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Highly excited photoluminescence of CsPRGkhich is known to be one of the most photoluminescent
semiconductors, has been measured for thin films prepared by crystallization from the amorphous phase into
microcrystalline/polycrystalline states. With the increase of excitation intensity, the microcrystalline state
shows successive jumps of the dominant emission band, from a free-exciton band to its phonon replica and
finally to a lowest-energy band originating from exciton-exciton inelastic collision. For the exciton-exciton
porcess stimulated emission occurs at very low threshold excitation intensities of the order of 10%&Y/cm
77 K. At higher excitation intensities above 50 kW /Zrsingle-path-light-amplification stimulated emission
across the film thickness is observed suggesting a very large optical gain. The large-gain mechanism is
attributable to giant oscillator strength effect characteristic of excitonic superradiance recently reported for
films prepared in the same way.
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[. INTRODUCTION crocrystalline state, and changes into polycrystalline state
when they are subsequently annealed at higher temperatures.

Semiconductor microcrystals have attracted much attenMany of the crystalline films produced via the amorphous
tion over the last two decades or more owing to mesoscopiphase, whether they are microcrystalline or polycrystalline in
enhancement of linear and nonlinear optical properties. Varinature, show very high transmittance compared with poly-
ous efforts have been made to obtain microcrystals or narerystalline films directly deposited onto hot substrates. The
odimensional particles according to the object of investigamicrocrystalline films provide alternative, extremely densely
tion. In the study of quantum size effect on excitons, whichnanoparticle-dispersed specimens of high quality for study-
is one of the most attractive mesoscopic properties exhibitethg mesoscopic enhancement of optical properties.
by nanodimensional particles, the particles are usually em- Concerning CsPbgl which is known to be one of the
bedded in a glass or crystal matrix. Such a specimen hasost photoluminescent semiconductbrsywe recently
mostly been prepared by means of quenching of thermaleported that high-quality films composed of crystallites
equilibrium for phase separation of an eutectic mixture. Thewith narrow size distributions are obtainable for various
resulting nanoparticles necessarily have a size distributiorgrystallite-size levels, from microcrystalline to polycrystal-
reflecting the phase equilibrium. Furthermore, the mole fractine, by crystallizing the amorphous films step by step in a
tion of the particles is generally very small, typically of the controlled manner by means of shotlike IR laser light irra-
order of 0.1 mol % or less. Preparation of a specimen condiation of the amorphous films using a ¢{aser. Their pho-
taining nanoparticles of a definite size with a high concentoluminescence is dominated by free-exciton emission at ev-
tration is not merely desirable for the basic research of theiery size level without showing trapped-exciton emission, in
mesoscopic properties, but for their application studies.  great contrast to the case for bulk single crystai$hose

On the other hand, it has been shown that many metghotoluminescence spectrum is dominated by trapped-
halide semiconductors such as silvethallium? copper?  exciton emission related to defects in the crystalfie mi-
lead? or cadmiund halides, including their mixed systerfis, crocrystalline state shows extremely enhanced free-exciton
can be rendered amorphous by quench deposition yieldingmission as compared to the polycrystalline state, but with
film samples. The amorphous films have a well-definedthe latter state still showing stronger free exciton lumines-
characteristic crystallization temperature at which their abcence than bulk single crystals. The enhanced free-exciton
sorption spectra drastically change in outlifier example, emission in the microcrystalline state is attributed to the oc-
see Fig. 1, where the inset illustrates the trace of the changairrence of excitonic superradiance in the microcrystallites.
in optical density during slow heating at a rate of 1 K/min, The excitonic superrradiance-induced enhancement factor,
revealing that the crystallization temperature is located atvhich is the ratio of integrated luminescence intensity for the
302 K). The films, when crystallized at temperatures justmicrocrystalline state at optimal microcrystallite-size levels
above the crystallization temperature, are generally in a mito that for the polycrystalline state, varies from film to film,
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FIG. 1. The absorption spectra of CsPpfllins at 77 K for the = 44 KW/ cm?
amorphougdashed curveand crystallingsolid curve states. The £
downward arrow indicates the energy position _of theldser Ilght_ 18 KW/cm?
(337 nm used in the present study of photoluminescence. The inset
illustrates the change in optical density during crystallization
but always lies in the range from 5 to 2an the present ~ 0.1 mi/om .
paper we report subsequent studies of photoluminescence e T
measured under high-power excitation. The luminescence 2 90 2 95 3 00 3 05 310
spectra were very different in feature from those of bulk Photon Energy (eV)
single crystals reported in Ref. 9, which is the only existing
photoluminescence study of CsPh@hder high-power ex- FIG. 2. Luminescence spectra for the microcrystalline state of a

