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Keywords are used. At 400 °C and quartz substrate, the thin layer grows in the form of particles,
ZnO while it grows in the nanoflake-like shape when using silicon substrate. The surface
Thin film roughness increases by increasing the oxidation temperature. The samples prepared on
Sputtering silicon substrate indicate higher surface roughness than those prepared using quartz
Sub§ trate . substrate. The band gap energy of the films elevate by increasing the oxidation
Optical properties

temperature from 400 to 600 °C, before decrease by further increasing the annealing
temperature to 800 °C. The photoluminescence (PL) spectra of the films confirm the
emission due to exciton recombination related to near band edge emission (NBE) and
emission due to defects.

methods such as sputtering [10], spin coating [8],
immersion [11], etc. The high-tech sputtering method
yields uniform and homogeneous layers [12]. There are
various parameters, such as substrate type, temperature,

1 Introduction

In recent years, zinc oxide (ZnO) has attracted
significant attention because of its wide energy gap

(3.37 eV) [1], high refractive index [2], ultraviolet
absorption [3], the exciton binding energy (60 meV),
piezoelectric  behavior [4] high photocatalytic
performance [5], etc. Therefore, researchers have
prepared various ZnO nanostructures, such as
nanoparticles [1], nanorods [6], thin film [7], etc., to
obtain desired optimal conditions for various
applications. Unique features of nanostructural ZnO
lead to the development of functional materials for
applications in gas sensors [8], water splitting [9],
nanogenerators [4], photodiodes, pollutant degradation
[5], etc. The ZnO thin films are prepared by different
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coating rate, sputtering power and gas flow, which are
controlled to determine the optimal preparation
conditions. Habibi et al. [ 7] prepared a layer of Zn metal
on the quartz substrate using the sputtering method.
They prepared ZnO film by oxidation of the Zn metallic
layers at different annealing temperatures. They found
that at low oxidation temperatures, the thin layer of Zn
is not completely oxidized. Moreover, at high
temperatures above 1000 °C, the crystalline structure of
ZnO film changes from hexagonal to cubic. Gonzalez et
al. [10] prepared ZnO films by sputtering method under
different deposition rates. They found that by increasing
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the deposition time, the thin films grow along the (002)
direction and demonstrate higher roughness. In
addition, they found optimal coating time of 9 to 36 min
to yield uniform layers with low surface roughness.
Therefore, different parameters show a significant
impact on the physical properties of thin films. On the
above basis, we prepared ZnO films by the sputtering
method using Zn metallic target and Si wafer and quartz
as substrates. The effect of different annealing
temperatures on the oxidation process, morphology, and
optical properties of the films was investigated.

2 Materials and methods

2.2 Preparation of thin films

Three amorphous quartz and three crystalline silicon
substrates, each with dimensions of 12 x 12 mm, were
prepared. First, all the substrates were ultrasonically
washed using acetone and ethanol for 10 min. Then, the
substrates were placed inside the sputtering chamber
(model: Mega2000). The sputtering was started using
Zn target and Ar as sputter gas, and the working
pressure of 2x1073 mbar. The coating rate was set to 0.8
A.s" under the power of 80 W before the Zn metal layer
was coated on the substrates with a thickness of 60 nm.
After finishing the sputtering process, the samples with
quartz substrate were annealed at temperatures of 400
(TQ400), 600 (TQ600), and 800 °C (TQ800) in ambient
conditions for 3 h. The annealing process was repeated
for the silicon substrates (TSi400, TSi600, and TSi800
for annealing temperatures of 400, 600, and 800 °C,
respectively).

2.3 Characterizations

To study the morphology of the samples, X-ray
diffraction (XRD) diffractometer model: Siemens D500
and Tongda TD-3700 with wavelength radiation (4 =
1.5406 A) and a field emission scanning electron
microscope (FESEM) model: MIRA3-TESCAN, was
used. An atomic force microscope (Model: Nanosurf)
was used to study the effect of annealing temperature
and substrate on surface roughness and topography. The
optical characterizations of the films were performed
using an ultraviolet-visible (UV-Vis) spectrometer,
Shimadzu model UV-2450, and a photoluminescence
(PL) spectrometer JASCO model FP-6200.
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3 Results and discussion

3.1 Structural and morphological properties

Figures la and 1b indicate the X-ray diffraction
patterns of quartz and silicon substrates, respectively.
According to Fig. 1a, the quartz substrate shows a broad
peak at a range of 15 to 30 degrees where no other peak
can be seen. The broad peak indicates that the quartz
substrate is amorphous. In addition, Fig. 1b exhibits a
sharp peak. This peak demonstrates that the silicon
substrate is monocrystalline and shows the peak of the
Bragg peak (100) [13].

