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Zinc oxide thin films with different thicknesses were prepared on microscopic glass slides by sol-gel spin coating method,
then hydrothermal process was applied to produce zinc oxide nanorod arrays. The nanorod thin films were characterized by
various spectroscopic methods of analysis. From the images of field emission scanning electron microscope (FESEM), it was
observed that for the film thickness up to 200 nm the formed nanorods with wurtzite hexagonal structure were uniformly
distributed over the entire surface substrate. From X-ray diffraction analysis it was revealed that the thin films had good poly-
crystalline nature with highly preferred c-axis orientation along (0 0 2) plane. The optical characterization done by UV-Vis
spectrometer showed that all the films had high transparency of 83 % to 96 % in the visible region and sharp cut off at ultra-
violet region of electromagnetic spectrum. The band gap of the films decreased as their thickness increased. Energy dispersive
X-ray spectroscopy (EDS) showed the presence of zinc and oxygen elements in the films and Fourier transform infrared spec-
troscopy (FT-IR) revealed the chemical composition of ZnO in the film.
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1. Introduction

Nanosized metal oxides show a drastic change
in properties in comparison to their bulk counter-
parts because of their surface tailoring capability,
large surface to volume ratio, reactive morphol-
ogy, etc. [1, 2]. After achieving a nanoscaled shape,
a large number of atoms exist on the metal sur-
face, which makes the reactivity of the surface sig-
nificantly enhanced with changing properties. Re-
cently, ZnO has attracted researchers’ attention due
to its excellent capability of formation nanostruc-
tured form easily, large electron mobility, abun-
dance in nature and large isoelectric point [3, 4].

Crystalline ZnO, belonging to II-VI semi-
conductor group, is a semiconductor, mostly of
wurtzite hexagonal structure with a direct wide
band gap of about 3.37 eV, exhibiting a large
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exciton binding energy of 60 meV at room
temperature [1, 4, 6]. It is a low cost, nontoxic
material that exhibits good thermal conductivity
and excellent thermal and mechanical stability [1-
5]. It shows large transparency in the visible re-
gion and large absorbance in the UV region of
electromagnetic spectrum. Due to its such unique
properties, it has versatile applications in various
fields such as optoelectronics, photonics, photo-
voltaics, piezoelectric sensors, etc. [6, 7]. ZnO
nanostructures are an excellent material for fab-
ricating optical waveguides, light emitting diodes
(LED), lasers, thin film transistors, solar cell win-
dow layers, actuators, chemical and gas sensors,
etc. [6, 7]. ZnO nanostructures can be synthesized
in many nanostructure forms, such as nanorods,
nanowires, nanotubes, nanowalls, nanobelts [8—
10], etc. using different methods such as hy-
drothermal method [8], chemical bath deposi-
tion, thermal evaporation, chemical vapor deposi-
tion, molecular beam epitaxy, microwave assisted
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chemical precipitation, spray pyrolysis [11-14],
etc. All of these synthesis techniques have some
distinguished advantages in comparison with oth-
ers. Among them, hydrothermal growth method
is convenient for growing uniformly aligned one
dimensional nanorods or nanowires by varying
growth parameters, such as solution pH value, re-
action time and temperature, type of used chem-
ical, molar concentration, etc. [8, 9]. The devel-
opment of nanorods is also affected by the thick-
ness of the film. Sharma et al. [14] used a sol-gel
method to prepare thin films with different thick-
nesses and they found that as the film thickness in-
creased, the film growth mode was shifted towards
lateral direction from vertical direction. Zhong et
al. [15] also reported the similar result. Morteza-
ali et al. [16] prepared ZnO nanostructured thin
film by spray method and they revealed that the
growth mode had changed from lateral to vertical
when the film thickness was increased. However,
the effect of film thickness on ZnO nanorod forma-
tion on a glass substrate by sol-gel method was less
investigated.

In this study, our goal is to investigate the
film thickness effect on ZnO nanorod formation.
For this purpose, we developed ZnO thin films of
three different thicknesses on glass substrates by
sol-gel method and then the thin films were con-
verted into nanorod structures by simple hydrother-
mal technique. The effects of thickness variation of
the formed nanorod structure on optical, structural,
morphological and mechanical properties of ZnO
thin films were also investigated.

