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Abstract
In the present study, ZnO thin films were deposited by chemical bath deposition carried out by selective correlation of 
varying (i) pH values at fixed concentration and (ii) concentration of the precursors at fixed pH. The selective correlations 
were done by using the characterization tools like X-ray diffraction, scanning electron microscopy, transmittance, refrac-
tive index, dielectric constant, Fourier-transform infrared spectroscopy and IV measurements. Transmittance was found to 
increase from 57 to 87% on varying the pH from basic side (10.8) to acidic side (pH 6.8) with a blue shift in band gap. The 
nature and morphology of the deposited films were found to be dependent on pH as well as concentration. Acidic pH 5.0 
was found to be most suitable for deposition of highly transparent film with low absorption coefficient, refractive index and 
dielectric constant. On the other hand, nearly complete coverage of the substrate and high purity was observed in the ZnO 
thin films which was deposited by taking equal 100 mM concentration of Zn(NO3) and HMTA precursors at a fixed pH 5.0 
as desired, sheet resistance was also found to increase on the acidic pH side which is useful in case of buffer layer solar cell 
application. These studies lay a foundation stone for understanding the optical and morphological parameters by selectively 
correlating the pH and concentration variation at the same time.

1 Introduction

Zinc oxide (ZnO) is a wide bandgap semiconducting mate-
rial with unique chemical, optical and electrical properties. 
It has attracted considerable attention due to its various 
applications such as gas sensor [1], solar cell materials [2], 
antimicrobial materials [3, 4], optoelectronics devices [5, 
6] and several other important applications [7]. These films 
are widely used as conductive and optical cover layers of 
large area solar cells [8, 9]. Different methodologies have 
been reported by several groups for deposition of ZnO nano-
structures [10, 11]. Wet chemical techniques [12], physical 
vapor deposition [13], metal organic chemical vapor deposi-
tion (MOCVD) [14], pulsed laser deposition [15], molecular 
beam epitaxy (MBE) [16], sputtering [17], electrospinning 
[18] etc. are few common techniques. Most of these tech-
niques are performed at high temperature and require expen-
sive instrumentation. Wet chemical methods are compara-
tively simple, less expensive and reliable method.

Chemical bath deposition (CBD) is a low temperature wet 
chemical technique being widely used for the deposition of 
ZnO thin film buffer layers [19, 20]. It is a simple technique, 
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as morphological and structural properties of the grown 
films can be controlled by adjusting growth parameters 
such as pH, concentration, deposition time, bath tempera-
ture and choice of chelating agents [21, 22]. The important 
advantages of the CBD method are simplicity, low cost, low 
temperature, admirable large area uniformity and coverage 
[23–25]. In addition, many intrinsic defects which arise with 
high-temperature deposition techniques such as increased 
point defect concentrations, evaporation and decomposition 
of films [26] might also be avoided. Buffer layer deposi-
tion by CBD technique basically follows two mechanisms: 
(i) heterogeneous reaction and (ii) homogeneous reaction 
deposition [27]. Ion-by- ion deposition leads to heterogene-
ous reaction while cluster-by-cluster deposition occurred in 
homogeneous reaction. The homogeneous deposition lead-
ing to powdery and non-adherent films and hence is highly 
undesirable. Thin films deposited by such a process also 
feature scattering centers and peeling [28]. For a better qual-
ity films, the heterogeneous process is always desirable, in 
which adsorption of  (Zn2+) cation and anion  (O2−) takes 
place to form the thin films and yield better film quality.

From the extensive literature study, we observed that most 
of the ZnO thin films deposited by CBD are optimized by 
varying only one parameter out of pH, deposition time/tem-
perature and precursor concentration independently. From 
best of our knowledge few scanty reports are available in 
which deposition of ZnO thin films have been studied by 
simultaneous optimization of parameters but nothing has 
been reported in which the parameters are selectively opti-
mized leading to a best buffer layer ZnO sample. Hence, 
in the present study, attempts were made to deposit highly 
transparent and homogeneous ZnO thin films using CBD by 
selectively adjusting the pH as well as the concentration of 
chemical bath. These studies were performed with an objec-
tive to use the deposited thin films as an efficient buffer layer 
in thin film hetero-junction solar cell.

