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a b s t r a c t

The ZnO nanocrystals (ZnO NCs) with particle size, less than 100 nm, have been blended with polymethyl-
methacrylate (PMMA) by solution mixing to prepare PMMA/ZnO nanocomposite films. The structure of
ZnO/PMMA nanocomposite films was characterized using X-ray diffractometry. The prepared nanocom-
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posite films are highly transparent and a clear excitonic peak is observed in their absorption spectra.
Measurements of temperature evolution of the photoluminescence (PL) spectra show intensive UV emis-
sion peak corresponding to the donor-bound excitons with binding energy of 51 meV and green emission
band related to the intrinsic defects in ZnO. The temperature evolution of the emission peaks energy
position, intensity and integral intensity in ZnO/PMMA nanocomposite films were examined.
hotoluminescence
arshni formula

. Introduction

Semiconductor nanoparticles are receiving much attention
wing to their novel physical and chemical properties. In com-
arison with the bulk semiconductor they possess many specific
roperties such as ultrafast optical nonlinear response, pho-
oelectricity switch and attractive piezoelectric properties. The
ecent high-speed development of biotechnology, energy sources,
nvironment and advanced manufacture technology urgently
equire considerable material miniaturization, high integration and
igh-density transmission, which imply a broad application for
emiconductor nanoparticles.

It is expected that ZnO nanoparticles should possess the char-
cteristics close to those for the bulk zinc oxide. First of all this
oncerns a large exciton binding energy (nearly 60 meV) and excel-
ent stability. At the same time, ZnO nanoparticles have attracted

uch attention due to the strong commercial desire for photo-
atalysis, photoelectrochemistry, blue and UV light emitters [1]
nd detectors based on their specific properties. Indeed, it is well
nown that small particles have the large surface-to-volume ratio

hat strongly modifies the physical processes in the nanocompos-
tes. The PL spectra of the ZnO nanoparticle samples usually show

nearband-edge (NBE) UV line accompanied by a strong visible
uminescence, which can result in decrease of the carrier/exciton
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lifetime and higher emission efficiency of the UV light emitting
devices. Therefore, the most crucial aspects of high luminescence
efficiencies from ZnO nanoparticles are the surface texture and
an efficient surface passivation. Fortunately, polymer capping can
effectively passivate the surface of nanoparticles and reduce the
surface-related visible emission [2,3].

Generally, the UV emission is attributed to the exciton radia-
tive recombination while that of the visible emission still remains
uncertain. Various mechanisms have been proposed, in fact, most
probable origin of the visible PL is caused by the intrinsic defects.
The density of these defects has to be higher on the surface of the
sample, first of all due to the zinc and oxygen vacancies. In the case
of nanoparticles the influence of surface is expected to be more
pronounced due to the increased surface-to-volume ratio.

In this paper we report the method of ZnO/PMMA nanocompos-
ite film preparation as well as the investigation of optical absorption
and temperature evolution of PL in order to compare the features
of ZnO/PMMA composite film with the bulk ZnO.

2. Experimental details

The investigated samples were manufactured on the basis of ZnO nanocrystals
embedded into PMMA polymeric matrix. For preparation of the nanocomposite films
the nanopowder from Sigma–Aldrich (<100 nm in size) have been used. The glass
substrates used were carefully cleaned in a commercial surfactant using ultrasoni-

cation. The cleaning procedure was ended by baking in a 200 ◦C oven for 60 min. Spin
coating technique was used to fabricate nanocomposite films with ZnO nanocrystals
dispersed in PMMA. The solution of 1,2,2-trichloroethane containing PMMA 100 g/L
and ZnO was coated on BK7 glass slides. The weight concentration of ZnO nanocrys-
tals in PMMA were 5, 10 and 15%. The principle of deposition (of the mixture with
certain viscosity) is based on a homogeneous spreading out of the solution on the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. X-ray diffraction pattern of ZnO/PMMA (15 wt.% of ZnO NCs) nanocomposite
lm. In inset – the FWHM of (0 0 2) diffraction peak.

otating substrate with an angular speed of 1000 rpm during 60 s. Immediately after
he deposition, the thin films were cured in an 60 ◦C oven for 60 min in order to elim-
nate any remaining solvent. The thickness of nanocomposite films was verified by
Dektak surface stylus profiler (Veeco) to be about 1 �m.

The XRD measurements were carried out using STOE STADI P diffractometer
ith linear position sensitive detector in transmission Bragg–Brentano geometry

Cu K�1 radiation, Ge(1 1 1) monochromator, 2� range: 20–90◦ , step – 270 s).
The optical absorption spectra in visible and near-UV region were measured

sing a Lambda 19 spectrometer from PerkinElmer. The temperature evolution of
he PL spectra near the intrinsic absorption edge and in a visible region was studied
nder excitation with a LGI-21 nitrogen laser at 337 nm emission wavelength with
0 ns pulse duration and the power of 1 kW.

