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ABSTRACT

Thin films of molybdenum doped (2.7 at.%) zinc oxide (MZO) were deposited on glass substrates held at room temperature by
RF magnetron sputtering of mosaic target of Mo-Zn at different substrate bias voltages. The influence of substrate bias voltage
on the structural, electrical and optical properties was investigated. The MZO films deposited on unbiased substrate were of
amorphous, while those formed at substrate bias voltage of -40 V and above were of nanocrystalline. The crystallite size of the
films improved with the applied bias voltage. At higher substrate bias voltage of -120 V the ion bombardment induced the high
defect density in the films hence decrease in the crystallinity. The films formed at substrate bias voltage of -80 V exhibited low
electrical resistivity of 1.2x10 Qcm and optical transmittance of about 79 %. These films showed optical band gap of 3.29 eV
and figure of merit of 19 Q*cm™. Copyright © 2015 VBRI Press.
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Introduction

Zinc oxide is wide band gap (3.37 eV) semiconductor with
large exciton binding energy (60 meV) which allow
efficient lasing mechanism at room temperature. It is
nontoxic, inexpensive, abundant and mechanically stable.
In find potential applications as transparent conducting
oxides, photovoltaic cells, gas sensors, light emitting diodes
and photocatalyst in water treatment [1-4]. Thin films of
pure ZnO formed by various thin film deposition
techniques were of low electrical conductivity. In order to
enhance the electrical conductivity, doping of suitable
metals with ZnO is essential for its application in
transparent conductors in thin film solar cells and in
transparent thin film transistors. One of the methods
improving the electrical conductivity is by doping of ZnO
with aluminium[5-8], gallium [9, 10], boron [4], tungsten
[11], tin [1], copper [12], phosphorous [13] or
molybdenum [14] etc. Doping of molybdenum in ZnO films
(MZO0) is interesting since it contributes more than one
carrier for the electrical transport hence increase in the
electrical conductivity while keeping high optical
transmittance in the visible region. Moreover its ionic
radius (0.046 nm and 0.041 nm for Mo>" and Mo®") is close
to Zn®* (0.060 nm) when compared to AI** (0.039 nm)
therefore molybdenum substitution of zinc ions of the host
matrix than interstitial positions [15]. Thin films of MZO
have been formed by RF /DC magnetron sputtering [15-
18], co-sputtering [19], ion beam deposition [20] and spray
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pyrolysis [21]. In the present work, an attempt is made in
the deposition of Mo doped ZnO thin films by reactive RF
magnetron sputtering at different substrate bias voltages in
the range from 0 to -120 V. The deposited films were
characterized for their structural, surface morphological,
electrical and optical properties and studied the influence of
substrate bias voltage on the physical properties.

Experimental

Thin films of MZO were deposited on glass substrates
using RF magnetron sputtering technique. The sputter
chamber was evacuated to the base pressure of 5x10“ Pa
using rotary pump - diffusion combination. Pure Zn target
of 50 mm diameter and 3 mm thick covered with
molybdenum strips in the sputtered zone was used for
preparation of the experimental films. Films were deposited
in the sputter down configuration. The MZO films were
formed on glass substrates held at room temperature and at
oxygen partial pressure of 2x10™*Pa, sputter pressure of 5
Pa and at different substrate bias voltages (V) in the range
from 0 to -120 V. Thick aluminum film on the bottom of
the glass substrate was deposited by thermal evaporation in
order to apply bias voltage to the substrate. Unbalanced
magnetron was used for the deposition of the films. The RF
power (Advanced Energy Model ATX-600 W) fed to the
sputter target was 50 W. Sputter parameters maintained for
the deposition of MZO films were given in the Table 1.The
deposited MZO films characterized for their chemical
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composition, structure and surface morphology, electrical
and optical properties.

Table 1. Deposition parameters fixed for the growth of molybdenum
doped zinc oxide (MZO) films.

Sputter target Zn target (covered with Mo
strips)

Target to substrate distance 50 mm

Base pressure 5x10™ Pa

Oxygen partial pressure (pO,) 2x10™ Pa

Sputter pressure 5 Pa
Sputter power 50 W
Substrate bias voltage (V}) O0to-120V
Film deposition time 60 min.

The thickness of deposited films was measured with a-
step profilometer (Veeco Dektak Model 150). Diamond
stylus with cone angle of 45° (60°) with tip diameter of 0.5
micrometer was employed to scan the surface of the film.
Chemical composition of the deposited films was
determined with energy dispersive X-ray analyser (EDAX
Oxford Instruments Inca Penta FETX3) attached to the
scanning electron microscope (Carl Zeiss Model EVO MA
15) to an accuracy of about 0.5 at.%. The crystallographic
structure of the films was determined with Bruker D8
Advanced Diffractometer at the glancing angle of 4° with
Cobalt X-ray radiation with wavelength of 0.17889 nm and
scanned with step of 0.02° per minute. Surface morphology
was analyzed by atomic force microscope (Bench
Apparatus Digital Instruments Model 3100) in non-contact
mode. The electrical resistivity of the films was determined
using standard four point probe method. The optical
transmittance of the films was recorded in the wavelength
range 300-1200 nm using Hitachi (Model U 3400) double
beam spectrophotometer with accuracy in the wavelength
of 0.5 nm.

