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Abstract

Deposition of zinc oxide films from aqueous solutions containing complex Zn>* ions on soda-lime substrates were studied by two-stage
chemical deposition (TSCD) process. It was shown that the film thickness can be controlled by the number of dipping stages. Nano-layers were
produced with less than nine times dipping stages. Greater dipping numbers resulted in film thickness exceeding 100 nm. The growth rate obeyed
double-stage zeroth order with respect to the concentration and first order with respect to the temperature. This rate was proportional to the
difference between the temperature of the hot water and the substrate. Overall activation energy of 17.20 + 0.42 kJ mol ™" and frequency factor of
2.81 £ 0.07 wm s~ was determined for ZnO deposition. These values were attributed to two resistances. One resistance corresponded with film
heat transfer mechanism. The other was attributed to species attachment to the solid substrate. A modification to the diffuse-interface kinetic model
was devised for explanation of the latter. EDAX (electron dispersive elemental analysis), XRD (X-ray diffraction) and SEM (scanning electron
microscopy) were used to characterize the layer formed. These methods showed that the product consisted solely of pure elliptical ZnO grains.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Industrial emissions plus urban traffic rise have caused
continued environmental pollution growth. Reliable sensing
device is needed to monitor the process [1]. The use of sensors
has, thus, been increasingly grown at an astounding rate in the
last few decades for detection of smoke, hazardous gases, dust
and humidity [2-4]. Semi-conducting metal oxides of high gas
absorption capability such as ZnO, SnO,, TiO, and WO; have
been used to detect the environmental polluting species [5].
Particulates present in the off-gases from coal burning and
pyrometallurgical systems usually absorb the evolved sulfur
bearing gases [6]. The possibility of chemisorption of the sulfur
dioxide molecules on metallic oxide has been studied by
heating submicron ZnO powders with SO, in horizontal tube
furnaces before [6].
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A film with high electrical conductivity is more desirable for
gas sensing purposes. Nano-layers with thicknesses lower than
100 nm are preferred because of their relatively low electrical
resistivity [7]. Production of gas sensing nano-films has
recently been studies by numerous authors [8,9]. ZnO nano-
layers have for example been produced by metallorganic
chemical vapor deposition (MOCVD) [10], pulsed laser
deposition (PLD) [11], sputtering [12], electron beam
evaporation [12], spray pyrolysis [13]. No information is,
however, available on nano-film ZnO crystallites deposition by
TSCD process investigated in this research.

Keen attention has recently been paid to ZnO and SnO,
because of their high sensitivity to the polluting materials at low
temperatures [14]. Determination of the sensing properties of a
material is based on measurement of its resistance (or
conductance) when they change due to the contacting of the
material with a target gas [15]. Two-stage chemical deposition
(TSCD) is a promising method for production of a thin
detecting layer applicable to pollution species because of its
simplicity and economical feasibility [7]. This method is used
in this research for production of ZnO films. The substrate was
first immersed into a cold aqueous solution containing a
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complex compound consisting of Zn** ions. The substrate was
covered with a layer of the complex. It was then dipped into a
distilled boiling water bath to facilitate the decomposition of
the complex compound into the desirable ZnO layer [16]. The
layer had a relatively low electrical conductivity that could be
improved by doping with SnCl, or by annealing [17].

Decomposition reaction could produce new phases com-
prising of solid, liquid and gas. The ease with which the
produced molecules were attached to the growing interface was
related to the structure of the interface. Two types of structures
could be considered [18]:

e Ordering of the atoms gradually increasing within the
interface towards the fully crystalline side until essentially all
the atoms were in their appropriate lattice sites.

e Transition from fluid medium to the solid taking place over a
number of atomic layers that comprised a diffuse-interface.

The first type of the growth could produce a flat interface
associated with close-packed structure of the molecules. This
type of interface did not attribute to the layers produced in this
research. It looked most appropriate for vapor deposition
processes usually occurring on solid surfaces [18]. The second
type of the interface was, however, most appropriately
attributed to the deposition processes occurring in this research.

