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Abstract

High-quality CsPbCl; films composed of crystallites with narrow size distributions are achieved for various size levels, from
microcrystalline to polycrystalline, by a novel heat-treatment method applied to the same amorphous films. Their
photoluminescence is dominated by free-exciton emission at every size level without showing trapped-exciton emission in great
contrast to the case for single crystals. The microcrystalline state shows more than an order of magnitude stronger free-exciton
emission than the polycrystalline state, and exhibits intense stimulated emission under high-power excitation.
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1. Introduction

Many metal halides such as silver [1], thallium [2],
copper [3], lead [4] or cadmium [5] halides, including their
mixed systems [6], can be rendered amorphous by quench
deposition yielding film samples. The amorphous films
exhibit excellent transmittance below the absorption edge
and have a well defined, characteristic crystallization
temperature at which their absorption spectra drastically
change in outline. The films, when crystallized at tempera-
tures just above the crystallization temperature, are
generally in a microcrystalline state, and change into
polycrystalline state when they are subsequently annealed
at higher temperatures. Many of the crystalline films
produced via the amorphous phase, whether they are
microcrystalline or polycrystalline in nature, show very
high transmittance compared with (polycrystalline) films
deposited onto hot substrates. These characteristics can be
exploited for studying mesoscopic optical properties of
microcrystals of metal halides (including their mixtures).

Many informative papers [7-22] have been reported on
optical properties of CsPbX; microcrystals embedded in
CsX or PbX, crystal matrices (X = Cl, Br). These studies
are based on the measurement of photoluminescence of
microcrystals thermally grown in Pb*-doped CsX crystals
or Cs*-doped PbX, crystals, and deal successfully with
quanturn size effects on excitons, sach as confinement-
induced blue shifts of exciton energy and confinement-
induced changes in the decay kinetics of excitons, or aim at
elucidation of growth Kkinetics of the microcrystals.
However, concerning confinement-induced change in the
luminescence intensity for exciton recombination, no study
has been reported so far, presumably due to difficulty in the
sample preparation. On the other hand, we have shown {23]
that well identified, various crystalline (microcrystalline to
polycrystalline) states can be achieved for CsPbCl; by
suitable heat treatment of amorphous films of the com-
pound. The microcrystalline state is characterized by a well-
averaged microcrystallite size for. which blue-shifted
exciton resonance due to guantum size effect on the exciton
is clearly observed even in the absorption spectrum. In the
present work, various size levels of well-averaged micro-
crystallite sizes were achieved for the same starting
amorphous films by a novel heat-treatment method. This



enabled us to directly compare exciton luminescence
intensities among various size levels of the CsPbCly
microcrystals for the first time. To our knowledge, such a
comparative investigation of confinement-induced changes
(guantum size effect) in the exciton luminescence intensity
has not been reported in any other compound so far for such
extremely densely dispersed microcrystals (compared to
those dispersed in bulk crystals) as those contained in the
microcrystalline CsPbCl; films.

2. Experimental

We first prepared amorphous CsPbCls films by guench
deposition onto silica—glass substrates attached to a copper
block cooled to 77 K, in order to prepare the high-quality
microcrystalline (and polycrystalliney CsPbCls films
described above. The deposition was carried ouf in a
vacunm of about 9 x 107°Pa using a tungsten basket
heating element placed 8 cm in front of the subsirate [4].
Then the 1ilms were subjected to rapid cycles of heating (up
to above the crystallization temperature, 302 K [16]) and
cooling (down to 77 K), in order to achieve various sizes of
CsPbCl; crystalline products stepwise in the films. This was
performed by means of shot-like IR laser irradiation of the
films using a cw CO; laser (wavelength, 10.6 pm; power,
10 W), with the substrate kept in contact to the 77 K copper
block. One shot caused one cycle of the rapid heating/
cooling. The irradiation time per shot was in the range 10—
3000 ms, depending on the desired crystaliine sizes. For
each run of the heating/cooling cycles, photoluminescence
and absorption spectrum of the films were measured in situ
on an liguid nitrogen-cooled CCD spectrometer equipped
with a 0.47 m grating monochromator. A 500 W xenon lamp
(in combination with a 0.5 m grating monochromator) and a
30 W deuterium lamp were used as the light sources for the
photoluminescence and absorption measurements, respect-
ively. The luminescence was recorded in the configuration
of backward scattering normal to the film swrfaces in order
to minimize reabsorption, with the incident angle of the
exciting light being 45°.