citation. It was found that the microcrystalline state of thefilm of 82 nm thickness with an effective crystallite diameter of
films shows strongly enhanced stimulated emission, com4.0 nm, measured at 77 K for various excitation intensities indi-
pared to the case for the polycrystalline state as well as theated. The maximum intensities of the spectra are normalized to
case for bulk single crystals. unity.

pulse duration, 0.5 nsnd a variable-reflectivity neutral den-
sity filter. All the measurements were carried gusitu on a
Microcrystalline/polycrystalline CsPbgfilms were pre-  liquid nitrogen-cooled CCD spectrometer with the help of
pared by the shotlike IR laser light irradiation method de-fiber optics. The resolution of the spectrometer was set to
scribed in Ref. 8. In brief, amorphous CsPpdlims, 0.5 nm.
vacuum quench deposited onto silica-glass substrates at-
tached to a copper block cooled to 77 K, were subjected to Il RESULTS
fast heating/cooling cycles by cw Gaser light irradiation '
to achieve various microcrystalline/polycrystalline states Figures 2 and 3 show luminescence spectra for the micro-
stepwise; the irradiation time per cycle was in the range frontrystalline and polycrystalline states, respectively, of a film
10 to 3000 ms depending on the desired crystallite-size levef 82 nm thickness, measured at 77 K for various excitation
els. The size levels were monitored by situ free-exciton  intensities indicated. The measurements were carried out in a
emission spectroscopy. For this purpose photoluminescen@nfiguration of back scattering normal to the film. The in-
under low-power excitation was intermittently measuredcident angle of the exciting light was 45° with respect to the
(measurement time, 1) sluring the repeated heating/cooling film and its spot at the film surface had a dimension of about
cycles, using an exciting light of wavelength 380 nm from a2x 2 mn?. In the figures the maximum intensities of the
monochromatoilight source, 500-W Xe lamp Crystallite  spectra are normalized to unity. The dashed curves in the
sizes(effective sizeswere determined from the blueshift of figure represent a free-exciton emission band measured un-
the free-exciton energy relative to that for the polycrystallineder ordinary-light(wavelength, 380 ninexcitation. The in-
state, in the same way as that employed, for example, in Refegrated intensity of the band was shown to be 7.2 times
10. After appropriate size levels were reached in the filmJarger for the microcrystalline state than for the polycrystal-
photoluminescence under high-power excitations was medine state. The effective mean crystallite size for the microc-
sured together with absorption spectrum. The high-power exsystalline state was about 4.0 nm in diameteffective di-
citation was performed for various excitation intensities byametey, which was determined simply by comparing the
using an N laser(wavelength, 337.1 nm; power, 200 kW; observed blueshift 20 meV with the reported blueshift versus

II. EXPERIMENTAL
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FIG. 4. An example of spectral analysis for the microcrystalline
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. cence spectrunM is decomposed into three bands, namely,
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FIG. 3. Luminescence spectra for the polycrystalline state of £2Nd peak energyFig. 6) of the three bands, plotted against
film of 82 nm thickness, measured at 77 K for various excitation€Xcitation intensity.

intensities indicated. The maximum intensities of the spectra are From the log-log plotgFig. 5) of the integrated emission
normalized to unity. intensity |, versus the excitation intensity,, it is seen that

the slopen involved in the expressiomg,=len iS in the

sizé? (in Ref. 10, the sizes versus blueshifts were deter-
mined for CsPbG| microcrystals embedded in CsCl crys-
tals), and the mean crystallite size for the polycrystalline
state was about 25 nm in diameter, which was measured by
the x-ray diffraction method. Under high-power excitation,
two new bands or structures show up. With the increase of
excitation intensity, the microcrystalline state shows succes-
sive jumps of the dominant band, from the highest-energy
free-exciton band to lower-energy new bands, while the
polycrystalline state only exhibits less-resolved new struc-
tures. In particular, the thirdowest-energyband in the mi-
crocrystalline state, abruptly appearing as a small peak for
44 kW/cnt excitation, grows rapidly with increasing excita-
tion intensity.

