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Abstract

In present investigation, the effect of substrate temperature on structural, optical and electrical properties of

spray deposited nanostructured ZnO thin films is studied. XRD studies showed that films are polycrystalline in nature with
hexagonal structure. Optical studies revealed the decrease in band gap from 3.31 to 3.23 eV with increase in substrate
temperature. The dark electrical resistivity measurement was done by two probe method. It is of the order of 10 ohm-cm.
From TEP measurement it was confirmed that the ZnO films exhibits n-type conductivity. Seebeck’s coefficient was also

calculated from TEP graph. It is of the order of 8-45 pVK™.
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1. Introduction

In the last decades, research regarding the physical
properties of the transparent conducting oxides (TCO) thin
films has intensively motivated the research community due
to their wide-ranging applications in flat panel display, light
emitting diodes and photovoltaic cells [1]. Zinc oxide is one
of the important member amongst TCOs. ZnO is
commercially available with advantages such as
comparatively low cost, environment-friendly non-toxic
nature, high resistance to radiation damage, and high thermal
and chemical stability. Chemically, ZnO is a simple
compound; morphologically, however, this material is very
rich in terms of the geometry of its particles. The n-type
character of as-grown ZnO has often been attributed to Vo
and Zn; within the ZnO network. It is the deviation from
stoichiometry as a result of the presence of the intrinsic
native point defects that makes ZnO semiconducting. There
are several research groups working all over the world,
aiming at the modification of zinc oxide (ZnO) as an
alternative to costly ITO [2-4]. Many researchers focused on
the investigation of the relationship between the synthesis
route of ZnO and its physical properties [5-10]. ZnO
particles were largely prepared by using “wet” chemistry
or pyrolysis, whereas the vacuum techniques prevailed
in making thin ZnO films. The starting zinc compound,
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chemical composition of solvent, nature of the precipitating
agent, pH, temperature, and time of aging influence the size
and geometrical shape of ZnO particles [11].

Various methods have been employed for deposition of
ZnO based thin films. Such as chemical vapor deposition,
thermal evaporation, magnetron sputtering, pulsed laser
deposition (PLD), laser chemical vapor deposition, and
non-vacuum methods, namely, successive ionic layer
absorption and reaction (SILAR), sol-gel spin coating, spray
pyrolysis and screen printing [12-20].

The quality and properties of the spray deposited film
highly depends on the various process parameters such as
spray rate, substrate temperature, nozzle to substrate distance,
quantity of spray solution, and precursor concentration.
However, the most important parameter is the substrate
temperature as it highly affects the film morphology. The
higher the substrate temperature, the rougher and more
porous are the films. If the temperatures are too low the films
are cracked. In between, dense and smooth films can be
obtained. The deposition temperature also influences the
crystallinity, texture and other physical properties of the
deposited films. The present study is focused on the
influence of substrate temperature on structural, optical and
electrical properties of zinc oxide films deposited by spray
pyrolysis technique.

2. Experimental Details

Zinc oxide thin films were deposited by means of
chemical spray pyrolysis technique by varying substrate
temperatures from 150°C to 400°C in the step of 50°C. (Here
after the samples deposited at 150°C, 200°C, 250°C, 300°C,
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350°C and 400°C are referred as C1, C2, C3, C4, C5 and C6
respectively). Prior to the deposition, the glass substrates
were cleaned as discussed in earlier report [21]. For
deposition of ZnO films, 0.1M zinc acetate ((CH3COO),
Zn.2H,0) (AR grade) was prepared with distilled water.
Ammonia was used to maintain the pH of solution at 10. The
atomization of the solution into a spray of fine droplets was
carried out by spray nozzle, with the help of compressed air
as carrier gas. During the course of spray, the substrate
temperature was monitored using a chromel alumel
thermocouple. All the preparative parameters are optimized
and discussed earlier [22].