. Results and discussion

.1. XRD data analysis

Fig. 1 shows X-ray diffraction pattern of the ZnO/PMMA (15 wt.%
f ZnO NCs) nanocomposite film. The observed set of sharp diffrac-
ion peaks corresponds to the hexagonal wurtzite structure of
nO. Detailed description of the observed diffraction peaks, their
ngular position and relative intensity towards most intensive
1 0 1) peak are given in Table 1. Intensive and sharp diffraction
eaks of XRD pattern in ZnO/PMMA nanocomposite film are sim-

lar to that in ZnO bulk. This confirms that we deal with the
anoparticles of quite large sizes as compared with ZnO quan-

um dots. The large amount of diffraction peaks corresponding
o various crystalline orientations indicates that ZnO NCs within
MMA are disordered and do not have preferred axis orienta-
ion.

able 1
ngular position and relative intensity of the diffraction peaks in XRD pattern of
nO/PMMA (15 wt.% of ZnO NCs) nanocomposite film.

Diffraction peak Peak position 2� (◦) Peak intensity (%)

(1 0 0) 31.79 55.2
(0 0 2) 34.44 51.0
(1 0 1) 36.27 100
(1 0 2) 47.57 23.8
(1 1 0) 56.62 35.4
(1 0 3) 62.91 32.8
(2 0 0) 66.43 6.1
(1 1 2) 68.00 26.2
(2 0 1) 69.13 14.2
(0 0 4) 72.62 3.3
(2 0 2) 77.01 5.0
(1 0 4) 81.45 2.9
(2 0 3) 89.67 10.3
Fig. 2. UV–vis spectra of ZnO/PMMA nanocomposite films with different ZnO NCs
concentrations: 5, 10, and 15 wt.%. The thickness of all films is around 1 �m.

The average size of the particles can be calculated by the
Debye–Scherrer formula, i.e.:

D = 0.9�

B cos �B
, (1)

where D is the average size of the particle, � is the X-ray wavelength
(1.54 Å), B is the FWHM width of the diffraction peak, and �B is the
corresponding diffraction angle of the diffraction peak. According
to the data presented in Fig. 1 the average particle size of the ZnO
nanocrystals calculated on the basis of Eq. (1) for the (0 0 2), (1 0 1)
and (1 0 0) diffraction peaks was found to be about 60–65 nm.

3.2. Optical absorption measurements

The absorption spectra of ZnO/PMMA nanocomposite films
shown in Fig. 2 clearly demonstrate the absorption peaks at 377 nm
(3.29 eV) corresponding to the exciton state in the bulk ZnO [4].
Since the size of ZnO NCs is nearly 100 nm that is much more than
the exciton Bohr radius in ZnO (aB = 2.34 nm [5]) we do not observe
in our NCs system any shift of the corresponding peak as manifesta-
tion of the quantum confinement effect. The intensity of the peaks
enhances with increasing of ZnO NCs concentration.

3.3. PL spectra temperature evolution

Fig. 3 shows the temperature evolution of PL spectra in ZnO
nanocrystals embedded into polymeric matrix PMMA in the tem-
perature range from 85 to 290 K. Analysis of the low-temperature
PL in ZnO NCs and its comparison with PL in bulk ZnO permits
to define the nature and characteristics of the recombination pro-
cesses in the nanoscale ZnO crystals near the absorption edge. The
PL spectra are characterized by intensive emission in the near-UV
region and lower emission in the green region of spectrum (507 nm)
connected with the presence of intrinsic defects [6,7]. The recom-
bination processes in ZnO NCs differ from that in bulk ZnO mainly,
because of the larger surface-to-volume ratio and, therefore, larger
amount of defects on the surface. Basing on the previous investiga-
tion of PL in NCs [8], the obtained experimental results assume that
the UV PL in ZnO NCs in the temperature range of 85–290 K emerges
in consequence of recombination of donor-bound excitons (D,X).

The maximum of UV peak emission correspond to 382 (3.25 eV)
nm at room temperature and its intensity grows with temperature
decreasing meanwhile it shifts to shorter wavelength.

The UV emission band from the side of lower energy has the
step-like shape with the clearly defined equidistant peaks. Energy
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ig. 3. PL spectra of ZnO NCs embedded into PMMA matrix at 15 wt.% obtained in
emperature range of 85–290 K.

istant between these peak is approximately equal to 70 meV,
hich corresponds to the energy of LO-phonon in ZnO [9,10]. The
resence of the LO-phonon peaks define a large exciton–phonon

nteraction in ZnO NCs, which enhances with temperature decreas-
ng and appears in temperature broadening of UV emission band.

