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Abstract

Transparent conducting molybdenum (2 at.%) doped zinc oxide (MZO) films were prepared with various substrate temperatures by spray
pyrolysis technique on glass substrates. The effect of substrate temperature on the structural, surface morphological, electrical, optical and
photoluminescence properties of these films were studied. The X-ray diffraction analysis revealed that the films are polycrystalline in nature having
a wurtzite structure with a preferred grain orientation in the (0 0 2) direction. The average crystallite size of the films increases from 17 nm to 28 nm
with the increase of substrate temperature from 573 K to 623 K, thereafter it slightly decreases with further increase of substrate temperature to
723 K. Analysis of structural parameters indicates minimum strain and stress values for films deposited at a substrate temperature of 673 K. From
atomic force microscopy (AFM) analysis, it is found that rms roughness of the films deposited at 623 K is a minimum, indicating better optical
quality. The scanning electron microscopy (SEM) measurements showed that the surface morphology of the films changes with substrate
temperature. Optical parameters such as optical transmittance, reflectance, refractive index, extinction coefficient, dielectric constant and optical
band gap have been studied and discussed with respect to substrate temperature. Room temperature photoluminescence (PL) spectra show the
deep-level emission in the MZO thin films. The films exhibit a low electrical resistivity of 6.22 x 10~2 £ cm with an optical transmittance of 75%

in the visible region at a substrate temperature of 623 K.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transparent conducting zinc oxide films have been
extensively studied in recent years, because of their low cost
precursor materials, relatively low deposition temperature and
high stability in hydrogen plasma compared to ITO and SnO,
films [1]. These advantages are of considerable interest for solar
energy conversion appilications. ZnO have high chemical and
thermal stability and high abundance make it an attractive
material for a wide variety of applications, such as UV emitters
and detectors, gas sensors, light emitting devices and
transparent conducting electrodes [2]. Zinc oxide (ZnO) is a
II-VI n-type semiconductor with a wide band gap, large free
exciton binding energy (60 meV), high transparency in the
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visible region and a wide range resistivity values (10~* to
10'2 Q cm) [3]. Due to their optical and electrical properties
metal oxide semiconductor films have been widely studied and
received considerable attention in recent years. Some of them
are good candidates for the application in transparent
conductive films, if they are prepared off-stoichiometry or
doped with suitable impurities. ZnO is one of the metal oxide
semiconductors suitable for use in optoelectronics and an
alternative material to ITO [4]. The electrical conductivity of
zinc oxide depends on the carrier concentration contributed by
oxygen vacancies or interstitial metal atoms in it [5].
Molybdenum (Mo) is one of the potential dopant materials
for improving conductivity and transparency of the zinc oxide
thin films. The substitution of Mo is possible due to the smaller
radius of Mo (0.062 nm) compared to Zn (0.083 nm). More-
over, Mo ([Kr]: 4d°5s") is the more beneficial impurity to be
doped into the ZnO matrix as it can donate 4 electrons to the
free carriers due to the high valence difference between Mo®*
ions and substituted Zn** ions. Therefore, very small amount of
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Mo doping can give enough free carriers and reduce the ion
scattering effect [6]. The investigations on MZO films are
valuable in exploring substitute materials for ITO and may have
potential application prospects in transparent optoelectronic
devices.

Different deposition techniques are used to prepare MZO
thin films such as RF/DC sputtering [7,8] and ion beam
sputtering deposition (IBSD) [9]. In comparison to other
chemical deposition techniques, spray pyrolysis [10] has
several advantages such as high purity and excellent control of
chemical uniformity in multi-component system. Spray
pyrolysis has been developed as a powerful tool to prepare
various kinds of thin films such as metal oxides and nanophase
materials. Another advantage of the spray pyrolysis technique
is that it can be adapted easily for production of large-area
films. Investigations on the preparation and characterization of
MZO films are less in the literature. Xiu et al. [7] used RF
magnetron sputtering to deposit MZO films onto a glass
substrate was one of such reports. In the present study,
transparent and conductive Mo doped ZnO thin films (MZO)
are prepared at different substrate temperatures (7;) using a
spray pyrolysis method and the effect of substrate temperature
(T,) on the structural, optical, electrical and photoluminescence
properties of MZO films was investigated.

