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Zinc oxide (ZnO) thin films were prepared by a low cost chemical deposition technique
using sodium zincate bath. Structural characterizations by X-ray diffraction technique (XRD)
and scanning electron microscopy (SEM) indicate the formation of ZnO films, containing
0.05–0.50 µm size crystallites, with preferred c-axis orientation. The electrical conductance
of the ZnO films became stable and reproducible in the 300–450 K temperature range after
repeated thermal cyclings in air. Palladium sensitised ZnO films were exposed to toxic and
combustible gases e.g., hydrogen (H2), liquid petroleum gas (LPG), methane (CH4) and
hydrogen sulphide (H2S) at a minimum operating temperature of 150 ◦C; which was well
below the normal operating temperature range of 200–400 ◦C, typically reported in
literature for ceramic gas sensors. The response of the ZnO thin film sensors at 150 ◦C, was
found to be significant, even for parts per million level concentrations of CH4 (50 ppm) and
H2S (15 ppm). C© 1999 Kluwer Academic Publishers

1. Introduction
The importance of zinc oxide (ZnO) for gas sensing ap-
plications was demonstrated in 1962 for inflammable
gases [1]. ZnO gas sensors have been fabricated in var-
ious forms, such as, single crystals [2], sintered pel-
lets [3], thick films [4], thin films [5] and heterojunc-
tions [6]. Thin films of ZnO are expected to exhibit high
degree of gas sensitivity, because the sensing mecha-
nism involves chemisorption followed by charge trans-
fer at the surface leading to change in resistance of the
sensor element. Different methods have been applied to
obtain ZnO thin films, e.g., thermal oxidation [7], chem-
ical deposition [8], electron beam evaporation [9], ac-
tivated reactive evaporation [10], spray pyrolysis [11],
low pressure metal organic chemical vapour deposition
(MOCVD) [12] and rf magnetron sputtering [13].

We have earlier reported the comparison of hydro-
gen gas sensitivity for solid state sintered, tape cast
and chemically deposited thin film ZnO sensors [14].
This work established the superiority of ZnO thin film
sensors over the other two competing processes of fab-
rication. We have recently reported also a new chemical
deposition method to prepare tin-dioxide thin film gas
sensors [15]. Here we report the detailed characterisa-
tion of the chemical deposition process for ZnO thin
film sensors. In addition, the structural, electrical and
gas sensing properties of the ZnO thin film sensors for
toxic and combustible gases (H2, LPG, CH4 and H2S)
have been studied. The chemical deposition technique
has been adopted because, it is a low cost process and
the deposited ZnO films were found to be of compara-
ble quality to those obtained by more sophisticated and
expensive deposition process e.g., MOCVD. The resis-
tance of the ZnO films in ambient air (zero level for gas

sensing) was found to be stable and reproducible after
couple of thermal cyclings. Surface sensitisation with
palladium (Pd) ensured enhanced sensitivity; so that
the ZnO thin films gave significant response to target
gases at the operating temperature of as low as 150◦C,
compared to the normal operating temperature range of
200–400◦C for zinc oxide resistive gas sensors [2–5].

2. Experimental
The zinc oxide thin films were deposited on glass sub-
strates (microscope slides) by alternate dipping into
sodium zincate (Na2ZnO2) bath kept at room temper-
ature and hot water maintained near boiling point [8].
The glass substrates were cleaned, before deposition,
by chromic acid followed by distilled water rinse and
ultrasonic cleaning with equivolume mixture of ace-
tone and ethanol. The deposited ZnO films were sub-
sequently annealed in air at 150◦C for 15 min.

The film thickness was determined gravimetrically
by measuring the change in weight of the substrate due
to film deposition, the area of deposition and using the
known density of ZnO (5.6 gm/cm3). The gravimet-
ric method has some limitations because of the non-
uniformity, porosity and edge tappering effects in the
chemically deposited films with a porous microstruc-
ture. However, it can give quickly the comparative data.
This is the reason this method was adopted. Efforts
made to take cross sectional scanning electron micro-
graphs of the film, were not satisfactory. The deposition
rate process was studied by monitoring the variation of
film thickness with the concentration of Na2ZnO2 bath
(0.03–0.125 M) and the number of immersions (25–
200) in the two baths. X-ray diffraction (XRD) with
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CuKα radiation was used for studying thec-axis ori-
entation and phase identification of the deposited ZnO
film. Scanning electron micrography (SEM) was used
to illustrate the formation of crystallites on the film
surface. Prior to insertion in the sample chamber of
the scanning electron microscope, the ZnO thin film
was coated with a thin (∼100Å) layer of gold to avoid
charging effects.

