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Hot excitons in CuCl and CuBr crystalline thin films grown by vacuum deposition
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We report on the luminescence properties of CuCl and CuBr thin films with layer thickness of 3.5—100 nm
from the viewpoint of hot excitons. Crystalline thin films preferentially oriented along 11i4) crystal axis
were grown on(000) Al,O; substrates by vacuum deposition. The relative intensity of the free-exciton
luminescence to the bound-exciton one in the CuCl and CuBr thin films remarkably increases with a decrease
in the film thickness. The excitation spectra of the free-exciton luminescence clearly exhibits oscillatory
structures with the period of the LO-phonon energy in all of the thin films. The profiles of the excitation
spectra, which reflect the relaxation processes of the hot excitons, hardly depend on the film thickness. It is
concluded that the enhancement of the radiative efficiency of the free excitons results from nonequilibrium at
the final stage of the relaxation in the polariton bottleneck region. Furthermore, it has been found that the
energy of the free-exciton luminescence in the CuBr thin films has an oscillatory dependence on the excitation
energy with the period and amplitude of the LO-phonon energy. This indicates the intense nonequilibrium of
the free excitong.S0163-182807)01016-3

[. INTRODUCTION (order of 10 ® Torr), and confirmed that crystalline thin
films grew preferentially along thél11) crystal axis from
Under the condition that photogenerated excitons havéhe x-ray diffraction patterns. The relative intensity of the
very short lifetimes, thermal equilibrium in the relaxation free-exciton luminescence to the bound-exciton lumines-
process is not achieved. A nonequilibrium exciton called acence in the CuCl and CuBr thin films remarkably increases
hot exciton has been extensively investigated in semicondudvith the decrease of the thickness. This is consistent with the
tors and ionic crystals.In the relaxation process of hot ex- results of crystalline CucCl thin films grown by MBEFur-
citons, the emission of longitudinal-opticdlO) phonons is thermore, we measured the excitation-energy dependence of
remarkable, so that the excitation spectrum of its luminesthe free-exciton luminescence and the bound-exciton one.
cence exhibits an oscillatory structure with the period of theThe excitation spectra of the free-exciton luminescence
LO-phonon energy. Cuprous-halide crystals are typical maclearly exhibit oscillatory structures with the period of the
terials for such an oscillatory structure of the excitationLO-phonon energy in all of the thin films. In addition, it has
spectrunt. Recently, optical properties of CuCl thin fims been found that the energy of the free-exciton luminescence
grown by molecular-beam epitaxyMBE) in ultrahigh  in the CuBr thin films has an oscillatory dependence on the
vacuum were investigated from the viewpoint of the exciton€Xcitation energy: The period and amplitude of the oscilla-
confinement> Shuh et al reported that the free-exciton tion are the same as the LO-phonon energy. On the other
lifetimes of CuCl thin films with thickness of 3—120 nm hand, such an excitation-energy dependence has not been
were much shorter than that of a bulk CuCl crystal. Since th@bserved in the CuCl thin films. This paper presents the de-
radiative efficiency of the free excitons in the CuCl thin films tails of the above hot-exciton properties.
was not reduced, they concluded that the very short lifetime
did.nc.)t result from nonrgdiative. processes, but from new Il. EXPERIMENTAL PROCEDURE
radiative processes peculiar to thin films. One of the possible
explanations is that the conversion from the exciton polari- The CuCl and CuBr thin films with layer thickness of
tons to photons results from the ballistic collisions at the film3.5-200 nm were grown 010001 Al ,O; substrates at
boundaries, so-called wall collisions. The wall-collision time ~60 °C using a vacuum deposition method in high vacuum
is estimated to be of the order of ps in~al0-nm thin flm  (~3%107° Torr). The substrates were heated+d 00 °C
from the group velocity of the exciton polariton in the bottle- in the vacuum chamber before the thin-film growth. Com-
neck regiorf. This mechanism leads to a new type of hotmercially supplied powders of CuCl and CuBr with a purity
excitons in thin films; however, the excitation spectra reflect-of 99.9% were heated in a crucible, and the deposition rate,
ing the hot-exciton properties in CuCl thin films have notwhich was controlled by monitoring the frequency of a crys-
been reported until now. In addition, there has been no repotal oscillator, was about 0.15 nm/s. The deposition rate was
on such a hot-exciton phenomenon in thin films of othercalibrated by measuring the thickness of some thin films with
cuprous halides. a profilometer. The uncertainty of the layer thickness is esti-
In the present work, we have investigated the luminesmated to be around 10%. We performed no thermal treat-
cence properties of CuCl and CuBr thin films with layer ment after the deposition. At present, the optimum substrate
thickness of 3.5—100 nm from the viewpoint of hot excitons.temperature for the deposition is not clear. We note that the
We prepared the thin films of®001) Al ,O5 (sapphirg sub-  sticking coefficient of CuCl to th€0001) Al ,0; substrate
strates by using a vacuum deposition method in high vacuurmemarkably decreases abow€l00 °C. Similar results were
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obtained in the case of a Cgléubstraté. FIG. 2. Luminescence spectra of the CuCl thin films with thick-

