. During this process, the Pb%* jon
has some probability density at the position at the cen-
ter of C1~ plane, as mentioned above. This would allow
the two original cation sites to become occupied by Cl~
ions displaced from nearby Cl~ sites [Fig. 6(b)]. In such
a way, a local structure is created which is very similar
to the unit cell of CsPbCl; [Fig. 6(c)]. The process is
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likely to be initiated when several Pb2t ions are close to
each other, and the presence of the cation compensating
vacancies might make such a Pb?* preaggregate energet-
ically unstable. It is easy to imagine the growth of such
a CsPbCl;s-like phase in the plane or also in the volume
of the CsCl host, because the Cst cation sublattice is
almost unchanged and only anion vacancies and/or Cl~
ions in irregular positions can be found at the interface
between the foreign phase and host lattice. From an-
other point of view, the slight mismatch in the distances
marked in Figs. 6(b) and (c) might be the origin of the
observed low-energy shift of the exciton absorption of the
CsPbCl;-like phase [Fig. 1(a)] with respect to the absorp-
tion peak in the spectrum for the CsPbCl; thin film [Fig.
1(d)].

The high-energy shift of the excitonic absorption peak
in the sample annealed at 210°C [Fig. 1(c)], with re-
spect to the as-received sample [Fig. 1(a)], can be used
as an evidence that, in the former case, the CsPbCl;-like
phase aggregates are small enough to confine noticeably
the motion of the exciton in the Pb2t sublattice, which
has been identified as the Wannier type. This attribu-
tion is based on the interpretation of reflection, absorp-
tion, and emission spectra of features associated with the
Pb2+ sublattice of the CsPbCl3 bulk crystal.?23 Because
of the observed low-energy shift of the exciton absorp-
tion in the as-received or heavily annealed (at tempera-
tures about 250 °C) CsClL:Pb samples, with respect to the
CsPbCl; thin film, however, it is difficult to estimate the
true quantum-confinement energy, which could be used
for the straightforward determination of the aggregate
size.

The very fast decay of the CsPbCls-like phase emis-
sion is probably also connected with the confinement of
the motion of the exciton in the aggregates. The possi-
bility of strong nonradiative quenching of the emission of
the CsPbCls-like phase (i.e., shortening of observed de-
cay times by this process) can be excluded, because its
emission intensity is comparable with that of the bulk
CsPbCl; crystal at 10 K. In particular, we can rule out
the dominant role of nonradiative surface states in the
decay kinetics, though as we shall see, they may be im-
portant in order to explain the details. As already men-
tioned, the decay rate of the excitonic emission transi-
tion can be strongly enhanced compared with the bulk,
if the exciton is coherent over the entire volume of the

FIG. 6. Mechanism for the
formation of the CsPbCl;-like
unit cell in the CsCl host doped
by Pb?** ions: (a) Pb®" ion in
CsCl lattice with a nearby lying
charge compensating vacancy,
(b) transformation of the local
structure towards CsPbCl;-like
unit cell, (c) true CsPbCls unit
cell.

©

aggregate and the transition dipoles of all the constituent
molecules are in phase. The resulting superradiant exci-
tonic decay rate 7,71 is given by?*

_ Ro\® 4 pc|?
1 _ — cv
T, =64 (aB) Vs Vs 3703 (1)

where Ry is the radius of the QD (assumed spherical) and
Hew 1s the matrix element for the interband dipole transi-
tion. <, is the atomiclike spontaneous-emission rate com-
parable to the Einstein B coefficient. Because the value
of pe, for CsPbCl; is not known, we use an atomiclike su-
perradiance model to estimate the number of Pb2* ions
in the aggregates. As the Wannier exciton in the Pb2+
sublattice is only slightly larger than the CsPbCl; unit
cell (ag=9.8 A and the lattice parameter of CsPbCl; is
a=>5.2 A), we can consider the decay rate of the exciton in
the CsPbCl;s-like aggregate as the volume enhanced de-
cay rate 7y, of the single molecule (unit cell) of CsPbCls,