The three bands for the microcrystalline state were always
well resolved for every excitation intensity employed. There-
fore, it was possible to apply spectral analyses to the bands. 0.1k
An example of the analysis is shown in Fig. 4, where the E
measured spectruivl for a 70 kW/cnf excitation is decom- C
posed into three bands, namefy(Lorentzian, X (Lorentz- T T e T e
ian), and S (Gaussiah bands. TheF band is due to free-
exciton emission, whose peak energy is very close to that of
the free-exciton emission spectrum measured under low- FiG. 5. Integrated emission intensity versus excitation intensity
power excitation(dashed curve in Fig.)2and theX andS  plotted in a log-log scale for the measured spedrgopen circlg
bands represent new emissions occurring under high-poweihd theF (filled triangle), X (filled diamond, andS (filled circle)
excitation. Similar analyses were carried out for spectra measands.

100 microcrystalline CsPbCk 77K ."ﬂ:

Integrated Emission Intensity (arb. units)

Excitation Intensity (kW/cm?)
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diameter of 4.2 nm, measured under 110 kW7 @wcitation as a
FIG. 6. Peak energy versus excitation intensity plotted in afunction of temperature: curve (77 K), curve 2 (174 K), and
semi-log scale for th& (filled triangle), X (filled diamond, andS  curve 3(188 K). In the inset is shown the temperature dependence
(filled circle) bands. of the peak energies for the (filled triangle), X (filled diamond,
andS (filled circle) bands deduced by spectral analyses of the mea-
range 1.2-0.9 for the measured spectiMimindicating that ~ sured spectra.
the total emission intensity increases nearly linearly with the

o X . shown to increase with increasing excitation intensity. As
excitation intensity throughout the whole range of the exci- . ;
tation intensity, roughly speaking. ThE band also has seen from the inset, where the peak energies oFfi and

bands deduced by spectral analyses are plotted versus tem-
nearly a constant slope throughout the whole range b y sp Y b

‘ ; . ture, th k f tBdand is al t h d
showing a strongly sublinear dependence, with0.4. On eraiure, tne peak shergy o and 1s amos: uncnange

: . o with temperature. On the other hand, thandX bands shift
the other hand, different behaviors are exhibited for the newy, high energies with the rise of temperature, but with their

bands. TheX band shows a linear dependerfoe- 1) at low energy separatiof26—27 meV almost unchanged.
excitation intensities below 100 kW/¢mand then changes  Figure 8 represents normalized luminescence spectra of a
to sublinear onén~0.4) above 200 kW/crh The Sband,  film of 73 nm thickness with the effective crystallite diam-
which appears abruptly at 40 kW/érexcitation, grows rap-  eter of 4.4 nm, to show evolution of spectral line shape as a
idly in the rage up to 100 kW/cfnexcitation showing a function of excitation intensity around which th@ band
strongly superlinear dependenge~ 2.9), which is followed  starts to show up and subsequently grows in intensity. The
by a gradual change to a linear dependence at higher excitaxciting light was incident on the film at right angle and its
tion intensities. We note that the total integrated emissiorspot at the film surface had a stripe shape with length about
intensity for the polycrystalline state also showed nearly & mm and width less than 0.1 mm. The measurements were
linear dependence on the excitation intensity throughout thearried out for two different optical configurations, i.e., for
whole range of the excitation intensity. film-edge scattering along the stripe lengsblid curves and
Concerning the peak energy versus excitation intensityfor 45° backscattering with respect to the film pladashed
the F and X bands show similar behaviors. As the excitationcurveg. Although the spectra for the 45° backscattering
intensity increases, both bands shift toward high energieshow a similar behavior to those shown in Fig. 2, a charac-
(Fig. 6), with their energy separatiof27—-30 meV almost  teristic behavior is exhibited for the film-edge scattering. The
unchanged. On the other hand, tBeband shows redshift S band is already clearly observed at the lowest excitation
with increasing excitation intensiiFig. 6). We note that the power 6 kW/cm for the film-edge scattering, while for the
full width at half maximum(FWHM) of the band is very 45° backscattering there is no trace of ®éand at such a
small at the initial stage of its growth, exhibiting a minimum low excitation intensity. With increasing the excitation inten-
of about 6 meV for 70 kwW/crhexcitation, as compared to sity, however, the spectral-shape difference between the two
those(>20 me\) for the F and X bands. scatterings becomes small; indeed, above 100 k\¥ komi-
Figure 7 represents normalized luminescence spectra faation, almost the same spectral shape was exhibited for the
110 kW/cn? excitation as a function of temperature of atwo scatteringgnot shown in the figune Similar measure-
microcrystalline film of 75 nm thickness with an effective ments were carried out for a shorter excitation stripe, with
crystallite diameter of 4.2 nm. Th® band decreases in in- the length about 1 mrtbut with the same width almost no
tensity with the rise of temperature and finally disappears athanges in both spectral shape and spectral absolute intensity
188 K. The temperature at which tisgband disappears was due to the reduction of the stripe length were recognized for
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e Tt (Fig. 3) state. In what follows we will mainly discuss the
microcrystal line CsPbCly luminescence behavior for the microcrystalline state, for

