
Thin Solid Films 564 (2014) 104–109

Contents lists available at ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r .com/ locate / ts f
Temperature dependent photoluminescence of nanocrystalline γ-CuCl
hybrid films
M.M. Alam a,⁎, F. Olabanji Lucas a, D. Danieluk b, A.L. Bradley b, S. Daniels a, P.J. McNally a

a Nanomaterials Processing Laboratory, School of Electronic Engineering, Dublin City University, Dublin 9, Ireland
b Semiconductor Photonics Group, Physics Department, Trinity College Dublin, Dublin 2, Ireland
⁎ Corresponding author.
E-mail address: mdmonjarul.alam2@mail.dcu.ie (M.M

http://dx.doi.org/10.1016/j.tsf.2014.05.035
0040-6090/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 9 November 2013
Received in revised form 15 May 2014
Accepted 16 May 2014
Available online 24 May 2014

Keywords:
γ-CuCl hybrid film
Photoluminescence
Thermal quenching
Blue shift
Organic–inorganic hybrid films combine the basic properties of organic and inorganic materials and offer
special advantages that enhance optical, thermal and mechanical properties. We have studied the temper-
ature dependent photoluminescence (PL) of nanocrystalline γ-CuCl hybrid films from 15 K to room temper-
ature in order to investigate the electronic transitions of the hybrid films. The I1 impurity bound exciton
peak is the most intense emission peak at 15 K but the peak intensity decreases rapidly with increasing tem-
perature due to the low binding energy of this exciton bound to an impurity center and above 80 K all three
excitonic and biexcitonic peaks, except the Z3 free exciton emission peak disappeared. The biexciton emis-
sion peak intensity follows a quadratic dependency on power in the excitation power range b10 kWcm−2.
The integrated Z3 excitonic PL intensity is almost independent of the temperature below 80 K, while above
100 K the PL emission intensity decreases rapidly. Thermal quenching of the Z3 free exciton PL emission in
hybrid films has been observed. The full width at half maximum (FWHM) of the free exciton peak was in-
vestigated as a function of temperature and was explained by a theoretical model which considers the scat-
tering of excitons with acoustic phonons and longitudinal optical phonons. The FWHM of the Z3 free exciton
emission peak increases with increasing temperature, and a value of ~76 meV was deduced for the FWHM
at room temperature, which is comparatively better than ZnO (106 meV) and GaN (100 meV) nanostruc-
tures. The Z3 free exciton energy of the hybrid films exhibits a blue shift of 3 meV at 15 K compared to
the bulk CuCl samples which may be due to a dead layer effect near the CuCl nanocrystal surface. The exci-
ton energy also presents a blue shift of ~41 meV with increasing temperature from 15 K to room tempera-
ture. The results obtained for the γ-CuCl hybrid films are comparable to those of vacuum evaporated and
sputtered CuCl films reported in the literature.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

CuCl luminescence has been investigated extensively for many
years, owing to its interesting structural, optical and electrical
properties [1–6]. It is an ionic I-VII compound wide direct band gap
semiconductor material with the zinc blende structure. It has attracted
renewed interest due to several characteristics such as possessing free
exciton binding energies of approximately 190 meV, which are much
larger than for III-nitride, III-V and II-VI semiconductors [1]. Due to
this large excitonic binding energy CuCl hybrid films have intense Z3
free exciton PL emission in the UV spectral region at room temperature.
Its biexciton binding energy is about 32meV [7] and biexciton lasing ac-
tion from CuCl quantum dots embedded in a NaCl matrix has also been
reported [8]. At low temperature CuCl exhibits a strongly negative linear
expansion coefficient and elastic shear constants that decrease with
. Alam).
increasing hydrostatic pressure which are related to an anharmonic lat-
tice potential [3]. In general, the photoluminescence emission intensity
of a semiconductor and ionic crystal decreases monotonically with in-
creasing temperature. This phenomenon is called “thermal quenching”
of photoluminescence [9]. In otherwords the “thermal quenching" phe-
nomenon can be defined as the increase of the non-radiative recombi-
nation probability of electrons and holes with increasing temperature.
The thermal quenching phenomenon and its theoretical analysis have
been extensively studied to describe the temperature dependent
photoluminescence intensity of various materials [10–14].