Tr_l = N9m, (2)

where N is the cooperativity number which we can ap-
proximately identify with the number of unit cells in the
aggregate. The parameter <y, can be estimated using
the radiative decay rates calculated for the KX:Pb2t
(X=C1,Br,I) 3Ty, — 'A4,, radiative transition,2727 as
it is known that the top of valence band and the bottom
of the conduction band in CsPbCl3 are associated with
the 6s and 6p functions of Pb2™, respectively,?® and the
first coordination sphere of Pb2* (octahedron of six C1~
ions) is very similar to those in KX:Pb2+ and CsPbCl;.
For a realistic estimate it is also necessary to consider
the energy separation E(3Ty, —! T1,) between the 377,
and higher-lying 1T}, excited states of Pb?* in the KX
matrix. [E(3T1, —! T1.) is decreasing going from the
Cl™ to the I™ anion.] The previously mentioned radia-
tive decay rate of the Pb2* ion is determined primarily
by the strength of the spin-orbit coupling between the
17, and 3T}, levels, which is inversely proportional to
E(®Ty, —! T1y). The value E(*Ty, —! Tiu) = 0.94 eV
for KI:Pb2* is very close to the energy separation be-
tween the two interband Pb2* intraionic s-p transitions
(0.95 eV), which can be derived from the absorption spec-
trum of CsPbClz thin films?® and is closely related to
E(3T1u —1 Tha) of the isolated Pb2™ ion in the KX crys-
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tal. Hence, using the values for the radiative decay rates
found in KI:Pb,?” ky + k3 =1.1x10% s~1, Eq. (2) and the
value of the observed decay time at the emission maxi-
mum at 420 nm in Fig. 4, we find the value of the effec-
tive number of CsPbCls-like unit cells (i.e., approximate
number of Pb2* ions) N =250.

In contrast to the situation found in the decay kinetics
of CuCl QD’s in the NaCl host” or CdS or CdCe QD’s
in glass matrices,® there are virtually no longer decay-
time components observed in the CsPbCls-like QD in
the CsCl host (Fig. 3). The long-time components in the
other systems have been explained by reabsorption’ or
the existence of extrinsic trap states at the QD-host in-
terface in the glass matrix.> Such reabsorption processes
are probably inefficient in our case because of the very low
concentration of QD’s in the sample (estimated QD con-
centration is in the range of several hundred ppb). Given
the present state of knowledge, it is difficult to specu-
late on the nature of possible trap states at the surface
of the CsPbClj3-like QD’s; their possible influence will be
touched upon below.

A wavelength dependence to the luminescence decay
time will arise due to the expected distribution in the
size of the aggregates, although quantitative information
on this distribution is not yet available. Nevertheless, it
is reasonable as a tentative assumption that the emission
on the high-energy side of the luminescence band is due
to aggregates small enough to produce considerable con-
finement of the exciton motion. This is supported also
by absorption spectra [Fig. 1(c)]. This can explain the
relatively flat wavelength dependence of 7, in Fig. 4(b)
for A <415 nm. We might also mention other processes,
which may further affect the A dependence of 7, in this re-
gion; at a given temperature the excited states populated
in such small aggregates have enhanced probability den-
sity near the aggregate boundary and in the host as com-
pared with larger aggregates. Thus, the excited states in
the small aggregates are more like the bulk CsCl excitons
and, moreover, sample the interface between the aggre-
gate and the host in which case nonradiative (quenching)
sites might play a relatively more important role than in
larger aggregates.

So far, we have considered only volume states; however,
it is well known that surface states may play an impor-
tant role in luminescence of small QD. Beside extrinsic
traps, which serve both as nonradiative centers and cen-
ters for donor-acceptor recombination,?%:32 the presence
of intrinsic states related to the atoms at the aggregate
surface has been reported.3?:3! Excitons bound to such
surface states (shallow traps) will be coherent over a re-
gion smaller than aggregate volume leading to radiative
decay times longer than those of the low-lying QD volume
excitons, which is also predicted in Refs. 31 and 32 and,
furthermore, can be derived from the dependence of the
decay time of the excitons localized at QW width fluctu-
ation on the lateral size of the QW width fluctuation.33
Such emission is usually situated at the low-energy side
of the emission band and, therefore, the increase in the
decay time in the region 418-422 nm could be explained
in this way. The levelingoff or slight decrease of the de-
cay time above 423 nm is difficult to account for, but

it may be connected with the dependence of the surface
trap-state coherence volume on the QD size. We have
not found any evidence that extrinsic traps are involved
in the emission process, because typical decay time of ex-
trinsic trap emission is of the order of several microsec-
onds and no slower components with such decay times
have been observed at low energy side of the emission
band.