77 K which the three bands are nicely decomposed as shown in
Sec. lll.

We first consider the origin of th¥ band. A hint may be
given by noting the fact that, with increasing the excitation
intensity, the peak energy of the band shifts almost in parallel
with that of theF band as seen from Fig. 6. This suggests
that theX band is a phonon replica of thHe band. This is
consistent with the fact that the energy spacing of the two
bands is almost unchanged against the rise of temperature
(Fig. 7, insel. The value of the energy spacing 27—-30 meV
(Fig. 6) in the whole range of the excitation intensity, is close
the phonon energy of 25 meV reported in Ref. 11, where
twelve Raman active phonons were resolved at 77 K for bulk
single crystals of CsPbglin the abovementioned lumines-
cence spectra of bulk CsPhQirystals, the same phongof
25 meV energyis related to theéE, band.

On the other hand, th& band shows characteristic depen-
dence on excitation intensity. The peak energy of the band
decreases with increasing excitation intengkjg. 6), simi-

— lar to the case for th&, band of bulk CsPbGlcrystals. In
the exciton-electron inelastic collision procédso which
the E, band has been attributed as mentioned above, the
. exciton is radiatively dissociated transferring a fraction of its
N energy to the electron. The transferred energy increases with
9 00 9 05 3.00 3.05 increasing excitation intensity. As a result, the peak energy of
the luminescence decreases with increasing excitation inten-
sity, starting from the highest, free-exciton peak energy, for

FIG. 8. Normalized luminescence spectra at 77 K of a film oflow-power excitations, to lower energies, for high-power ex-
73 nm with an effective crystallite diameter of 4.4 nm, showing Citations. In the case of thf@band, however, its peak energy
evolution of spectral line shape as a function of excitation intensityis already smaller, by about 48 meV, than the free-exciton
around which theS band starts to show up and subsequently growspeak energy(F-band energyeven for the lowest excitation
in intensity. The spectra were measured for the film-edge scatteringtensity(44 kW/cn¥) at which theS band starts to show up.
(solid curve$ and 45° backscatterin@ashed curvgssee the text. Such a characteristic behavior of ttsband may be ex-

plained in terms of exciton-exciton inelastic collisithin
the film-edge scattering, while for the backscattering thethe collision process of twm=1 excitons, one exciton is
spectra were reduced in absolute intensity by a factor o$cattered into a high-energy exciton state wita 2, while
about 5 without showing any change in spectral sh@pe the other exciton is scattered into a photonlike state escaping
cept reduced signal-to-noise ratio in the spéactra as a luminescence photon of energy more tt&d)E, lower
than that of the free-exciton luminescence, whEgds the
binding energy of the free exciton. From the relation
(3/4)E,=48 meV for theS band observed at the lowest ex-

The luminescence spectra of the highly-excited CspbClcitation intensity, we obtairE,=64 meV, which is compa-
films are very different in feature from those of bulk crystals.rable to the reported free-exciton binding energies of
Baltog et al® measured luminescence spectra of CsPbCICsPbC}, 60—67 me\t3-1>Therefore, theS band can be at-
bulk single crystals at 77 K under high-powes Mser-light  tributed to exciton-exciton inelastic collision, and the red
excitation. They found, in total, five new emission bands,shifts of the band at the higher excitation intensities should
namely,E; bands withi ranging from 1 to 5 in the order of be explained in terms of a general relation of the fthm
decreasing photon energy, for excitation intensities up to e _ a2y _