2. Experimental

Mo doped ZnO thin films were prepared by spray pyrolysis
technique at substrate temperatures of 573 K, 623 K, 673 K and
723 K. The precursor solution for spray pyrolysis was prepared
by dissolving an appropriate amount of zinc acetate dehydrate
(Sigma—Aldrich, 99.5%, Germany) and molybdenum chloride
(Sigma—Aldrich, 99%, USA) in the 100 ml mixture of
deionized water and ethanol (Merck, 99.9%, Germany) at
room temperature. A small amount of acetic acid (Merck,
99.9%, Germany) was added into the solution to avoid forming
milky precipitate of hydroxides [11]. The concentration of Mo
was 2at.% and total concentration of the solution was
maintained at 0.1 M. The glass substrates were cleaned with
detergent solution and deionized water. Ultrasonic cleaning
was carried out for 30 min in an ultrasonic bath and then rinsed
in acetone for 10 min. The film deposition was carried out in
Holmarc (India) spray pyrolysis unit. The spray nozzle was at a
distance of 20 cm from the substrate during deposition and
solution flow rate was held constant at 3 ml/min. Air was used
as the carrier gas, at the pressure of 2 bar. When aerosol droplets
come close to the substrates, a pyrolytic decomposition process
occurs and high quality MZO films were produced.

The structural properties were studied by X-ray diffraction
(XRD) measurements using Rigaku D/Max ULTIMA III
diffractometer with CuK, radiation (A =1.5406 1&). The
thickness was measured using Stylus profile meter. The surface
morphology was studied by a scanning electron microscope
(S3000N, Hitachi). Atomic force microscopy (NTMDT-
NTEGRA, Russia) was used to analyze the surface morphology
and roughness of the films. The optical measurements of Mo
doped ZnO thin films were carried out at room temperature

using Shimadzu UV-1700 Spectrophotometer in the wave-
length range 300-1100 nm. Photoluminescence spectra were
recorded at room temperature using Perkin Elmer LS 55
Luminescence spectrometer with an excitation wavelength of
325 nm. Electrical resistivity, carrier concentration and
mobility were measured at room temperature on a Hall system
(Ecopia, Model: HMS-5000) using the van der Pauw method.

3. Results and discussions

3.1. Structural studies

Fig. 1 shows the XRD patterns of 2 at.% MZO thin films
deposited by spray pyrolysis at different substrate temperatures.
Spray pyrolysis is a chemical deposition technique where the
endothermic thermal decomposition takes place at the hot
surface of the substrate to give the final product. The substrate
temperature plays an important role in the film formation.
When the substrate temperature is below 553 K, the spray
falling on the substrate undergoes incomplete thermal
decomposition (oxidation) giving rise to a foggy film whose
transparency as well as electrical conductivity is very poor. If
the substrate temperature is too high (>773 K), the spray gets
vaporized before reaching the substrate and the film becomes
almost powdery. Whereas at optimum substrate temperature in
the range of 573723 K, the spray reaches the substrate surface
in the semi-vapor state and complete oxidation will take place
to give clear MZO film as a final product [12].
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Fig. 1. X-ray diffraction patterns of the MZO films with different substrate
temperatures.



Table 1

Calculated TC, lattice constants, thickness, strain, stress and optical band gap values of MZO films with different substrate temperatures.
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Substrate temperature (K) Thickness (nm) TC of (002) Lattice constants Strain (%) Stress (GPa) Band gap E, (eV)
a(A) ¢ A

