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Abstract Zinc oxide/poly(acrylic acid) (ZnO/PAA) multi-
layered hybrid films with different layer thicknesses were
prepared by radio frequency magnetron sputtering. Zinc
peroxide was used as precursor materials for the preparation
of ZnO layers, since the zinc peroxide decomposes to ZnO
during the film deposition. The films have a high
transmittance in the visible region and exhibit visible
photoluminescence emission. The band gap energy of the
films—determined by the Tauc relationship—decreases
with increasing layer thickness (3.40-3.36 eV) due to the
increasing crystalline size of the ZnO particles. The
morphological investigations showed that a real layered
hybrid film structure formed.
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Introduction

Zinc oxide is a widely used n-type semiconductor oxide
having a wide direct band gap (E,=3.37 eV) and large
excitation binding energy (60 meV) [1]. Many techniques
are being used to prepare undoped and/or doped ZnO thin
films such as layer-by-layer (LbL) self-assembly method
[2], Langmuir—Blodgett technique [3, 4], spin coating [5],
chemical vapour deposition [6], spray pyrolysis [7, 8]
magnetron sputtering [9-15], etc. Owing to its favourable
optical, electrical and catalytic properties, thin layers of
ZnO are often utilised in solar cells [16-20] as gas sensors
[21, 22], as photocatalyst [2] and as antireflective coating
[23].

There are only few publications where other inorganic
(silicate) [2] or organic (dyes) [24] material is applied in the
thin films besides the ZnO to obtain 2D hybrid structures.
ZnO/clay mineral and ZnO/polymer sandwich structures
were prepared by Sebdk et al. [25] using LbL method. The
hybrid films were used as optical sensors to detect ethanol
vapour.

Polymer layers such as polyimide [26], polytetrafluoro-
ethylene [27], polyethylene and polypropylene [28] have
also been successfully deposited by magnetron sputtering.

Since currently there is no available report on the
deposition of ZnO/polymer hybrid structures by radio
frequency (RF) magnetron sputtering, therefore we prepared
ZnO/polymer structures applying the aforementioned tech-
nique. In the present work, the preparation of ZnO/
poly(acrylic acid) hybrid structures by RF magnetron
sputtering technique and the effect of the layer thickness
and the ageing time on the optical (transmission, reflection
and photoluminescence) and on the structural properties of
films are described.
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Experimental
Materials and sample preparation
Preparation of ZnO,

Zinc oxide thin layer were prepared from ZnO,, which
decomposes to ZnO and O, due to heat (or plasma)
treatment [29]. For the preparation of ZnO,, 8.80 g zinc
acetate dihydrate (C4HO4Zn-2H,O Fluka, a.r.) was dis-
solved in the mixture of 52 ml demineralised water and
13.6 ml 30% hydrogen peroxide solution (H,O,, Reanal,
a.r.) in a quartz beaker. The solution was placed into a water
bath at 60 °C for 4 h and was irradiated with a xenon lamp
(P=75 W) to obtain white ZnO, dispersion. At the half-
time of the irradiation, 13.6 ml H,O, was added to the
mixture. The mean hydrodynamic particle diameter was
34 nm in the ZnO, suspension. The water was evaporated
at 60 °C in air to obtain white ZnO, powder.

Preparation of the multilayered hybrid films

To deposit ZnO layers on glass substrates and silicon
wafers, a quartz target covered with ZnO, was used. The
ZnO, covered quartz target was prepared by spray coating
technique using ZnO, suspension dispersed in ethanol (c=
1%, m/v). The thickness of the ZnO, layer on the quartz
surface was ~7 um. Power (100 W) and argon atmosphere
at 1-Pa pressure were applied during the RF magnetron
sputtering. The sputtering time was 30 min for one ZnO
layer. The sputtering of a ZnO layer was followed by
sputtering of a poly(acrylic acid) (PAA) layer. For the
preparation of the PAA layers, quartz targets covered with
PAA (Mw=100000, Sigma, a.r.) was used. The PAA covered
target was prepared by spray coating using PAA dissolved in
water (c=15%, m/v). The thickness of the PAA layer on the
top of the quartz target was ~15 pum. The sputtering was
done at 4-Pa pressure with 50-W power in argon atmosphere
for 60 min to obtain one PAA layer. The substrates were
rotated during the deposition to obtain uniform layers. One
ZnO/PAA sandwich layers (bilayers) was built up from a
ZnO and a PAA layer. During the preparation, the number of
the ZnO/PAA bilayers (n) was varied (n=5, 10, 20).