Conductance (σ ) vs. temperature (T) data were ob-
tained in air for the temperature range 300–550 K. Ap-
proximately 30 mm long silver (Ag) contacts, separated
by 5 mm, were made on ZnO films having dimensions
of 3×2.5 cm2. The ZnO samples were heated in a tubu-
lar furnace of 3.2 cm diameter and 33 cm length. The
furnace temperature was controlled within±1 ◦C and
the temperature variation over the length of the ZnO
films was found to be within∼±1 ◦C.

The sensitivity of the ZnO thin film sensor was stud-
ied for hydrogen (H2), liquid petroleum gas (LPG),
methane (CH4) and hydrogen sulphide (H2S). Hydro-
gen and LPG were dialuted with nitrogen (N2) to a
concentration of 2 vol % each by measuring the flow
rates; while commercially available calibrated mixtures
of 50 ppm CH4 and 15 ppm H2S in N2 were used. To en-
hance the gas sensitivity, the ZnO thin films were treated
with palladium by a wet chemical process [14–17].
Prior to gas exposure, the sensor was allowed to equili-
brate inside the tube furnace at the operating tempera-
ture of 150◦C for 30 min. Subsequently, the target gas
diluted with N2 was allowed to flow through the tube
and the sensitivity was monitored through decrease in
the sensor resistance for an exposure time of 30 min.
Finally, the gas flow was turned off and the sensor resis-
tance was allowed to recover towards the initial value
in air. The recovery characteristics of the ZnO thin film
sensor was also monitored as a function of time.

Figure 1 Chemical deposition process of ZnO thin films on glass. Film thicknessd (µm) vs. number of dippings (N) in hot water (98–100◦C) and
Na2ZnO2 bath is shown for three different concentrations (0.03, 0.062, 0.125M) of the Na2ZnO2 bath.

3. Results and discussions
3.1. Film deposition
Sodium zincate bath, used for deposition of ZnO was
prepared by adding sodium hydroxide (NaOH) into
aqueous solution of zinc sulphate (ZnSO4·7H2O). At
first, a white precipitate of zinc hydroxide (Zn(OH)2)
was formed, which dissolved on further addition of
NaOH thus forming the Na2ZnO2 bath. The reaction
leading to the formation of sodium zincate is as follows:

Zn(SO4)+ 2NaOH= Zn(OH)2+ Na2SO4 (1)

Zn(OH)2+ 2NaOH= Na2ZnO2+ 2H2O (2)

−−−−−−−−−−−−−−−−−−−−
ZnSO4+ 4NaOH= Na2ZnO2+ Na2SO4+ 2H2O

(3)

The substrate is first immersed in sodium zincate bath
and then the substrate with a thin layer of sodium
zincate is dipped in hot water bath. This leads to the
reaction

Na2ZnO2+ H2O= ZnO+ NaOH (4)

forming a thin, porous ZnO film on the substrate. At
first isolated nuclei of ZnO was formed followed by
localised build-up, collapse and film growth. The film
thickness was built up by increasing the number of dip-
pings.

Details of the chemical deposition process of ZnO
films were not reported earlier by Ristovet al.[8]. Fig. 1
shows power law dependence of film thickness (d) on
the number of dippings (N) according to the following
empirical equation:

d = K Nm (5)
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whered is the film thickness,N is the number of dip-
pings in the two baths,m is the power law exponent
and K is the growth rate constant, which varies with
the concentration of the sodium zincate bath. There is a
dispersion of±5% in the film thickness data (shown
as error bars against each data point) which proba-
bly reflects a small variability in the deposition pro-
cess arising possibly from small experimental scat-
ter in the Na2ZnO2 bath concentration values. Since
the fit of the experimental data to Equation 1 shows
m≈1 (Fig. 1), Equation 1 can be approximated as
d= K N, where the constantK now assumes the phys-
ical significance of growth rate in (µm/dip). This im-
plies a linear increase of ZnO film thickness (d) with
increasing number of dippings (N); for three differ-
ent concentrations of sodium zincate bath. Each pair
of immersions in the sodium zincate bath and hot wa-
ter (98–100◦C) is considered as one complete step
of dip coating. The calculated values of the growth
rate (K ) from the data of Fig. 1 are 0.007, 0.013 and
0.025µm per dipping for sodium zincate bath con-
centrations of 0.03, 0.062, and 0.125 M, respectively.
Therefore, the ZnO film growth rate also scales linearly
with bath concentrations. The linear nature of the chem-
ical deposition process ensures easy control and repro-
ducibility of predetermined film thickness. For films
of thickness greater than 7µm and for sodium zincate
baths of 0.25 M concentration or greater, the growth
rate became erratic and the ZnO deposition was non-
uniform.