In addition, dephasing times and the degree of ther-
malization in aggregates of different sizes are expected
to be different.3* This in turn will also lead to a wave-
length dependence to the measured decay time.

The temperature dependence of the true excitonic ra-
diative decay time 7, may be significantly different from
that displayed in Figs. 5(a) and (c) because of compet-
ing nonradiative processes after thermal equilibrium in
the relaxed excited state has been reached. Such pro-
cesses quench the luminescence and shorten the observed
decay time. In this sense, the displayed temperature de-
pendence of 7, in Figs. 5(a) and (c) provides a lower esti-
mate of the true radiative decay time. To obtain an upper
estimate of 7., the procedure applied to the analysis of
GaAs/Ga,Al; _,As quantum-well (QW) luminescence3®
can be used, which gives,

_ TL (T, A)

Tr(T, /\) = my (3)

where 71,(T, A) is the measured decay time and IL(T,\)
is the emission intensity [normalized to Ir,(10 K,\)= 1,
assuming quantum efficiency close to 1 at 10 K] derived
from the decay-curve measurement using the relation

I (T, X) = ACT(T, N), (4)

where A is the amplitude of the decay and C is a correc-
tion factor taking into account the accumulation time,
streak camera sensitivity, and the exciting laser-beam
fluctuations. The obtained dependences are given in
Figs. 5(b) and (d).

The temperature dependence of the radiative decay
time 7,.(T) in Fig. 5 can be tentatively explained as fol-
lows. At sufficiently low temperature, when only the
lowest-energy exciton state (energy FEy) is significantly
populated, the observed decay time is that characteris-
tic of this level. Moreover, if kT < E,, — Eo, with E,,
the energy of higher-lying levels n, then we still have
7»(T) ~ 7.(0). Now let us consider the states n. The
phase of the dipole moment associated with these states
has significant spatial variation over the QD, thus lead-
ing to partial destructive interference of the fields emitted
by the various local dipoles, which in turn leads to decay
rates slow compared with that of the lowest-lying level.
These considerations are expected to lead to 7, increasing
with T'.

Let us put this on quantitative grounds. Assume (i)
a thermal population of excitons occupying the various
levels,3¢ (ii) no dipole-inactive states,3” and (iii) a cube-
shaped QD with infinite barriers to the center-of-mass
motion with side length R,. Moreover, we neglect the
possibility of interaggregate cooperativity and, also, the
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probable large dielectric mismatch at the aggregate-host
interface. The quantized energy levels for the exciton
considered as a composite particle are then

Eimn = Eo + AE(I? + m? + n?), (5a)
272

= 5b

AE 2MR2’ (5b)

where M is the exciton mass. The corresponding wave
functions are ¥(r) = ¢1(z)Pm(y)Pn(z) with ¢ (z) =
v/2/Rgsinzln/Ry. Neglecting the small but finite pho-
ton momentum, the radiative decay rate of |timn.|? is
proportional to the square of the zero—wave-vector com-
ponent Cip,rn(0) of Yimn, ie.,

Clann (K) = / Br e Ty, (1), 6)

For a thermal population of states the decay rate is383°
Zlmn 2Flm"e_E'm" /ka

—1 _
w0 = Yt € Btmn/keT 7 ()

where
2Flmn = Tr_l(o)'clmn(o)lz' (8)

Timn is the amplitude decay rate of state v;,,, — hence
the factor of 2 on the left-hand side of Eq. (8). In the limit
kyT > AE, the summations in Eq. (7) can be replaced
by integrals to give

7 (T) ~ ( T )w 7.(0), (9)

where € is a cutoff of the order of unity to guarran-
tee convergence of the integral in the numerator of Eq.
(7). Thus, Eq. (9) predicts a superlinear temperature
dependence of 7,.(T') and is quite different from the two-
dimensional case [7,.(T) «x T] (Ref. 38) and the one-
dimensional case [1,(T) oc T/2].4° The result is similar
to that predicted for the optically thick bulk GaAs.!
An attempt was made to fit, using Eq. (9), experimental
data for 7,.(T') for the as-received sample in the tempera-
ture range 70-270 K (Fig. 5). Although below 100 K the
agreement is satisfactory, at higher temperatures both
the lower and upper estimates of 7,.(T') are substantially
different from the theoretical dependence given by Eg.
(9). For another estimate of the aggregate size, we may
take e=1, and assume that 7,.(90 K) lies in the range 60—
80 ps using the curves a and b in Fig. 5 at T=90 K (as-
received sample) and 7,.(0) =30 ps. From Eq. (9), we ob-
tain AE =7-8 meV. Using the relation between AE and
Ry in Eq. (5a), we find the cube edge Ry ~4 nm, which
contains about 350 CsPbCls-like unit cells (Pb2* jons),
the number being slightly higher than the estimate given
above obtained from the cooperativity number. Because
of the crude nature of both estimates, it is not possible to
discuss in detail this rather small difference; however, one
can conclude that each CsPbCl;s-like aggregate contains
several hundred Pb2* ions for the as-received CsCLl:Pb
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samples.
For kT <« AE, we can retain the first terms of the
summations in Eq. (3) to give