.A” the optical measurements were performed at 12 Knesses of 100, 24, 18, 12, and 3.5 nm, and the absorption spectrum

using a closed-cycle he_zllu_m-gz_is cryostat. In Iumlnescencsf the 12-nm thin film, where the excitation energy corresponds to
measurements, the excitation light was produced by combiy 7, , exciton one,~3.27 eV.

nation of a 150-W Xe lamp and a 32-cm single monochro-
mator with a resolution of 0.5 nm. The excitation-light power spectra of the CuCl thin films with thicknesses of 100, 24,
was of the order ofuW/cn?. The emitted light was dis- 18, 12, and 3.5 nm and the absorption spectrum of the 12-nm
persed by a 25-cm double monochromator with a resolutiofhin film, where the energy of the excitation light corre-
of 0.3 nm and detected by a conventional photon-countingponds to that of th&, , free-exciton energy;-3.27 eV, and
system with a cooled photomultiplier. The absorption spectrghe maximum absorbance of tdg free-exciton band is 0.45.

of thin films were measured by a double-beam spectrometefne high-energy luminescence band originates fromze

with a resolution of 0.1 nm. free exciton because its energy just agrees with that of the
Z3 absorption peak in all of the thin films. The observed
lIl. RESULTS AND DISCUSSION energy of theZ; free-exciton luminescence is 3.204 eV in