Methods

The hydrodynamic diameter of the ZnO, particles was
determined by dynamic light scattering using a Malvern
Zetasizer Nano Series, Nano-ZS apparatus.

The optical (transmission and reflection) properties of
the films were studied by a Micropack Nanocalc 2000
spectrophotometer. The reflection spectra of the films were
measured in a special measuring cell equipped with a
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reflectance probe at the angle of detection of 0°. The
photoluminescence emission spectra were recorded on a
Horiba Jobin Yvon Fluoromax-4 type spectrofluorometer at
350-nm excitation wavelength.

X-ray diffraction (XRD) measurements were carried out
on a Bruker D8 Advance diffractometer with Cu K,
radiation (40 kV, 30 mA). The Scherrer equation was used
to determine the average particle diameter from the half-
width of the corresponding diffraction peak:

kxA

= B x 06’ n

where d is the average particle diameter, £ is related to the
crystallite shape, A is the radiation wavelength, (3 is the line
broadening (8= [3,—3,, where 3, and [, are the half-widths
of the XRD peak of the sample and the silicon standard),
and © is the Bragg angle.

The morphology of the films was examined by a Leo
Gemini 1530 scanning electron microscope (SEM; InLens
3 kV 2 mm distance) and by a Digital Instruments Atomic
Force Microscope Nanoscope III with a tapping type tip
made of silicon (Veeco Nanoprobe Tips RTESP model,
125-pm length, 300 kHz).

Results and discussion
Optical properties

The optical UV—vis transmission property of films with
different bilayer number prepared by RF magnetron
sputtering was studied first. The films have high transmit-
tance (7=75-95%) in the visible region (550-750 nm);
furthermore, the transmission spectra show several minima
due to the interference, as can be seen in Fig. la. The
thickness of the films at different bilayer number can be
calculated from the reflection spectra of the films using a
computer simulation. This simulation calculates the intensities
of the interference of the waves reflected from the surface of
the film and from the substrate surface as the function of the
wavelength using the method of complex amplitudes including
the three-component Bruggeman formula [30]. Using this
method, 423-, 622- and 1,426-nm thickness was obtained
when n was 5, 10 and 20.

Slight red shift of the transmission spectra also can be
observed, which indicates the decrease of band gap energy
(Eg) of deposited semiconductor material. To verify our
assumption, the £, value of deposited films was calculated
by the Tauc relationship:

axhxv=A4x (hxv—Eg)", (2)

where « is the absorption coefficient, v is the photon
energy, 4 is constant, £, is the band gap energy and n=1/2
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Fig. 1 a Transmission spectra 100 -
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[31]. The absorption coefficient, «, can be easily determined
with the knowledge of the transmission and the reflection
spectra of films from the following equation:
azéxln(l TR), (3)
where d is the layer thickness, R is the reflection of films and
T is the transmittance of films [12].

The calculated £, value of films with bilayer number of
5, 10 and 20 was 3.40£2x10 7, 3.39£4x 107 and 3.36+
3x107 eV, respectively (Fig. 1b). The determined Ag
adsorption edge values of films at n=5, 10 and 20 are
364.7+0.2, 365.8+£0.4 and 369.140.3 nm, respectively. The
band gap energies of films at n=5 and 10 are similar; the
difference between them is not significant. However,
the slight decrease in the E, can be determined at n=20.
It can be explained by the increasing crystalline diameter, as
it will be discussed later by results of XRD measurements.