3. Results

First of all, we note that CsPbCl; has very different (by
1.0eV) optical energy gaps between the amorphous
(4.0 eV) and the crystalline (3.0 €V) states, with the latter
being characterized by a very sharp Wannier-exciton
resonance just above the gap [23]. Figs. 1 and 2 show the
sequential changes in the absorption and photoluminescence
spectra of CsPbCly excitons, respectively, measured by the
above-mentioned method with the resolution of the CCD
spectrometer set at 0.2 nm (the measuring time per spectrum
was 1s and 20 ms for the Juminescence and absorption

f\‘

25 N N
P e,

2.0 ;fQ e .

Optical Density
=
i
- «&M
P
2
(;
A

ospe "/ — ]
5 /\A‘WM
4
3 e e
2 et ot
0oy e
3 i s i 2 3
2.5 300 306 310

Photon Energy {e¥)

Fig. 1. The sequential change in the absorption spectrum of CsPbCl;
excitons due to rapid heating/cooling cycles (see the text), The
spectra are shifted along the Y axis for clarity.

spectra, respectively). The luminescence was excited at
33 eV, at which the starting amorphous CsPbCl; film
exhibited excellent transmittance. The thickness of the film
was 140 nm. The numbers, 1--7, in the figures indicate the
orders of the runs of the heating/cooling cycles. The larger
the numbers (run numbers), both the absorption and the
luminescence spectra shifted to lower energies. On the other
hand, although the absorption intensity monotonously
increased with the run numbers, the luminescence was
maximum in intensity for the third run (run number 3), after
which the luminescence intensity decreased with increasing
run numbers. Notably the absorption intensity was much
weaker for the third run than for the last run (number 7); the
last run was characierized by the biggest absorption peak
and the weakest luminescence band. It was shown that the
integrated (up to 4.0 eV} absorption intensity below 4.0 eV
(where the CsPbCl; film was transparent in the amorphous
state) remained almost unchanged after the third run,
indicating completion of the film crystallization at the
third run. The Stokes shift of the luminescence relative to
the exciton absorption energy (which could be determined
for the run number larger than 3) was very small: almost no
Stokes shift was observed for the runs up to the fifth, and
only about 3 and 11 meV of Stokes shift were recognized for
the sixth and the last runs, respectively. The full width at
half maximum (FWHM) of the luminescence band
decreased with the run numbers from 28 meV (first run) to
18 meV (last run). We note that, although the luminescence
measurements were made in the photon ener gy region down
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Fig. 2. The sequential change in the luminescence specirum of
CsPbCl; excitons due to rapid heating/cooling cycles (see the text),
excited at 3.3 eV. The spectra are shifted aiong the Y axis,
differently for curves 13 and 3-7, for clarity.

to 1.5 eV, no emission was observed below 3.1 eV for all the
runs of the heating/cooling cycles.

