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ABSTRACT

Polycrystalline zinc oxide (ZnO) thin films have been deposited at 450°C onto glass and silicon substrates by pulsed
laser deposition technique (PLD). The used source was a KrF excimer laser (248 nm, 25 ns, 5 Hz, 2 J/cm?). The effects
of glass and silicon substrates on structural and optical properties of ZnO films have been investigated. X-ray diffrac-
tion patterns showed that ZnO films are polycrystalline with a hexagonal wurtzite—type structure with a strong (103)
orientation and have a good crystallinity on monocrystalline Si(100) substrate. The thickness and compositional depth
profile were studied by Rutherford Backscattering spectrometry (RBS). The average transmittance of ZnO films deposi-

ted on glass substrate in the visible range is 70%.
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1. Introduction

In recent years, there is a great interest in production of
transparent conducting oxide (TCO) and transparent ox-
ide semi-conductors for the development of photonic
devices and transparent conducting electrodes (TCE) for
solar cells [1]. Up to now, a number of studies on ZnO
films deposited on various substrates including glass, Si,
GaN, GaAs and diamond have been conducted [2-5]. The
substrate is very important for the growth of thin films in
terms of the lattice and thermal mismatching between it
and the film because it commonly leads to the develop-
ment of stress in the deposited film. It is known that the
strain affects the conduction bands of Si, Ge, and direct
gap III-V semiconductors differently due to the positions
of their band edges in the Brillouin zone. Also, the sub-
strate movement can cause the growth strain-induced in
the films. Nucleation and binding of growth species may
vary due to the movement of substrate. This affects crys-
talline quality as well as optical and electrical properties
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of ZnO film. However, most attentions are paid to the
influences of deposition conditions on the properties of
ZnO films rather than the substrate selection. Compared
to that of polycrystalline, epitaxial growth of ZnO relies
more on substrate conditions such as the crystal orienta-
tion, the morphology, as well as the inherent property.
ZnO thin films are promising materials for various ap-
plications due to its large direct band gap of 3.3 eV, low
power threshold for optical pumping and a large exciton
binding energy of 60 meV at room temperature [6].
Doped and undoped ZnO thin films are currently under
intense investigation for use in optoelectronic devices
and energy conversion [7].

In this work, the effect of glass and silicon substrates
on the structural and optical properties of ZnO thin films
grown by pulsed laser deposition has been studied.

2. Experimental

Undoped ZnO thin films were grown onto glass and sili-
con substrates by the conventional Pulsed Laser deposi-
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tion (PLD) method. The ceramic pellets (diameter 11 mm
and thickness 5 mm) of undoped zinc oxide (ZnO) are
prepared using conventional cold ceramic pressing tech-
nique using ZnO (99.0%) purity powder obtained from
FLUKA Company, and then sintered at 500°C for 3 h.
Before deposition, the substrates were chemically clea-
ned using acetone and ethanol. The chamber was evacu-
ated by a turbo pump to a pressure of 5 x 10~ Pa, while
the partial pressure of the O, was kept at ~1 Pa. ZnO
pellets were ablated by a KrF excimer laser (LAMBDA
physik, A = 248 nm, 5 Hz and 25 ns pulse duration) with
a fluence of 2 J/cm’. The distance between the substrate
and target was kept fixed at 4 cm and the substrate tem-
perature is maintained at ~450°C. The beam laser was
incident on the rotating target at an angle of 45° with
respect to the target normal. The thickness and composi-
tional depth profile was studied by Rutherford Backscat-
tering Spectrometry (RBS) using a 2 MeV *He" ion beam.
The backscattered ions were recorded by a surface bar-
rier detector, placed at 165° with respect to the beam.
The recorded RBS spectra were processed by the RUMP
simulation computer program [8].

The crystalline structure of the synthesized ZnO films
was characterized by grazing incidence X-ray diffraction
(GIXRD) (Bruker-AXS D8 diffractometer) using CuKa
radiation (4 = 0.154056 nm) and operated in 6/28 con-
figuration. Atomic force microscopy (AFM) (Pacific
Nanotechnology) operating in contact mode was used for
the observation of surface morphology for ZnO films
deposited on different substrates in a region of 2.34 x
2.34 um’ area. The optical properties of the ZnO thin
films were characterized by UV-VIS spectrometer Shi-
madzu (UV-3101 PC) in the wavelength range 300 - 800
nm.