Organic–inorganic hybrid materials are receiving growing attention
for building and testing electronic and optoelectronic devices [15–17].
Temperature dependent PL spectroscopicmeasurements provide a useful
insight into the electronic transitions of materials. Thus, in this paper, we
present the results of the temperature dependent photoluminescence of
γ-CuCl nanocrystalline hybridfilms deposited via spin coating techniques
in order to determine the thermal quenching behavior and its electronic
transitions.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2014.05.035&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2014.05.035
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Fig. 2. Fitted photoluminescence spectra of CuCl hybrid films with fit (solid curve) based
on Lorentzian line shapes at 15 K.
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2. Experimental details

The γ-CuCl nanocrystalline hybrid films with typical layer thick-
nesses of ~200 nm were deposited on glass or flexible substrates by
the spin coating method using a Laurell WS-400A-6PP/LITE spin
coater in a class 100 clean room to avoid contamination. The coating
was performed at room temperature. The nanocrystals were synthe-
sized by a complexation–reduction–precipitation mechanism reac-
tion of CuCl2·2H2O, alpha D-glucose and de-ionized water with an
organic polysilsesquioxane (PSSQ) based solution as the host matrix
material. The films were subsequently heated at 120 °C for 18 hours
in vacuo. After heating the films, X-ray diffraction (XRD) confirmed
the preferential growth of CuCl nanocrystals whose average size is
≈35 nm in the 〈111〉 orientation. The details of the solution process-
es, synthesis and film deposition were described previously [2]. The
luminescence properties were studied using temperature dependent
photoluminescence spectroscopy in the range between 15 K to room
temperature, by employing a UV Ar+ Innova laser with a second har-
monic generation barium borate crystal producing a 355 nm photo-
excitation. The PL spectra were collected on a Jobin Yvon-Horiba
Triax 190 spectrometer with a spectral resolution of 0.3 nm, coupled
with a liquid nitrogen-cooled CCD detector. The samples were kept
under vacuum during the PL measurement, to prevent the oxidation
of CuCl nanocrystal hybrid films.

3. Results and discussion

3.1. Excitonic transitions in γ-CuCl hybrid film

The photoluminescence spectra acquired at different temperatures
in the range between 15 and 300 K are shown in Fig. 1. Figs. 2 and 3
show the contributions of different recombination centers connected
with emission peaks at 15 K and 300 K, respectively. The CuCl
photoluminescence peaks were fitted with Lorentzian line shapes to
find the FWHM. There are four peaks evident in the spectra measured
from 15 to 60 K. At 15 K, the peak centered at 3.213 eV (≈385.9 nm)
is the Z3 free exciton peak (Figs. 1 and 2)whereas the room temperature
Z3 free exciton PL emission is at 3.254 eV (≈381 nm)which is shown in
Fig. 3. The exciton emission energy increases from 3.213 eV at 15 K to
3.254 eV at room temperature. Moving to longer wavelengths of the
emission spectra of Figs. 1 and 2, one can observe a peak occurring at
3.191 eV (≈388.6 nm). This peak is attributed to emission from an ex-
citon bound to an impurity, which has been called the I1 impurity bound
exciton and the impurity or defect involved in this process has been pre-
viously identified as a neutral acceptor, possibly a Cu vacancy [2,18]. The
peak at 3.170 eV (≈391.2 nm) is identified as a free biexciton M [19].
The low intensity peak at 3.141 eV (≈394.7 nm) conventionally labeled
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Fig. 1. Photoluminescence spectra of CuCl hybrid film at different temperatures.
N1 is evident, and likely originates from a biexciton bound to an impu-
rity. Similar to the I1 bound exciton, the most probable candidate for
this impurity is a neutral acceptor [1]. The intensities of the impurity
bound exciton (I1) and the impurity bound biexciton (N1) peaks de-
crease more rapidly in comparison with the free exciton (Z3) peak as
the temperature increases. In the temperature range from 60 K to
room temperature, the spectra were dominated by the Z3 free exciton
peak. The dominance and the stability of the Z3 exciton peak are due
to the large binding energy of the order 190 meV. The bound exciton
and biexciton both disappear simultaneously at 100 K. Fig. 4 shows
the variation the of excitonic (Z3) and biexcitonic (M) and bound
biexciton (i.e. N1) emission intensities with excitation power analyzed
on a double logarithmic scale for the CuCl hybrid film at 15 K. Excitation
power dependent PLmeasurements can be used to confirm the exciton-
ic or biexcitonic nature of the emission. For low power excitation condi-
tions, the excitonic and bound biexcitonic PL emission displays a linear
dependence on excitation power, whereas free biexcitonic PL emission
typically displays a quadratic dependence on excitation power [20,21].
The biexciton emission intensities for the CuCl hybrid film clearly
show an approximately quadratic dependency on excitation power for
lower excitation power densities of b10 kWcm−2. The free exciton
and bound biexcitons show an approximately linear dependence on
power, similar to results reported by other researchers for CuCl
nanocrystals embedded in NaCl matrices and InGaAs/GaAs quantum
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Fig. 3. Photoluminescence spectra of CuCl hybrid films with fit (solid curve) based on
Lorentzian line shapes at 300 K.
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Fig. 4. Excitonic, biexcitonic and bound biexciton emission line intensity vs. excitation
power analysis in double logarithmic scale.
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Fig. 5. A plot of the integrated Z3 excitonic PL intensity vs. inverse temperature. Fitting
with a two-step thermal quenching process is shownwith a solid line for CuCl hybrid film.
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dash structures [8,21,22]. For the higher excitation regimes the
biexciton emission intensities appear to have a linear dependence on
power. Phillips et al. suggested that this reversion to an approximately
linear dependence was due to shorter recombination times of
biexcitons in such direct-band gap materials [23]. The binding energy
of the bound exciton (EbXb ), the free biexciton (EXXb ) and the bound
biexciton (EbXXb ) of the nanocrystalline CuCl hybrid film can be calculat-
ed by using the energy calculation scheme based on Eqs. (1–3) [4,34]:

EbbX ¼ EX−EbX ð1Þ

EbXX ¼ EX−EXX ð2Þ

EbbXX ¼ 2EX−EbXX−EbX−EbXX ð3Þ

where EX (3.213 eV), EXX (3.170 eV), EbX (3.191 eV) and EbXX (3.141 eV)
are the free exciton, biexciton, bound exciton and bound biexciton ener-
gies, respectively, taken from the PL spectrum at 15 K as shown in Figs. 1
and 2. The calculated binding energy of the bound exciton is about 22±
2meV and is in excellent agreementwith previously reported values for
vacuum deposited CuCl thin film on silicon substrates [5] and bulk CuCl
[24]. The free biexciton binding energy is 43± 2meV, which is approx-
imately 11meV higher than reported for bulk CuCl and almost the same
as for CuCl quantum dots embedded in NaCl matrices [24]. Though the
mechanism for the increase in the biexciton binding energy is not en-
tirely clear at present [25], it is known that the biexciton binding energy
significantly increases with decreasing crystal size as reported by
Masumoto et al. [24]. The calculated bound biexciton binding energy
is 51 ± 2 meV; this value is ~7 meV less than for CuCl films deposited
on silicon substrates [5]. This is considerably larger than the biexciton
binding energies of II-VI semiconductors such as ZnSe, CdS, and ZnO
(BM3 and BM7 band) which are approximately 3.5, 6.3 and 15 meV, re-
spectively [26]. The high quality biexciton (two confined electron–hole
pairs) can be used as a quantum bit pair for quantum processing, aswas
shown conceptually in Edamatsu et al. [27].

3.2. Thermal quenching of PL intensity

A plot of the natural logarithm of the integrated Z3 excitonic PL in-
tensity as a function of inverse temperature is shown in Fig. 5. One can
observe clearly that the PL emission intensity is almost independent of
temperature below 80 K, and above 100 K the PL emission intensity de-
creases rapidly. Therefore, the thermal quenching of the Z3 PL emission
can be described bymeans of a two-step process, and the experimental
data are fitted by Eq. (4) below [28,29]:

I ¼ I0= 1þ Aexp
−E1
kT

� �
þ B exp

−E2
kT

� �� �
ð4Þ

where E1 and E2 are the thermal activation energies and A and B are
constants related to the lifetime of the excited state and the effective
scattering time from the excited state to the non-radiative center.
These thermal activation energies were calculated to be E1 ≈ 23 meV
and E2 ≈ 140 meV, respectively. The higher thermal activation energy
(≈140 meV) connected with the thermal dissociation of the free exci-
tons should be same as the binding energy of the excitons. This calculat-
ed value is lower than the exciton binding energy of 190 meV [1] but in
agreement with the reported thermal activation energy for CuCl films
on silicon substrates [34], higher than for sputtered CuCl films [6] and
lower than the value (150 meV) reported for single crystal CuCl [30,
31]. This value indicates that the hybrid films’ excitonic properties lie
between those of the sputtered and single crystal CuCl films. Since the
other activation energy E1 ≈ 23meV lies close to the biexciton binding
energy values it is reasonable to associate this thermal activation energy
with the biexciton bound impurity [32].