2  Experimental details

2.1  Deposition and growth of ZnO thin films

All the chemicals used were purchased by Sigma-Aldrich 
Company having purity level ≥ 99.0%. In order to study the 
effect of pH and precursor concentration on growth of ZnO 
thin films, two different sets of the deposited thin films were 
prepared. Zinc nitrate (Zn(NO3)2·6H2O) and hexamethylene-
tetramine (HMTA) have been used as precursors for the thin 
films fabrication by using a two-step chemical bath deposi-
tion process: coating of ZnO seeds on the cleaned glass sub-
strate and further growth was carried out on the seeded sub-
strate in an open bath maintained at a temperature of 90 °C. 
The substrates used were microscopic glass slides procured 

from Blue Cross India and cut into size of 2 × 2 cm2. Before 
the deposition of the thin films, substrates were cleaned by 
dipping in chromic acid for 24 h. Thereafter, glass substrates 
were washed under running water, cleaned with detergent 
solution and further rinsed with water. Finally the glass 
substrates were rinsed with ethyl alcohol, acetone, Milli-Q 
water followed by ultra-sonication for 15 min. The glass 
substrates were then dried at 100 °C for 3 h. For deposition 
of seed layer on the cleaned glass substrate the procedure 
of Byrne et al. [29] was adopted. Dissolution of 25 mM of 
“zinc acetate dihydrate (Zn(CH3COO)2·2H2O)” was carried 
out in absolute ethanol (99%) followed by sonication for 
15 min. Four micro litre (4 μL) of the above solution was 
put on the cleaned substrate by a micro syringe, followed by 
drying and then rinsing with distilled water. This process 
was repeated four times. In order to obtain thick dense seed 
layer, glass slides were further dipped in the above solution 
at 65 °C for 2 h in an oven, rinsed with distilled water and 
finally dried at 100 °C for 30 min.

The synthesis reaction was carried out in the aqueous 
medium. For CBD growth process, 100 mM of aqueous 
solutions of zinc nitrate hexahydrate “(Zn  (NO3)2·6H2O)” 
and hexamethylenetetramine “(HMTA)·(C6H12N4)” were 
prepared separately. The solutions were mixed together in 
equal ratio (1:1) and ultra-sonicated for 15 min. To study 
the effect of pH, the mixed solutions were adjusted to dif-
ferent pH as mentioned in Table 1 using concentrated nitric 
acid for preparing acidic bath and 1 N sodium hydroxide for 
basic bath and ultra-sonicated for 15 min. 50 ml solution 
mixture of the different pH was taken in four different glass 
beakers and four pretreated glass substrates were immersed 
in a slanting position. The beakers were maintained at 90 °C 
for 2 h in an oven. The samples were cooled, rinsed with 
distilled water and then air dried.

After deposition of ZnS thin films at various pH values 
and their subsequent characterizations, we deposited the thin 
films by varying the concentration of both the precursors but 
kept the ratio of the zinc salt and HMTA fixed every time as 
shown in Table 2. Also, during entire experiments the pH 
adjusted at “5.0” because we obtained satisfactory results 
on the films deposited at  pH5.0. The concentration variation 
studies were done to optimize the sample purity and the 

Table 1  Growth conditions for deposition of ZnO thin films at vari-
ous pH values

Sample 
code

100 mM 
Zn(NO3)2 
(ml)

100 mM 
HMTA 
(ml)

pH Deposi-
tion time 
(h)

Deposition 
Temp. (°C)

pH6.8 50 50 6.8 2 90
pH5.0 50 50 5.0 2 90
pH10.8 50 50 10.8 2 90
pH11.8 50 50 11.8 2 90
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substrate coverage which is an important parameter for a 
making a final device.