2. Sample preparation

2.1. Zinc oxide (ZnO) thin film seed layer
preparation

Zinc oxide (ZnO) seed solution was
prepared by using zinc acetate dehydrate
(Zn(CH3COO),-2H,0) as a precursor, 2-methoxy
ethanol as a solvent and monoethanolamine as a
solution stabilizer. The molar ratio of zinc acetate
and monoethanolamine in the solution was kept at
1:1. At first, 1.31706 g zinc acetate was dissolved
in 20 mL of 2-methoxy ethanol to prepare 0.3 M

zinc oxide solution. The solution was stirred
rigorously by a magnetic stirrer placed over a hot
plate. During this time, the temperature of the hot
plate was kept at 75 °C. After 30 min of stirring, the
solution became cloudy. Then, monoethanolamine
was added in the solution drop by drop, which
made the solution homogenously transparent. At
this stage, the solution was continuously stirred
for another 2 hours. Next, the solution was aged
by keeping it at room temperature for 24 hours.
After that, uniform transparent ZnO thin films
were developed by sol-gel technique on a cleaned
glass substrate. A conventional spin coater was
used to deposit the ZnO solution on the cleaned
glass substrate at 2500 rpm for 30 seconds.

2.2. Thermal analysis

Fig. 1 shows the thermogravimetric analysis
(TGA) curve of ZnO gel solution. From this curve,
it is inferred that weight losses have occurred at
two phases in the temperature range of 30 °C to
75 °C and 90 °C to 210 °C. The evaporation of
2-methoxyethanol brought about the first weight
loss, whereas the evaporation of water and the de-
composition of monoethanolamine and residual or-
ganics caused the second weight loss. No weight
loss has been observed above 210 °C and this al-
lowed us to estimate the preheat temperature. The
substrates were then preheated by placing them on
a hot plate at 210 °C for 10 minutes.

In this fashion, the spin coating and preheat
treatment processes were repeated several times
to obtain ZnO films of three different thicknesses:
100 nm, 200 nm and 300 nm. The thickness of the
films was measured by Veeco Dektak-150 surface
profiler. Finally, the samples were placed inside a
conventional maple furnace for post heat treatment
by annealing them at 500 °C for two hours.

2.3. Growth of ZnO nanorods by hy-
drothermal method

A popular method, hydrothermal growth, was
applied to convert the ZnO thin films into the
nanorod structure. For this purpose, an aque-
ous solution of zinc nitrate hexahydrate and
hexamethylenetetramine (HMTA) was prepared
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Fig. 1. Thermogravimetric analysis curve of ZnO gel
solution.

by maintaining the concentration of the Zn(NO3),
at 50 mM and the molar ratio of the Zn(NO3), to
HMTA at 1:1. To dissolve Zn(NOj3); and HMTA
powder in deionized water, the mixture was stirred
using a magnetic stirrer for about 15 minutes at
room temperature.

For growing the ZnO nanorods on the substrate
film surface, the thin film samples were immersed
in the aqueous solution by placing them at an up-
side down position. At this time, the samples that
were immersed in the aqueous solution were heated
at 85 °C for 6 hours in a laboratory oven. The heat-
ing temperature was fixed at 85 °C because at this
temperature the grown ZnO nanorods have the best
morphology as well as optical and structural qual-
ity [17]. After completion of the nanorod growth
process, the samples were rinsed thoroughly with
deionized water, and then dried by a blower. Even-
tually, the ZnO nanorods on the glass substrate
were heat-treated at 500 °C for two hours.

Three samples with seed layer thickness of
100 nm (sample 1), 200 nm (sample 2) and 300 nm
(sample 3) thin films on which ZnO nanorods were
grown were labeled as S1, S2, S3, respectively,
and will be characterized in detail in the following
section.

3. Results and discussion

3.1.