573 1515 1.65 3.268 5.252 1.11 —5.06 3.270

623 1400 2.21 3.265 5.250 1.08 —4.93 3.256

673 1180 2.03 3.267 5.253 1.13 —5.15 3.241

723 984 1.94 3.272 5.259 1.25 —5.67 3.233

The XRD measurements reveal that all the films are
polycrystalline with a wurtzite structure and a preferred
orientation with the c-axis perpendicular to the substrates. Six
well-defined peaks, identified as the (1 00), (002), (101),
(102),(110)and (1 0 3) diffraction planes of ZnO. No peaks
corresponding to either molybdenum, zinc or any of its oxides
were observed in the XRD patterns, which indicate that there is
no additional phase present in Mo-doped ZnO films. Films
grown at 623 K shows strong preferred orientation with c-axis
perpendicular to the substrate. The peak intensity is found to be
high for the samples prepared at 623 K indicating a better
crystallinity. So, 623 K is the optimum temperature to obtain
uniform well adherent MZO films. For the films deposited at
573 K, the XRD peak intensity is low because of the low
crystalline growth of the films on substrate surface due to
insufficient thermal energy. From Table 1, it is seen that film
thickness decreases with increase in deposition temperature.
The decrease in film thickness with deposition temperature may
be attributed to the increase in evaporation rate of the initial
product with increase in substrate temperature [12]. The
intensity of the peak shows a significant decrease as the
substrate temperature increases from 623 to 723 K. This
indicates the deterioration of crystallinity and strain is induced
at high substrate temperatures. The average crystallite sizes of
the films deposited at different substrate temperatures have
been calculated using Scherrer’s formula [13]:
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where A is the wavelength of CuK, radiation (1.5406 A), k is
shape factor (0.9), B is the broadening of the diffraction line
(FWHM) and 6 is Bragg’s diffraction angle. The instrumental
broadening effect has been subtracted from the FWHM using the
XRD pattern of a standard silicon sample. The full width at half
maximum (FWHM) and crystallite size as a function of film
substrate temperature is shown in Fig. 2. The FWHM of the peak
decreases up to a substrate temperature of 623 K, thereafter it
increases with the increase in substrate temperature. The average
crystallite size of the films increases from 17 nm to 28 nm with
the increase of substrate temperature from 573 K to 623 K,
thereafter it slightly decreases with further increase of substrate
temperature to 723 K. The temperature dependence of crystal-
linity may be interpreted as follows. When substrate temperature
increases, the oxygen deficiency leads to the growth of less
homogeneous films with more crystallographic faults. It suggests
that the non-stoichiometric films show poor crystallinity [7].

The preferential or random growth of polycrystalline thin
films can be understood by calculating the texture coefficient
TC (h k1) for all planes. The texture coefficient is calculated
using the following equation [14]:
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where I, ; ;) indicate the X-ray diffraction intensities obtained
from the films, and N is the number of reflections observed in
the XRD pattern. I,y is the intensity of the standard
diffraction pattern (JCPDS card 75-0576). It is clear from
the definition that the deviation of texture coefficient from
unity implies the film growth occurs in certain preferred
orientation. Table 1 shows the variation of the texture coeffi-
cient with variation of substrate temperatures for the (0 0 2)
plane. The higher value of texture coefficient at 623 K indicates
the preferred orientation of the film along that diffraction plane
(0 02). However, the intensity of (0 0 2) diffraction peak had a
tendency to decrease with an increase in substrate temperature.
This presumably is due to the strain occurring in the MZO thin
films. The lattice constants ‘a’ and ‘c’ were calculated using the
following equation [15]:

TC(hkl) = (

1 4R +hk+k] P
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The lattice constants ‘a’ and ‘c’ values are found to be larger
than that of bulk ZnO values of 0.3242 nm and 0.5194 nm
(JCPDS-75-0576) as shown in Table 1. It may be due to Mo®*
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Fig. 2. Variation of FWHM and crystallite size as a function of substrate
temperature.
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ions substituted Zn>* ions in the ZnO matrix as significantly
affecting the lattice parameter. Because, the ionic radius of
Mo®* (0.62 A) smaller than that of Zn>* (0.83 A). The strain ¢,
in the lattice along the c-axis has been estimated from the lattice
parameters using the following expression [16]:

&z = S 5 100% 4)

Chulk

where ‘cgy,’ is the c-axis lattice constant calculated from the
XRD peak position and ‘cp,’ is the c-axis lattice constant of
bulk ZnO. In thin films, strain originates mainly due to a
mismatch between the polycrystalline film and the amorphous
substrate and/or differences in coefficients of thermal expan-
sion of the film and the substrate. The strain in the films is likely
to be of intrinsic, rather than of thermal origin. The thermal
strain introduced by the different linear thermal expansion
coefficients « of film (azno=4 x 107°K™") and glass sub-
strate (Ctgiass =9 X 107K is significantly smaller than the
measured strain. The lattice constant ‘¢’ of MZO films is larger
than the bulk ZnO. This indicates that the films have residual
tensile strain along the c-axis. We have calculated the stress in
the plane of the films based on the biaxial strain model [17],
using the following formula.

