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Abstract This paper reports on the comparative investi-
gation of structural and optical properties of nano thin films
of ZnO and Sr-doped ZnO (SZO) onto glass substrates
synthesized by a two-step chemical bath deposition (CBD)
technique. The mode of crystallization, structural proper-
ties, and morphologies have been investigated. The films
are polycrystalline in nature with hexagonal phase having
(002) preferential orientation. The typical crystallite size is
also estimated and found to be around 30-80 nm. The
shifts in optical band gap of the SZO films are estimated to
be ~3.25-3.27 eV with respect to the ZnO film and the
refractive index is 2.35. The room temperature resistivity is
of the order of ~2,000 Qcm. Thermoemf measurements
show that films are of n-type. The sensitivity of the films
was studied as a function of their temperature 275-575 K
for a fixed ethanol concentration (400 ppm). The films
have been tested for cross sensitivity for different gases and
it has been confirmed that these are highly sensitive and
selective for ethanol vapors around 200 °C in air
atmosphere.
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Introduction

Zinc oxide (ZnO) is a versatile material of compound
semiconductors with excellent properties and has extensive
applications in electronics, photoelectronics, sensors, and
catalyst. ZnO thin films have attracted considerable atten-
tion because they can be tailored to possess high electrical
conductivity, high infrared reflectance, and high visible
transmittance by different coating techniques. The
remarkable properties of ZnO are due to its wide direct
band gap of 3.37 eV [1, 2]. Sr-doped ZnO (SZO) film is
one of the promising alternatives to indium tin oxide (ITO)
thin films. This is because, zinc is a cheap and abundant
raw material, and has comparable electrical and optical
properties [3, 4]. SZO coatings exhibit high transparency
and low resistivity and these materials are suitable for
fabricating transparent electrodes in solar cells, gas sen-
sors, MEMS, love wave filter applications, and ultrasonic
oscillators [5]. Optical and electrical properties of SZO thin
films could be modified by thermal treatment in a reducing
atmosphere [6]. The chemical bath deposition (CBD)
technique is an open-bath wet-chemical method that has
been extensively employed for the synthesis of metal oxide
thin films [7, 8]. The aim of this work is to investigate the
influence of the preparation conditions on structural, opti-
cal, and electrical properties of ZnO and SZO films
prepared using CBD method. The films were prepared from
colloidal suspensions containing different Sr concentra-
tions and deposited using dip-coating technique. The
structural characteristics were studied by X-ray diffraction
(XRD), the morphological features and percentage of
concentrations were studied by scanning electron micro-
scope (SEM) and energy dispersive X-ray analysis (EDX).
Thickness of the film was measured using Dektak mea-
surements. The electrical and optical properties were
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investigated by resistivity measurement, photolumines-
cence (PL) and UV-visible spectrophotometer (UV-Vis),
respectively. A gas sensor was fabricated using the prin-
ciple of resistivity measurement and its sensitivity at
various temperatures were estimated.

Experimental procedure
Synthesis

ZnO thin films were grown using a two-step CBD tech-
nique using a solution comprising 0.1 M zinc sulphate,
0.2 M sodium hydroxide with a pH value of 9 £ 0.2
deposited at room temperature followed by a dip in water
bath of temperature around 90 °C under optimized condi-
tion. For Sr-doped ZnO (SZO) thin films Sr,(SO4); was
used at a concentration of 0.1 mM (Sample B) and 1 mM
(Sample C). Before deposition, the glass substrates were
cleaned by chromic acid followed by cleaning with ace-
tone. The well-cleaned substrates were immersed in the
chemical bath for a known standardized time followed by
immersion in hot water for the same time for hydrogena-
tion. The process of solution dip (step 1) followed by hot
water dipping (step 2) is repeated for known number of
times. The cleaned substrate was alternatively dipped for a
predetermined period in sodium zincate bath and water
bath kept at room temperature and near boiling point,
respectively. According to the following equation, the
complex layer deposited on the substrate during the dip-
ping in sodium zincate bath will be decomposed to ZnO
due to dipping in hot water.

7ZnSO4 + 2NaOH — Na,Zn0O; + H,SO4
Na,Zn0O, + H,O — ZnO + 2NaOH

Part of the ZnO so formed was deposited onto the glass
substrate as a strongly adherent film and the residue formed
as a precipitate.

Characterization studies

The crystalline structure was determined by X-ray diffrac-
tion using X’ pert PRO (PANalytical) diffractometer with Cu
Ko radiation (4 = 0.15405 nm) and employing a scanning
rate of 5° min~'. The particle size and morphology was
examined in a scanning electron microscope (SEM) Hitachi
S-3000H model. For SEM studies the samples are pre-coated
with Au sputtering using fine coat ion sputter JFC-1100
model instrument. Photoluminescence (PL) spectra were
recorded with a VARIAN Cary Eclipse spectrophotometer
equipped with a 150 W xenon lamp as the excitation source.