Energy-dispersive X-ray spectroscopy (EDS)
and Fourier transform infrared spectroscopy

Elemental analysis

(FT-IR) are two different analysis techniques used
for elemental analysis of a compound material
sample. These two analyses characterize con-
stituent materials and chemical bonds as well as
the sample purity. EDS analysis indicates the pres-
ence of all individual elements of any compound
material sample, whereas from FT-IR analysis,
vibrational properties of the compound material
molecular bonds can be investigated.

lement (keV) Mass% Sigma Atom% Compo
0525 2894 011 6246 Element (ke
101 020 3754

7
otal 100.00 100.00

Mass% a
2555 023 5837
1012 7445 046 4163
otal 100.00 100.00

Fig. 2. EDS spectra of ZnO nanorod thin films: (a)
sample-1(S1), (b) sample-2(S2), (c) sample-
3(S3).

3.1.1. EDS analysis

Fig. 2 shows the EDS spectra of the ZnO thin
films of three different thicknesses. The two peaks
at 1.012 keV and 0.525 keV for the three sam-
ples in green color validate the presence of zinc
and oxygen respectively. Another peak at approx-
imately 1.8 keV in red color indicates the presence
of silicon in the three samples since the films were
developed on glass substrates. In addition, the in-
set tables of Fig. 2 show the amount of atomic per-
centages as well as mass percentages of zinc and
oxygen present in the three samples. Among them,
200 nm film thickness sample contains the highest
amount of zinc.
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3.1.2. FT-IR analysis

The FT-IR spectra of the ZnO nanorod thin film
samples that were taken over the range of 400 cm !
to 4000 cm ™! (Fig. 3) indicate the chemical com-
position of the thin films.

The characteristic absorption peaks around
426 cm™! to 432 cm™ !, 483 cm ™! to 484 cm ™!
and 588 cm™! to 592 cm™! for all the samples
suggest Zn—O stretching modes related to ZnO
nanorods. In addition, broad absorption peaks band
from 3000 cm~! to 3650 cm~! attributed to the
O-H (hydroxyl) stretching vibrations, caused by
both molecular and dissociative absorption of wa-
ter, appeared from the growth process as well
as adsorption from the atmosphere while anneal-
ing [32, 35, 36].

Absorption peaks at 1479 cm~! to 1480 cm™!
are due to the asymmetric and symmetric stretching
vibrations of C=0 group. Moreover, absorption
peaks at 2847 cm~! and 2916 cm™! to 2917 cm™!
band imply the existence of asymmetrical and sym-
metrical C—H bonds [32, 37].

C=0 and C-H bonds result from carboxylate
(COO-) group which is a constituent of acetate that
was present in the precursor solution [32]. Further-
more, at high temperature, in presence of water and
ZnO without any catalyst, CO, can be easily and
selectively reduced into formic acid (HCOOH).
However, the predominant pathway at high tem-
perature water is decomposition of formic acid that
produces CO,, CO and H; [38]. Annealing of ZnO
in air might produce small amount of formic acid
that could be another reason of C=0 and C-H
group formation.

3.2. SEM characterization

Fig. 4 shows the top view of SEM images of
the synthesized ZnO nanorod samples on glass
substrates of three different thicknesses. From the
SEM images, it is found that two sample films have
been entirely converted into uniformly distributed
nanorod structures with random orientation while
one film was converted into nanostructured form.
Hence, it is observed that the thickness of the film
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Fig. 3. FT-IR spectra of ZnO nanorod thin films: sample
S1 (100 nm), S2 (200 nm), S3 (300 nm).

has a great influence on the nanostructure form of
the thin film.

Fig. 4a and Fig. 4b show the magnified view
of sample 1 which reveals that vertically aligned
well organized and uniformly distributed nanorods
were formed here. The developed nanorods have a
hexagonal shape along c-axis and the average di-
ameters of the nanorods are in the range of 30 nm
to 50 nm.

In case of sample 2 which has the thickness
higher than sample 1, it is shown that randomly dis-
tributed vertically as well as horizontally aligned
nanorods were formed. Hence, as the thickness in-
creased, a transition in the growth mode shifted
from vertical to lateral direction. Sharma et al. [14]
and Zhong et al. [15] found the similar result.