The rate of thickening of the oxide film on the substrate was
related to the difference between hot water temperature and
substrate surface covering complex (AT7). Measurements
showed that the growth rate of the layer depends on both
time and temperature. The activation energies and the
frequency factors of the process were obtained from the
empirical information. The first Newton law for convection
transfer was combined with the diffuse-interface kinetic model
to quantify the information obtained from the experiments.

2. Experimental procedure

Soda-lime flat (25 mm X 15 mm X 1 mm) and spherical
(@14.5 mm) glass substrates were used as solid substrates for
thin film growth. After degreasing, the substrates were washed
with deionized water and dried in a stream of hot air. Aqueous
solutions containing (NHy), ZnO, were prepared by mixing
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concentrated NH,OH with 100 cm® of 0.5 M ZnCl, until white
Zn(OH), was precipitated. Further addition of NH,OH resulted
in dissolving of the precipitate. The solution was diluted up to
0.1 M concentration of Zn>* complex. This was found to be the
most convenient concentration for production of a good quality
film on the substrate. The cleaned glass substrate was first
immersed into a complex-containing solution having a
temperature between —15 and +15 °C and then in a hot water
(90 to 105 °C) for 1-15s.

Nitrogen was bubbled into the liquid by a plastic tube from
different locations to create different flow patterns around the
substrates. Gas flow rate was changed from 4000 to 16,000 cm’/
min. At 95 °C, effect of flow of gas on the rate of growth of the
nano- and thin layer was measured.

Crystalline structure of the film was determined by X-ray
diffraction (XRD) method. XRD diffractograms were obtained
using Cu Ka radiation beams produced by a Philips PW 1390
apparatus. Knowing the surface area of the substrate and the
deposited mass of the layer, the thickness of the film was
determined by assuming the density of the precipitate to be
5.606 g cm > [19]. Thickness measurements made by scanning
electron microscopy of the samples gave similar results. SEM
was also used to study the growth mechanism and the surface
morphology of the thin grown layer. Semi-quantitative
analyses of the grown layers were determined with a Kevex
model EDAX system. Varian-AA6 atomic absorption equip-
ment determined the composition and Hana pH probe
measured pH of the solution at different deposition tempera-
tures.

3. Results and discussion

The thickness of the layer increases with the number of
dipping stages. Variation of thickness of the deposited film is
plotted against the number of dipping stages in Fig. 1.
Thicknesses in the nano-range is only produced with the
dipping numbers lower than 10. Fig. 2 depicts the SEM cross
sectional image of an oxide film after 100 times of dipping. The
formation of the oxide layer via TSCD method involves the
following pseudo-decomposition reaction:

(NH4)2ZnO2(|) — ZHO(S) + 2NH3(g) + HzO(]) (1
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Fig. 1. Thickness of the deposited film vs. the number of dipping stages (a) nano-size and (b) 0-2.4 wm.
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Fig. 2. SEM cross sectional image of the oxide film formed after 100 times
dipping of the specimen into the aqueous solution.

The rate of this reaction is experimentally proved
independent of the concentration of the (NH4),ZnO, complex.
Growth rate of the ZnO layer depends on the hot water
temperature. Its slope gradually reduces with the holding time
inside the water. It is proportional to the difference between the
temperature of the hot water and the (NH4),ZnO, complex.

3.1. Kinetics of oxide deposition
ZnO growth can be composed of the following general steps:

(a) Decomposition of the complex species to form solid, liquid
and gas molecules specified with Eq. (1).

(b) Outwards transfer of the products from the reaction front.

(c) Joining of ZnO molecules to the thin film or glass substrate
to thicken the covering layer.

Changing complex concentration and measuring the
thickness of the thin layer against time at various temperatures
clearly indicates a zeroth order growth rate with respect to
concentration (Fig. 3). Experimentally determined rates prove
the approximate independence of the ZnO growth rate from
reactant concentration. Effect of concentration on the film
growth rate is therefore ignorable

dc
— = —kC,

a n=0 2)

C is the molar concentration of the complex, ¢ is the time after
immersion and # is the order of the reaction, being zero in this
case.