The pH was adjusted using nitric acid and the solutions 
were adequately mixed using an ultra-sonication for 15 min. 
The seeded substrates were immersed into the solutions of 
above mentioned baths of different concentrations respec-
tively and were kept at 90 °C for 2 h. The glass slides were 
finally rinsed with distilled water and dried in air. First of 
all, In order to examine the structural characteristics with 
respect to pH variation at fixed concentration, X-ray dif-
fraction (XRD) patterns of all the samples were recorded 
by XPERT-PRO diffractometer (45 kV, 40 mA) which was 
equipped with a Goniometer PW3050/60 working with Cu 
Kα radiation of wavelength 1.5406 Å. Secondly, to study 
the effect of pH on the optical properties of deposited thin 
films, UV–VIS spectrophotometric studies were conducted 
in the wavelength range 250–800 nm using UV–VIS Spec-
trophotometer (Model UV-2550) with integrated sphere 
assembly ISR 240A with a resolution of 1 nm. Thirdly for 
studying both the effect of pH and precursor concentration, 
Fourier-transform infrared spectroscopy (FTIR) analysis was 
performed using Shimazdu IR Affinity-1S in the wavenum-
ber range 0–4000 cm−1 and scanning electron microscope 
(SEM) HITACHI model S-3700N was used to observe the 
morphology of the particles in the thin films. Elemental 
phase compositions of deposited films were examined by 
energy dispersive X-ray spectroscopy (EDX). EDX system 
was integrated to the SEM where the electron beam excites 
characteristic X-rays from the probed area. Lastly, four probe 
electrical measurements using Keithley-2450 source meter 
(SMU) were done to find the resistivity (ρ) of the thin film 
for further calculating the sheet resistance (σ) using the 
thickness (t) and resistivity (ρ) values of the thin film in the 
following equation:

2.2  Reaction mechanism

Zn  (NO3)2·6H2O provided  Zn2+ ions required for building 
up ZnO nano-structures, whereas HMTA ((CH2)6N4) was 
used as a complexing agent. At natural pH, the presence of 
HMTA inhibited the rapid precipitation of zinc hydroxide 

(1)ρ = t�

and allowed a stable dispersion to be formed. It acted as a 
weak base and also as a buffer during the film deposition 
[30]. HMTA is non-ionic tetra-dentate cyclic tertiary amine 
with a high solubility in water, and gradually hydrolyzes 
in the aqueous solution at a slow rate to produce ammonia 
 (NH3) and formaldehyde HCHO under appropriate thermal 
conditions.  NH3 plays two important roles:

 (i) It produces a basic environment by producing NH+
4
 

and  OH− ions, which are necessary for the produc-
tion of Zn(OH)2. The chemical reactions can be sum-
marized as follows.

   Decomposition of HMTA:

   Hydroxyl supply reaction:

   Formation of Zn(OH)2 reaction:

   Dehydration reaction leading to ZnO growth:

 (ii) Secondly, it coordinates with the  Zn2+ ions to pro-
duce zinc ammonia complex. Slow hydrolysis is 
important because if HMTA hydrolyzes rapidly and 
produces a large amount of  OH−, resulting in quick 
precipitation of  Zn2+ ions in the solution due to high 
pH. As the reaction proceeds,  Zn2+ ions are gradu-
ally consumed and decomposition of zinc-ammonia 
complex occurs slowly, resulting a very low level of 
super-saturation in the solution and thereby stabilize 
the concentration of  Zn2+ ions. So, controlling the 
pH and concentration of  Zn2+ ions promotes hetero-
geneous growth over homogeneous growth by avoid-
ing a high ZnO saturation index. Zn(OH)2 dehydrates 
into ZnO. The reaction mechanism can be summed 
up as [31].
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Table 2  Growth parameters for deposition of ZnO thin films at vari-
ous concentrations

Sample code Zn(NO3) 
Conc. 
(mM)

HMTA 
Conc. 
(mM)

pH Deposi-
tion time 
(h)

Deposition 
Temp. (°C)