Results and discussion

The thickness of the deposited MZO films measured by
depth profilometer was in the range 190 - 220 nm.
Deposition rate of the films was calculated from the
thickness (t) and the duration of deposition. The deposition
rate of the films increased from 3.2 to 3.7 nm/min with
increase of substrate bias voltage from 0 V to -80 V, there
after decreased to 3.4 nm/min at higher substrate bias
voltage of -120 V. The increase of deposition rate with
increase of bias voltage at low voltage range was due to
attracting the positively charged molecules and clusters of
the sputtered material in the plasma, which incorporate the
sputtered material to arrive on the surface of the substrate.
Yang et al. [22] noticed such dependence of deposition rate
on the bias voltage in RF sputter deposited indium tin oxide
thin films. Chemical composition of the MZO films was
determined by using energy dispersive X-ray analysis
(EDAX) from the intensity of the characteristic peaks of
molybdenum, zinc and oxygen. Fig. 1 showed the EDAX
spectrum of Mo-ZnO film formed on unbiased substrate.
Chemical composition of the deposited film was Zn = 47.5
at. %, O = 49.8 at. % and Mo = 2.7 at. % which indicated
that molybdenum substituted the zinc in the ZnO films. It

remained almost constant in all the films formed at different
substrate bias voltages.
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Fig. 1. EDAX spectrum of MZO films formed on unbiased substrate.

Fig. 2 shows the X-ray diffraction profiles of MZO
films formed at different substrate bias voltages. The MZO
films formed under unbiased substrates does not contain
any diffraction reflections revealed that the grown films
were in amorphous nature.
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Fig. 2. X-ray diffraction profiles of MZO films formed at different
substrate bias voltages.

The films formed at substrate bias voltage of -40 V
exhibited a broad diffraction peak of (002) reflection of
zinc oxide films with wurtzite structure. Further increase of
substrate bias voltage to -80 V, the intensity of diffraction
peak enhanced due to improvement in the crystallinity of
the films. At higher substrate bias voltages that is -120 V,
the intensity of the (002) reflection reduced with presence
of an additional weak (101) reflection. At higher substrate
bias voltages, the ion bombardments induces high defect
density in the films and re-sputter hence decrease in the
crystallinity [23]. Such an enhancement in the crystallinity
with the increase of substrate bias voltage was noticed in
sputtered TiO, films [24] and in pure ZnO films [25]. The
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crystalline size (L) of the films was calculated from the X-
ray diffraction peak using the Debye - Scherrer’s relation,

L=kA/Bcosd (1)

where, k is a constant and B the full width at half
maximum intensity. The crystallite size of the films
increased from 5.2 to 9.8 nm with increase of substrate bias
voltage from -40 to -80 V, there after decreased to 7.5 nm
at higher substrate bias voltage of -120 V. Fig. 3 shows the
AFM two- and three dimensional images of MZO films
formed at different substrate bias voltages. The grains were
uniform in the size and the size of the grains influenced by
the substrate bias voltage. The films formed at substrate
bias voltage of -80 V exhibited elongated grains spread
throughout the film surface. From the AFM analysis, the
grain size of the films increased from 60 to 110 nm with the
increase of substrate bias voltage from 0 to -80 V and at
higher substrate bias voltage of -120 V it decreased to 80
nm.

Fig. 3. Two and three dimensional AFM micrographs: (a) Vb= 0V, (b) -
80 V and (c) -120 V.

Electrical resistivity of the MZO films was measured at
room temperature using four point probe method where the
electric current (I) was passed in two probes and the
developed voltage (V) measured in other two probes. The
resistivity (p) of the films was calculated by using the
relation,

p = (W/n2)(V/D)t )

where, t is the thickness of the film. Fig. 4 shows the
variation in the electrical resistivity of the MZO film with
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substrate bias voltage. The electrical resistivity of the films
formed on unbiased substrates was 8.5x10 Qcm and it
decreased to 1.2x102 Qcm with increase of substrate bias
voltage to -80 V. The decrease of resistivity with increase
of substrate bias voltage was due to improvement in the
crystallinity of the films. The films formed at higher
substrate bias voltage of -120 V showed the electrical
resistivity of 3.8x10” Qcm. The increase of resistivity of
the films formed at higher bias voltage was due to reduction
in the grain size where the grain boundary scattering of
charge carrier takes place hence of high resistivity. Kuo et
al. [20] reported the electrical resistivity of 3.1x10™ Qcm in
3 wt. % Mo doped ZnO films formed by dual ion beam
sputtering.
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Fig. 4. Electrical resistivity of MZO films formed at different substrate
bias voltages.