The UV-vis transmission measurements were followed
by photoluminescence studies of the films. The emission
spectra of the films applying 350-nm excitation wavelength
are presented in Fig. 2. Two emission peaks appear in every
spectrum. One of them, located at 403 nm with high
intensity, belongs to the glass support. In the case of the
lowest bilayer number (n=5), a red emission peak appears
at 669 nm. This visible emission peak shifts towards the
higher energies with the increasing bilayer number and
appears at 575 nm (green-yellow region) and 531 nm
(green region) when n=10 and n=20, respectively. The
visible emission peak in the red region related to the
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interstitial Zn (Zn;) defects or Zn; complexes, whilst the
emission peak in the green and green-yellow regions could
be assigned to the electron transition from the conduction
band to the single electron oxygen vacancy (V, ") level [11].
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Fig. 2 Emission spectra of the ZnO/PAA films (A¢x=350 nm)
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Fig. 3 XRD patterns of the films ZnO/PAA hybrid films

The shift of the visible emission can be explained by the
ageing. The films spent different time in the sputtering
chamber at ~120 °C during the deposition. Due to this heat
treatment, the concentration of Zn defects decreases, whilst
the concentration of O vacancies increases in the crystalline
lattice of the ZnO [11].

Structural and morphological properties

The crystalline structures of the films were determined by
XRD. Three diffraction peaks [d(IOO), d(ooz), d(101)] of the

Fig. 4 a Cross-section SEM
image of ZnO/PAA film b
AFM image (1x1 pm) and
cross-section AFM analysis of
surface of ZnO/PAA film (n=5)
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ZnO appear on the XRD patterns of the films (Fig. 3).
These peaks are characteristic of the hexagonal zincite
crystalline structure (36-1451 JCPDS card). The XRD
measurements confirmed that ZnO, decomposes due to
the plasma treatment and ZnO layers are forming during the
deposition. Using the Scherrer Eq. 1, the average diameter
of the crystallites can be determined from the XRD
patterns. The obtained diameter was 10.1, 13.3 and
17.2 nm when the bilayer number was 5, 10 and 20,
respectively. Since the band gap energy is decreasing with
the increasing particle size, it explains the red shift of the
UV-vis transmission spectra and the decreasing band gap
energies.

To examine the morphology of as-prepared films, SEM
and atomic force microscopy (AFM) measurements were
done. The cross-section SEM image of the film with bilayer
number 5 is presented in Fig. 4a. The hybrid structure is
well visualised by SEM, as the films build up from thicker
ZnO layers (~60 nm) and thinner PAA layers (~30 nm).
The thickness of the films can also be determined directly
from the cross-section SEM images, which is 430, 640 and
1450 nm when the bilayer number is 5, 10 and 20,
respectively. The thicknesses determined from the SEM
images are in accordance with the thicknesses calculated
from the transmittance spectra. The surface morphology of
films was investigated by AFM. The AFM images are in
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accordance with SEM images. A characteristic AFM image
and cross-section analysis of the surface can be seen in
Fig. 4b. The AFM image shows that the surface of the glass
substrate is totally covered and the surface of the films is
relatively flat. As it can be seen from the cross-section
analysis, the average diameter of the aggregates is 65.4+
11.8 nm. The roughness also can be obtained from the
AFM image, which is 24.15 nm for this sample.

Conclusion

ZnO/poly(acrylic acid) hybrid films with different bilayer
number (n=5, 10, 20; different thickness) were prepared by
RF magnetron sputtering. The films have high transmittance
in the visible region. The band gap energy of hybrid films—
determined by the Tauc relationship—decreases with increasing
thickness (3.40-3.36 eV) because the mean diameter of the
ZnO particles increases. The films show visible emission, and
the emission peak shifts towards the higher energies with
increasing bilayer number. This phenomenon could be
explained by the deposition (ageing) time, whereas the
concentration of the Zn and O defects in the crystalline lattice
changes during the deposition. The XRD measurements
confirmed that ZnO with zincite type crystalline structure
forms from the ZnO, precursor during the deposition. SEM
investigations represent that a real layered hybrid structures
developed on the surface of the substrates.
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