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tholummsse@ence spectra of CsPbCl; have been measured for various (nano-,
micro-, and poly-) crystalline states, using film samples of high quality achieved
by quench deposition and subsequent heat tweatments. In great contyast o
the case for bulk CsPbCls, all the spectra are chamctenmd by a single, free

exciton emission band, exbibiting no emission related to trap states even for ﬁze
microcrysialline/nanocrystalline states. The microcrystalline/nanocrystalline
states show much stronger free-exciton emission than the polycrystalline
state. The enhanced free-exciton emission is suggestive of the occurrence of
@xcztomc sm;mdmﬂce The absence of trap states is favourable for excitonic

1. Hm

Several papers have been published on the photoluminescence of CsPbCl; crystals. Different
huminescence spectra bave been observed for CsPbCl; excitons, depending on the different
crystalline forms (or morphologies) of the specimens studied. Basically three distinct emission
bands show up for the bulk CsPbCls crystal [1-4], namely thet due to a free exciton and those
due to two kinds of trapped exciton, whereas for the polycrystalline CsPb(Cl; film [5], the
emission due to trapped excitons is weak in intensity and unresolved in structure, as compared
with the free~exciton emission. On the other hand, various features of exciton emission bands
appear for microcrystals embedded in a CsCl crystal matrix [6-8], depending on the sample
ation methods.

Tt has been shown that many metal halides such as silver [9], thallium [10], copper [11],
lead [12], and cadmivum [13] halides, including their mixed systems [14], can be rendered
amorphous by guench deposition yielding film samples. The amorphous films exhsbﬁ
excellent transmittance below the absorption edge and have a well defined, characterist
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crystallization temperare at which their absorption spectra drastically change in ontine,
The films, when crystallized at temperatures just above the crystallization temperature, are
generally in a microcrystalline state, and change into the 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
properties of the films are particularly evident for CsPbCls. This motivates the present studies.
We are interested in two questions: which emission bands are dominant for the excitons in such
high-quality CsPbCl; films; and what modification is exhibited in the luminescence spectrum
due to the effect of confinement of the excitons within the microcrystallites in the films?’

CsPbCl; is characterized by very different (by 1 eV) optical energy gaps for the amorphous
(4 €V) and the crystalline (3 V) states, with the latter showing a sharp exciton absorption
peak just above the gap (figure 1). This is favourable for investigating absorption and/or
luminescence properties of CsPbCl; microcrystals embedded in the amorphous matrix of
the same compound. (Completely crystallized) microcrystalline films, on the other hand,
provide alternative, extremely densely microcrysial-dispersed, specimens (of a filling factor
of unity for the CsPbCl; microcrystal particles) for studies of mesoscopic optical properties
of microcrystals. In the present work, we measured the luminescence, as well as absorption,
spectra for the amorphous, microcrystalline (or nanocrystalline), and polycrystalline states of
the same starting CsPbCly films prepared by quench deposition.

2. Experimentall details

The amorphous films of CsPbCly were obtained by quench deposition onto silica-glass
substrates attached to a copper block cooled to 77 K. The deposition was carried out in a




vacuum of about 9 x 10~° Pa using a tungsten basket heating element placed 8 cm in front of
the substrate [12]. The crystallization (into a microcrystalline state) of the amorphous films
and subseguent crystal growth (into a polycrystalline state) in the films were carried ount in
two different ways, i.e., by a rapid heating/cooling operation (rapid heating up to above the
crystallization temperature, 302 K [15), immediately followed by rapid cooling to 77 K) and
a slow heating/cooling operation. The former operation was performed by means of shot-like
IR irradiation of the filius using a cw CO; laser (wavelength, 10.6 pm; power, 10 W), with
the substrate kept in contact with the 77 ¥ copper block. One shot cansed one cycle of the
rapid heating/cooling. The irradiation time per shot was in the range 107%-3 s, depending
on the desired crystalline sizes. On the other hand, the latter operation was carried out by
heating the copper block with a resistive heater, at the heating rate 10 K min~! (the cooling
rate was in the range 10~-50 K min~"). For each run of the rapid or slow heating/cooling cycles,
photoluminescence and absorption specira of the films were measored in siiu using a liguid
nitrogen-cooled CCD spectrometer equipped with a 0.47 m grating monochromator. A SO0 W
zenon lamp (in combination with 2 0.5 m grating monochromator) and & 30 W dewterinm
lamp were used as the light sources for the photoluminescence and absorption measurements,
respectively. The huminescence was excited at 4.4 and 3.3 eV (downward-pointing arrows in
figure 1) for the amorphous and crystalline states, respectively, and recorded in 2 backward-
scatiering geomelry to minimize reabsorption. The recorded luminescence spectra were not
corrected for spectral seasitivity of the measuring system. The CCD element itself had a
relatively flat speciral sensiiivity in the region 3800-7900 A (3.26-1.57 V).