(T ~ (1 + 36—3AE/'%T) 7(0). (10)

Due to the noise in the data presented in Fig. 5, it is
difficult to fit the low-temperature behaviour to Eq. (10).
Nevertheless, an attempt was made (as-received sample)
for 7,.(0) =30 ps, and AE =2.6 meV (solid line in Fig. 5 in
the 5-50 K range). However, using the relation between
AF and Ry in Eq. (5a) and the size of the CsPbCl; unit
cell, a few thousand Pb%* ions in such aggregate can
be expected, which seems to be unrealistic taking into
account the rather low nominal concentration of Pb2+
ions in the melt. This result also might indicate that
strong departures from thermalization take place at low
temperatures.

Even if the theoretical prediction given by Eq. (9) is
located well between the lower and upper estimates of
7,(T') in Fig. 5, serious departures of 7,.(T') from the ther-
malization and dephasing models are not excluded, be-
cause both models predict 7,.(T") to be a monotonically in-
creasing function. We comment briefly here on the role of
acoustic and optical phonons in determining 7,.(T"). The
lattice degrees of freedom associated with the acoustic
modes form a quasicontinuum and are, therefore, effec-
tive in degrading the temporal*? and spatial® coherence
of the macroscopic dipole moment. Thus, as temperature
is raised, 7,.(T) is expected to increase. These effects,
however, are small when k,T" exceeds the homogeneous
linewidth,%? which is expected except at the lowest tem-
peratures in Fig. 5. At higher temperatures, the dephas-
ing process is governed mainly by optic phonons.4* The
substantial difference between the lower and upper esti-
mates of 7,.(T') at higher temperatures is given mainly by
the competition between the radiative and nonradiative
deexcitation processes,3® which was taken into account
in the simplest way in Eq. (4). However, from the avail-
able experimental results it is not possible to estimate the
nonradiative losses during the initial electron-hole relax-
ation preceeding the creation of an exciton. This process
is not expected to exert a strong influence on the de-
cay process itself, but rather to reduce the intensity of
the luminescence. We believe this kind of nonradiative
loss is of some importance, because from the excitation
spectrum in Fig. 2, we derive that the efficiency of lu-
minescence under higher-energy (band-band) excitation
is considerably smaller than under nearly resonant exci-
tation in the exciton absorption peak. This expectation
is supported also by the results obtained theoretically by
Benisty et al.34

Further measurements, primarily high-resolution exci-
tation spectra, temperature dependences of the overall
emission under nearly resonant excitation, and the in-
dependent determination of the size distribution of the
aggregates, are necessary to extract the intrinsic radia-
tive lifetimes of the excitons in the QD’s in order to make
a close comparison with theoretical predictions.
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V. CONCLUSION

The absorption and steady-state excitation and emis-
sion spectra of the Pb?*-based aggregated phase in the
CsCl host crystal are found to be very similar to those
of the CsPbCls bulk crystal. The observed picosecond
decay kinetics in the former case is ascribed to exciton
superradiance due to the spatial coherence of the macro-
scopic dipole moment associated with radiative transi-
tion from the exciton to the crystal ground state in the
CsPbCls-like QD’s embedded in the CsCl host. The
wavelength and temperature dependences of the decay
times observed in the time-resolved spectra are explained
based on theoretical and experimental results reported
for other QD and QW systems. The most reliable the-
oretical estimates indicate that the aggregates consist of
~250-350 CsPbCls-like unit cells, although a less reli-

able higher estimate was also obtained based upon the
low-temperature data. Further, we find that CsPbCls-
like QD’s are present already in the as-received CsCL:Pb
crystals, and their size can be modified by heat treatment
at temperatures in the range 200-250°C.
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