M25 25 25 5.0 2 90
M50 50 50 5.0 2 90
M75 75 75 5.0 2 90
M100 100 100 5.0 2 90
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During the precipitation process, the formation of a 
solid phase should start in the solution when ionic prod-
uct  (Ip) exceeds the solubility product  (kps) which depends 
upon the pH of the solution [32]. Since the solubility 
product for Zn (OH)2 is  10−17, under basic pH 10.8 due to 
higher reaction rate, Zn (OH)2 precipitates very fast. This 
resulted in comparatively thicker films with less transmit-
tance. Tada [33] reported that hydrolytic decomposition 
of protonated hexamine [(CH2)6N4H]+ takes place under 
acidic conditions, thereby producing protonated ammonia 
through the following reaction in the chemical bath:

Under weak acidic conditions, ammonia combines with 
 Zn2+ ions and produces enormous number of zinc–amino 
complexes in the solution. These complexes will be 
hydrolyzed directly to form ZnO on the glass substrate 
and on the inner surface of the vessel through the decom-
position reaction. Hence, ammonia could stabilize  Zn2+ 
ions through reversible reaction of consuming and decom-
posing of zinc–ammonia complex. It was observed that 
in acidic bath (pH 5.0), the solution remained transparent 
during deposition indicating a slow chemical deposition 
process. As a result thin films deposited at this pH exhib-
ited higher transmittance.

3  Results and discussion

3.1  Thickness of thin films

Thicknesses of the thin films of ZnO deposited at vari-
ous pH were calculated according to thermo-gravimetric 
method as described by Vijayan et al. [34] using the rela-
tion given below.

where t is the thickness of the film, m is the weight gain, A 
is the area of the deposited film, ρ is the density of the film 
which was taken as 5.606 g/cm3. The calculated values of 
thicknesses of samples  pH6.8,  pH5.0 and  pH10.8 were found 
to be 1.11 μm, 802 nm and 2.14 μm respectively. The last 
sample i.e.  pH11.8 showed visibly white and rough film with 
lot of pin holes with a thickness of 4.06 μm
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3.2  Structural properties

The XRD patterns of the deposited films at different pH val-
ues are shown in Fig. 1a–c. X-ray diffraction spectrum for 
sample  pH6.8 manifests the presence of more than one phase. 
ZnO peaks correspond to the direction [100], [002] and [101], 
together with other supplementary peaks. These supplemen-
tary peaks in XRD spectra can be attributed to the presence 
of Zn(OH)2 and silica in the substrate, which are further con-
firmed by FTIR studies. XRD spectra revealed the presence of 
wurtzite ZnO structure with prominent peak at 34.602° cor-
responding to [002] reflection, thereby confirming the poly-
crystalline nature of the films with preferred c-axis orientation. 
XRD pattern of  pH5.0 for ZnO thin film at acidic pH (Fig. 1b) 
was found to be amorphous. Sample  pH10.8 exhibited poly-
crystalline wurtzite structure of ZnO (JCPDS data-card No. 
36-1451). The shift in the positions of [100], [002] and [101] 
reflections in XRD spectra of  pH10.8 as compared to  pH6.8 is 
attributed to decrease in bond lengths [35]. With the increase 
in pH, the  OH− ions increased and suppressed the growth of 
ZnO nano-crystallites along the [002] axis (Fig. 1c) [36].

The lattice parameters “a” and “c” of wurtzite structure 
ZnO were calculated, according to well-known Bragg’s law

For hexagonal structure the relation between interplanar 
spacing “d” and lattice constants a and c is given by;

(14)2d sin θ = n�

Fig. 1  XRD patterns of as deposited ZnO thin films at different pH 
values
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The lattice constants “a” and “c” of the nanocrystalline 
ZnO film deposited at  pH10.8 were calculated using the fol-
lowing relations

For (100) plane

For (002) plane

The diffraction planes and respective d-spacing values are 
tabulated in Table 3.