Experimental investigations show that the rate of growth of
the ZnO is proportional to the difference between the
temperature of the hot water and the (NH,4),ZnO, complex,
AT, (Fig. 4). Its slope gradually decreases with submersion
time. This seems to be due to the gradual increasing of the
complex temperature as a result of rising of the substrate
temperature. An external heat transfer model can thus be used
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Fig. 3. Effect of concentration on thickness of ZnO layer measured at different
times and temperatures.

to explain the film growth rate

Mz.0 = —pMZnO (3)
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Fig. 4. Effect of the difference between the temperature of the hot water and the complex, AT}, on the rate of growth of the thickness of the ZnO layer at hot water
temperatures of (a) 90 °C, (b) 92 °C, (c¢) 95 °C, (d) 100 °C and (e) 105 °C.
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where § is the film thickness, ¢ is the heat flux, AHg is the
enthalpy of the reaction, p is the density of the solid layer, Mz,
is the molar weight of ZnO and 4 is the heat transfer coefficient
from hot water to the complex layer attached to the substrate.
The heat transfer coefficient 4 depends on the mean tempera-
ture of the reactants defined by the following equation:

T

_ TH;OMHZO + TcomplexMcomplex (4)
MHZO + Mcomplex

Effect of liquid stirring on the thickness of the ZnO layer is
illustrated in Fig. 5. Because of the stirred nature of the dipping
process, the second step (b) is fast enough to be ignored in our
evaluation rate. Experimental results approved this effect.
Stirring of the liquid with different speeds and at different
directions shows a negligible effect on the thickness—time
curves. Fig. 5 indicates, for example, that variation of the rate of
growth of the ZnO thin layer due to the N, bubbling at different
positions inside the reaction vessel is lower than 5%, which can
be considered insignificant. The first and the third kinetic steps
may thus be considered as the two influencing rate-controlling
steps.

The coefficient of the rate equation is composed of two
independent terms. The first term is related to the Newton law of
convection, as illustrated by Eq. (3). The second term is related to
the diffuse-interface kinetic model [18] for attachment of the
ZnO molecules to the solid substrate. From morphological
investigation of the oxide layer, it was found that the interface
was at least several layers thick. From the liquid—solid nature of
the interface and the decomposition characteristics of the
reaction that originated the formation of the solid phase, it was
concluded that the interface could not be microscopically flat.
The classical laws related to the microscopically flat interfaces
could, however, be extended with little difficulty to the slightly
diffuse-interfaces expected in liquid—solid transitions that could
result in this thin layer deposition process. Diffuse-interfaces
could generally grow much easier than the flat ones.
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Fig. 5. Effect of liquid stirring on the thickness of the ZnO layer.

We tried, therefore, to investigate this phenomenon with a
simple quasi-chemical model in line with the ideas generally
developed for a vapor deposition process. To perform this
treatment, let us imagine an ideally close-packed flat interface,
except that there is an indentation in a step present at the
interface. If an ion deposits on the solid at a point on the close-
packed flat face, it would join to the three nearest neighbors. If
it deposits at a jog, it has three nearest neighbors below the
closed-packed plane and three other nearest neighbors on its
own plane. The driving force for deposition of the ion at the jog
is hence twice that at the position on the close-packed face. This
indicates that any ion depositing at a point on the close-packed
face can lower its energy further by migrating towards and
depositing at a jogged position. Jogs help the deposition and the
solid layer grows further. This phenomenon seems especially
interesting because of high concentration of jogs present on an
ideally diffuse-interface layer [18].

Kinetics of growth of the solid phase can simply be
determined in terms of the classical theoretical rate. The
frequency w; with which molecules (composed of positive and
negative ions) would pass from the complex containing solution
to the oxide layer is exponentially related to the temperature

o1 — o exp(%%) 5)

wy is the frequency of vibration of the molecules and Q; is the
activation energy for transport of the molecules from the
solution to the oxide layer. Solid molecules will similarly jump
in the reverse direction, from oxide layer to the solution. The
reverse frequency of molecules, w,, can similarly be given by