The temperature evolution of green emission band in ZnO NCs is
hown in Fig. 4. Increasing of the full integral intensity of the band
t cooling is observed due to the suppression of quenching mecha-
ism – thermal activation of nonemitting centers and charge carrier
ecombination on localised center [11]. The energy position of the
and does not depend on temperature in the investigated range.
t the same time it is necessary to mention the peculiar temper-
ture dependence of this band intensity with the clear maximum
t 210 K, which is not inherent for ZnO. Such a behavior can be
ttributed to the temperature dependant properties of PMMA, first
f all with nonlinear behavior of its electret field. As it is known from
he thermally stimulated discharge data in PMMA at the 220–230 K
he relaxation processes causing a partial orientational relaxation
f dipoles take place. The dipoles of the polar ester side groups
–COOCH3) reorient by local motion around the C–C bond [12,13].

he nature of the “green” band is connected with the deep centers
f emission caused by zinc VZn [14,15] and oxygen vacancies VO
16,17] and interstitial atoms of zinc (Zni) [18].

Fig. 4. Temperature evolution of green emission band at 507 nm in ZnO NCs.
Fig. 5. (a) Energy position with approximation by Varshni law, and (b) intensity of
donor-bound exciton emission peak as a function of temperature.

In bulk ZnO the UV emission peak corresponding to the recom-
bination of the free excitons was found to be at higher energy
(about 3.3 eV at 300 K) in comparison with ZnO NCs, where UV PL
is caused by recombination of bound excitons. The difference in
51 meV between bound exciton peak in ZnO NCs and free exciton
peak in ZnO bulk is close to the bound exciton binding energy –
50 meV [19–22].

In Fig. 5 the UV emission peak energy position and its inten-
sity are given depending on temperature. It can be seen that the
emission intensity of donor-bound excitons and their energy posi-
tion diminish with heating. Depending on the temperature, the
donor-bound exciton localization energy is 50–60 meV in compar-
ison with free exciton energy in bulk ZnO [8].

Significant diminution of the donor-bound exciton energy with
temperature should be related to the presence of different kind
of donors in ZnO NCs, for example, oxygen vacancies, interstitial
zinc atoms. The width of UV peak also depends on the concentra-
tion of the oxygen vacancies responsible for a set of donor levels.
Their energy should be different for the bulk of nanoparticle and its
surface.

In Fig. 5(a) the temperature dependence of the excitonic peak
energy position was approximated by semiempirical formula of
Varshni [23]:
E(T) = E(0) − ˛T2

T + �D
, (2)
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Table 2
Parameters of Varshni formula for the donor-bound excitons in single crystals and
nanocrystals of ZnO.

E(0) (eV) ˛ (meV/K)

ZnO bulk [7] 3.36 0.67
ZnO NCs 3.32 1.1
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ig. 6. Log plot of the integral UV PL intensity as a function of the inverse tempera-
ure (from 290 to 85 K). Solid line gives linear fitting.

here E(0) is energy at T = 0 K, ˛ – parameter, �D – Debye temper-
ture.

Table 2 presents the parameters obtained from approximation
y Eq. (2), where �D = 920 K for the recombination processes [24].
he calculated values of E(0) and parameter ˛ for the UV peak corre-
ate well with the values obtained for single crystals and thin films
f ZnO [8,22,25].

The integral intensity of UV emission of PL decreases with tem-
erature increasing due to the effect of thermal quenching and is
escribed by expression [26]:

(T) = I0
1 + A exp(−(Ea/kB))

, (3)

here I0 is the integral intensity at T = 0 K, A is the constant, Ea

s the activation energy in the process of thermal quenching, kB
s the Boltzmann constant. Eq. (3) clarifies influence of binding
nergy of exciton on the emission intensity of PL, which grows
lmost exponentially with increase of binding energy at perma-
ent temperature. Fig. 6 depicts the dependence of the integral PL

ntensity of UV band in logarithmic scale on the inverse temper-
ture is shown. The solid line corresponds to fitting of results and
ossesses a linear character in the investigated temperature region.

. Conclusions
In the present work, the high-quality ZnO/PMMA nanocompos-
te films were prepared by embedding of ZnO NCs into PMMA
olymeric matrix. The films show high optical transmittance in
ear-UV–vis region and presence of the near-band excitonic peak.

[
[

[
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The temperature study of PL in ZnO/PMMA nanocomposite films
demonstrates the intensive UV emission, which was connected
with donor-bound excitons and lower green emission due to the
presence of internal intrinsic defects. When the ZnO structure
changes from single crystal to the nanostructures (nanorods, nan-
otubes, etc.) and then to the nanocomposite film the intensity of UV
exciton related band enhance in respect to the intensity of the green
band and its energy position could be changed due to the variation
of the localised excitonic states corresponding to the different kinds
of defects in these three types of materials. The unusual behavior
of green band temperature dependence was explained by nonlin-
ear properties of electret field in PMMA caused by reorientation of
dipoles within PMMA polymer. Besides, the temperature character-
istics of UV band were studied, the binding energy of donor-bound
excitons was found to be 51 meV at 290 K.
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