Figure 2 illustrates FESEM images of prepared ZnO
films with quartz and silicon substrates and their
particle size distribution at different annealing
temperatures. According to the figure, at the annealing
temperature of 400 °C, the thin layer is not uniform and
shows some cracks. Non-uniformity can indicate that
the thin layer of zinc is not entirely oxidized at 400 °C
[7]. On the other hand, by increasing the annealing
temperature to 600 °C, the thin layer is uniform, and as
a result, the metal layer is entirely oxidized. According
to the particle size distribution diagrams (inset in Fig.
2), with the elevate of the annealing temperature from
400 to 600 °C, there is no change in the particle size.
Meanwhile, the thin layer goes through the oxidation
process. The average particle size increases as the
annealing temperature ascends to 800 °C. In addition, at
this temperature, it loses its uniformity, and the particles
stick together. As a result, the annealing temperature of
600 °C is the optimal temperature to obtain a uniform
layer with almost monodisperse particle size. The
FESEM images of films with Si substrate indicate that
the sample with an annealing temperature of 400 °C has
a nanoflake-like shape. At this temperature, the
nucleation process creates a uniform layer of silicon in
the form of nanoflake. At this temperature, the thin zinc
oxide layer is not completely oxidized, and only some
parts can create islands to form a uniform layer.
According to Fig. 2, at 600 °C, the thin layer is
completely uniform [14]. At 600 °C, the thin layer of
zinc is oxidized, which is the optimal temperature to
achieve a uniform layer of ZnO on the silicon substrate.
The ZnO thin film loses its uniformity by increasing the
annealing temperature to 800 °C and some cracks
appear in its structure. The films prepared on the silicon
substrate had different growth processes and showed
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distinct morphologies compared to those prepared on
the quartz substrate. According to Fig. 1, the quartz and
silicon substrates were amorphous and monocrystalline,
respectively. Therefore, the different morphologies of
thin layers can be attributed to the crystalline or
amorphous nature of the substrates, which results in a
different lattice mismatch. As a result, The lattice
mismatch parameter is a possible reason for this
difference [15]. EDX spectra were performed to
evaluate the stoichiometry of the elements in the
samples and ensure the absence of impurities. For
example, Fig. 3 shows the spectra of films with an
annealing temperature of 600 °C for both substrates.
The presence of Zn, O, and Si elements was confirmed.
The Si element appeared in the spectra due to the quartz
and silicon substrate. The Au element is also seen in the
spectra due to the gold coating process for imaging. In
addition, the sample TSi600 has a non-stoichiometric
structure, but the sample TQ600 has a stoichiometric
structure with stoichiometric ratio of 1:1.
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Figure 1. XRD pattern of ZnO films with (a) the quartz and (b)
silicon substrates.
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Figure 2. FESEM images of ZnO films with the quartz and silicon
substrates.

Figure 4 illustrates the AFM images of quartz and
silicon substrates. According to the 2D and 3D images,
the substrates have a uniform surface and quartz has a
lower height than silicon. Also, according to the surface
topography of the substrates, it can be seen that silicon
has a surface with higher roughness and height than
quartz. The roughness values and surface height of the
substrates are indicated in Table 1. According to the
table, it can be noted that almost two substrates have the
same roughness and height, and as a result, they have
the same uniformity.

Figure 5 shows two-dimensional images of the samples
measured by atomic force microscopy. According to the
figure, for samples with quartz substrate, the surface
structure in the sample with an annealing temperature
of 400 °C differs from other samples. When the
annealing temperature reaches 600 and then 800 °C, a
uniform layer is observed. As explained before, at the
annealing temperature of 400 °C, the sample is not
entirely oxidized, and at the annealing temperature of
600 °C, the layer is completely oxidized. Therefore, the
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results obtained from the atomic force microscope
images for samples with quartz substrate agree with the
scanning electron microscopy.
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Figure 3. EDX spectra of the samples with an annealing temperature
of 600 °C.

Table 1. Average surface roughness and peak-to-valley height in
substrates and samples.

Sample Average surface Peak-to-valley
roughness (nm) height (nm)

Quartz 0.37 2.28
Silicon 0.56 2.83
TQ400 0.59 8.24
TQ600 5.38 68.31
TQ800 9.92 96.78
TSi400 4.50 51.35
TSi600 5.53 61.15
TSi800 46.01 355.90
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Figure 4. Two-dimensional, 3D, and surface topography of
substrates.