3.3. Exciton line broadening

The full width at half maximum of the Z3 free exciton PL emission
peak increases with temperature due to increased exciton–phonon in-
teractions [33]. The PL emission peakwas fitted to a Lorentzian distribu-
tion to estimate the full width at half maximum. Fig. 6 shows the
variation of the FWHM of the Z3 free exciton emission peak for a typical
CuCl hybrid film. The FWHM experimental data are fitted with the fol-
lowing expression [5]:

Γ ¼ Γ0 þ γLAT þ γLO

exp
nhνLO

kT

� �
−1

� � ð5Þ

where Γ is the line width broadening of free exciton line, n is the number
of phonons involved, Γ0 is the FWHMof the Z3 free exciton emission peak
at 0 K, γLA and γLO describe the interaction of excitons with longitudinal
acoustic and optical phonons of the lattice, respectively. hνLO (26 meV)
is the energy of the LO phonon of CuCl [34] and T is the temperature. By
fitting the experimental data with Eq. (5) the following parameters
were extracted: Γ0 = 7.25 ± 0.025 meV, γLA ≈ 30 ± 0.2 μeVK−1, γLO

≈ 945 ± 2 meVK−1 and nhνLO = 70.15 ± 3.5 meV. The value of nhνLO
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is ~70 meV, which suggests that 3 phonons are involved in the exciton–
phonon interaction (i.e. 3 × hνLO ≈ 78 meV) [35]. The values of γLA and
γLO are larger than the values reported for ZnO [55] andGaN [36], and, in-
terestingly, are also higher than for sputtered CuCl films [6]. This suggests
that the CuCl hybrid film appears to have a stronger exciton–phonon in-
teraction than these other semiconductors, which is most likely due to
the polar nature of CuCl bonding [37] From Fig. 6 it is clear that the in-
crease of the FWHM at temperatures below 120 K is quite linear and
very small, while above 120 K to room temperature the FWHM increases
exponentially. This indicates that up to 120Kacoustic phonons contribute
and above 120 K the LO optical phonons aremostly responsible for the in-
crease of FWHM[36]. The FWHMof the room temperature Z3 PL emission
peak is ~76meV for the CuCl nanocrystalline hybrid films and is in excel-
lent agreement with earlier reports for sputtered CuCl film (74 meV) [6],
and comparatively better than GaN (100 meV) [38] and ZnO (106 meV)
[39] nanostructures for UV light emitting materials.

3.4. Exciton energy shifting

The Z3 transition occurs at an energy of 3.213 eV (≈385.9 nm) at
15 K. This represents a blue shift of approximately 3 meV compared to
the Z3 transition energy in bulk CuCl of 3.210 eV (≈386.3 nm) [40]. In
CuCl nanocrystals, the size dependent blue shift of the exciton energy
can be expressed by an exciton quantum confinement model described
by the following expression [41]:

ΔE ¼ ℏ2π2

2M a�ð Þ2 ð6Þ

where ΔE is the blue shift of the exciton energy, M is the Z3 excitation
translation mass (M = 2.3 m0, where m0 is the electron rest mass)
and a⁎ = a − 0.5aB, where a is the radius of the CuCl nanocrystals and
aB is the Bohr radius of the exciton (0.7 nm for CuCl) [42]. Using the
measured blue shift of ΔE≈ 3 meV, an average CuCl nanocrystal radius
of 7.73 nm is obtained. To observe the strong orweak quantum confine-
ment effect the radius of the particle should be close to the Bohr radius
(R/aB ≤ 2 for strong and R/aB ≤ 4 for weak confinement). However in
our measurements the radius of CuCl is more than 11 times greater
than the CuCl Bohr radius. Thus it is unlikely that the blue shift is due
to the phenomenon of exciton quantum confinement.