From above table it is clear that the calculated d-spacing 
values are in good agreement with the reported standard 
results [37]. Crystallite size for the samples  pH6.8 and  pH10.8 
were determined by the well-known Scherrer’s formula. It 
was found to be 8.19 ± 0.02 nm and 12.26 ± 0.02 nm for 
 pH6.8 and  pH10.8 samples, respectively. XRD spectra of 
sample  pH5.0 exhibited the amorphous nature of this sam-
ple (Fig. 1b) and indicated a shift in band edge. Short range 
grain size calculated using Brus equation [38] for  pH5.0 was 
found to be quite small (1.81 nm).

3.3  Optical properties

3.3.1  UV–Vis absorption spectroscopy

It is manifested that pH of the chemical bath affects the 
transmittance of ZnO thin films. Figure 2 exhibits the 
transmittance curves for all the four specimens prepared 
at different pH values. Transmittance of the thin film pre-
pared at the natural  pH6.8 was found to be 78% with an 
absorption edge around 370 nm. However, in case of the 
sample  pH5.0, the transmittance increased up to 87%. Also, 
the blue shift in absorption edge was observed in compari-
son to  pH6.8. The film deposited at  pH10.8 shows tremen-
dous decrease in transmittance to a level of 57% while the 
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last sample  pH11.8 showed very poor transmittance there-
fore, not considered for further characterization. The fluc-
tuations appeared on the transmittance spectra of this sam-
ple  (pH11.8) are due to the interference of light reflected 
between the air-film and film-glass interfaces [39].

The absorption coefficient (α) was determined using 
transmittance curves. Figure  3 shows the variation 
of absorption coefficient with wavelength. It can be 
observed from the Fig. 3i, the absorption coefficient is 
constant in visible region for all the three samples. The 
values of absorption coefficient for  pH6.8,  pH5.0 and 
 pH10.8 were found to be 0.241 × 106/m, 0.170 × 106/m 
and 0.264 × 106/m at 500 nm, respectively. Lowest value 
of absorption coefficient in sample  pH5.0 indicated low 
absorption losses.

ZnO being a direct band-gap semiconductor, its optical 
band gap was obtained by extrapolating the corresponding 
straight line portions of the graphs between (αhν)2 versus 
the photon energy hν, till the intersection with energy axis. 
A blue shift in the band gap was observed in the sample 
 pH5.0  (Eg = 4.01 ± 0.009 eV) as compared to the band gap of 
bulk ZnO (3.37 eV) at room temperature [38]. The increase 
in transmission and blue shift in absorption is due to the 
increase in grain sizes, structural homogeneity, and crys-
tallinity of the sample  pH5.0 [40]. Blue shift in the absorp-
tion edge of  pH5.0 ZnO nanocrystalline films is related 
with the increase of the carrier concentration blocking the 
lowest states in the conduction band, well known as the 
Burstein–Moss effect [41]. Burstein pointed out that the 
lifting of the Fermi level into the conduction band of the 
degenerate semiconductor leads to the energy band broad-
ening (blue shift) effect [42].The improved transmittance of 
 pH5.0 may also be attributed to its increased band gap and 
lesser thickness as compared to other samples.

Table 3  Calculated d-spacing value for  pH10.8 deposited ZnO thin 
films

Sample (hkl) 2θ d-spacing (Å)

Calculated Standard

pH10.8 (100) 31.66° 2.826 2.81
(002) 34.30° 2.611 2.60
(101) 36.23° 2.434 2.47

Fig. 2  Transmission spectra of as-grown ZnO thin films at various 
pH values



 Journal of Materials Science: Materials in Electronics

1 3

From Fig. 4i, the reflectance values can be observed as 
0.117, 0.071 and 0.184 at 500 nm, for the samples  pH6.8, 
 pH5.0 and  pH10.8, respectively. Hence, sample  pH5.0 showed 
minimum value of reflectance in the visible region which 
remained almost constant. Such result was expected because 
the same sample showed maximum transmittance among all 
the samples.