the 12-nm thin film. The luminescence band whose energy is

Figure 1 shows thé-26 x-ray diffraction patterns of the 25-meV lower than that of th&; free exciton is due to an
CuCl and CuBr thin films with a thickness of 200 nm. The exciton bound to a neutral acceptor which is called lthe
radiation source is a Ci line through a Nifilter. Since the bound excitort? The differences between the observed exci-
26 angle of the(111) spacing of a CuCICuBr) crystal is  ton energies in the thin films and those in a bulk crydtaie
estimated to be 28.6° (27.1°) from the lattice constant of awithin 3 meV.
bulk crystal’ the diffraction patterns clearly indicate the Figure 3 shows the luminescence spectra of the CuBr thin
growth of crystalline thin films preferentially oriented along films with layer thicknesses of 100, 24, 12, and 6 nm, and the
the (111) crystal axis. The resolution and accuracy of theabsorption spectrum of the 12-nm thin film, where the en-
diffractometer are not sufficient to discuss the crystal qualityergy of the excitation light corresponds to that of thg
and strain effects. In the thin-film growth, the choice of sub-free-exciton energy~3.12 eV, and the maximum absor-
strates is very important. In recent works on CuCl thinpance of thez, , free-exciton band is 0.38. We could not
films>®%9 crystaline substrates of (11) Si®  grow a high-quality CuBr thin film with thickness less than 5
(1102) ALO,,*(001) MgO,>°(111) CaF,,° and(001) NaCl  nm. From the comparison between the luminescence and ab-
(Ref. 8 were used. It was confirmed that CuCl thin films sorption spectra of the 12-nm thin film, we find that the peak
grown on(001) MgO (Refs. 5 and Pand (001) NaCl (Ref.  energy (2.962 eV} of the high-energy luminescence band
8) substrates were oriented along {i41) and(001) crystal  agrees with the energy of the low-energy shoulder of the
axes, respectively. To our knowledge, there has been no ré&, , absorption band. This feature is observed in all the CuBr
port on a CuBr thin film grown on a crystalline substrate. Athin films. It has been revealed that the free-exciton lumines-
few works on the optical properties of CuBr thin films grown cence in a CuBr bulk crystal is attributed to the lowest-
on fused quartz substrates were repoffeld;however, the energy triplet exciton, called th&; one, whose energy is
crystal orientation of thin films was not clear. The presentslightly lower than that of th&, , free exciton because of the
results indicate that we can easily prepdfell)-oriented exchange interactiohAlthough the dipole transition of the
crystalline thin films of CuCl and CuBr on théd001) triplet exciton is forbidden in principle, it is allowed in the
Al ,05 substrate. CuBr crystal owing to mixing between the singlet and triplet

Hereafter, we discuss the luminescence properties of thexciton states resulting from the so-callkdinear term'
CuCl and CuBr thin films. Figure 2 shows the luminescenceThus the high-energy luminescence band originates from the
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of the free-exciton luminescence to the bound-exciton one in
CuBr 12K Z4

2 Absorption the CuCl and CuBr thin films remarkably increases with the
12nm decrease of the film thickness. The radiative efficiency of the
free-exciton luminescence tends to increase as the thickness

X3 Luminescence decreases: The efficiency in the 12-nm CuCl and CuBr thin
\/Mocnm films is estimated to be one order of magnitude over that in
the 100-nm thin films. Similar results were obtained in CuCl

‘J\\/¥ thin films grown by MBE? According to Ref. 4, the lifetimes
24nm of theZ; free excitons in the CuCl thin films are less than the
detection limit of 40 ps, which is much shorter than the life-

time in a bulk crystal, 850 ps. The above results of the ra-
diative efficiency and lifetime indicate the existence of a ra-

A diative decay mechanism peculiar to thin films. A possible

Intensity(arb.units)

6nm explanation was proposed: ballistic collisions of the free ex-
citons at the film boundaries, so-called wall collisions, open
S5 300 a new radiative decay chanrfelhis mechanism produces
Photon Energy(eV) the nonequilibrium of excitons in the radiative decay pro-
cess.

FIG. 3. Luminescence spectra of the CuBr thin films with thick-  1he shape of theZ; free-exciton luminescence band in

nesses of 100, 24, 12, and 6 nm, and the absorption spectrum of /€y CUuCl thin film shown in Fig. 2 is asymmetric and
12-nm thin film, where the excitation energy corresponds to theeXhibits the tail to the high-energy side. From the viewpoint
Z, exciton one,~3.12 eV. of hot excitons, the high-energy tail reflects the thermal dis-