3. Results and Discussion

3.1. XRD Analysis

Figure (1) shows the XRD patterns of ZnO thin films
deposited at different temperatures. It reveals that ZnO thin
films are nanocrystalline in nature having hexagonal wurtzite
structure, which is confirmed from JCPDS card no. 80-0075
[23]. Comparison of standard JCPDS data and observed
values is shown in table 1. As reported by several authors
[24, 25], our spray deposited ZnO films has preferred
orientation along (002). The increase in peak intensity with
substrate temperature confirms that crystallinity of ZnO
increases with deposition temperature. However, the
decrease in the intensity of the peak for sample C6 (ZnO
deposited at 400°C) might be due to relatively lower
thickness of the film caused by evaporation of primary
ingredients before reaching the surface of the substrate.

The grain size of the deposited material was calculated by
using Debye Scherrer’s formula [26]. The variation of grain
size with deposition temperature is shown in figure (2). It is
observed that the grain size of ZnO films increases from 70
to 98 nm with substrate temperature from 150 to 350°C and
then again decreases to 94 nm for 400°C. Similar behaviour
was observed by Ma et al. [27] in DC sputtered Ga doped
ZnO films in the temperature range 150-400°C.

In thin films, strains originate mainly due to a lattice
mismatch between the polycrystalline film and the
amorphous substrate and/or differences in coefficients of
thermal expansion of the film and the substrate. This lattice
strain of the film on the substrate can be calculated by using
relation,

__ BCosh
e =2 (1)
Also dislocation density can be calculated using relation,
1
6 =17 )

Where D is the grain size, g is FWHM, and 6 is glancing
angle. Values of lattice strain and dislocation density are
listed in table 2. The total stress in the film commonly
consists of two components. One is the intrinsic stress
introduced 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. 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 a film (0z,0 = 4x10°K™) and glass
substrate (ogiss=9x10° K™) is significantly smaller than the
measured strain. It shows that the measured film stress is
mainly caused by the growth process itself. The lattice strain
is maximum for film deposited at 150°C, and it decreases as
the deposition temperature increases. The decrease in strain
at higher substrate temperatures is attributed to annealing
effects and consequent reduction in defects [28].

The lattice constants (a = b and c) of the films have been
calculated using the equation [26]

1 4(h®+hk+k?)
dZ T 3aZ+(12/k2) ®)

The calculated values of ‘a’ and ‘¢’ are 3.250 and 5.205
nm respectively. These values are in fair agreement with the
standard values taken from the Joint Committee of Powder
Diffraction Standards (JCPDS) card no. 80-0075 [23].

3.2. SEM Studies

Figure (3) shows the SEM images of ZnO thin films. All
images are homogeneous and have dense surfaces. The
increase in grain size with deposition temperature is clearly
observed in figure. Initially the grains deposited are spherical
in shape. However as the substrate temperature increases, the
spherical grains grow further and truned to flakes like
structure. However above the optimum substrate temperature
350°C, morphology again turns to the spherical one with
smaller grains. It strongly adheres to the substrates and has
tightly bounded particles.

The elemental analysis of ZnO film were investigated by
EDAX. The EDAX of ZnO films deposited at 200°C and
350°C is shown in figure 4(a) and 4(b). Film deposited at
higher temperature has more oxygen vacancies / Zn
interstitials, which is responsible for decrease in resistivity of
film.

3.3. Optical Studies

The optical absorption of ZnO thin films was studied in
the wavelength range 350-850 nm and shown in figure (5).
The nature of the transition (direct or indirect) was
determined by using the relation,

A(hv—Eg)"

== 4
where, hv is the photon energy, Eg is the band gap energy, A
and n are constants. For allowed direct transitions n = 1/2 and
for allowed indirect transitions n = 2. The plots of (ohv)?
versus hv are shown in figure (6). First of all, from the plot it
was determined that the film has direct band gap, and this
property is suitable for photovoltaic solar cell applications.
Secondly, it was seen from the plot that there is a linear
region. The band gap energy of ZnO, Eg was determined by
extrapolating this straight line portion to the energy axis for
zero adsorption coefficient (o).
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The estimated band gap energy of spray deposited ZnO
varies from 3.2 to 3.3 eV, which is in good agreement with
the values reported by many earlier workers on ZnO thin
films [29-31]. Variation in band gap of ZnO films deposited
at various temperatures is shown in figure (7).