Another cause could be pressure and polarization effects induced by
the PSSQ matrix. A hydrostatic pressure induced exciton energy shift in
bulk CuCl (7.65 meV/GPa) [43], for CuCl microcrystals embedded in
alkali-chloride matrices (8.22 meV/GPa) [44] and for nanocrystals in a
LiClmatrix (4.1 meV/GPa) [45]were reported previously. The hydrostatic
pressure in nanocrystalline CuCl hybrid films is, however, very small, so
the energy shift associated with this effect is not considerable. Brus re-
ported that there is a polarization effect on the exciton energy for micro-
crystals surrounded by a dielectric matrix. The change of exciton energy
ΔE is assumed to be mainly associated with the exciton internal motion
and is expressed by [46]:

ΔE ¼ 6 ε2−ε1ð Þ
ε2 þ 2ε1

aB
R

� �3
Ryd� ð7Þ

where ε1 and ε2 are the dielectric constants of the PSSQ matrix and CuCl,
respectively,Ryd⁎=213meV for CuCl [47], andR is calculated to be about
~3.39 nm, which is smaller than the nanocrystal radii obtained via XRD
analysis, but is at least of the same order.

Another cause of this blue shift may be the presence of micro-strain
in the CuCl nanocrystals embedded in the PSSQmatrices. Generally, the
crystal symmetry can be altered by strain in the film. A variation in the
crystal symmetry is reflected in the electronic band structure and shifts
the energy levels. Uniaxial stress on semiconductors produces a change
in the lattice constant and symmetry of the crystal, and as a conse-
quence, these cause important changes in the electronic properties. A
Z3 free exciton energy increase due to the uniaxial stress was reported
by T. Koda et al. [48]. The film strain along the lattice constant axis, a,
can be measured using the following expression [49]:

ε ¼ as−ao
ao

� �
� 100% ð8Þ

where ao = 5.4160 Å is the lattice constant of unstrained CuCl [50] and
as = 5.4337 Å is the lattice parameter of the CuCl hybrid films calculat-
ed from the XRD data. Computing the strain using the above relation-
ship we found that the hybrid films are under tensile strain of
approximately +0.32%. According to the work of Kim et al. [51] and
Blacha et al. [44] the tensile strain induced shift in the observed exciton
energy should be≈−1.31meV, i.e. a red shift when in fact the observed
exciton energy reported herein is blue shifted. Thus it is unlikely that
strain the major source of the observed blue shift of 3 meV. For
nanocrystalswith R N aB, the electron and holemotion around their cen-
ter of mass prevents the center of mass from reaching the nanocrystal
surface, thus forming a layer which is called a “dead layer” near the
nanocrystal surface. In other words the near surface regions cannot be
reached by the center of mass of the exciton due to the finite size of
the quasiparticle. Taking the exciton dead layer into account, the exci-
ton energy shift can be expressed as [52]:

ΔE ¼ ℏ2π2

2M R−ηaBð Þ2 ð9Þ

where η is a constant whose numerical value is a function ofmh
⁎/me

⁎; for
mh = 4.2m0 andme = 0.43m0 [53] then η= 9.77. The nanocrystal ra-
dius was calculated using above values andwas found to be ~14.23 nm,
whose value is close to the value of nanocrystals radius (~17.5 nm) ob-
tained from XRD analysis.

From the above investigation, the radius of the CuCl crystal is much
larger than its Bohr radius for the quantum confinement effect to play a
major role; the hydrostatic pressure is also too small to account for the
exciton energy shifts. The CuCl crystal radius obtained by considering
the polarization effect on the exciton energy is also ~5 times smaller
than the value obtained by XRDanalysis and this is not considerably sig-
nificant. Strain effects are also not considered likely. The radius of the
CuCl crystals calculated by considering the operation of a dead layer ef-
fect (~14.23 nm) is very close to the value obtained by XRD analysis
(~17.5 nm) therefore it is likely that the observed blue shift in the nano-
crystalline CuCl hybrid films can be attributed to a dead layer effect near
the CuCl nanocrystal surface.
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3.5. Exciton line shift with temperature