The spectral red shift with increasing run numbers is
attributable to relaxation of guantum confinement of the
CsPbCl, exciton. The peak energy (3.016 eV) of the exciton
absorption spectrum for the last run is very close o the
exciton absorption energy (3.013 eV [23]) of polycrystalline
CsPbCly films. The resulting film (after the last run) is,
therefore, considered to be nearly in the polycrystalline
state. Conversely, the blue-shifted spectra occurring in the
carlier stages of the heating/cooling cycles reflect the
microcrystalline nature of the film (see Section 4). The blue
shift of the luminescence spectrum for the first run, about
32 meV, corresponds to that of the quantum dots of a size of
4 nm embedded in CsCl crystals [8] (in Ref, {8], the sizes of
the microcrystals are estimated from the blue shifts of the
peak energies of the free-exciton emission bands relative o
the smallest peak energy that is observed for suitably
annealed samples, under the assumption of effective-mass
approximation; the free-exciton radius is I nm). It is
considered that fine microcrystallites of CsPbCly were
generated in the amorphous surroundings at the first and
second runs and a microcrystalline film (with a filling factor
of unity of the CsPbCl; microcrystal particles) was yielded
in the subsequent runs. Thuas the crystal growth from
microcrystal to polycrystal occurred stepwise in the film
during the first to the last heating/cooling cycles. We note
that the luminescence for the polycrystalline state, though
very weak in intensity compared to that for the microcrystal-

tine state, was clearly observed at 340 K, in great contrast to
the case for single crystals, where the luminescence is
completely quenched at that temperature [24]. This suggests
that even the polycrystalline film exhibits a higher
luminescence efficiency than the single crystals.

To compare the luminescence intensities among differ-
ent crystalline sizes (but the same equivalent thickness for
the crystalline products) in the film, we normalized the
luminescence specira shown in Fig. 2 with respect to the
absorbed intensity of the exciting light using the measured
absorption intensity (at 3.3 eV). The result is shown in Fig.
3. It is seen that the microcrystalline films exhibit much
stronger exciton luminescence than the polycrystalline film
(for example, the integrated luminescence intensity for the
second run was by more than an order of magnitude larger
than that for the last run, see Section 4).

4. Discussion

Before discussing the results, it might be necessary to
mention the method for investigating the change in the
crystalline phase in the films, because the present exper-
iment is based on in situ measurements of absorption and
photoluminescence spectra of the films. For example, X-ray
diffraction method is difficult to apply simultaneously to the
in situ measurements. It is, however, well known that, as
compared with X-ray diffraction method, exciton spec-
troscopy provides powerful means for investigating crystal-
linity of materials on a nanometer-scale when the materials
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Fig. 3 The normalized luminescence spectra. The spectra in Fig. 2
are ncrmalized with respect to the absorbed intensity of the exciting
tight.



show sharp exciton resonance [25]. In particular, spectral
line-shape and peak energy and quantum yield for free-
exciton luminescence are very sensiiive to the state (or quality)
such as lattice imperfections and size of microcrystals [26].
Therefore, free-exciton spectroscopy is frequently used for
characterizing microcrystals or quantum dots [27]. In the
discussion given below, we will use FWHMSs and peak
energies of the free-exciton emission bands to judge the
quality, size and size-distribution of crystallites in the films
(also, the absence of trapped-exciton emission is used as an
indication for ‘high-quality’ of the crystallites).