It is found that the band gap of ZnO films decreases as the
deposition temperature increases upto 350°C, and it again
rises for higher temperature. This band gap narrowing might
be due to the decrease in the transition tail width and shift
effect [32, 33], and increased carrier concentration. Also it is
well known that the ZnO band gap is particularly very
sensitive to small changes in carrier concentration, grain
boundary configuration, and film stress [34, 35]. For higher
temperature increase in band gap might be due to poor
crystallinity of film.

Temperature Dependent Properties of Spray Deposited Nanostructured ZnO Thin Films

3.4. Photoluminescence Studies

Figure (8) shows the deconvolution of room temperature
PL emission spectrum for ZnO sample measured in the
wavelength range of 350-650 nm at an excitation
wavelength of 330 nm. 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 the other is the deep-level (DL) emission
in the visible range. Especially, the deep-level emission in
the ZnO thin films has been attributed to structural defects
such as oxygen vacancies and interstitial zinc [36]. In present
case, the film shows strong emission at ~389 nm, attributed
to near band edge UV luminescence of ZnO [37]. A broad,
low intense peak is found around 600 nm i.e. in green yellow
region, which is known to arise from oxygen defects and zinc
interstitials [38].

Table 1. Comparison of observed crystallographic data of ZnO thin films with standard JCPDS (80-0075) card

Sample hid 20 20 d-values . d-values .
Standard (degrees) Observed (degrees) Standard (A")  Observed (A")
100 31.728 2.81 31.751 2.816
002 34.440 2.60 34.412 2.604
C1 101 36.212 2.47 36.182 2481
102 47.494 1.97 47.478 1.913
103 62.80 1.48 62.670 1.480
100 31.728 2.81 31.751 2.816
002 34.440 2.60 34.412 2.604
c2 101 36.212 2.47 36.182 2481
102 47.494 1.97 47.478 1.913
103 62.80 1.48 62.670 1.480
100 31.728 2.81 31.760 2.805
002 34.440 2.60 34.421 2.597
cs 101 36.212 2.47 36.190 2.476
102 47.494 1.97 47.490 1.903
103 62.80 1.48 62.70 1471
100 31.728 2.81 31.740 2.819
c4 002 34.440 2.60 34.400 2.609
101 36.212 2.47 36.176 2.486
102 47.494 1.97 47.482 1.918
103 62.80 1.48 62.665 1.486
100 31.728 2.81 31.732 2.820
002 34.440 2.60 34.420 2.603
C5 101 36.212 2.47 36.172 2.489
102 47.494 1.97 47.488 1.921
103 62.80 1.48 62.660 1.489
100 31.728 2.81 31.75 2.816
002 34.440 2.60 34.41 2.604
C6 101 36.212 247 36.182 2481
102 47.494 1.97 47.478 1.913
103 62.80 1.48 62.67 1.48
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Figure 1. XRD pattern of ZnO thin films deposited at deposited at (C1) 150°C, (C2) 200°C, (C3) 250°C, (C4) 300°C, (C5) 350°C and (C6) 400°C
temperatures
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Figure 2. Variation of grain size of ZnO films with substrate temperature
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Table 2. Values of grain size, dislocation density, lattice strain, optical band gap, activation energy and Seeback’s coefficient of ZnO thin films

Sample Grain size, Disloc_ation Strain, Optical Activation Seeb.ec.k’s
(ZnO deposited at) D ier?sny, ) 10° band gap energy coefflm_tlent
(nm) 10™ lines/m (eV) (eV) (HVK™)

C1 (150°C) 40 6.25 0.55 3.31 0.35 8
C2 (200°C) 43 5.40 0.53 3.30 0.30 12
C3 (250°C) 47 4.52 0.50 3.29 0.26 18
C4 (300°C) 51 3.84 0.46 3.28 0.25 25
C5 (350°C) 55 3.30 0.40 3.23 0.22 30
C6 (400°C) 52 3.69 0.42 3.26 0.25 45
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Figure 3. SEM of ZnO films deposited at (C1) 150°C, (C2) 200°C, (C3) 250°C, (C4) 300°C, (C5) 350°C and (C6) 400°C temperatures
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Figure 4. EDAX spectra of ZnO films deposited at (a) 200°C and (b) 350°C