3. RBesulils and discussion

Figures 2 and 3 show the luminescence spectea at 77 K of a quench-deposited CsPbCl; film for
the amorphous (figure 2), microcrystalline (figure 3(a), dashed curve), and polycrystailine
(figure 3(a), solid curve) siates, together with the absorption specira (at 77 K) for the
microcrystalline (figure 3(b), dashed curve) and polycrystalline (figure 3(b), solid curve)
states. The spectra were first measnred for the as-deposited (amorphous) film, and then
the film was subjected to the first and second runs of the slow heating/cooling operation
to measure the spectra for the microcrystalline and polycrystalline states, respectively. The
highest temperature (anpealing temperature) experienced by the film and its time doration
{anmealing fime) were, respectively, 350 K and 10 min for the first ron (mmicrocrystalline state)
and 430 K and 10 min for the second ron (polycrystalline state).

Asseen from figore 2, three emission bands were observed for the amorphous state, namely
a prominent band peaking at around 2.85 eV (with a full width at half-maximum, FWEHM, of
about 0.5 eV) and two small bands at 2.50 and 1.92 eV, with the 1.92 ¢V band superimposed
on a broad, weak emission band around 1.8 eV, These bands were characterized by very large
Stokes shifis, e.g., about 1.58 eV for the highest-energy (2.85 eV) emission band, relative to
the first absorption band peaking at 4.4 eV (excitation energy; see figure 1).

Previously [12], we discussed the absorption spectrum of amorphons CsPbCly in terms
of a molecniar orbital theory based on a localized quasicomplex Pb** (C17)s model, where the
4.4 eV absorption band was related to the spin-orbit allowed 3Py excited state produced by the
transitions from the localized Pb?*" 65-6p states. The consideration was recently confirmed
by our subsequent measurement [16] of the fundamental absorption spectrum of (crystalling)
Cs4PbCls, whose crystal structure is composed of a hexagonal regular array of Pb* (C17)s
octabedra with the central Pb%" ions mutually isolated by intervening (between the octahedra)
Cs™ ions, and whose low-energy absorption characteristics were very similar in feature to
those of the amorphous CsPbCl;. As compared with the above-presented emission spectrum
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Figare 2. The luminsscence specivam measured at 77 K for the amorghous state vsing the 4.4 eV
sxciting Hght.

(figure 2) of the amorphous CsPbCla, however, the spectrom of crystalline Ce,PbClg encited
at 4.3 €V (peak energy of the lowest absorption band) exhibits a prominent emission band
at around 3.4 eV (FWHM, 0.36 ¢V) with the Stokes shift 0.9 eV [5], at liguid nitrogen
temperature. It is interesting to note that, despite the close resemblance of the absorption
properties of the amorphous CsPbCl and crystalline Cs4PbClg, they show quite different
luminescence properties from each other. For disclosing the origin of the difference, however,
detailed measurements are necessary.