The luminescence spectra presented in Section 3 are
different in feature from any exciton luminescence specira
of CsPbCl; reporied so far, i.e. bulk CsPbCl; crystals,
CsPbCly microerystals in Pb*-doped CsCl erystals or Cs-
doped PbCl, crystals and polycrystalline CsPbCl; films. For
example, the luminescence spectrum of the bulk crystal
measured at liguid nitrogen temperature [28] was composed
of three bands, peaking at 2.987, 2.950, and 2.914 eV with
the integrated intensity ratio of about 1:2:0.4 (which were
deduced in Ref. [28] from the measured speciram by a line-
shape analysis using Gaussian fits). The highest-energy
band was attributed to free excitons and the lower-energy
bands to trapped exciions. At lower temperatures below
40 K, the free exciton Inminescence became sirongest in
intensity. The FWHM of the free exciton luminescence band
was almost the same (7080 meV) in the temperature range
at and below liguid nitrogen temperature. In polycrystalline
films [29], a free exciton emission band (peak energy,
2.960 eV; FWHM, about 30 meV) was observed at 5K
together with weaker lower-energy emission due to trapped
excitons. In Pb”-doped CsCl crystals or Cs*-doped PbCl,
crystals, complicated emission specira were observed
depending on the specimens heat-treated in different ways,
and sometimes plate-like growth {7-9] of CsPbCl; micro-
crystals occurred in a suitably heat-treated sample, exhibit-
ing several emission bands due to recombination of free
excitons confined in various CsPbCly plates with different
thicknesses. On the other hand, the present luminescence
spectra were consistently composed of a single, free-exciton
emission band with the larger peak energies (3.005-
3.038 eV) and the smaller FWHMs (18-28 meV), without
exhibiting any trace of trapped-exciton emission. The larger
peak energies reflect quantam size effect on the free excitons
confined within the microcrystallites (the larger peak energy
3.005 eV at 77 K than 2.960 eV at 5 K in Ref. [298], both for
the polycrystalline state, is due to positive temperature
coefficient {30] of the free-exciton energy) and the smaller
FWHMs (i.e. smaller inhomogeneous line-broadenings)
mean a high-quality nature and/or well-averaged size of
the microcrystallites. The latter properties (high-quality
nature and/or well-averaged size) of the microcrystallites
should be stressed in view of the smaller FWHMs (at 77 K)
than that at 5 K for the polycrystalline film. In particular,
reflecting the high-quality naure of the microcrystallites,
there is no trace of trapped-exciton emission. The absence of

trap states for the free excitons means that lattice
imperfections such as impurities and lattice distortions are
drove away from the interior of the individual crystallites. It
is notable that excitons even in the microcrystalline films are
free from being trapped, despite the expectation [31] of a
high density of surface states. To conclude, high-quality
microcrystallites with narrow size-distributions are
achieved at various size levels in the film by the fast
heating/cooling operations carried out for the same starting
amorphous film.

More noticeable feature exhibited by the present film is
the strongly enhanced free-exciton luminescence in the
microcrystalline state, For a quantitative comparison of the
fuminescence intensities between different crystatline states,
we plotted, in Fig. 4, the integrated intensities of the
normalized luminescence specira (Fig. 3) versus the blue
shifts in peak energies relative to the peak energy of the last
spectrum (run number 7, polycrystailine state); all the data
points are indicated by the run numbers. The X-axis of the
plot can be viewed as a measure of the mean size of the
crystallites in the film, that is, larger the X value, smaller
the size (the data point 1 corresponds to the size about 4 nim
as mentioned in Section 3). It is seen from the figure that the
luminescence intensity for (the microcrystalline state with
the mean size corresponding 10} the blue shift of 26 meV
amounts to about 11 times that for the polycrystalline state.

Baltog et al. {32] studied exciton Iuminescence under
high-power excitation in single crystals of CsPbCly and
observed stimulated emission related to free-excitons for a
particular optical configuration. Since the microcrystalline
CsPbCly films are characterized by the excellently strong
free-exciton emission compared to that of single crystals as
suggested above, they are expected to show much stronger
stimulated emission than the single crystais. To demonstrate
the expectation, we show in Fig. 5 an example of
luminescence spectra (curves 1 and 2) of a very thin film

T T T TR T T TEEEY

GsPbClg 3 2
10 VR m B

O boaaatsaanl +1 1 borasadesa

0 10 20 30
Biue Shift (meV)

Integrated Luminescence Intensity (arb. unit)
o
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Fig. 5. The exciton luminescence spectra measured under high-power excitation for the microcrysialline (a) and polycrystalline (b) states of a

fibm of 78 nm thickness.