Optical transmittance was measured by Perkin Elmer
Lambda 35 UV-Vis spectrophotometer. All the measure-
ments were performed at room temperature.

Results and discussion

The crystallographic structure of the films has been studied
by XRD. Figure 1a shows the XRD spectrum of ZnO and
SZO films deposited on the glass substrate under optimized
condition. It can be seen from the XRD data, that all
samples are polycrystalline in nature and exhibit single-
phase ZnO hexagonal wurtzite structure [9] (P6zmc space
group, JCPDS, 36-1451). All peaks in recorded range were
identified. The XRD pattern clearly showed the polycrys-
talline nature of the ZnO and SZO films, whose c-axis was
preferentially oriented normal to the glass substrate [9]. In
other words, grains of undoped and doped films are mainly
grown with c-axis vertical to the glass substrate. Hence, the
multiple coating or the piling up of each ZnO and SZO film
was considered not to disturb the overall growth of the
films with c-axis orientation. The c-axis orientation was
also reported for ZnO films deposited on oxide glass sub-
strates by CVD [10], spray pyrolysis [11], sol-gel process
[12], and DC magnetron sputtering [13]. Therefore, the
c-axis orientation may be a common phenomenon in the
ZnO film deposition by the chemical process using organo-
zinc compounds. Such preferred basal orientation is typi-
cally observed in SZO films [5, 14, 15]. Moreover, from
the recorded spectrums (Fig. 1a and b), the minor diffrac-
tion peaks of (102) and (103) are also visible and is in
consistent with those reported for ZnO films [16].

From Fig. 1b, it is evident that, a very small shift of the
diffraction lines is expected more for the doped materials.
However, this shift can be measured more obvious in the
nanocrystalline sample C, because the strontium concen-
tration is high and the width of the diffraction lines is
broadened due to the small size of the crystallites. The
crystallite sizes of these nanoparticles were calculated
using the Debye Scherrer’s equation and the estimated
average crystallite size ranges from 30 to 80 nm (Table 1).
The lattice constants calculated from the most prominent
peaks and the ratio of relative intensities 1(002)/1(101) in
the diffraction pattern of ZnO and SZO films at room
temperature, respectively, are given in Table 1. The lattice
constants calculated are found to be in good agreement
with ASTM and standard JCPDS data for ZnO powder.
The texture coefficient is calculated to describe the pref-
erential orientation using the expression [17]:

1(hkl) /I (hki)

TCUKL) = N5~ (hit) /1o (kD)

(1)
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where I is the measured intensity and I, is the measured
standard intensity. The texture coefficient is calculated for
the crystal planes (002) and (101). The value of the texture
coefficient indicates the maximum preferred orientation of
the films along the diffraction plane, meaning that the
increase in preferred orientation is associated with increase
in the number of grains along that plane. As can be seen
from the Fig. la, the samples correspond to B and C
indicates that the diffraction angles of all of SZO thin films
are departed from 34.45° slightly, which may be due to the
doping of strontium to zinc leading to the aberrance of ZnO
crystal lattice. The preferential orientation of the SZO films
is found to be along (002) direction and the peak is very
sharp. Other reflections appear relatively weak.

Morphology

Figure 2a—c shows the scanning electron micrograph
(SEM) of ZnO and SZO films deposited at room temper-
ature. The SEM micrographs show the uniform
polycrystalline surface of the film with a hexagonal mor-
phology consistent with P6smc crystal structure with an
average particle size of 500 nm. From Fig. 2b and c it can
be seen that, films grown at room temperature by varying
Sr concentration, the slightly agglomerated particles are
seen and less voids are present in the film. The concen-
tration of voids of a purely stoichiometric film will

20 in degrees

decrease usually with doping if doped externally. But in
our samples, the increase in grain size and the adjustment
of stoichiometry during film formation in a competitive and
entirely new environment produces different morphologies.
For small percentage of dopant concentration, the micro-
graph shows no significant change in morphology. From
EDAX, the quantitative analyses were carried out for Zn,
O, and Sr at various points on the sample. The average of
the atomic percentage of Zn:O:Sr was 72:26:2. Along with
7Zn element, some Si content is also revealed in EDX that is
originating from the glass substrates.