Using the reflectance data refractive index (n) of a mate-
rial may be calculated using the following relation [43].

Figure 4ii reveals that refractive indices for  pH6.8,  pH5.0 
and  pH10.8 are 2.05, 1.72 and 2.51, respectively at 500 nm. 
These values suggest that refractive index of thin film may 
be optimized by monitoring the pH of the precursor solution.

The dielectric constant of the deposited films was calcu-
lated using the following equation.

εr is the real part of dielectric constant and is a measure 
of how much it will slow down the speed of light in the 
material and κ is the imaginary part of dielectric constant 
and gives that how a dielectric absorbs energy from electric 
field due to dipole moment. It can be observed that  pH5.0 
exhibited minimum dielectric constant as compared to that 
of  pH6.8 and  pH10.8. The values of εr as measured using the 
graph in Fig. 4iii were found to be 4.2, 2.95 and 6.29 respec-
tively at 500 nm.

Refractive index and absorption coefficient, which are 
calculated using UV–Vis data, can also be used to calculate 

(18)n =
1 + R

1∕2

1 − R1∕2

(19)�
r=n2−�2

optical conductivity of a material using the following rela-
tion [44].

Figure 4iv illustrates the variation of optical conductiv-
ity with wavelength. It was also observed to be affected 
by pH of the precursor solution. Figure 4iv showed the 
respective values of optical conductivity to be 0.11 × 1014/s, 
0.068 × 1014/s and 0.157 × 1014/s for  pH6.8,  pH5.0 and  pH10.8 
at 500 nm. The sample  pH5.0 exhibited minimum and con-
stant value of optical conductivity due to the low absorbance 
and low refractive index as compare to other samples.

Since the refractive index/dielectric constant both the 
quantities are directly related to the film thickness, as the 
film thickness of sample  pH5.0 is 802 nm. In comparison to 
other three samples this thickness is least, hence the value of 
refractive index and dielectric constant found minimum in 
sample  pH5.0. Such observations are well in agreement with 
the previously published reports [45, 46].

Figure 5 shows the FTIR spectra of thin films deposited 
at different pH values and concentrations. From Fig. 5i one 
can observed that the peaks at 430 cm−1 in  pH6.8, 435 cm−1 
in  pH5.8 and 421 cm−1 in  pH10.8, were signature of Zn–O 
stretching vibrational modes in the deposited thin films. The 
vibration band of ZnO shifted from 435 to 421 cm−1 wave 
number with the change in pH. This shift may be caused 
due to the change in the morphology of ZnO with pH and 
also reported by Wahab et al. [47]. The symmetric stretching 
bands around 1336 cm−1 in  pH6.8 and 1356 cm−1 in  pH5.8 
were assigned to NO−1

3
 group and a weaker broad band 

(20)� =
nc�

4�

Fig. 3  i Absorption coefficients, ii band gaps of ZnO thin films at various pH values
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in  pH6.8 around 3335 cm−1 could be assigned to the O–H 
stretching vibrations in H bonded water on the ZnO surface 
in sample  pH6.8 [45]. This band can be crosschecked through 
a weak 1635 cm−1 band due to scissor bending vibration 
of molecular water in  pH6.8. The weak peaks at 740 cm−1 
and 891 cm−1 in  pH6.8 are due to the glass substrate, which 
was further confirmed by XRD. Figure 5ii shows the FTIR 

spectra of thin films deposited at various concentrations. 
It has been observed that sample fabricated using 100 mM 
concentration of both precursors was more pure as com-
pared to the rest of the samples. Low Intensity bands in 
the finger print region could be attributed to the elements 
present in the glass substrates as observed in EDX spectra. 
The peak of Zn–O remained within the region 420 cm−1 

Fig. 4  i Reflectance, ii refrac-
tive index, iii dielectic constant 
and iv absorption coefficient of 
ZnO thin films at various pH 
values
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to 440 cm−1. The weak peak at 2330 cm−1 in the sample 
 M100 was assigned to iso-nitrile group and the weak band 
at 2936 cm−1 in sample  M50 was due to the C–H stretching 
of aldehyde group [48]. On the basis of extent of material 
coverage on the substrate, 100 mM was optimized for the 
further experiments.