tribution of theZ; free excitons due to an effective tempera-

Z; free exciton. The luminescence band whose energy is 18ire higher than the lattice temperatdreFor the Z; free-
meV lower than that of th&; free exciton is due to the;  exciton luminescence in the CuBr thin films shown in Fig. 3,
bound exciton. Although the 1LO- and 2LO-phonon replicasthe asymmetric line shape is not clear because of the broader
of the Z; free-exciton luminescence are observed in a CuBband shape and narrower spacing to thebound-exciton
bulk crystal*? they are not detected in the thin films. The band than those in the CuCl thin films. We estimate the
broad luminescence band on the low-energy side oflthe effective temperature of the; free-exciton luminescence in
bound-exciton band is observed only in the 100-nm thin film.the CuCl thin films according to Ref. 15. In the estimation,
The differences between the observed exciton energies in thige assume a three-dimensional density of states and a two-
CuBr thin films and those in a bulk crystalare within 3  dimensional one for the 100-nm thin film and for the thinner
meV, which is consistent with the results of the CuCl thinfilms, respectively. The estimated values*25 K, are al-
films. This indicates that strain effects on the CuCl and CuBmost independent of the layer thickness. Since the excitation-
thin films induced by the substrates are not considerabldight power of the order ofuW/cn? in the present work
however, only the 3.5-nm CuCl thin film seems to be slightlyshould cause no high-density excitation, such a high effec-
strained, as discussed below. tive temperature indicates the nonequilibrium in the radiative

From the viewpoint of quantum confinement effects, wedecay process of th&; free exciton. In CuCl thin films
expect an increase of the free-exciton energy with a decreaggown by MBE! the effective temperature in a low-
of the film thickness. In Figs. 2 and 3 we observe slightexcitation regime almost agrees with the present results.
blueshifts of the free-exciton luminescence energies in the Next, we discuss the properties of the excitation spectra of
CuCl and CuBr thin films as the thickness decreases. Ththe free-exciton luminescence and bound-exciton one, which
confinement energy is estimated to be 13 meV in the 3.5-nmeflect the relaxation processes of the excitons. Figures 4 and
CuCl thin film from a simple effective-mass approximation 5 show the absorption and excitation spectra in the 12-nm
with the exciton mass of 28> where m, is the free- thin films of CuCl and CuBr, respectively, where the excita-
electron mass. The difference between the obseféellee-  tion spectrgb) and(c) are detected at the free-excitafs(in
exciton energies of the 3.5-nm and 100-nm thin films isCuCl andZ; in CuBr) and |, bound-exciton luminescence
about 3 meV, which is much smaller than the expected valubands, respectively. The free-exciton excitation spectra of
of the confinement-induced energy shift. It is expected genFigs. 4b) and §b) clearly exhibit oscillatory structures with
erally in the thin-film growth that the film strain due to the the periods of 2662 meV in CuCl and 22 meV in CuBr
substrate increases with the decrease of the thickness; themrresponding to the LO-phonon energiéEhese oscillatory
fore it seems that the strain-induced energy shift, whictstructures reflect the hot-exciton properties in the relaxation
might be slightly negative, hides the confinement effect. Foprocesses of the free excitons. On the other hand, the exci-
the CuBr thin films, it is difficult to discuss quantitatively the tation spectra detected at thebound-exciton luminescence
confinement effect on th&; free exciton because of the shown in Figs. &) and 5c) have no oscillatory structure,
complicated dispersion of the triplet excitbhit is noted that and the spectrum profiles resemble the absorption spectra.
we observe the blueshifts of th&, , and Z; free-exciton  The above spectral profiles are the common characteristics of
bands of the absorption spectra with the decrease of theuprous-halide crystafs'? Although LO-phonon structures
thickness. The details of the absorption spectra are beyoraf absorption spectra were reported in CuCl thin fiths’
the scope of this paper. they appear at photon energies higher than 3.4 eV, which is

It is obvious from Figs. 2 and 3 that the relative intensity out of the spectral-energy range in the present work. Such a
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FIG. 4. Absorption(a) and excitation spectréb) and(c) in the nescence band in the CuCl thin films with the various layer thick-
12-nm thin film of CuCl, where the excitation spectta and (c) nesses, where the absorption spectrum of the 12-nm thin film is
are detected at th&; free-exciton and; bound-exciton lumines- depicted at the top. The dashed lines indicate the baselines of the
cence bands, respectively. The dashed lines indicate the baselinesgpfectra.
the spectra.