According to Figure 5, for the films prepared on the
silicon substrate with an annealing temperature of
400 °C, less uniformity is seen compared to other
samples. The thin layer becomes uniform by increasing
the annealing temperature to 600 °C. Further, by
increasing the annealing temperature to 800 °C, the
surface structure of the thin layer changes. At this
temperature, the silicon substrate is oxidized and forms
a layer of SiO; between the ZnO and the substrate which
will be discussed in the next section.



Torkamani et al./Journal of Interfaces, Thin films, and Low dimensional systems 6 (1) Summer & Autumn (2022) 603-612

£
£ £
© v
© o
< ®
& &
s s
[ E
6 1
< c
> >
o
8 8
£
£ £
@ <
o <
< <
- M
& &
K K]
2 s
s 5
3 €
2 >
°
o o
£
c E
~ c
< o
~ o
s 2
= [
3 s
3
1
» c
>
) o
d I

Figure 5. Two-dimensional AFM images of ZnO films with the
quartz and silicon substrates.

In Figure 6, three-dimensional AFM images of the
samples are shown. As seen from the figure and Table
1, the films with quartz substrate exhibit lower heights
than those prepared on the silicon substrate. One
possible reason for this difference is the formation of a
SiO; layer between the ZnO and the substrate. In Fig. 7,
the surface topography of the films is illustrated.
According to the figure, the peaks-to-valley height of
the films ascends with increasing the annealing
temperature (see Table 1).
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Figure 6. 3D AFM images of ZnO films with the quartz and silicon
substrates.

3.2 The reason for the color change of films
prepared on the silicon substrate

Figure 8 depicts the thermal oxidation of the metallic
zinc layers in the presence of oxygen gas. After the
deposition of a thin zinc layer on the substrates, the
samples were placed in a furnace. According to the
figure, the zinc layer is not completely oxidized at
400 °C. In the sample with silicon substrate, a part of
the substrate is oxidized and a SiO, thin layer is formed
between the zinc layer and the substrate. On the other
hand, with ascending the temperature from 400 to 600
and then 800 °C, the metallic zinc layer is completely
oxidized.
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Figure 7. Surface topography of ZnO films with the quartz and
silicon substrates.

In the sample with silicon substrate, the thickness of the
Si0O; thin layer elevates with increasing the annealing
temperature. Figure 9 shows the images of the samples.
As can be seen, the films prepared on the quartz
substrate are transparent. Their transparency increases
with the This
indicates that with the rise of the annealing temperature,

increasing annealing temperature.

the layer completes the oxidation process and becomes
re-crystallized with a perfect crystal structure. On the
other hand, as it is clear from Fig. 7, the films prepared
on Si substrate show different colors. The reason for this
is the growth of a thin layer of SiO, between the ZnO
layer and the silicon substrate. According to Figure 10,
the thin layer of SiO, can be changed and seen in
different colors according to different thicknesses [16].
On the other hand, as the ZnO film is transparent, the
color of silicon is as shown in Fig. 9 (corners of the
substrate).
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Figure 8. The thermal oxidation process of the metallic zinc layer at
different annealing temperatures.

In the sample with an annealing temperature of 400 °C,

the sides of the substrate, which does not include the
film, remained unchanged in color (see Fig. 9).
Nevertheless, in the part where the film is present, a
color change is observed. A small amount of the silicon
substrate has been oxidized and turned into a thin layer
of SiO; due to the pressure and temperature applied on
the thin film. Because the color of the thin layer of SiO»
changes by thickness, it can be concluded that a thin
layer of SiO, is formed between the substrate and the
Zn0O. As the temperature increases, more silicon is
oxidized and turns into a thin layer of SiO.. In addition,
according to Fig. 9, the color of the corners of the
substrate did not change at the annealing temperatures
of 400 and 600 °C but at the annealing temperature of
800 °C. As a result, considering that the layer of SiO,
grows between the ZnO and the silicon substrate, the
average surface roughness in these samples will be
higher than in the samples with quartz substrate. It can
also be mentioned that in samples with the quartz
substrate, the substrate is not oxidized and does not
affect the thin layer of zinc oxide.
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Figure 9. Images of the ZnO films prepared in this research.

3.3 Optical Properties

Figure 11 shows the absorption spectrum and band gap

calculated for samples with quartz substrate. As can be
seen, no absorption is observed from the wavelength of
400 to 600 nm, which indicates the transparency of the
thin films that transmits light in the visible region. In
addition, the transparency of these samples in the visible
region is shown in Fig. 9. This spectrum confirms the
previous statements.
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Figure 10. Color charts for SiO2 (b) film with different thicknesses,
image from ref [15].