3.4  Surface morphology and elemental analysis

Figure 6 shows the change in morphology of the nanostruc-
tures deposited at the glass substrate due to the change in 
pH value and concentration in bath. It was observed that 
particles showed highly dense flower like structures with two 
dimensional nanosheet petals perpendicular to the substrate 
at pH 6.8 (Fig. 6a). This vertical growth is attributed to the 
inherent anisotropy of the wurtzite (hcp) lattice structure 
of ZnO with an axial c/a ratio of 1.602 [49]. At pH 5.0, 
twinned rod morphologies aligned along the substrate were 
observed (Fig. 6b). Boyle et al. [19] reported that ZnO thin 
films using CBD process containing HMTA and a zinc salt 
at acidic pH 5.0, is a kinetically-controlled reaction involv-
ing relatively high concentrations of one, i.e.,  Zn2+ over the 
other i.e.  OH− component and slow precipitation of ZnO 
from Zn(OH)2 encourages formation of branched nanorods 
aligned along the substrate.

At moderate pH environment, HMTA hydrolysis 
decreases leading to increase in pH value and assist initiation 
of secondary nucleate branches on nanorods side surface 
with advanced growth [34]. The change in rods shape from 
hexagonal  (pH5.0) to prism like shape  (pH6.8) was expected 
due to the electrostatic interaction between the ionic solu-
tion and ZnO polar faces and as a consequence higher 
miller indices became preferred. ZnO growth in basic bath 
 pH10.8 reveals flower type morphology with stars like petals 

(Fig. 6c). This structural growth may be attributed to exceed-
ing amount of  OH− ions present in the bath at the basic pH 
due to the addition of NaOH and  OH− released from the fast 
hydrolysis of HMTA.

On varying the pH to basic side, concentration of  Zn2+ 
ions is reduced as compared to  OH− ions. This corresponds 
to the reaction mechanism proposed by XU [50].

Eventually, Zn(OH)2−
4

 ions may lead to the formation of 
larger zinc hydroxide complexes which would ultimately 
precipitated into ZnO [51]. When the precipitation exceeds 
the number of nuclei, multi-angular orientation build-
ing blocks grow on the substrates and a three dimensional 
growth from the limited number of nuclei along their axes 
generates star-like flower structures as reported by Vays-
sieres [52].

Elemental phase compositions of deposited films were 
examined by energy dispersive X-ray spectroscopy (EDX). 
EDX system was integrated to SEM where the electron 
beam excites characteristic X-rays from the probed area. 
Figure 6a–c illustrate the chemical composition of the thin 
films corresponding to the pH value of 6.8, 5.0 and 10.8 
respectively. The EDX spectra of these samples confirmed 
the purity of these films, which is manifested by the absence 
of impurity. Only a small peak of silica from the substrate 
or gold (Au) peak due to the gold coating of sample was 
observed.

Figure 7 shows the change in morphology of the nano-
structures deposited at the glass substrate due to the change 
in concentration. SEM studies revealed that the morphology 
of as grown particles of the thin film is closely related with 