where Cp;=209.7 GPa, Ci,=121.1 GPa, C;3=105.1 GPa
and Cs33 =210.9 GPa are the elastic stiffness constants of bulk

X &7 &)

(a)

Zn0. According to the above equation, if the stress is positive,
the biaxial stress is tensile and if the stress is negative, the
biaxial stress is compressive. The compressive stress and strain
are as shown in Table 1. The total stress in the film commonly
consists of two components. One is the intrinsic stress intro-
duced by impurities, defects and lattice distortions in the
crystal, and the other is the extrinsic stress introduced by the
lattice mismatch and thermal expansion coefficient mismatch
between the film and substrate. In the present case, the extrinsic
stress will not be present and the total estimated stress values
seem to be dominantly intrinsic. The MZO films deposited at
higher temperature exhibit strong compressive stress. Whereas
the samples prepared at 623 K show a small decrease in stress,
this may be attributed to the variation in crystallite size or
morphology of the film. The stress increases slightly at the
temperature of 723 K indicative of possible effect of lattice
distortions and defects [16].

3.2. Morphological studies

The substrate temperature dependence of crystallinity and
crystallite sizes for the MZO films were further revealed by
their SEM micrographs. Fig. 3(a), (b), (c) and (d) shows the
SEM morphologies of MZO films deposited at 573 K, 623 K,
673 K and 723 K, respectively. The microstructure of the films
consists of many spherical grains distributed uniformly

Fig. 3. SEM images of the MZO films with various substrate temperatures (a) 573 K (b) 623 K (c) 673 K and (d) 723 K.
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throughout the surface. The surface morphology of the MZO
thin films deposited at low substrate temperature (573 K) show
small but dense grains. When the substrate temperature
increases to 623 K, the number of nuclei increases and the
nuclei grow over the whole surface area of the substrate with
uniform grains. The grain size became smaller with increase of
substrate temperature to 723 K. This is mainly due to the
migration ability of atoms and molecules on the surface are
increased during the growth at higher substrate temperature.
This is an evidence for increase of the film stress with the
increase in substrate temperature. It can be seen that with
increase in substrate temperature, the grain size of the films also
found to detoriets. This is consistent with the results of XRD
studies.

Fig. 4(a) and (b) shows AFM Images 2D and 3D of MZO
thin films deposited under different substrate temperatures. The
scanning area was 2 pm X 2 wm. From the surface morphol-
ogy of the films it is observed that the grain growth is of
nanometer size with uniform structure. The particle size is
found to decrease with increase in substrate temperature. But
the particle size seems to appear larger for 723 K than for 673 K
from the 3D-AFM image. At higher substrate temperature, re-
evaporation competes with the formation of nuclei, resulting in
fewer, but larger, nuclei. Growth of these larger nuclei is more
three-dimensional than in films prepared at lower temperature.
The coalescence should result in large and irregularly shaped
grains [18]. To find film uniformity, we measured the surface
rms (root mean square) and average roughness of MZO films. It
is seen that the films deposited at various substrate temperatures
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show different surface roughness. At the substrate temperature
of 673 K, the average and rms (root mean square) roughness are
very low as 4.105 nm and 5.231 nm, respectively. The substrate
temperature is further increased to 723 K, the values of average
roughness and rms roughness increases to 11.874 nm and
14.940 nm. The initial reduction in the roughness with substrate
temperature is attributed to island coalescence. The measured
size of the particle from the AFM surface images is higher than
the values calculated from XRD studies, indicating that these
particles are probably an aggregation of small crystallites on the
surface of the films.