Optical properties of undoped and Sr-doped ZnO thin
films

Figure 3a and b shows the photoluminescence spectrum of
the ZnO and SZO thin films grown on glass substrate. ZnO is
a nonstoichiometric oxide and is known to contain zinc-ion
excess defects based on the presence of either zinc interstitial
or oxygen vacancies. It is well known for photoluminescence
of ZnO that visible emissions at various energies are caused
by lattice defects of vacancies, charged interstitial, and
antisites [18, 19]. All these defects will have their energy
levels in the forbidden gap. The visible photoluminescence
observed in this study indicates that the ZnO and SZO nano
thin films have different kinds of lattice defects. Undoped
and doped films show two photoluminescence emission

Table 1 Lattice constants and

I002)/(101) ratios of ZnO and ~ S2mple details

Crystallite size (nm)

Lattice constants Relative intensity 1(002)/1(101)

SZ0 films deposited at the room ap (nm) ¢o (nm)
temperature
JCPDS (36-1451) - 0.3244 0.5205 0.560
A 82 0.3246 0.5208 0.780
B 28.5 0.3248 0.5194 1.806
C 27 0.3255 0.5200 1.938
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Fig. 2 SEM images of undoped and Sr-doped ZnO thin films with
different strontium contents. (a) ZnO, (b) ZnO:Sr (0.1 mM), and (c¢)
ZnO:Sr (1 mM)

peaks for all the thin films. The Fig. 3b of the ZnO and SZO
samples was localized at around 3.25 eV, which correspond
to the band-to-band transition. While, Fig. 3a corresponds to

the sub-band transition located at about 2.55 eV, which
would be roughly nearer to the reported value [20]. The deep
level emission corresponds to the zinc vacancy (V,,) and anti
site defect (O,,) as suggested by Wang et al. [20]. It has been
proposed that the blue green emission in the material might
be associated to a transition with a self activated center
formed by a doubly ionized zinc vacancy Vzn®~ and the
single-ionized interstitial Zn™ at the one end/or two nearest
neighbor interstitial sites [21, 22]. The PL spectra reveal that,
the intensity of the band edge emission peak decreases, with
the increase in intensity of the deep level emission peak, in
the undoped and doped films coated on glass substrate.
Doping is an effective approach to adjust the Fermi energy
level for semiconductors. The relationship between electron
concentration and the Fermi level can be written as [23]

ne = 2(2mm kT /12)* exp [(Er — Ec)/kT) 2)

where 7. is the electron concentration, m* is the electron
effective mass, k is Boltzmann’s constant, /4 is Planck’s
constant, T is the absolute temperature, and Eg and Ec are
energies at the Fermi level and the bottom of conduction
band, respectively.

Figure 4 shows the optical transmission spectra of ZnO
and SZO films in the visible range prepared at room tem-
perature under optimized condition. It can be seen from
Fig. 4a (samples B and C), when the concentration of
doping is increased, the transmittance of the SZO film
increases gradually. The transmittance of the SZO film
corresponding to samples B and C from Fig. 4a which is
higher than 75% for wavelengths over 400 nm.

Figure 4b shows the optical band gap of the ZnO and
SZO thin films estimated by extrapolation of the linear
portion of o versus hv plots using the relation ohv = A
(hv — Eg)"/ 2 where o is the absorption coefficient, hv the
photon energy, and E, is the optical band gap. For different
n values, a good linearity was observed at n = 1 (direct
allowed transition) which is found to be the best fit for
these films. The optical band gap of the SZO thin film has
increased from 3.25 to 3.27 eV with respect to the band
gap of intrinsic ZnO (3.2 eV) [24]. Assuming doping levels
well below Mott’s critical density, the change in optical
band gap can be explained in terms of Burstein—-Moss band
gap widening and band gap narrowing due to the electron—
electron and electron—impurity scattering [25-27]. At high
doping concentrations, Fermi level lifts into the conduction
band. Due to filling of the conduction band, absorption
transitions occurs between valance band and Fermi level in
the conduction band instead of valance band and bottom of
the conduction band. This change in the absorption energy
levels shifts the absorption edge to higher energies (blue
shift) and leads to the energy band broadening (AE,),
which can be calculated by the following equation [28]:

@ Springer
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Fig. 3 The PL spectra of ZnO (@) (b)
and SZO thin films recorded at
room temperature >
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where A is the Planck’s constant, m* the electron effective
mass in conduction band, and 1, is the carrier concentration.
8 While on Sr-doping into the ZnO matrix can explain the
< increase in shift in the band gap value indicating that either
-‘E it may be due to any charged defects or the charged defects
@ formed had been neutralized by other defects. Hence, the
S blue shift in the band gap value during Sr-doping suggest an
N increase in the n-type carrier concentration, most of the Sr
ions must be incorporated as interstitial donors into the
structure rather than substitutional acceptors. As a result, the
carrier concentration (1, in cm ) was estimated using Eq. 3
T T T T T 21 21
350 400 450 500 550 600 for samples Az,lB and Care 10.015 x 10°7°,27.12 x 107" and
Wavelength (nm) '153.98 x 107, 'respectively. In addition, the refractiYe
index as a function of wavelength for ZnO and SZO thin
(b) 14 films corresponding to the samples A, B and C was calculated
] A B using Eq.4 [29] tobe 2.34,2.33 and 2.32, respectively, which
12 is close to the value in the literature [4, 30, 31].
o 7 C 2
= 10 4 =V~ JE/20 4
'r; 1 (nz +2) g/ (4)
8 .
='g where the symbols have the usual meaning.
E 4
3 47 Electrical properties
21 0088 anikt Besides the optical properties, the electrical properties are
0 also an important aspect of the performance of the SZO
3.15 3.20 3.25 3.30 3.35 3.40 3.45 thin films. Doping of ZnO with group II-A elements such
Energy hv (eV) as B, Sr, or In increase the n-type conductivity [32]. The