o . ) excitons resonantly scattered by the LO phonon is very small
LO-phonon structure originates from the interaction betweeng|ative to the total amount of photogenerated excitons. This
the n=2 free-exciton and the LO phonon in the exciton- reqyits in the undetectable reduction of the intensity of the
creation process, not from the hot-exciton propertiBsom ey citation spectrum of the bound-exciton luminescence.
the viewpoint of the hot-exciton relaxation, we expect that  rrom the profiles of the excitation spectra of the free-
the excitation spectrum of the bound-exciton luminescencgyciton luminescence in all of the samples, we discuss the
has an oscillatory structure whose phase is opposite to that fyerthickness dependence of the relaxation processes lead-
the free-exciton luminescence. The disappearance of the ORig to the free-exciton luminescence. Figures 6 and 7 show
cillatory structure of the bound-exciton luminescence excitaihe excitation spectra detected at theandZ; free-exciton
tion spectrum may be due to the fact that the amount ofyminescence bands of the CuCl and CuBr thin films with
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FIG. 5. Absorption(a) and excitation spectréb) and(c) in the FIG. 7. Excitation spectra detected at thefree-exciton lumi-

12-nm thin film of CuBr, where the excitation spectis and (c) nescence band in the CuBr thin films with the various layer thick-
are detected at thg; free-exciton and, bound-exciton lumines- nesses, where the absorption spectrum of the 12-nm thin film is
cence bands, respectively. The dashed lines indicate the baselinesdspicted at the top. The dashed lines indicate the baselines of the
the spectra. spectra.
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FIG. 8. Free-exciton luminescence spectra excited at various F|G. 9. Excitation-energy dependence of the free-exciton and
energies between tt® , andZ; free-exciton energies in the 12-nm |, poyund-exciton luminescence energies in the 12-nm CuBr thin

CuBr thin film. film, where the solid line is a guide for the eyes.