3. Results and Discussion
3.1. Structural Properties

The (6 - 26) XRD patterns of ZnO thin films deposited at
~ 450°C onto different substrates are shown in Figure 1.
The peaks in the spectra of ZnO thin films deposited on
glass and Si-Poly substrates confirm the hexagonal
wurtzite polycrystalline structure which is in good agree-
ment with (JCPDS 36-1451) data with well-oriented (103)
texture. However, in the cases of Si(100) and Si(111)
substrates one can note a well textured nature of ZnO
films, as indicated by only one peak observed at about
63.25°. Furthermore a small angular shift of the (103)
peak is observed with changing substrates.

The crystallinity of ZnO films determined from the
full width at half maximum (FWHM) values of (103)
diffraction peak confirms a c-axis preferential orientation.

To calculate the average grain size of the samples, the
Debye-Scherrer equation is used [9]:
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Figure 1. XRD patterns of ZnO films grew on different
substrates at 450°C.

D=0.94/Bcosb (1)
where /1 is the X-ray wavelength used, 6 is half the angle
between the incident and scattered X-ray and S is the
FWHM. The values of grain sizes given in Table 1 are
found to be in the range from 11 to 17 nm. It is observed
that the smallest one corresponds to the ZnO thin films
deposited on Si(100) substrate.

It is well known that the (002) orientation of ZnO
Waurtzite structure is generally observed, suggesting that
the surface free energy of (002) plane is the lowest in
ZnO films [10,11]. Indeed, (103) orientation can be
formed due to the presence of the residual stress in the
film that depends on experimental conditions and sub-
strate nature [12]. In the present work it is clearly seen
that ZnO films with (103) orientations are deposited by
PLD as shown in Figure 1.

The (103) texture is formed rather than the expected
(002) one in the case of glass substrate is in well agree-
ment with previous results [13]. However, in our case,
the growth of ZnO films on silicon substrates with (103)
orientation may be due to the relatively low O, gas pres-
sure used during the film deposition. This fact suggests
that the oxygen stoichiometry of the obtained ZnO films
on Si substrates strongly affects their texture. A better
understanding of this phenomenon needs more investiga-
tions in the future.

There are non identified peaks just in the case of (Si-
Poly) substrates, which may be correspond to impurities.

Table 2 shows the different values of a and c lattice
parameters of ZnO thin films deposited on glass and Si-
Poly compared with theoretical values.

ZnO films grow on glass and Si-Poly shows lower ¢
value compared to the bulk value [JCPDS 36-1451], this
mean that these films have a compressive strain [14].

Figure 2 shows AFM topographies of the ZnO thin
films deposited on glass and Si-Poly substrates. The

AMPC



A. TAABOUCHE ET AL. 211

Table 1. Different structural parameters of ZnO thin films
deposited on glass and silicon substrates.

Positions d-spacing Crystallite
ZnO film 26" (om) hkl FWHM Size(nm)
31.87 0.2805 100 -
34.60 0.2591 002 i -
Glass 36.37 0.2468 101 ) -
56.63 0.1624 110 -
63.13 0.1471 103 06218 15
31.18 0.2866 100 - -
34.64 0.2587 002 - -
36.42 0.2485 101 - -
38.28 0.2349 - - -
. 42.06 0.2147 . - .
Si-Poly 44735 0.2041 - - -
47.72 0.1904 102 - -
54.60 0.1679 - - -
56.36 0.1631 110 - -
63.11 0.1472 103 0.5545 17
Si(100) 63.25 0.1477 103 - -
Si(111) 63.25 0.1477 103 - -

Table 2. Lattice parameters of ZnO thin films deposited on
glass and Si-Poly.

Lattice constant ZnO/Glass ZnO/Si-Poly ZnO (JCPDS 36-1451)

a (nm) 0.32469 0.32644 0.32490
¢ (nm) 0.51789 0.51703 0.52060
c/a 1.5950 1.5645 1.6023

e

Scan Distance (2.34 pm)
Z Distance (176.66 nm)

Scan Distance (2.34 pm)
Z Distance (96.44 nm)

(b)

Figure 2. AFM images of ZnO thin films deposited on glass
(a) and Si-Poly (b) substrates.

mean roughness (Ra) of the surfaces is calculated for a
5.51 um® scan area. It is found that the mean roughness
significantly decreases from 16 to 7 nm of ZnO films
deposited onto glass and Si-Poly substrates respectively.
It is known that the increase in surface roughness may
cause deterioration of the electrical and optical properties

Copyright © 2013 SciRes.