3.3. Electrical studies

Fig. 5 shows the electrical resistivity (p), carrier concentra-
tion (n) and mobility (u) as function of substrate temperature.
Hall effect measurements shows that all the prepared films are
n-type after Mo doping with different substrate temperatures.
The films deposited at 573 K exhibit a resistivity of
7.28 x 1072 Q) cm. As the substrate temperature increases to
623 K, the resistivity decreases to the minimum value of
6.22 x 10720 cm, which is due to the improved Mo
substitution in ZnO (MZO) film crystallinity. Similar results
were also obtained in Zr-doped In,Oj5 thin films [19]. At this
temperature the Hall mobility also undergoes an increase,
which results from the greatly weakened carrier scattering
process due to the improvement of crystallinity. The increase of
both carrier concentration and Hall mobility results in a
reduction in resistivity. The maximum carrier concentration
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Fig. 4. AFM 2D and 3D images of the MZO films with: (a) substrate temperature 673 K and (b) substrate temperature 723 K.
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and Hall mobility are 3.34 x 10" cm™ and 30 cm?/VS,
respectively, which are obtained for samples deposited at the
substrate temperature of 623 K. A further increase in substrate
temperature causes slight degradation of the electrical proper-
ties. The increase of the film resistivity is ascribed to both the
reduction in the carrier concentration and carrier mobility. The
increase of electrical resistivity should be attributed to the
increase of the grain boundary scattering. As seen in Fig. 2, the
crystallite size decreases with increasing substrate temperature.
Smaller crystallite size results in a higher density of grain
boundaries, which behaves as barriers for carrier transport and
traps for free carrier. Hence, a decrease of crystallite size can
cause an increase of grain boundary scattering [20]. The
decrease of carrier concentration may be due to the decrease of
native donors resulted from the enhancement of oxidation on
the substrate surface [21]. Besides, the decrease of carrier
concentration is also attributed to an increase in chemisorbed
oxygen which acts as electron trap [22].

3.4. Optical studies

Fig. 6(a) shows the transmittance and Fig. 6(b) shows the
reflectance spectra of the MZO films measured in the range of

100
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300-1100 nm. The films formed at substrate temperature of
623 K showed 75% maximum transmittance, while the films
formed at higher substrate temperature (723 K) exhibit the
lowest optical transmittance of 58% in the visible region. It is
seen that the transmittance is limited only by the surface
reflectance of about 8.5%. The decrease of transmittance at
higher substrate temperature may be attributed to the increased
scattering of photons by rough surface morphology and crystal
defects. It may also be due to conversion of crystalline MZO
films to non-crystalline with the increase of substrate
temperature. All samples show sharp absorption edge near to
375 nm in the UV region and these absorption edges slightly
shift to longer wavelengths. The absorption coefficient is
calculated from the relation [23]:

T = (1 —R)exp(—at) (6)

where T is the transmittance, R is the reflectance, and ¢ is the
film thickness. The optical band gap of the films is determined
from transmittance spectra by applying the Tauc model [24]:

ahv = B(hv — E,)" (7

where E, is the optical band gap, hv is the incident photon
energy and B is the constant and n can have values 1/2, 3/2, 2
and 3 depending up on the mode of inter band transition, i.e.
direct allowed, direct forbidden, indirect allowed and indirect
forbidden transition respectively. For n = 1/2 the transition data
provide the best linear curve in the band edge region, implying
the transition is direct in nature. The band gaps of the films have
been calculated using Tauc’s plot by plotting (chv)? versus hv
as shown in Fig. 7 and by extrapolating the linear portion of the
absorption edge to find the intercept with energy axis. The inset
of Fig. 7 depicts the change in optical band gap as a function of
substrate temperature. In the present study, the film substrate
temperature increases from 573 K to 723 K, the value of the
optical band gap gradually decreases from 3.270 to 3.233 eV.
The optical band gap of the MZO films decreases with increase
in carrier concentration from 573 K to 623 K, thereafter carrier
concentration slightly decrease with further increase of sub-
strate temperature to 723 K. Generally, defects are accumulated
at the grain boundaries. Smaller grain size results in a tensile
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Fig. 6. (a) Transmittance and (b) reflectance spectra of MZO films for different substrate temperatures.
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strain arising from thermal mismatch between the MZO film
and the substrate. This indicates that the presence of large
number of grain boundaries increases the defects in the film.
The defects could act as the radiative recombination centers
that emit visible light, which causes transition to lower band
observed as shrinkage in band gap [25]. However, our optical
band gap results indicate that the Burstein—-Moss effect is weak.
According to Brustein—-Moss effect, raising the Fermi level into
the conduction band of a degenerate semiconductor leads to
energy band broadening [26]. Therefore the shrinkage effect is
dominant over the Burstein-Moss effect, since the E, values
decreases with the increase of substrate temperature.