For the crystalline states (figure 3(a))-—microcrystalline or polycrystalline—only a single
emission band due o exciton recombination was observed (no other emission was observed
although the measurements were cartied out over the photon energy region down to 1.4 eV). s
peak energy and FWHM were, respectively, 3.019 eV and 22 meV for the miciocrystalline state
and 3.005 eV and 19 meV for the polycrystalline state. The corresponding exciton absorption
peak energies were 3.021 and 3.014 eV, respectively, yielding very small Stokes shifts (2 and
9 meV, respectively). The confinement-induced blue-shift of the exciton energy was larger
for the emission energy (14 meV) than for the absorption energy (7 meV). It should be noted
that the exciton luminescence was strongly enhanced in intensity by the confinement of the
exciton, as seen from the comparison of the two emission bands in figure 3(a); the ratio of their
peak intensities amounted 1o 2.1,

The present exciton luminescence is different in feature from any CsPbCl; exciton
tuminescence reported so far, i.e., for bulk CsPbCly crystals [1-4], polycrystalline CsPbCls
films [5], and CsPbCl; aggregates in Pb**-doped CsCl crystals [6-8]. For example, the
luminescence spectrum of the bulk crystal measured at Houid nitrogen temperature [2] is
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 was deduced in [2] from the measured spectrum by a line-shape
analysis using Gaussian fits). The highest-energy band is attributed to free excitons and the
lower-energy bands to trapped excitons. At lower temperatures below 40 K, the free-exciton
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Figmre 3, The lumi we (a) and absorption (b) specira measwred at 77 ¥ for the microcrystalline

({dashed curves) smé polycrystalline (solid curves) states, The luminescence was excited at 3.3 eV.

lominescence becomes strongest in intensity. The FWHM of the frec-exciton luminescence
band is almost the same (70-80 meV) in the temperature range at and below liguid nitrogen
E@mpﬁmw@ For polycrystaliine films [5], a free-exciton emission band (peak energy, 2.9606V;

] VI, about 30 meV) was observed at 5 Kiogether with weaker lower-cnergy erission due to
tmpgs@d excitons. For Po?*-doped CsCl crystals, complicated structural emission spectra [6, 7]
were observed, depending on the different ways in which the specimens were heai-treated. The
struciural characier was interpreted in terms of plate-like growih of the CsPbCls aggregates (in
a suitably hest-treated sample, several emission bands were observed dus to recombination of
the free excitons confined in various CsPbCly plates with different thicknesses). On the other
hand, the present luminescence speciva are composed of a single, fres-exciton emission band
with higher peak energies (3.005 and 3.019 €V for polycrystalline and microcrystalline states,
respectively) and smaller FWHMSs (19 and 22 meV, respectively). There are no trap states for
the excitons in the films prepared by crystallization via the amorphous phase. It is considered
that lattice ections such as impurities and lattice distortions are driven away from the
interior of the individual crystallites in the crystallized film. 1t is notsble that excitons even in
the microcrystalline film are free from being trapped, despite the expectation of a high density
of surface states.
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Figure 4. The tempsranire dependence of the peak intensity of the lnminescence excited at 3.3 eV,
measured for the microcrystalline (solid circles) and polycrystalline (open circles) states.

Figure 4 shows the temperature dependence of the exciton luminescence, where the
peak intensities of the emission bands are plotied logarithmically versus temperature. The
luminescence was distinctly observed even at room temperature for both the microcrystalline
and polycrysialline states. The activation energy was roughly estimated to be in the 1ange
40120 meV for both states. The values are favourably compared with the binding energies,
60-67 meV [15, 17, 18], of the CsPbCl; excitons. The guenching of the luminescence with
increasing temperatures is atiributable to ionization of the free excitons.