3.2. Structural characterization
Fig. 2 shows typical XRD spectra of an as-deposited and
air annealed ZnO film of 2.5µm thickness (0.125 M
sodium zincate bath; 100 dippings). XRD results indi-
cate the presence of ZnO and Zn(OH)2 components in

Figure 2 XRD spectra of (a) as-deposited film containing ZnO and Zn(OH)2 components and (b) air annealed (150◦C, 15 min) film containing
only ZnO (Film thicknessd=2.5µm; N=100 dippings using 0.125M Na2ZnO2 bath).

as-deposited films. The zinc hydroxide was formed due
to hydrolysis of the deposited ZnO film during subse-
quent immersions in hot water [18]. Ristovet al. [8]
did not report the formation of Zn(OH)2 in films upto a
maximum thickness of 0.85µm. This is consistent with
our observation that Zn(OH)2 component could be de-
tected by XRD for ZnO films of thickness (d) >1µm.
Single phase ZnO films were obtained by thermal an-
nealing of the as-deposited films at 150◦C in air for
15 min (Fig. 2). This temperature of thermal anneal was
obtained by the trial and error method. XRD results in
Fig. 3 shows that ZnO(002) line is the strongest, indi-
cating preferentialc-axis orientation of the zinc oxide
films. The variation of the degree ofc-axis orienta-
tion with film thickness is shown in Fig. 4 in terms
of the intensity ratio [I (002)/I (101)] of ZnO(002) and
ZnO(101) XRD lines. ZnO(101) is the strongest XRD
line for the standard zinc oxide powdered sample and
[ I (002)/I (101)]=0.56, is the standard value for no
preferred orientation [19].

It can be seen from Figs 3 and 4 that initially the de-
gree of orientation increases with film thickness upto
d∼=1.2µm and subsequently, the degree ofc-axis ori-
entation decreases for thicker films. The onset of the
loss of c-axis orientation can be attributed to the in-
terruption of epitaxial growth due to formation of the
Zn(OH)2 phase for films of thickness (d) >1µm. The
dependence of the degree of orientation on film thick-
ness was not reported earlier by Ristovet al.[8]. Maxi-
mumc-axis orientation of [I (002)/I (101)]∼5 (Fig. 4),
for the present 1.2µm thick ZnO film, is comparable
to the degree of orientation obtained by Kimet al. [12]
using the more complex MOCVD process (See inset
of Fig. 3). Scanning electron micrograph (SEM) of the
1.2µm thick ZnO film is shown in Fig. 5. The SEM
picture clearly illustrates the formation of 0.05–0.5µm
size ZnO crystallites.
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Figure 3 Series of XRD spectra showing variation in the degree ofc-axis orientation in terms of the ZnO(002) line, for increasing film thickness with
the number of dippings (a) 25, (b) 50, (c) 100 (d) 150 dippings using 0.125M Na2ZnO2 bath and hot water (98–100◦C). Inset showsc-axis orientation
for ZnO films deposited by MOCVD (Kimet al.1992, [12]).

Figure 4 Variation of intensity ratio [I (002)/I (101)] of ZnO(002) and
ZnO(101) XRD lines with increasing film thickness. Maximumc-axis
orientation occurred for 1.2µm thick ZnO film.

3.3. Electrical characterisation
Temperature dependence of electrical conductance in
300–550 K range for 1.2µm thick ZnO film, is shown in
Fig. 6 for five (5) successive runs on consecutive days.