International Journal of Materials and Chemistry 2017, 7(2): 36-46 41

4.0

T T T T T T T T T
400 500 600 700 800
Wavelength

Figure 5. Variation of absorbance of ZnO films deposited at (C1) 150°C, (C2) 200°C, (C3) 250°C, (C4) 300°C, (C5) 350°C and (C6) 400°C temperatures
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Figure 6. Plot of (ahv)? Vs hv of ZnO films deposited at (C1) 150°C, (C2) 200°C, (C3) 250°C, (C4) 300°C, (C5) 350°C and (C6) 400°C temperatures
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Figure 8. Deconvolution of PL spectra of ZnO thin film deposited at 350°C
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Figure 11. Variation of thermo emf with temperature difference applied across ZnO films deposited at (C1) 150°C, (C2) 200°C, (C3) 250°C, (C4) 300°C,
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3.5. Electrical Resistivity

Figure (9) shows the variation of the dark electrical
resistivity with temperature. It was observed that the
resistivity of ZnO thin film decreases with increase in
temperature, indicating its semiconducting electrical
behaviour. The electrical resistivity is of the order of 107 to
10" ohm-cm. The films deposited at lower temperature shows
higher resistivity than deposited at 350°C. The electrical
conduction in ZnO is dominated by electrons generated from
O” vacancies and Zn interstitials. The higher the crystal
orientation the lower the resistivity. In fact, this is due to the
reduction in the scattering of the carriers at the grain
boundaries and crystal defects, which increases the carrier
mobility [39, 40].

The thermal activation energy was calculated using the
relation,

p = po exp (Z—;) Q)

where, p is resistivity at temperature T, p, is a constant, K
is Boltzmann’s constant and is Ea the activation energy
required for conduction. Variation of activation energy of
ZnO thin film with substrate temperature is shown in figure
(10). It is found that activation energy is low for the films
deposited at 350°C substrate temperature. The decrease in Ea
with increase in substrate temperature may be attributed to
change in intercrystalline barrier height caused by the grain
size variation.

3.6. Thermo Electric Power Measurement

The temperature gradient applied across the sample causes
the transport of carriers from hot to cold end and thus create
field which gives thermal voltage. The variation of thermo
emf with temperature difference for ZnO films is shown in
Figure (11). From thermo emf measurement it was observed
that the polarity of thermally generated voltage at the hot end
is positive indicating that films are of n-type. The Seebeck’s
coefficient was determined by calculating the slope of the
thermoelectric emf versus the temperature difference
between the hot and the cold end of the samples. The value of
a i.e. Seeback coefficient is listed in table 2. It is observed
that, the Seebeck’s coefficient a increases as deposition
temperature increases. The relatively high thermoelectric
emf of thin films is due to its higher crystallinity and
crystallite size.

4. Conclusions

1. In present chapter the effect of substrate temperature
on structural, optical and electrical properties of ZnO
thin films is studied. For that ZnO thin films were
successfully deposited by chemical spray pyrolysis
technique in temperature range 150 to 400°C.

XRD results showed that ZnO films have
pollycrystalline nature with hexagonal wurtzite

structure. The grain size of ZnO increases with
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substrate temperature. Scanning electron micrograph
shows dense structure with spherical grains. At higher
temperature this grains grows and exhibits flakes like
structure.

The observed band gap of ZnO thin films decreases
from 3.31 to 3.23 eV with substrate temperature.
Photoluminescence study revealed that strong
emission at ~389 nm, attributed to near band edge UV
luminescence of ZnO.

A dark electrical resistivity of ZnO films is calculated
by two probe method. It is in the ranged of 10 to 10
ohm-cm. The activation energy decreases from 0.35 to
0.22 eV nm for substrate temperature 150 to 350°C
and then again increases to 0.25 eV for 400°C. From
thermo electric measurement it is observed that the
spray deposited ZnO films have n-type conductivity.
The Seebeck’s coefficient was calculated from the
slope of thermo emf graph. Value coefficient o
increases from 8 to 45 pV/K with substrate
temperature.

It is therefore concluded that, the properties of ZnO
thin films can be tailored simply by controlling the
substrate temperature, which in turn may be employed
for a specific application. All the results are
summarized in table 2.
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