To investigate confinement-enhanced free-exciton laminescence for various crystaliine
sizes, we observed luminescence spectra stepwise during nucleation and subsequent crystal
growth in a quench-deposited CsPbCl; film. For this purpose, we monitored the Inminescence
spectra, together with the absorption spectra, of the film subjected to repeated cycles of the rapid
heating/cooling operation described in the previous section. The results are shown in figure 5.
The numbers, 1-7, in the figure indicate the orders of the runs of the heating/eooling cycle.
For larger sumbers (run mumbers), both the luminescence {figure 5(a)) and the absorption
(figure 5(b)) spectra shifted o lower energies. On the other hand, although the absorption
intensity monotonically increased with the run number, the luminescence was maximum in
intensity for the third run (run number 3), after which the luminescence intensity decreased with
increasing run number. Notably the absorption intensity was much weaker for the third run than
for the last run (number 7); the last run was characterized by the biggest absorption peak and the
weakest luminescence band. It was shown that the integrated (up to 4 eV) absorption intensity
below 4 eV (where the CsPbCls film was transparent in the amorphous siate) remained almost
unchanged after the third run, indicating completion of the film crystallization af the third run.
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The FWHM of the uminescence band decreased with the run number from 28 meV (first run)
0 18 meV (lastrun). Itis notable that the luminescence spectrum for every crystallive state was
invariably composed of a single, free-exciton emission band with larger peak energies (3.005-
3.038 eV) and smaller FWHMSs (18-28 meV) than those reported go far for the CsPbCl; bulk
and film samples

The peak energies of both the exciton emission (3.006 eV) and absorption (3.016 eV)
spectra for the last run are very close to those (3.005 and 3.014 eV, respectively) of the
polycrystalline filne shown in figure 3. The resuling film (after the last run) is, therefore,
considered o be nearly in the polycrysialline state. The substantally blus-shifted spectra
appearing in the sarlier stages of the rapid heating/cooling cycles refiect the microcrystalline
or nanocrysialline nature of the fiten. Tt is considered that fine microcrystallites of CsPb Tl were
generated in the amorphous surroundings in the first and second runs and a microcrysialline
fillm (with 2 filling factor of unity for the CsPhCl; microcrysial pasiicles) was vielded in
the subsequent runs. Thus the crystal growih from microcrystal/nanocrystal fo polycrystal
occurred stepwise in the flm dusing the period from the first to the last heating/cooling
cycles. We pote here that the emission band for the microcrysialline state achieved by the
slow heating/cooling cycle (figure 3(2)) was sitnated, in its peak energy (3.019 ¢V) and peak
intensity (2.1 tdmes that for the polycrystalline state), between the emission bands for the fifih
(peak energy, 3.024 eV; peak intensity, 3.2 times that for the last run) and sixth (3.016 eV,
1.3 times) runs in figure 5(a).

To compars the luminescence efficiency (by which we mean the luminescence intensity
per net crystalline film thickness) among different crystalline sizes, we first normalized the
luminescence spectra in figure 5(a) with respect to the absorbed intensity of the exciting ficht
(figure 6(a)} and then corrected the results for reabsorption (figure 6(b}). In the correction for
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reabsorption, we assumed an exponential decrease inside the film of the exciting light, and
neglected the effect of the subsequent reabsorption of the re-emitted light because the efficiency
of emission at 77 K was considered to be low (as compared to ‘expected’ lower-temperature
efficiencies; see figure 4). Thus the correction was made using the relation

g le(hv) + a(hve,e Y uor (hv)

cor (v} : s
(1 +expl—~{a(hv) + ol )1d)
where Ing (Rv) is the normalized emission intensity, shown in figure 6(a), of the film excited
at fiveye (3.3 eV) measured at photon energy Av. a(hv) and a(hv.,) are the absorption
coefficients of the film at Av and hv,,., respectively, and d is its thickness. As seen from the
figure, the larger the run number, the stronger the effect of the correction; the peak intensity
for the last run (polycrystalline state) was enhanced by a factor of 2.9 by the correction.
Nevertheless the luminescence efficiency was smallest for the polycrystalline state.

For quantitstive comparison of the luminescence intensities among different crystalline
sizes, we plotied, in figure 7, the integrated intensities of the corrected luminescence specira
versus the blue-shifis in peak energies relative to the peak energy for the polycrystalline stat
ail the data points are indicated by the ron pumbers. The x-axis of the plot can be viewed as
a measure of the mean size of the crystallites in the film-—that is, the larger the x-value, the
smaller the size. It is seen from the figure that the microcrystalline state with the 17 meV blue-
shift is enhanced in luminescence efficiency by a factor of 5.2 compared to the polycrystalline
state.