In the range of 300 to 400 nm, an increase in absorption
occurs with decreasing the wavelength. The reason for
this is radiation absorption caused by direct transitions
of electrons, which can indicate the directness of the
band gap [17]. In this research, the Tauc method was
used to calculate the band gap energy of the samples.
The Tauc equation is given as [18]:
(ahvyt = A(h — E,), 1)
where the parameter « is the absorption coefficient, 4 is
a constant value, /v is the incident photon energy, and
E, is the band gap energy. The ZnO has a direct band
gap, while n is 0.5. In Fig. 11, the energy gap of the
samples is shown. The E, for the films with annealing
temperatures of 400, 600, and 800 °C was obtained as
3.227,3.232, and 3.050 eV, respectively. The band gap
elevates by increasing the annealing temperature from
400 to 600 °C. According to the FESEM images, the
sample annealed at 400 °C is not uniform, and by
ascending the temperature to 600 °C, a uniform layer
was obtained. Therefore, the increase in the band gap
can be attributed to the uniformity of the film. When the
layer is wholly oxidized at 600 °C, the grain boundaries
grow [7]. On the other hand, with the growth of grain
boundaries, the band gap ascends. As a result, the
increase in the E; by increasing the temperature from
400 to 600 °C could signify the growth in grain
boundaries. On the other hand, the film prepared at
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800 °C shows the lowest band gap. As we have seen in
Fig. 2, the increase in the average particle size could be
the main reason for the decrease in the Eg in the sample
annealed at 800 °C. Also, with the elevate in grain size,
the amount of defect in the structure increases and these
defects can affect the energy band gap.
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Figure 11. Absorption spectra and band gap energy of ZnO films
with the quartz substrate.

Figure 12 indicates the PL spectra of the films with
quartz and silicon substrates and their Gaussian fit. In
addition, the position of the peaks obtained from
Gaussian fitting for each sample is collected in Table 2.
We examine the PL spectra of films prepared on the
quartz substrate. According to Table 2, the peaks at 386,
385, and 384 nm for the samples with annealing
temperatures of 400, 600, and 800 °C, respectively,
refer to exciton recombination related to near band edge
emission (NBE) [19]. By comparing the NBE values of
samples with the energy band gap, TQ800 is expected
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to have a lower value than other samples. This
movement can be caused by the Stokes shift [20]. The
peaks located at 459, 465, and 462 nm are due to the
emission caused by interstitial zinc atoms (Zn;) [21],
and the peaks located at 404 and 409 nm are related to
the vacancy of zinc atoms (Vz,) in the crystal structure
[22].
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Figure 12. PL spectra of ZnO films with the quartz and silicon
substrates.

The peaks at 601, 609, and 616 nm refer to emission
through electron transfer from the conduction band to
interstitial oxygen atoms (Oi) [23, 24]. As can be seen
from Table 2, the peaks located at 377, 383, and 383 nm
for the samples with silicon substrate and annealing
temperatures of 400, 600, and 800 °C, respectively,
refer to NBE. Also, the peaks at 586, 592, and 602 nm
refer to Oi in the crystal structure [23, 24]. According to
the PL spectra of the samples, the intensity of the NBE
peaks is higher than the intensity of the peaks caused by
crystal defects. Therefore, it can be concluded that the
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samples have a high crystalline structure and fewer
crystal defects.

Table 2. The position of PL peaks of ZnO films with the quartz and
silicon substrates.

Sample NBE(nm) Zni - Vza(nm) Oi (nm)
TQ400 386 404 601
TQ600 385 409 609
TQ800 384 462 616
TSi400 377 - 586
TSi600 383 - 592
TSi800 383 - 602

4 Conclusions

In this research, ZnO thin films were prepared using the

sputtering method, and the effect of substrate and
oxidation temperature were investigated. The surface
roughness and peak-to-valley height of samples
increase with increasing the oxidation temperature. The
value of these parameters in the films with the silicon
substrate is higher than those prepared on the quartz
substrate. From the optical measurements, the emission
caused by NBE was confirmed in the films, and crystal
defects were observed. The greater intensity of the NBE
peaks compared to the peaks related to the defects
confirmed the high quality of the films. The increase in
the band gap energy in the film annealed at 600 °C is
due to the growth of grain boundaries and uniformity of
this sample.
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