The complex refractive index and dielectric function
characterize the optical properties of any solid material. The
refractive index of the film was calculated by the following
relation [27]:

_ (=K
R= (n+1)+k* ®)
where k (k = aA/47) is the extinction coefficient. The refractive
index (n) and extinction coefficient (k) with the function of
wavelength is shown in Fig. 8. The refractive index values of
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Fig. 8. The variation of refractive index and extinction coefficient of the MZO
films with various substrate temperatures.

the MZO film increase up to certain value of wavelength and
then decrease. The calculated values in the visible region are in
agreement with the values reported in the literature [28]. The
extinction coefficient (k) of the MZO film decreases with the
increasing of wavelength in the visible region and then attains
almost constant value toward higher wavelengths, while it
increases in the ultraviolet region. The fundamental electron
excitation spectrum of the film is described by means of a
frequency dependence of the complex electronic dielectric
constant. The dielectric constant is defined as
&(w) = g(w) + iex(w), the real and imaginary parts of the di-
electric constant are related to the n and k values. The ¢; and ¢,
values are calculated using the formulae [29]:

e1(w) = n*(w) — k() )
&(w) = 2n(w)k(w) (10)

The variation of the real (¢;) and imaginary (¢;) parts of the
dielectric constant for different substrate temperatures is
illustrated in Fig. 9(a) and (b). The figures revealed that the
values of the real part are higher than that of the imaginary part.
It can be seen that the imaginary part of the dielectric constant
decreases sharply with the increasing of wavelength from UV
region to visible region. In the visible region, it then attains
almost a constant value.

3.5. Photoluminescence studies

Room temperature PL emission spectra for all the samples
are measured in the wavelength range of 350-600 nm at an
excitation wavelength of 325 nm. PL spectra of MZO films
with different substrate temperatures are shown in Fig. 10. The
ZnO emission is generally classified into two categories. One is
the UV emission of the near band edge in the UV region related
to free-exciton recombination and other is the deep-level (DL)
emission in the visible range. Biaxial strain in ZnO films affects
only UV emission and causes no change in the position or
intensity of deep level emission. The photoluminescence
spectra show a violet emission band around 400—430 nm, but no
UV emissions are observed in Mo-doped ZnO thin films. The
violet peak at 425 nm (2.92 eV) can be attributed to the Zn
vacancies [30,31]. Prabakar et al. [32] reported a violet
emission band (centered at 420 nm) attributed to radiation
transition related interface traps existing at the grains
boundaries. Jin et al. [31] observed violet emission centered
at 420 nm for ZnO films deposited by pulsed laser deposition
(PLD). They observed that the violet emission was due to a
defect level in the grain boundaries of the ZnO crystals. Zhang
et al. [33] reported a green emission at a wavelength of 490 nm.
In present case, the peak at 486 nm (2.55 eV) is green emission,
which originates from the defect emission of oxygen vacancies
[34]. The PL spectrum of the undoped ZnO film shows a very
broad feature at 530 nm due to the presence of interstitial
oxygen defects in ZnO films [35]. However, the broad feature at
530 nm (2.34 eV) appears as green emission in the case of Mo-
doped ZnO films. It is well known that such broad deep level
emission is closely related to intrinsic defects such as Zn; and
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Fig. 10. Photoluminescence spectra of MZO films with various substrate
temperatures.

Vo [36]. Generally, the luminescence property of the films has a
close relation with the film crystallinity because the density of
defects in film reduces with an improvement of the crystallinity
[16].

4. Conclusions

In this study, the influence of the substrate temperature on
the structural, surface morphology, optical and electrical
properties of MZO thin films grown on glass substrates by
spray pyrolysis was investigated. From the X-ray diffraction
(XRD) pattern, it was observed that the MZO thin films were
polycrystalline with wurtzite structure. From AFM studies, it
was found that the surface roughness of the thin films increases
with the increase of substrate temperature. SEM analysis
revealed the surface morphology of the films is uniform and
morphology of the film varying with the substrate temperature.
The optical band gap of 3.256 eV was observed for the films
formed at 623 K. The lowest resistivity achieved is
6.22 x 107 Q cm with a high mobility of 30 cm?*/VS for
the films deposited at 623 K. The photoluminescence (PL)

spectra observed that all the thin films produced violet and
green emissions in the visible region.
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