In case of sample 3, which has the thickness
higher than the rest two, ZnO nanostructures were
formed as grains on the substrate surface instead of
nanorods.

The size and shape of the developed nanorods
strongly depend on the growth time. Roza et
al. [25] investigated the formation of ZnO nanorods
by varying the growth time. They found that
complete nanorod structures had not developed
on the substrate surface for a short interval of
growth time of 2 hours. At this time, the ZnO
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nanostructures were formed in the form of sin-
gle nanorods like grains. Perfect hexagonal shaped
ZnO nanorods were formed when the growth time
was at least 4 hours and at that time the orientation
of the nanorods was along the c-axis. The phenom-
ena can be explained by the thickness of the films.
At a constant growth time, vertically aligned per-
fect hexagonally shaped nanorods were developed
in the lower thickness film of 100 nm. As the thick-
ness increased to 200 nm, the nanorod formation
tended to shift from vertical direction towards lat-
eral direction. A further increase in the thickness of
the film to 300 nm resulted in the formation of sin-
gle nanorods on the film surface instead of perfect
nanorod structure.

Fig. 4. High resolution SEM images of ZnO nanorods:
(a) and (b) for S1, (¢) and (d) for S2, (e) and (f)
for S3 Sample.

3.3. XRD characterization

The crystalline structure of three different thick-
nesses ZnO nanorod thin films developed on glass
substrates was studied using X-ray diffraction tech-
nique in 26 range of 0° to 80°. Four distinguished

diffracted peaks in XRD patterns (Fig. 5) can be
observed at 20 positions: 31.40°, 34.82°, 36.58°,
73.22° for sample 1; 31.46°, 34.86°, 36.64°, 73.22°
for sample 2; and 31.32°, 34.70°, 36.54°, 73.16°
for sample 3. These peaks correspond to (1 0 0),
(002),(101)and (00 4) planes.

The strong narrow diffraction peaks related to
(0 0 2) plane imply good crystalline films with
wurtzite structure of hexagonal shape along c-axis.
Among the three samples, sample 2 exhibits the
strongest (0 O 2) diffraction peak indicating that
sample 2 has better quality crystalline structure. A
similar result was reported by Sharma et al. [14]
who found that the intensity of the (0 0 2) plane
diffraction peak increased up to 200 nm film thick-
ness. This results from the fact that in a certain
thickness range of ZnO film, the crystalline qual-
ity is gradually enhanced with the increase in film
thickness [18].
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Fig. 5. XRD spectra of ZnO nanorod thin films of dif-
ferent thicknesses.

Grain size: an average grain size D of the crys-
talline structure can be obtained from Scherrer
equation [19] as:

kA

~ BcosH
where A stands for the wavelength of the incident
X-ray CuKx radiation, k is a constant (0.9), 3 is

)
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the full width at half maximum and 0 is the Bragg
angle of respective plane (0 0 2) peak.

Interplanar distance: the distance between
the planes can be found by the following
formula [20] as:

A
d:
2sin 0

2)

where d is the interplanar distance.

Moreover, the lattice constants a and c have
been calculated by the following formula [21] as:

A
= 3
¢ \/3sin6 ©)

c=A/sin6 “4)

The strain along c-axis [18] and the strain along
a-axis [19] can be calculated from the formulas as:

e, = =) 1009 (5)
co
and:
e, = A=9) 009 6)
ap

where €. and €, are the strains along c-axis and
a-axis, respectively.

The dislocation density can be calculated by the
following formula [22] as:

1
5= o lines /m? (7)
The stress of the films is calculated by the biax-
ial strain model using equation 8 which is valid for
the hexagonal lattice [33]:

2CH —Cx(Cii—C) c—c

Stressc =
2C3 o

8)

The values used for cj (elastic constants
of single crystal ZnO) are C;; = 208.8 GPa,
C33 = 213.8 GPa, C12 = 119.7 GPa, C13 =
104.2 GPa [34].