(thickness, 78 nm), measured for the microcrystalline (a)
and polycrystalline (b) staies under high-power excitation
using an N, laser (337 nm, 3.68 eV). The measuring optical
configuration was the same (except the use of the N, laser
instead of the xenon lamp and the monochromator) as that
employed in the measurement of the spectra shown in Fig. 2.
The crystallite-size levels for the microcrystalline and
polycrystalline states correspond nearly to those for curves
5 and 7 shown in Fig. 2, respectively, as judged from the
peak positions of the ordinary luminescence specira (not
shown in Fig. 5). The excitation power was 140 kW/cm?® for
curves 1 and 280 kW/cm? for curves 2. The spectra were $0
normalized that the peak value for curve 1 in (b) was vnity.
it is seen from the figure that the microcrystalline state
exhibits about an order of magnitude sironger luminescence
intensity than the polycrystalline state for equal excitation
powers, roughly speaking. By spectral analysis curve 1 for
the microcrystalline state could be decomposed into three
bands, namely F (Lorentzian), X (Gaussian) and S
(Lorentzian) bands in the order of decreasing photon
energy; S band is plotted in the figure. Although F band,
which corresponds to free-exciton recombination, and X
band were yielded (by spectral analyses) from all the spectra
in Fig. 5, § band, whose peak energy (2.965 ¢V) lies in the
same photon energy range as that (2.963-2.968eV)
reported in Ref. [32] for stimulated emission, only showed
up for the microcrystalline state. FWHM of 5 band was
10 meV for curve { and 8 meV for curve 2 (in (a)), which
are very small compared to those (18-28 meV) for the free-
exciton emission bands shown in Fig. 2. The ratio of the
integrated intensities of § bands for curves 1 and 2 was 1:14,
as compared to the ratio 1:2 of the corresponding excitation
powers. We note that the excitation power under which the
S-band integrated intensity amounted to 10 times that for

curve 2 (in (a)) was 700 kW/em® (2.5 times that for curve 2
in (a)). The rather exponential increase in the emission
intensity with the excitation power, together with the
spectral narrowing, for § band clearly indicates the
occurrence of stimulated emission. We note that an onset
of stimulated emission was also recognized for the
polycrystalline state of the same film but under much
higher-power excitation, above 2400 kW/cm® (17 times that
for curve 1 in (a)).

The optical configuration employed by Baltog et al. for
observing stimulated emission in single crystals is very
different from the present one. They trradiated the crystals at
77 K with an N, laser and measured luminescence spectrum
in a detection configuration in which the angle, ¢, between
the emiited light and the irradiated crystal surface was very
small, about 9°. At excitation powers above 100 kWicmz,
stimulated emission was observed, peaking at energies in
the range 2.963-2.968 eV. However, it was difficult to
observe stimulated emission for ¢ ~ 45°, A long optical
path within the irradiated crystals was required in order to
evidence the occurrence of the stimulated emission, in great
contrast to the case for the present microcrystalline films,
where strong stimulated emission was easily observed for
the very short photon path length (78 nm) in the film, as
exemplified above. We note that thicker films showed
intense stimulated emission compared to the case for single
crystals, not only for the microcrystalline state but also for
the pelycrystalline state.

5. Conclusion

High-cuality CsPbCly films composed of crystallites
with narrow size-distributions are achieved for various size



levels, from microcrystalline to polycrystalline, by a novel
heat-treatment method of fast heating/cooling operations
carried out for the same starting amorphous films. Reflecting
the high-quality nature, the luminescence spectra of the
films consistently exhibit a single, free-exciton emission
band at every size level without showing trapped-exciton
bands, unlike the case for single CsPbCl; crystals. The
microcrystalline state shows more than an order of
magnitude stronger free-exciton emission than the poly-
crystalline state. Very high (compared to the case for single
crystals) quantum yields of the free-exciton emission can be
expected for the microcrystalline state because even the
polycrystalline state is characterized by more efficient free-
exciton emission than the single crystals. In favor of the
expectation, the microcrystalline state shows much stronger
(rather, intense) stimulated emission than the polycrystalline
state as well as than the single crystals, under high-power
excitation. The extremely enhanced radiance in the micro-
crystalline films is of great interest in view of their
application in opto-electronic microdevices; in particular,
the intense stimulated emission is fascinating when
considering application in thin-film lasers. Details concern-
ing the stimulated emission will be reported elsewhere,
including the results of lasing experiments as well as gain
measurements.
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