400 kW/cnt. The E;, E,, E;, andEs bands were associated Bs=Br ~ Byl ~ 1) = 30kgTer, N1=2,3,..., ()
with phonon replicas of the free exciton. TEg band, locat- whereEgandEg are the energies of the luminescence photon
ing at around 2.97 eV for 400 kW/cnexcitation, was as- and the free exciton, respectvel§,is a positive constant
signed as due to an exciton-electron inelastic collision prosmaller than 1, and is the effective temperature. Accord-
cess. As compared with this rather complicated luminescendag to Eq.(1), there are two possible causes for the redshift:
behavior of the bulk single crystals, the emission spectra foone is related td ¢, which increases with increasing excita-
the present films only compose of three bands, although diftion intensity, and the other is the change in thealue, from
ferent outlines are exhibited for the spectra according as the=2 to higher ones including infinityn=c). In view of
films are in the microcrystalllingFig. 2) or polycrystalline the large values of the redshift, as large as 18 nieY the

excited at

63 ki/ome .

40 kW/cm2

25 kW/cm? .

15 ki/omz /.

Normal ized Emission Intsiy (linear scale)

10 kW/cm2

6 kiWem /.-

Photon Energy (eV)

IV. DISCUSSION
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highest excitation intensijy which is even larger than was necessary for the stimulated emission to occur in the
(1/4)E,~ 16 meV, the change in thevalue is considered to crystals, in great contrast to the case of the present microc-
be the dominant cause for the redshift. In particular, theystalline films.
change froom=2 (P, emission to n=c (P,, emission may In the microcrystalline films, since the stimulated emis-
be the most probable, in analogy with the case for ZRef.  sjon for theS band is observed even for the perpendicular-
16) (E,=60 me\), where theP, emission occurring at low to-film emission, a very short optical gain length is expected.
excitation levels(<20 kW/cn? at 1.9 K) is quickly over-  As seen from Fig. 8, when the luminescence is measured for
whelmed by theP., emission at hlgher ?XCitation levels. The Sca_ttering in the direction a|ong the |ong 0ptica| paﬂ'ln_
unresolved feature of the two emissions for 8dand is  edge scattering along the stripe lengthe Sband is already
considered to be due to the size distribution of the microcznhanced by a gain mechanism at a very low excitation in-
rystallites in the films. tensity as low as 6 kW/cfn while showing the band nar-
. ”Th? above attn]?ur?on of th& and S bands leads to the o ing ot higher excitation intensities. On the other hand, in
e e o e e e drecton along e shot apcl pe” bckacate

: 9n-p fﬁg), the S band starts to show up at higher excitation inten-

are in a thermal nonequilibrium distribution, with the effec- sities around 25 kW/chand subsequently arows. raidil
tive temperature higher than the lattice temperature. The “en=. ~ ) R bseq y g pily
ith increasing excitation intensity due to the effect of light

ergetic” excitons can interact with phonons and with each”

other. The dominant interaction is exciton-phonon inelasti@MPlification. We note t_hat, at h_igh excitation intensities
collision at intermediate densities of the excitons and@Pove 100 kW/cr the difference in the spectral shape be-