Fig. 4 (a) The optical transmittance of the undoped and Sr-doped
ZnO thin films coated on glass substrate having film thickness
1.6 pm. (b). Plot of hv versus (ozhv)2 for undoped and Sr-doped ZnO
thin film coated on glass substrate

@ Springer

electrical conductivity of ZnO is directly related to the
number of electrons, electrons formed by the ionization of
the interstitial zinc atom, and the oxygen vacancies [33]. It
can be seen from Fig. 5a that, the electrical resistivity of
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the doped films is lower than that of the undoped films. The
lowest d.c. electrical resistivity value of the SZO film
(sample C) is ~2,000 Qcm, measured as a function of
temperature in the range 300-500 K using four-probe
method. It is found that resistivity decreases linearly with
increasing temperature especially in the sample C when
compared to the other samples (B and C), exhibiting a
semiconducting nature of the film.

The thermal activation energies (E,) are calculated by
the resistivity relation,

p = poexp(E,/KT) (5)

where pg is the pre-exponential factor, K is Boltzmann’s
constant and 7 is the absolute temperature. The values of the
activation energies for the ZnO and SZO films corresponding
to samples A, B, and C are estimated to be 6.6, 4.2, and
2.1 meV, respectively. Thermoemf developed across the
sample was measured as a function of temperature in dark
within the temperature range 300-500 K using four-probe
method. Figure 5b shows the variation of thermoemf with
temperature for the ZnO and SZO samples deposited at room
temperature. The polarity of the thermally generated voltage
at the hot end is positive with respect to cold end, confirming
that the films are semiconducting n-type.

The four-probe fused conductivity measurement system
gas sensor designed indigenously was used to determine the
electrical conductivity of the films. Figure 5c shows the

100 150 200 250 300 350
Sensor operating temperature (°C)

C.Hs;0H

Sensitivities for different gases

LPG H,

sensitivity as a function of sensor operating temperature for
doped and undoped film for ethanol vapor in air atmo-
sphere. It is evident from these results, that the sensitivity of
the undoped ZnO film is very poor compared to that of SZO
in different concentrations. The sample C containing 1| mM
of SZO matrix manifests a maximum sensitivity of 55% to
alcohol vapors at an operating temperature of 200 °C.
Figure 5d shows the sensitivity of the elements in different
gas atmospheres. It is seen that in all the cases, the ethanol
gas sensitivity is exceptionally high, while the sensitivity to
liquefied petroleum gas (LPG) and hydrogen (H,) remains
very poor. To increase the basic sites, which catalyses the
oxidation of C,HsOH, it is essential to dope ZnO with
element like Sr. It may be concluded that, the SZO film
(Sample C) is effective to improve the sensitivity and also
retains the selectivity to ethanol vapor with a maximum
sensitivity of 55%, which is suitable for commercial use.
SZ0 seems to be one of the most promising semiconducting
materials for the detection of ethanol vapor.

Conclusion

Polycrystalline, hexagonal ZnO and SZO nano thin films
with (002) preferential orientation have been deposited
from aqueous solutions using a modified two-step CBD
technique onto a glass substrate. Optical absorption

@ Springer



1782

J Mater Sci (2008) 43:1776-1782

indicated the shift in band gap to be around 3.24-3.27 eV
with respect to band gap of ZnO matrix and refractive
index to be around 2.34-2.29. The transmittance became
higher for SZO films with increase in doping concentration.
In the Sr doped ZnO films, the films were oriented more
preferentially along the (002) direction, as the grain size of
the films increased, the transmittance also became higher
and the electrical resistivities decreased. Films doped with
1 mM Sr had stronger orientation along the (002) direction,
larger the grain size, higher the conductivity, and trans-
mittance than that of the other metal doped films. It is
shown that doped ZnO thin films deposited with a CBD
technique can have high sensitivity to ethanol vapor with a
maximum of 55%. Finally, a better sensitivity can be
observed for SZO films, and especially for higher
concentration.
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