W) = wp exp(%%) (6)

where O, is the activation energy of molecules transferring
from the oxide layer to the solution. The net jumping frequency
of the molecules across the interface, wg, can thus be deter-
mined from the difference between the forward and backward
transport frequencies of the molecules as follows:

wGZWI—wZZwo[CXp(%%) —exp(%%)} (7

Substituting AGg = Q — Q> in Eq. (7), we find

_ -0, AGg
wGg = a)oexp< RT | —exp RT (8)
From general thermodynamics relationships, we also have
AH AT
AGg = AHg — TASG = AHg — T —2 = AHg — ©)
Top Tpp

in which AGg, AHg and ASg are changes of free energy,
enthalpy and entropy of the deposition process, respectively
and AT, is the difference between the zinc containing complex
and solid substrate. Tpp is referred to the equilibrium deposition
temperature, which is a constant value and can be experimen-
tally measured. Substituting Eq. (8) into Eq. (9) and assuming
that the exponent is small, the following relationship is
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obtained:

AHGAT
wg = i [lexp(#)} (10)
DP

Assuming all sites on the interface are favorable for growth, the
rate of continuous growth Vg is equal to d,,, wg, where d;, is the
distance that the interface advances when a molecule is added
into it. Hence

AHGAT2>] (11

VG = dma)1 |:1 — exp( RT2
DP

The dependence of the jumping frequency to the diffusion
coefficient of the molecule is given by

6D

= 12)

1)
The frequency with which each atom strikes the solution, film
interface is usually taken to be one-sixth of its jumping
frequency in the bulk solution. Therefore, we have

D,

== (13)

o)
where D, is the mean diffusion coefficient of the depositing
species into the oxide layer.

Substitution of Eq. (13) into (11) yields

% _D 1 —ex AHGAT, (14)
S~ i P\ TR,

Eq. (14), termed the Sadrnezhaad—Vaezi equation gives the
growth rate of the thin film produced by TSCD method on the
soda-lime substrate. According to this equation, a greater
difference between the complex and the substrate temperatures
results in a greater growth rate. This phenomenon is, however,
limited to the decomposition conditions at the reactants posi-
tion.In order to determine the equilibrium deposition tempera-
ture, variations with temperature of both pH and weight of the
deposited complex were determined and plotted against tem-
perature, as shown in Fig. 6. Concomitant blank tests were also
performed in order to determine the general decomposition
effects. Both samples were submerged horizontally into the
corresponding solutions so that the partial pressures of the gases
could remain invariable. At temperatures about 10 °C, the
general complex decomposition resulted in very slow changes
in the pH reduction as well as the weight gain (Fig. 6). Careful
examinations indicated that the equilibrium decomposition
temperature is equal to 10 & 2 °C. Complex decomposition
process continued above this temperature. Changes of the
temperature could, therefore, affect on both AGg and pH values
of the system.

Total conversion time of the process can be determined by
addition of the times obtained from conversion heat transfer and
molecular deposition process. The result can lead us to the
following rate equation:
dé AT

dt  (AHgp/h) + (dmRT3p/D1AHG) (13)
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Fig. 6. Effect of temperature on weight of deposit and pH of the solution.

where U is an overall growth-rate constant for the film deposi-
tion and AT is the difference between the temperature of the hot
water and the substrate. Table 1 gives the values of U obtained
at different times and temperatures. Arrhenius law calculations
(Eq. (16)) yields an overall activation energy and frequency
factor for the whole process

UUm:xp(—%) (16)
The results are as follows:

Q = 17.20 £+ 0.42kJ mol ! (17)
Uy =2.81+0.07 pms ! (18)

These values are within the ranges of the external heat and mass
transfer processes investigated by previous authors [20-22]
indicating the consistency of the results obtained in this
research with those available in the literature.

3.2. Film characterization

Scanning electron microscope images of the surface of the
oxide layers produced after 100 times immersion into hot water
are illustrated in Fig. 7. Morphologies shown in the figure
indicate that the ZnO coverage increases with the water
temperature.