A possible explanation for the microcrystallite-size dependence of the luminescence
intensity may be given in terms of excitonic superradiance. Excitonic superradiance is a
cooperative radiation process of a coherently delocalized exciton in a crystal, leading to a very
short radiative decay time depending on the coherence length, i.e., the extent of the coherently
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Figure 7. The integrated Inminescence intensities of the corrected luminescence spectra shown
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delocalized exciion. Since the coberently delocalized exciton state is the coherent superposition
of all the lowest electronic excited states at individual unit cells contained in the crystal, such
an ideal state is generally not achieved in a bulk crystal due to lattice imperfection (as well
as lattice vibration) even at very low temperatures. However, the sitvation is different in the
case of a very small crystatlite (inicrocrystal), because the exciton coberence length is Hmited
o the size of the crysiallite and thus because the exciton can easily be coherenily delocalized
throughout the crystallite. Therefore, excitonic superradiance has only been observed for
roicrocrystals of high quality (review articles are available [19, 207},

Nikl er al [8] observed picosecond decay kinetics of the CsPbCly aggregates
{microcrystals) embsdded in CsCl crystals. They found single-exponential decay with a decay
time in the range 20-40 ps at 10 K for the free-exciton emission. They ascribed the very
short decay time (compared with that observed for the bulk-crystal free-exciton emission,
about 500 ps at 10 K [21) to excitonic superradiance in the CsPbCly aggregates. It is quite
reagonable to assnimne that the superradiance-induced very rapid radiative decay causes a very
high lnminescence yield of the confined excitons. Therefore, it is tempiing 1o explain the
Inninescence behaviours (figure 7) in the present film in terms of excitonic superradiance,
since the fact that there is no trap state in the film is favourable to excitonic superradiance
{irap states may cause dephasing of excitonic superradiance). Indeed, in the luminescence
spectrum for the CsPbCl; aggregates for which excitonic superradiance was reported [8], no
emission bands due fo trapped excitons were observed (such aggregates were achieved in a
suitably heat-treated sample).

Itis known that the decay time of the superradiant excitons is inversely proportional to the
volume of the microcrystals [21, 221, This means that the larger the size of the microcrystals,
the higher the luminescence yield (per volume of the microcrystals), unless the excitonic
superradiance is quenched. Theretore, under the assumption of excitonic superradiance in our



films, the increase of the luminescence intensity from run number 1 to run number 3 in figure 7
corresponds to the increase of the superradiance-enhanced radiative decay rate due to crystal
growth. The subsequent decrease of the Tuminescence intensity with increasing run number,
i.e., increasing size of the microcrystals in the film, is considered to be due to dephasing-
induced quenching of the excitonic superradiance. The main cause of the dephasing in the
excitonic superradiance may be exciton-phonon scatierings rather than lattice imperfections
in the microcrystals. Preliminary measurements at liguid helivm temperature showed intense
free-exciton luminescence for larger microcrystals, presumably due to excitonic superradiance.
The results will be reported elsewhere.

4, Conclusions

Photoluminescence spectra of CsPbCly have been measured for various (nano-, micro-, and
poly-) crystalline states, using film samples of high quality which can be achieved by quench
deposition and subsequent heating/cooling operation. All the spectra exhibit a single, free-
exciton emission band, without showing trapped-exciton emission, and thus reflecting a hi gh-
quality crystalline nature of individual crystallites in the films, in great contrast to the case
for bulk CsPbCly crystals. The microcrystalline/nanocrystalline states show much stronger
free-exciton emission than the polycrystalline state. The enhanced free-exciton emission is
suggestive of the occurrence of excitonic superradiance. The absence of the trap states is
favourable to the assumption of excitonic superradiance. Excitonic superradiance of such
extremely densely dispersed microcrystals as those in the CsPbCls microcrystalline films is
fascinating when considering application in thin-film lasers. Work is in progress aimed at
achieving lasing action in such films. The results will be reported later,
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