exciton-exciton inelastic collision at higher densities, yield-Ween the two scatterings became very small as mentioned in
ing the X and S bands, respectively. The jumping betweenSec. lll. This is considered to be due to the effect of satura-
the two interactions occurs at excitation intensities neafion, which may occur within a very short optical path
200 kW/cn? (Figs. 2 and % length, of stimulated emission, suggesting a very short gain
Concerning the luminescence intensities associated witlpngth for the stimulated emission. On the other hand, at low
exciton-exciton inelastic collision, theory predicts that the€xcitation intensitiegbelow 100 kW/cr), a saturation of
integrated luminescence intensity, versus excitation power optical amplification is considered to occur within a mm
l, is expressed by a power relation of the formlgfecl.  l€ngth, because aI_most no changes in both spectral shape and
with =222 The slopen for the Shand shown in Fig. 5 is 2.9 spectral absolute intensity due to the reduction of the stripe
in the range 40 KW/ cR¥ |, < 100 kW/cn?, which exceeds length from 5 to 1 mm were recognized for the film-edge
the theoretical value of 2. This suggests the occurrence cicattering, as mentioned in Sec. Ill. Therefore, at any exci-
stimulated emission. The very small FWHM of the band,tation intensity, light amplification due to net gain over a
about 6 meV at 70 kW/cRexcitation, is favorable for the Mm-scale distance is not attainable due to self-absorption;
assumption of stimulated emission. Such a tendency of'stead, at sufficiently high excitation intensities, large opti-
stimulated emission is more clearly seen in Fig. 8. Spectraf@l amplification due to large net gain may be achieved
analyses for the film-edge emissigsolid curves showed Within a very short gain length. o
that the value ofi in the expressiome, I ¢ for the S band _ Presumably, the large-gain mechamism is attributed to ex-
amounted to 3.6 in the,, range of 40-60 kW/c/and that citonic superradiance, which, as mentioned in Sec. |, has
the narrowing of the band started to occur at 10 kWZcm been observed for mlgrocrys_tallme films prepared in the
showing the smallest FWHM, 5.5 meV, at 60 kW/em same way. So far, possible evidence of mesoscopic enhance-
A further information about the stimulated emission can™ent of optical gain due to the effect of exciton giant oscil-
be obtained from a careful inspection of Fig. 5. That is, the/ator strength on the stimulated emission has been reigorted
stimulated emission for th& band contributes to a rather Only for epitaxy-grown microcrystalline ZnO f||rri§;
superlinear increase of the total emission intengityveM)  Which are a promising wide-band-gap high-gain medium for
and does not suppress the intensity of the main b@ad short wavelength semiconductor lasers as now recognized by
band. After the jumping of the main bandrom X to S), ~ Many workers? The microcrystalline CsPbglfilms may
however, the slopa for the S band decreases toward the Provide an inexpensive high-gain medium for short wave-
values even smaller than 2, the theoretical value, due to sati@ngth semiconductor lasers due to ease of the film prepara-

ration effects. This accompanies the increase of FWHM ofion method. We are in progress of developing photoexcited
the band(Fig. 2. Fabry-Perot vertical-microcavity lase¢thin-film lasers, in

Baltog et al® demonstrated that th&, band observed for which single-mode lasing across the film thickness occurs.
bulk single crystals of CsPbgCkhows a behavior of stimu-
lated emission for a particular scattering optical configura-
tion. They irradiated the crystals at 77 K with an, Mser V- CONCLUSION
and measured the luminescence spectrum in a detection con- Photoluminescence of CsPRQlvhich is known to be one
figuration in which the angleé> between the emitted light and of the most photoluminescent semiconductors, and for which
the irradiated crystal surface was very small, about 9°. Atwe previously reported that thin films prepared in the form of
excitation powers above 100 kW/énstimulated emission microcrystalline/polycrystalline states via the amorphous
was observed for th&, band, peaking at around 2.966 eV. phase by crystallization exhibit more than an order of mag-
However, it was difficult to observe stimulated emission fornitude stronger free-exciton emission due to excitonic super-
¢~45°. A long optical path within the irradiated crystals radiance for the microcrystalline state than for the polycrys-
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talline state, but with even the latter state still beingcollision. The S band shows behaviors characteristic of
characterized by stronger free-exciton emission than bulktimulated emissiotspectral narrowing; superlinearity in the
single crystals, has been measured under high-power excitaxpression ¢, I ¢, With n larger than the theoretically ex-
tion for thin films prepared in the same way. Unlike the caseected value, 2, for exciton-exciton inelastic colligiofine
for bulk single crystals, where five new emission bands arein ated emission is observed even for single path light
Enown to occur unde( hl_gh—pow_er excitation, only two n(.awamplification in the direction perpendicular to the filifigm
ands occur for the thin films. With the increase of excitation, . T .
intensity, the microcrystalline state of the films shows sucthickness, of order 80 nmindicating a very short gain
cessive jumps of the dominant band, from the highest-energ{gngth, unlike in the case of bulk single crystals, where
free-exciton bandF band to the lower-energX band and stlmulat_ed emission is known to occur only for a partlcul_ar,
finally to the lowest-energ$ band, while the polycrystalline 10ng-gain-length geometry. The expected, very large optical
state only exhibits less-resolved, three corresponding stru@ain for the microcrystalline state of the films is attributable
tures. TheX band is assigned as a phonon replica of fhe 0 giant oscillator strength effect characteristic of excitonic

band and thé band is attributed to exciton-exciton inelastic Superradiance.
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