Bond length I of ZnO nanorod thin film can be
calculated by the relation as [23]:

(€))

where a and c are lattice parameters and u is defined
as positional parameter of wurtzite structure which
is given [22] by:

)
u=—+0.25 10
32 (10)
Nearest neighbor bond length along c-direction
(termed as b) and off c-axis (termed as by) can be
calculated by the following relations [24]:

b=cu

a? 1 2
I 2 2
b \/3—1—(2 u)c

In addition to the nearest neighbors, there are
three types of second-nearest neighbors designated
as b/1 (one along the c-direction), b'2 (six of them)
and b; (three of them) with the bond lengths:

an

(12)

by =c(1—u) (13)
by = \/ a® + (uc)* (14)
: 4> (1 \?
— . 2 2
b \/3 +<2 u>c (15)
Bond angles « and {3 are given by:
N\ !
T cos! AN
a—2+cos \/1+3(a) (2 u> )
(16)

2 2
B = 2sin”"! \/‘3‘+4(2) <;—u> (17)
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Table 1 and Table 2 present various lattice pa-
rameter values calculated by the above equations.
Fig. 6 and Fig. 7 illustrate the effect of seed layer
thickness on various structural parameters. It is ob-
served that among the samples, sample 2 has small-
est grain size, lattice constant, interplanar distance,
bond angle and stress which leads to more uniform
crystal structure. This observation is supported by
the SEM images which show that sample 2 has
more oriented and uniformly distributed nanorods
than other samples.
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Fig. 6. Variation of (a) grain size and dislocation den-
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film thickness.

34.

3.4.1. Transmittance, absorption coefficient
and absorption depth

Optical properties

Optical transmittance and absorbance measure-
ments were carried out from 300 nm to 800 nm
wavelength range (Fig. 8). All samples exhibit a
high transmittance level (about 83 % to 96 %)
within the visible range where sample 1 and sam-
ple 2 show more uniform transmittance character-
istics than that of sample 3, indicating that the uni-
formity of transmittance level decreased with an in-
crease in the film thickness. Moreover, all the three
samples experience a sharp cut-off at ultraviolet
(UV) range at around 380 nm demonstrating high
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Fig. 7. Variation of stress (o) with respect to various
thicknesses of ZnO nanorod thin films.

UV light absorption that leads to the possible use
of ZnO nanorods in UV detection [26].

Absorption coefficient, which is related to the
characteristics of a material and wavelength of in-
cident light determines the light absorbing prop-
erties of the material. Another term: absorption
depth, defined as the depth at which the amplitude
of the intensity of the light is decreases by 1/e
(37.3 %) [28], can be determined from the recip-
rocal of the absorption coefficient.
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Fig. 8. (a) Transmittance spectra (b) absorption spec-
tra (c) absorption coefficient and (d) absorp-
tion depth, as a function of wavelength of ZnO
nanorod samples.
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Table 1. Structural bond length parameters according to their distance inside the ZnO nanorod structure.

. Nearest- Second Second
Nearest-neighbor . Second . i
. neighbor bond . nearest-neighbor nearest-neighbor
Thickness [nm] bond length along nearest-neighbor, , ,
. . length off , bond length, b5,  bond length, b3
c-direction, b [nm] . b} [nm]
c-axis, by [nm] [nm] [nm]
100 0.198537903 0.256873 0.315209 0.384005 0.382952
200 0.198244996 0.256731 0.315217 0.383331 0.382263
300 0.199213492 0.258308 0.317403 0.385055 0.383986

Table 2. Structural parameters showing positional pa-
rameter and bond angles «, f3.

Thickness Positional Bond angle, Bond angle,
[nm] parameter, u o [°] B[]
100 0.386450892 107.0863234 102.6732397
200 0.386095002 107.1578239 102.5479023
300 0.385612311 107.2550546 102.3770435

The absorption coefficient « can be determined
by the relation [27] as:

2.303 A
o=

(18)

where A and t stand for absorbance and thickness
of a film, respectively.

3.4.2. Optical bandgap and Urbach energy

Optical bandgap: according to Tauc
relationship [29]:
(ahv)" = A(hv — Ey) (19)

where «, Eg, v, h denote absorption coefficient, en-
ergy band gap, frequency of radiation and Planck
constant, respectively, and A is a constant.