(21)Zn
2+ + 2OH

−
→ Zn(OH)2

(22)Zn(OH)2 + H
2
O → Zn(OH)2−

4

Fig. 5  FTIR of ZnO thin films 
at various i pH values, ii con-
centrations
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the precursor concentration. SEM micrograph (Fig. 7a) of 
sample  M25 exhibited agglomerates of ZnO nano-crystals. 
Whereas sample  M50 (Fig. 7b) prepared with 50 mM con-
centration exhibited highly dense and oriented nano-walls, 
perpendicular to the substrate which is due to the fact that 
the nucleation density on the substrate increased as the zinc 
concentration in the solute increased. As the solution con-
centration exceeded 50 mM, the average diameter of the par-
ticles increased due to the clustering of nano-walls, which 
reversed the orientation and as a result sample  M75 (75 mM) 
shows growth of a few rods (Fig. 7c) along the substrate. 
However, the samples under high precursor (sample  M100) 
concentration were dense but with poor degree of orienta-
tion (Fig. 7d). In general with increasing zinc concentration 
in the bath, zinc potential is raised. The rise in the chemical 
potential of zinc in the chemical solution is compensated by 
the generation of more nucleation sites on the substrate and 
as a result highly branched structural growth is enhanced 
in sample  M100. SEM micrographs for all the samples were 
compared to observe the substrate coverage and it was con-
cluded that only sample  M100 could nearly cover the whole 

substrate. The presence of Zn and O was confirmed by cor-
responding EDX peaks. The presence of an intense peak of 
silica along with small peaks of Ca, Al and K in the EDX 
spectra corresponding to  M25,  M50 and  M75 (Fig. 7a–c) sug-
gested incomplete coverage of the substrates. The EDX spec-
tra of Fig. 7d reflect the purity of  M100 as compared to the 
rest of the samples, as intensity of silica peak is very small 
as compared to zinc and no other impurity peak is visible in 
it. Nearly complete coverage of the substrate in  M100 along 
with high purity of the zinc oxide nano thin films suggested 
that  M100 sample can be chosen for the further electrical 
studies. Au peak is from gold coating of the sample. It has 
been observed that the zinc content in the films increase 
with the increase in the concentration and the films consist 
of Zinc and oxygen only.

3.5  Sheet resistance

Finally, sheet resistance of the thin film deposited at differ-
ent pH values at a fixed molar concentration of 100 mM for 
both the precursors was measured using Keithley source 

Fig. 6  SEM images of ZnO thin 
films at a  pH6.8, b  pH5.0 and c 
 pH10.8
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meter (model-2450). This instrument can source and meas-
ure both current and voltage and can be configured to dis-
play resistance and resistivity. Sheet resistance for  pH6.8 was 
8.75 × 105 Ω/square, for  pH5.0 it was 6.8 × 108 Ω/square and 
for  pH10.8 − 1.33 × 105 Ω/square. High resistance transparent 
buffer layer at pH 5.0 can also improve solar cell efficiencies 
by reducing the necessary thickness of the buffer layer and by 

reducing the shorting through the buffer layer. On the basis of 
maximum transmittance and sheet resistance, lowest absorp-
tion coefficient and refractive index exhibited by sample at 
pH 5.0 and due the highest band gap among the three sam-
ples  (pH6.8,  pH5.0 and  pH10.8) deposited at different pH, was 
selected finally as the best buffer layer sample for thin film 
solar cell application.

Fig. 7  SEM images of ZnO thin 
films at a 25 mM, b 50 mM, c 
75 mM and d 100 mM
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4  Conclusion

ZnO thin films were successfully fabricated on seeded 
glass slides using chemical bath deposition technique by 
firstly varying pH values and then by variable precursor 
concentrations. pH and concentration variation studies 
finally shows that nearly complete coverage of the sub-
strate along with high purity of the zinc oxide thin films is 
observed at pH 5.0 and at equal 100 mM concentration of 
Zn(NO3) and HMTA. So it was concluded that the samples 
fabricated at pH 5.0 using 100 mM concentration for both 
precursors can be used as a buffer layer in thin film solar 
cell as it shows improved band gap 4.0 eV, high trans-
mittance (87%), low absorption coefficient 0.170 × 106/m, 
low reflectance (0.071), low refractive index (1.72), low 
dielectric constant 2.95 and low optical conductivity 
(0.068 × 1014/s) at 500 nm incident radiation. The thin 
film synthesized at pH 5.0 also exhibited highest value of 
sheet resistance which is very important for high solar cell 
efficiency. The results presented in this study demonstrated 
that both the pH as well as the precursor concentration 
of the chemical bath solution has strong influence on the 
optical, structural and morphological properties of ZnO 
thin films.
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