the various layer thicknesses, respectively, where the absorpation of the luminescence spectra shown in Fig. 3. The en-
tion spectrum of the 12-nm thin film is depicted at the top.ergy of the free-exciton luminescence has the oscillatory de-
From Figs. 6 and 7, it is obvious that the profiles of thependence on the excitation energy with the period and
excitation spectra do not remarkably change with the deamplitude of the LO-phonon energy. In the excitation-energy
crease of the film thickness. This suggests that the relaxatiorange where there is no oscillation, the free-exciton lumines-
processes of the free excitons hardly depend on the filneence energy agrees with tig one. Similar properties of
thickness. On the other hand, the luminescence properties tfie excitation-energy dependence are observed in all of the
the thin films drastically change with the layer thickness, asCuBr thin films. On the other hand, the free-exciton lumines-
shown in Figs. 2 and 3. Therefore we consider that the ineence energies in the CuCl thin films exhibit no excitation-
crease of the relative intensity of the free-exciton lumines-energy dependence.
cence to the bound-exciton one is due to the enhancement of The oscillation of the free-exciton luminescence energy
the conversion efficiency from the exciton polaritons to pho-indicates intense nonequilibrium at the final stage in the re-
tons around the polariton bottleneck region. laxation process of the free excitons; namely, the contribu-
Finally, we discuss the excitation-energy dependence ofion of acoustic phonons to the radiative process around the
the free-exciton luminescence in the CuBr thin films. Figurepolariton bottleneck region is fully negligible. Grossal®
8 shows the luminescence spectra excited at various energigsported similar excitation-energy dependence of free-
between th&, , andZ; free-exciton ones in the 12-nm CuBr exciton luminescence energy in a CdS bulk crystal with poor
thin film. It is noted that the excitation energy for the lumi- quality. They concluded that the reason for the excitation-
nescence spectra shown in Fig. 3 is the peak energy of thenergy dependence was very short lifetimes of free excitons
Z3 absorption band;-3.12 eV. It is obvious from Fig. 8 that resulting from the high probability of the nonradiative tran-
the energy of thd; bound-exciton band is constant, while sitions. In the present case, as discussed above from the film-
the energy of the luminescence band aboveltheand ex- thickness dependence of the luminescence intensities, the
hibits a remarkable dependence on the excitation energy. lifetimes of the free excitons are expected to be very short
addition, we notice the appearance of two luminescencbecause of a radiative decay mechanism, such as wall colli-
bands with the energy difference 620 meV, which corre- sions. The appearance of the oscillation of the free-exciton
sponds to the LO-phonon energy, above thebound- Iuminescence energy indicates that the nonequilibrium of the
exciton band at the excitation energy of 2.997 eV. Since sucfree excitons in the CuBr thin films is much more remarkable
an excitation-energy dependence of the luminescence enertjyan that in the CuCl ones.
is never expected in impurity-related luminescence because In Fig. 9, the oscillation of the free-exciton luminescence
of the localization nature, it reflects the properties of theenergy disappears at3.06 eV, which is about 100 meV
free-exciton luminescence. Here, we cannot assign the origihigher than theZ, , free-exciton energy. The energy differ-
of the luminescence either to tizg exciton branch or to the ence of~100 meV almost agrees with the binding energy of
Z, , ones, so we simply call it the free exciton, hereafter. theZ, ,free exciton, 108 meV .This suggests that the oscil-
Figure 9 shows the excitation-energy dependence of thkation originates from the relaxation process in ke exci-
energies of the free-exciton ang bound-exciton lumines- ton branches and that the final stage leading to the radiative
cence bands in the 12-nm CuBr thin film, where the soliddecay has no contribution of acoustic phonons. In the
line is a guide for the eyes, and the highest excitation energgxcitation-energy region of the continuum transitions above
corresponds to thg; free-exciton energy used for the exci- ~3.06 eV, where there is no oscillation of free-exciton lu-
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minescence energy, electrons and holes are generated at firstciton with the decrease of the film thickness owing to a
then excitons are formed. It seems that the difference of theadiative decay channel peculiar to thin films, such as wall
initial condition of the exciton formation results in the dif- collisions. The decay mechanism leads to the nonequilibrium
ference of the relaxation processes in the exciton excitationf free excitons. The excitation spectra of the free-exciton
and in the carrier excitation. Although the mechanism of thguminescence clearly exhibit oscillatory structures with the
oscillation of the free-exciton luminescence energy is now atheriod of the LO-phonon energy in all of the thin films. The

open question, the complicated polariton dispersions aroungatyres of the excitation spectra change little with the layer
the bottleneck region of the CuBr crystaiay be one of the  iickness; therefore this indicates that the relaxation pro-

reasons for it. cesses of the hot excitons hardly depend on the layer thick-
ness. We conclude that the increase of the radiative effi-
IV. CONCLUSIONS ciency in the thin films results from the enhancement of the

We have investigated the luminescence properties ofonversion efficiency from the exciton polaritons to photons
CuCl and CuBr thin films with layer thickness of 3.5—100 around the polariton bottleneck regions. Furthermore, it has
nm from the viewpoint of hot excitons. The thin films were been found that the energy of the free-exciton luminescence
grown on(0007) Al ,O, substrates using a vacuum deposi-in the CuBr thin films has an oscillatory dependence on the
tion method in high vacuum. We confirmed the growth of theexcitation energy with the period and amplitude of the LO-
crystalline thin films preferentially oriented along tfi®11) phonon energy, while that in the CuCl thin films is constant.
crystal axis by measuring the x-ray diffraction patterns. TheThe oscillation of the free-exciton luminescence energy dis-
relative intensity of the free-exciton luminescence to theappears in the excitation-energy range of the continuum tran-
bound-exciton one in the CuCl and CuBr thin films remark-sition. Such an excitation-energy dependence suggests the
ably increases with the decrease of the thickness. This indiremarkable nonequilibrium of the free excitons of the CuBr
cates the enhancement of the radiative efficiency of the frethin films around the polariton bottleneck region.
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