The film was kept in the dark inside an enclosed tube
furnace, because ZnO is known to exhibit photocon-
ductivity [20]. Fig. 6 shows two stage conductance (σ ):

σ = σLO exp(−EL/kT)+ σHO exp(−EH/kT) (6)

with activation barriers ofEL =0.25–0.29 eV in the
low temperature range (300–450 K) andEH=1.53–
1.69 eV in the high temperature range (450–550 K). In
Equation 2σLO andσHO are the pre-exponential fac-
tors for low and high temperature conductance stages,
respectively; andk is the Boltzmann constant. The
low temperature activation energy is possibly associ-
ated with one of the following two donor ionisation
processes:

Vo→ V+o + e− (7)

or,

Zn+i → Zn++i + e− (8)

proposed by Simpson and Cordaro [21] for oxygen
vacancy (Vo) and Sukker and Tuller [22] for zinc
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Figure 5 SEM micrograph shows 0.05–0.5µm size crystallites in a 1.2µm thick ZnO film having maximumc-axis orientation.

Figure 6 Temperature dependance of electrical conductance of ZnO film shows two activation barriers (ELO=0.25–0.29 eV in 300–450 K range
andEHO=1.53–1.69 eV in 450–550 K range). The electrical conductance in the low temperature range stabilises during five successive runs on five
consecutive days.

interstitial (Zni). In the low temperature range (300–
450 K), the electrical conductance of ZnO thin film
initially increases and then stabilised; while in the high
temperature range (450–550 K), the film conductance
gradually decreased during successive runs (Fig. 6).
The observed conductance stabilisation in 300–450 K
range is possibly due to the equilibration between oxy-
gen chemisorption [23] and desorption [24] processes
accompanied by electron transfer between adsorbed
oxygen and ZnO surface:

O2+ e− → O−2 (9)

where, O2 is gaseous oxygen and O−2 is chemisorbed
oxygen acting as an electron acceptor. The stabilisation
of the ZnO film conductance in ambient air is impor-
tant, because it ensures stable zero level for gas sensing
applications.

3.4. Sensor characteristics
The response of the Palladium(Pd)-sensitised ZnO thin
films during 30 min exposure to H2, LPG, CH4 and
H2S at 150◦C, is shown in Fig. 7 in terms of the reduc-
tion of sensor resistance ratio (Rg/Ra) with time. Our
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TABLE I Sensing and recovery characteristics of ZnO thin film sensor

Target gas Time of Reduced resistance Percent reduction Time of recovery Percent recovery
concentration (in N2) exposure (min) ratio (S= Rg/Ra) of resistance (S%) (min) of sensor

H2 (2 vol %) 30 0.002 99.8 30 54.4
LPG (2 vol %) 30 0.069 93.1 9 100.0
CH4 (50 ppm) 30 0.57 43.0 30 65.1
H2S (15 ppm) 30 0.43 57.0 30 70.2

Figure 7 Sensing and recovery characteristics of ZnO thin film sensors
for (a) 2 vol % H, (b) 2 vol % LPG, (c) 50 ppm CH4 and (d) 15 ppm
H2S (all diluted with N2). Target gas flow is turned on att =0 for gas
sensing (reduction ofRg/Ra) and turned off att =30 min for recovery
of the sensor (increase ofRg/Ra).

preliminary studies show [14, 17] that reasonable gas
sensing action for exposure of the Pd-sensitised ZnO
thin film sensor to H2 and LPG begins at a temper-
ature of as low as 150◦C. The sensitivity was found
to increase with temperature upto 350◦C. However, to
obtain comparative data for the sensor at the minimum
operating temperature, so that the present ZnO thin film
sensor can become less energy intensive, it was decided
to do all the subsequent preliminary experiments for the
four different chosen gases at 150◦C. The decrease of
the ratio of ZnO thin film resistance in presence of tar-
get gases (Rg) to the corresponding film resistance in
air (Ra) is a measure of the sensitivity (S):

S= Rg/Ra (10)

The percent reduction of sensor resistance is also an
alternative measure of gas sensitivity [25]:

S%= (1R/Ra)× 100= (1− S)× 100 (11)

where1R= (Ra− Rg), is the decrease of sensor resis-
tance due to exposure to target gases for a fixed time in-
terval. The sensor has greater gas sensitivity for smaller
value of resistance ratio (S= Rg/Ra) and larger percent
reduction of resistance (S%) for a fixed exposure time
to a target gas. Table I presents the data on the resistance

ratios (Rg/Ra) and theS% values for 30 min exposure
of the ZnO sensor to the target gases, mentioned above.
The resistance of the ZnO sensor reduces by 99.8% for
30 min exposure to 2 vol % H2 in nitrogen as compared
to 93.1% decrease of the sensor resistance for expo-
sure to identical concentration of LPG in nitrogen for
the same time interval. The greater sensitivity to hy-
drogen is expected, because oxidation of dissociated
hydrogen is faster and more effective than decomposi-
tion and oxidation of hydrocarbons (in LPG) through
multistep reactions [26]. The dissociation of hydrogen
takes place according to the reaction [16]:

H2+ Pd2+ → 2H (Pd2+) (12)

The oxidation of dissociated hydrogen follows
from [26]:

4H+O−2 = 2H2O+ e− (13)

However, for LPG, the reaction mechanism is quite
complex and proceeds through several intermediate
steps which are yet to be fully understood [25]. Signif-
icant responses to 50 ppm CH4 (S%=43) and 15 ppm
H2S (S%=57) in nitrogen at the low operating tem-
perature of 150◦C, clearly illustrate the high degree of
sensitivity of the present ZnO thin film sensor.

The sensor resistance is expected to gradually return
to its initial value in air (Ra), when the target gas flow
over the sensor surface is turned off. The percent recov-
ery (R%) of a sensor at any given time can be expressed
as follows:

R%= [{1R(0)−1R(t)}/1R(0)]× 100 (14)

wheret =0, is the initial instant when the target gas
is turned off. The recovery characteristics for the ZnO
thin film sensor are also shown in Fig. 7 for exposure to
H2, LPG, CH4 and H2S. The sensor completely recovers
(R%=100) in 9 min after 2 vol % LPG flow was turned
off. The extent of recovery, observed in 30 min after the
target gas flow was turned off, is also listed in Table I
for the remaining three gases (2 vol % H2, 50 ppm CH4
and 15 ppm H2S).

It is seen from the recovery characteristics that, the
recovery is complete and fast for LPG while this is
not so with the other three target gases. Although the
reason behind this is not yet fully understood, it ap-
pears that in case of LPG, the reaction mechanism
probably involves adsorbed oxygen species only and
hence no residual species are left over to affect recovery.
However, for exposure to hydrogen, the highly reactive
atomic hydrogen species [4H, Equation 13] may react
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with surface lattice oxygen [27]. If this be the case,
then, the surface should take a reasonably long time to
get back to the original resistance level as is observed in
the present work. The reaction mechanism for H2S and
CH4 is fairly complex and in this cases also the for-
mation of atomic hydrogen is possible. However, the
exact details of these complicated surface reactions are
yet to be fully understood. More detailed experimenta-
tion would be necessary to substantiate the suggestions
speculated here.

4. Conclusions
Controlled chemical deposition of 0.1–7µm ZnO films,
using 0.03–0.125M sodium zincate baths, is possible
due to the observed linear rate of film thickness growth
(d) with the number of dippings (N) as well as the
sodium zincate bath concentration. The deposited ZnO
films exhibit strongc-axis orientation, similar to the
films prepared by more expensive MOCVD process.
Stable ZnO film resistance in air (Ra) in the 300–450 K
temperature range ensures reproducible zero level for
gas sensing by change of resistance. Preliminary stud-
ies of gas sensing characteristics indicate that the Pd-
sensitised ZnO films respond strongly to 2 vol % H2
and LPG, which is on the lower side of the hazardous
explosion ranges for H2 (4–75%) and LPG (1.8–9%).
The ZnO thin film sensors also exhibit significant re-
sponse for very low concentration of CH4 (50 ppm)
and H2S (15 ppm). The minimum operating tempera-
ture of 150◦C found in the present work is less than
the previously reported operating range of 200–400◦C
for ZnO resistive gas sensors. The recovery of the sen-
sor resistance to zero level in air (Ra) is most efficient
(100% recovery in 9 min) after exposure to 2 vol %
LPG; so that repeated sensing and recovery cycles can
be completed in quick succession. The simplicity and
low cost of the present chemical deposition process, re-
producibility of structural and electrical characteristics
and high degree of sensitivity of the deposited film to
even ppm level concentrations of toxic and combustible
gases (CH4, H2S) make the process a front-runner for
commercial production of ZnO thin film gas sensors.
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