The variation of the CuCl hybrid film Z3 free exciton emission peak
position as a function of temperature is shown in Fig. 7. This reveals
that the effective exciton binding energy increases from 3.213 eV at 15
K to 3.254 eV at room temperature. This blue shift as a function of tem-
perature is in contrast to other semiconductors, i.e. the variation of band
gap energy of CuCl in hybrid films does not follow the Varshni or Ein-
stein models [5,54,55]. The Z3 exciton binding energy shift as a function
of temperature for the CuCl hybrid film is similar to those previously re-
ported for vacuum evaporated and sputtered CuCl thin film [5,6]. The
binding energy increase with increasing temperature can be explained
on the basis of the model of Garro et al. who postulated that the Cu
ions vibrating principally at low frequencies lead to an increase in the
binding energy, whereas the Cl ions, vibrating at high frequencies,
lead to a reduced exciton binding energy [56].When these two compet-
ing processes are taken together, the exciton binding energy tends to in-
crease at low temperature (b70 K) and will continue to increase, but
above 70 K the band gap increase rate is significantly reduced.

To explain the energy shift as a function of temperature the experi-
mental data was fitted by using the two oscillator model proposed by
Göbel et al. [3]. They describe themass (Cu and Cl) and temperature de-
pendence of the exciton binding energy in the following expression [3]:

E T ;Mð Þ ¼ E0 þ
ACu

νCuMCu

1
exp hνCu=kBTð Þ−1

þ 1
2

� �

þ ACl

νClMCl

1
exp hνCl=kBTð Þ−1

þ 1
2

� �
ð10Þ

where vCl and vCu are the phonon frequencies of Cl and Cu (6 THz and 1
THz, respectively), E0 is the unrenormalized exciton binding energy, and
ACu and ACl are the electron–phonon interaction parameters for copper
and chlorine, respectively, which can be determined from the fitting of
the experimentally determined temperature dependence of the exciton
energy gap. By fitting the equation to the experimental data we obtain
the unrenormalized exciton binding energy E0 = 3.214 eV and this re-
sult is in excellent agreement with the work of Göbel et al. [3]. Further
to this we obtain the value of ACu ≈ 0.00301 eV2 amu and ACl

≈ −0.04917 eV2 amu. These are also very close to the values previously
reported for sputtered [6] and evaporated CuCl films [5]. In addition the
Z3 exciton binding energy blue shift for the CuCl nanocrystalline hybrid
films of about 41meV for a temperature increase from15 K to room tem-
perature is also in good agreement with Ref. [3]. This blue shift for the
CuCl nanocrystalline hybrid films can be understood in terms of a local
empirical pseudopotential approach for the copper ion vibrations [56],
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Fig. 7. Z3 free exciton emission peak position shift as a function of with temperature; the
solid line is the theoretical fit.
which includes a shifting of remote d-like (copper) plane waves to a
lower energy, so that they are close to the chlorine atomic p levels, and
allows for p-d mixing. According to Ref. [3], the resulting level splitting
in the valence band is to a large extent determined by a Cu atomic
pseudopotential. The introduction of a Debye–Waller factor to “weaken”
this pseudopotential with increasing temperature results in a decreasing
hybridization energy. This lowers the top of the valence band and there-
fore the band gap increases with increasing temperature.

4. Conclusions

We have investigated the systematic temperature dependence of
the photoluminescence of CuCl nanocrystalline hybrid films deposited
via spin coating across a temperature range of 15 K to room tempera-
ture. The power dependent PL measurement confirmed the existence
of both free biexciton (M) and bound biexciton (N1) emission. At low
temperatures we confirm that acoustic phonons are responsible for PL
line width broadening and above 120 K the LO optical phonons are re-
sponsible the Z3 excitonic FWHM broadening. The Z3 exciton energy
gap exhibits a blue shift of 3 meV at 15 K, which may be due to a dead
layer effect near the CuCl nanocrystal surface. By increasing the temper-
ature from 15 K to room temperature, the phonon induced interactions
with exciton transitions have the following effects on thematerial prop-
erties: (a) PL intensity decrease (b) disappearance of transitions related
to the impurity bound, free biexciton and impurity bound biexciton
states due to the low binding energy of the impurity bound excitons,
(c) PL emission line broadening due to an increase of the exciton–phonon
interaction and (d) a blue shift of the energy gap due to the interaction of
lattice vibrations with excitons. The PL properties of the nanocrystalline
γ-CuCl hybrid films are comparable with vacuum deposited and
sputtered CuCl films.
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