Fig. 5 shows optical transmittance spectra of MZO
films formed at various substrate bias voltages. Optical
properties of MZO films were highly influenced by the
substrate bias voltage. The optical transmittance of the
films in the visible region was in the range 75 - 85%.
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Fig. 5. Optical transmittance spectra of MZO films formed at different
substrate bias voltages.

The optical absorption edge shifted towards lower
wavelength side with the increase of substrate bias voltage
up to -80 V there after it moved towards higher wavelength
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side at higher substrate bias voltage of -120 V. Wu et al.
[26] noticed that the optical transmittance decreased from
91 to 85% with increase of Mo content from 0 to 3 wt. % in
ZnO films. It is to be mentioned that the Mo-ZnO films
formed by spray pyrolysis was about 60-65 % [21].The
optical absorption coefficient (o) was determined from the
transmittance (T) data using the relation,

o=- (1/)InT 3)

The optical transitions between the wvalance and
conduction bands of a material can be understood by
studying the dependence of o on the incident photon energy
(hv). For direct transition, the absorption coefficient obeys
the relation,

ahv = A (hv—Eg)1/2 4)

where, A is a constant that is edge width parameter and
Eg the optical band gap. The optical band gap of the film
was determined from Tauc’s plots [27] that is the
extrapolation of the linear portion of the (ahv)? versus
photon energy (hv) to o = 0. Fig. 6 shows the plots of
(ahv)® versus photon energy of MZO films formed at
different substrate bias voltages. Optical band gap of the
MZO films increased from 3.18 to 3.29 eV with increase of
substrate bias voltage from 0 to -80 V.
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Fig. 6. Plots of (ahv)? versus photon energy of MZO films formed at
different substrate bias voltages.

The films formed at higher substrate bias voltage of -
120 V showed the optical band gap of 3.27 eV. The optical
band gap of 3.27 eV was also reported by Lin et al. [28] in
pulsed DC magnetron sputtered and 3.33 eV in RF
magnetron sputtered MZO films formed with molybdenum
content of 2 wt. % [26]. The electrical resistivity and
optical properties of MZO films formed by various
deposition methods by different researchers are given in
Table 2. Refractive index (n) of the films was determined
from the optical transmittance interference data using the
Swanepoel’s envelope method [29].

The optical transmittance Maxima (TM) and Minima
(Tm) at various wavelengths were taken from the envelope
method used to determine the refractive index of the films.

The refractive index of the films was calculated using the
relation,
n(L)=[N+(N*-ne2n;2)"*]2 ©)

and N = 2ngn)[(Tw-Tr)/ (TmTm)] + [ (N + i)/ 2]

where n, and n; are the refractive indices of the air and
substrate respectively. Variation of refractive index with
wavelength of the MZO films formed at different bias
voltages are shown in Fig. 7. The refractive index of the
films decreased with increase of wavelength from 500 to
1200 nm and remains almost constant at higher
wavelengths. The refractive index of MZO films (at 500
nm) increased from 1.82 to 1.85 with increase of bias
voltage from 0 to -120 V respectively.
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Fig. 7. Refractive index of MZO films formed at different substrate bias
voltages.

The refractive index of the films is mainly influenced by
the competition between the substrate and the residual
molecules and the deposited film. Increase of bias voltage,
plasma energy increased which enhance the diffusion
ability of reactive gas molecules to form the dense films
hence of increase in the refractive index [30]. It is to be
noted that the refractive index of ZnO films formed by RF
magnetron sputtering was 1.91 [31]. Wu et al. [32]
achieved refractive index of 1.85 in MZO films (Mo = 3 wt.
%) by DC magnetron sputtering.

Figure of merit is a quantity which gives the information
about the quality of the transparent conducting oxide films.
Figure of merit of MZO films was determined from the
electrical resistivity and optical transmittance data. Figure
of merit (¢) of the films was calculated from the relation
[33],

¢=-1/pInT (6)

where, p is the electrical resistivity of the film, T is the
optical transmittance. Fig. 8 shows the variation of the
figure of merit with the substrate bias voltage. Figure of
merit of the films formed unbiased substrate was 0.27 Q-
lcm™. As the substrate bias voltage increased to -80 V it
increased to 19 Qem™.
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Table 2. Summary of electrical resistivity and optical properties of MZO films

L. . Electrical Transmi- Optical band
S. No Deposition method Molybdenum doping resistivity (Qem) ttance (%) gap (eV) Reference
1 Spray pyrolysis 2 at. % 7x10° 70 3.25 21
2 lon beam sputtering 3wt. % 5x10™ 80 3.38 20
3 Co- sputtering 1.9 wt.% 3.2x10™ 87 - 19
4 DC magnetron sputtering 3wt % 8x10* 85 3.80 16
5 RF magnetron sputtering 2at. % 9.6x10™ 85 3.35 15
. 2.7 at. % 2 Present
6 RF magnetron sputtering V,= -80V 1.2x10 79 3.29 work
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