The value of n is different for different types of
transition materials. For direct transition material
n = 2 and for indirect transition material n = 1/2.
Since ZnO is a direct transition material, hence
(ochv)l/ 2= A(hv— E,). To determine the optical
band gap, the absorption coefficient data (othv)?
were plotted against photon energy hv as shown
in Fig. 8a. Then, by extrapolating the linear portion
to the x-axis of the (achv)? vs. hv plot, the optical
band gap was determined.

Urbach energy: In optical absorption process,
near band edges, the electrons at the uppermost

position of the valance band get excited to enter the
lowermost position of the conduction band. Dur-
ing this time, if the electrons have experienced any
disorder caused by amorphous solids or defective
crystalline structures or thermal vibration in crys-
tals, the density states of electrons along both con-
duction band and valance band edges exhibit tails
towards the energy band gap which is termed as
Urbach tail; and the energy associated with the Ur-
bach tail is referred to as Urbach energy [30]. Ur-
bach energy (Fig. 8b) can be determined by the
formula as [31]:

(%)
o = (Xoexp F
u

where E, is Urbach energy, « is absorption coef-
ficient, o, is a constant and hv is photon energy.

(20)
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Fig. 9. (a) Optical bandgap of ZnO nanorod samples
(b) Urbach plots of different thicknesses ZnO
nanorod thin films.

Fig. 9a shows the optical bandgap of ZnO
nanorods. The calculated band gaps are 3.28 eV,
3.27 eV and 3.26 eV for the 100 nm, 200 nm and
300 nm ZnO nanorod thin films, respectively. Op-
tical bandgap of the samples was less than that of
bulk ZnO. It decreased monotonically with thick-
ness and number of deposited ZnO layers. This is
similar to the result reported by Tiizemen et al. [39]



Preparation and spectroscopic analysis of zinc oxide nanorod thin films of different thicknesses

509

and Lee et al. [40]. A direct relation between lattice
constant and optical bandgap is observed, as well
(Fig. 10a). The decrease in the band gap might oc-
cur owing to defects associated with the presence
of cavities and surface roughness.
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Fig. 10. Correlation between (a) optical bandgap and
lattice constant (b) optical bandgap and Urbach
energy.

Fig. 9b shows Ina vs. photon energy hv
curve for the three samples. By extrapolating
the linear portion of the curve, the reciprocal value
of the slope of the linear part gives the Urbach en-
ergy. The estimated Urbach energies are 95.8 meV,
66 meV and 70.6 meV for samples 1, 2 and 3, re-
spectively. Urbach energy is a function of structural
disorder — higher Urbach energy and longer Urbach
tail indicate more disorders caused by defective
crystalline structure or amorphous solid. Moreover,
Urbach energy does not change monotonically with
energy band gap (Fig. 10b). A similar trend was ob-
served by Belahssena et al. [41]. Among the sam-
ples, the 200 nm sample has the least Urbach en-
ergy indicating less crystal disorder, which sup-
ports XRD analysis, as well.

4. Conclusions

Hydrothermal method was successfully ap-
plied to synthesize different thicknesses zinc ox-
ide nanorod thin films at a constant growth tem-
perature of 85 °C. The growth of nanorod arrays
strongly depends on the thickness of the films. The
band gap decreased as the thickness of the films
increased and the average diameter of the grain
varied from 17 nm to 28 nm. Based on different
spectroscopic analysis results, it was revealed that
the 200 nm thickness film showed the best crys-
talline quality, highest uniform transmittance level

at the visible region and sharp cut off at the ultra-
violet region of electromagnetic spectrum. More-
over, this 200 nm sample had the smallest grain
size, lowest values of interplanar distance and lat-
tice parameters, higher percentages of zinc and less
Urbach energy. Hence, it was observed that at a
constant growth temperature the grown nanorod
arrays in 200 nm thickness film showed the best
crystalline quality as well as optical and morpho-
logical characteristics. The spectroscopic analyses
of the three samples indicated the effect of thick-
ness variation on hydrothermally grown zinc oxide
nanorods. However, more samples need to be in-
vestigated to explore changing behavior of various
parameters in details to get the insight into correla-
tion among these parameters.
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