[15]. However, these differences in mean roughness have
a significant influence on optical properties of the films
considered in this study. These results, together with the
XRD analysis, clearly indicate that the crystallinity is
influenced by the nature of substrates. This is in good
agreement with other results [16].

3.2. RBS Analysis

RBS measurement was used to determine the composi-
tion and distribution of the Zn and O elements in the ZnO
layers. Figure 3 shows the experimental and simulated
RBS spectra of ZnO film deposited on Si(100) substrate.
The thickness of ZnO layer is about 370 nm. The atomic
composition obtained from RBS analysis is fixed at 42.2
at% O, 57.8 at% Zn.

The experimental RBS spectra were simulated by the
RUMP software (Figure 3) and some obtained results
are summarized in the Table 3.

3.3. Optical Characterization

Figure 4 shows the transmission spectra of ZnO thin film
deposited onto glass substrates in the wavelengths range
of 300 - 800 nm. All the measurements are realized at
room temperature.

As can be seen, the average optical transmittance of
the samples in the visible range is amount 70%. In addi-
tion, it is important to notice that the films have a suit-
able thickness (~370 nm), leading to a good optical qual-
ity of the produced ZnO materials which is in good
agreement with the literature reports [17,18].

The fundamental absorption edge in most semicon-
ductors follows the exponential law. Above the exponen-
tial tail, the absorption coefficient of semiconductors has
been observed to obey the relation [19].

ahv=A(hv-Eg)' )

where 4 is a constant, £g is the optical band gap energy,
and the index can be any value between 1/2 and 3 de-
pending on the nature of the inter-band electronic transi-
tion. It has been established that for direct allowed band
gap semiconductors, the measured absorption data fits
well to Equation (2) for n = 1/2 [13].

ahv = A(hv-Eg)" 3)

The absorption coefficient a could be calculated from
the following equation [20]:
a=In(YT)/d (4)
where T is the transmittance and d is the thickness of the
film. The plot of the graph (a/v)” vs hv (see inset Figure
4) is accomplished using Formula (3). The band gap
value of the produced ZnO films, determined by the op-
tical method, is obtained by extrapolating the linear por-
tion of this graph to (ahv)* = 0. As can be seen from the
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Table 3. Summary of the simulation results.

Sub layer thickness (A) Sub layer Composition (%)
800 Zn(50) + O(50)
1200 Zn(50) + O(50)
1320 Zn(50) + O(45) + Si(5)
600 Zn(50) + O(5) + Si(45)
800 Zn(10) + O(3) + Si(87)
25000 Si(100)
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Figure 3. Random and simulated RBS spectra of ZnO films
deposited onto Si(100) substrate.
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Figure 4. Optical transmittance spectra of ZnO thin films
deposited on glass substrate by PLD (The inset shows plot
of (ahv)? versus ho.

Figure 4, Eg is equal to 3.23 eV. The glass seems to be
the most favorable substrate in the formation of strongly
textured ZnO thin films.
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4. Conclusion

Properties of ZnO thin films were grown by PLD onto
different substrates including glass, Si(100), Si(111) and
Si-Poly were investigated. It was observed that the sub-
strate nature has a strong factor influencing the properties
of ZnO films. The produced ZnO thin films are poly-
crystal-line with a texture along the c-axis (103). The
values of grain sizes vary from 11 to 17 nm and the mean
roughness increases up to 16 nm in the case of the glass
substrate. The thickness of ZnO layer is about 370 nm.
The atomic composition obtained from RBS analysis is
fixed at 42.2 at% O, 57.8 at% Zn. The transmission of
the ZnO films is about 70% and the deduced value of
their optical band gap is 3.23 eV. There are intrinsic cor-
relations between the structural, optical and morphologi-
cal properties of the ZnO thin films, which are crucial for
future study and application of TCO and solar cells thin
films.
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