Based on EDAX elemental analysis, XRD diffactogram and
SEM tests, the deposited layers turned out to consist solely of
crystalline ZnO grains. EDAX spectrum of the ZnO film shows
the presence of Zn, O, Ca, Si and a trace amount of CI (Fig. 8).
The source of Si is the substrate. Ca may have come either as an
impurity with the raw materials or may be from the substrate.
The CI species may have come from the aqueous complex
solution. Atomic absorption spectroscopy (AAS) has approved
these expectations. AAS analysis showed, for example,
76.4 wt.% Zn in the sample produced by 100 times dipping
process. EDAX elemental analysis indicated 78.2 wt.% Zn.
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Table 1
Overall growth rate constant, U, for the film deposition process calculated from the experimental data for different temperatures and times
Temperature of hot water (°C) U (pm/(K's))
t=1s t=2s t=5s t=8s t=12s t=15s
90 0.000030 0.000025 0.000020 0.000015 0.000010 0.000002
92 0.000040 0.000035 0.000030 0.000026 0.000020 0.000010
95 0.000050 0.000040 0.000030 0.000027 0.000020 0.000010
100 0.000090 0.000080 0.000070 0.000060 0.000050 0.000040
105 0.00019 0.00017 0.00015 0.00012 0.000090 0.000080

The difference seems within the acceptable range of errors
possibly existing in our experiments.

Fig. 9 shows XRD spectrum of zinc oxide layer produced
after 40 trials of the dipping—growing process. The peaks

2 pm

appearing at 260 = 31.3, 34.6, and 36.2 correspond to (1 0 0),
(002)and (1 01) planes of the hexagonal zincite (ZnO) phase,
respectively. The peak at 26 = 34.6, which corresponds to the
diffraction from the (0 O 2) plane, is the strongest.

Fig. 7. SEM micrograph of the surfaces of oxide films produced after 100 times of dipping in water at (a) 75 °C, (b) 90 °C, (c) 95 °C, (d) 100 °C.
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Fig. 8. EDAX elemental analysis of the layer deposited on soda-lime substrate.

The deposited ZnO film showed crystalline character and
exhibited a preferential orientation with the c axis perpendi-
cular to the substrate. The same preferred orientation has been
reported by other investigators who have previously produced
ZnO thin films via other methods [23-25]. Other crystals were
either non-existent or with negligible appearance on the XRD
diffractograms obtained in this research.

Below 10 submerging cycles, the thickness of the film was
in the nano range. A smaller crystallite size is a character-
istically better layer for gas sensitivity applications. The
thickness of the film produced after 40 cycles of the dipping—
growing process was, for example, estimated by mass/
thickness method to be 1.72 wm. This value was verified by
further SEM measurements. Average crystallite size of the
grains was determined by Sherrer formulation [26] against
number of the dipping—growing cycles. The average size of the
crystallites produced after 25 times dipping—growing process
was 31.2 nm; after 50 times dipping—growing process, it was
85.5 nm and after 150 times dipping—growing process, it was
225.6 nm; all indicating our good controllability on film
thickness and crystallites sizes.
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Fig. 9. The diffractogram of the oxide film produced after 40 times dipping—
growing process.

4. Conclusions

Pure ZnO thin films can easily be deposited by successive
immersion of soda-lime substrate into a cold ammonia complex
containing solution and then into hot water. Varying the number
of successive dipping—growing stages, one can control the
thickness of the film. Film thicknesses are linearly proportional
to the number of the dipping—growing cycles. With dipping
numbers lower that 9, the film thickness can lie on the nano
range. At larger numbers, thicker films are produced. The
average size of the crystallites determined by Sherrer equation
and verified with SEM measurements indicates a desirable
controllability of the crystallite sizes.

Since the proposed method looks both economically and
toxically feasible, it can practically be attractive to the
industrial design engineer as well as the production managers.
For theoretically oriented audience, growth kinetics of the
TSCD film is found to follow zeroth order with respect to the
concentration and first order with respect to the temperature.
XRD results show a polycrystalline thin layer consisting of pure
ZnO species at all experimental conditions practically
experienced in this research. A combination of the convection
heat transfer equation with the diffuse-interface kinetic model
gave an overall film growth rate proportional to the difference
between the hot water and the substrate temperatures. The
overall activation energy and frequency factor of the process
was determined to be 17.20 & 0.42 kJ mol ' and 2.81 4 0.07
pm s~ ', respectively.
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