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Abstract
The morphology of zinc oxide (ZnO) can determine the distribution of defects in the
system, which plays an important role in determining its optical and electronic properties.

This work is licensed Here, we investigate the optical and electronic transfer properties of different ZnO surface
e e e morphologies. ZnO nanocolumnar was synthesized by direct-current (DC) sputtering
ShereAlike 4.0 followed by annealing using a ratio of 7/7m = 0.15, 0.20, and 0.25. The x-ray diffraction

International License - . . . .
(XRD) results show that an increase in annealing temperature causes an increase in crystal

size accompanied by a decrease in lattice strain. Furthermore, the surface morphology of
the sample changed with increasing annealing temperature treatment, following the
structural zone model. The optical and electronic transfer properties of the samples were
investigated in three regions; region 1 (7/7m = 0.15), region 2 (7/Tm = 0.20), and region
3 (T/Tm = 0.25) using optical modeling. The highest surface electronic transfer was noted
in region 2, which is indicated by the highest surface energy loss function (SELF). This
research can provide a good understanding in designing optoelectronic systems based on
their morphological features.

Keywords: ZnO nanocolumnar, DC sputtering, structural zone model, SELF.

1. Introduction

In optoelectronic applications, the performance of a system depends on a superior level of stability,
sensitivity, and responsivity. For example, the materials used in the design of solar cells and
photodetectors are semiconductor materials that have absorption capabilities in the visible and UV
ranges, such as zinc oxide (ZnO) [1], [2] and titanium dioxide (TiO.) [3], [4]. Here, light absorption
and electron transfer in semiconductor materials can be controlled, either by modifying their structure
and morphology [5], [6].

Zn0 is a potential material for optoelectronic application because it has excellent optical and
electronic properties, with electron mobility of 205-300 for bulk and 1000 cm?V-1s* for ZnO nanorods
[2]. ZnO is an n-type semiconductor that is widely used in optoelectronic applications because it has
good stability at room temperature. ZnO has been used for several parts of solar cells, such as for the
active layer, which functions to absorb sunlight [7], and the electron transfer layer (ETL) [8], which
functions to transfer electrons from the active layer to the electrodes [9], [10]. In solar cell applications,
ZnO has a fast recombination rate, which is undesirable [11], [12]. To improve the performance of ZnO
in solar cell applications, it is necessary to avoid electron recombination, which can be accomplished
by the use of doping systems, modification of defects, formation of composite systems, and the addition
of other layers. The presence of defects in the system plays a role in presenting the characteristics of
light absorption in a certain wavelength range. Defects in the system can be modified through
morphological settings. In one-dimension (1D) materials, the reduction in diameter will increase the
surface-to-volume ratio (SVR) of the system [13]. This increase in SVR is associated with an increase
in the total surface area of the system, which will result in a distributed defect on the surface [14].
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In this study, the surface morphology of ZnO will be investigated at different annealing
temperatures. Furthermore, the optical properties of ZnO will be comprehensively analyzed using
optical modeling. These results will provide a good understanding of the technique of modifying
morphology and changes in its characteristics. Determination of morphology and suitable optical
properties can be used in designing optoelectronic-based devices that can be tailored to the needs, with
good performance.

2. Method

ZnO samples were deposited on silicon (Si) substrates using direct-current (DC) sputtering. The Zn
target was bombarded by argon (Ar) under an oxygen (O:) atmosphere, with an Ar-O, flow of 45-10
sccm. The deposition was performed for 15 minutes at room temperature by using chamber pressure
and the deposition power of 1 x 102 Pa and 80 W, respectively. The samples were then annealed at
various temperatures to obtain values of 7/7m = 0.15, 0.20, and 0.25, where T was the annealing
temperature and 7m was the melting point of ZnO (1975 °C) [15], [16]. The crystal structure was
characterized by x-ray diffraction (XRD) PANalytical X'Pert Pro. Morphological modifications,
including distribution, were studied through the surface and cross-sectional images using scanning
electron microscopy (SEM) FEI: INSPECT S50. Subsequently, fluorescence measurements and
spectroscopic ellipsometry characterization Micropack: Spec-El 2000 were used to investigate the
optical and electronic transfer properties of the samples.

3. Result and Discussion

Figure 1 shows the diffraction pattern of the sample with different variations of annealing temperature.
We confirmed that ZnO has a hexagonal wurtzite structure with the intensity of the diffraction peaks
changing with variations in the annealing temperature. Increasing the annealing temperature will
provide energy into the system that plays a role in crystal construction. The detail of crystal properties,
including crystal size (D) and lattice strain (¢ ), is presented in Table 1.
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Figure 1. Diffraction pattern of ZnO nanocolumnars with different annealing temperatures.

Table 1. Crystal size and lattice strain of the samples.

Sample name mf;&gg?&ﬁﬁf(o) Crystal size (nm)  Lattice strain (107)
T/Tm=0.15 0.39934 20.68 6.17
T/Tm=0.20 0.38862 21.25 6.01
T/Tm = 0.25 0.31692 26.06 4.89
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The results showed that an increase in annealing temperature caused an increase in crystal size
accompanied by a decrease in lattice strain. This condition can be explained by the structural zone
model approach, where the sample with 7/7m = 0.15 to 0.25 are dominated by diffusion and crystal
growth processes. This condition is characterized by an increase in crystal size and a more stable crystal
state (decreased lattice strain). We noted a decrease in the diffraction peak for 7/7m = 0.20, which is
presumably due to fluctuations in the system state and the presence of a defect [17].

Figure 2a shows the surface morphology of the top view and side view samples measured by
SEM. The surface mapping results confirmed that the sample had uniform growth, which was indicated
by the yellow population area. This uniform growth indicates that the sample has a low level of
roughness. Surface morphology investigations were also carried out in the regions along the crystal
growth. Here, we note that the sample has a non-uniform shape, where the upper side is larger than the
lower side, forming a cone-like shape. Figure 2b shows an illustration of the structural zone model of
the sample. Here, it can be divided into three regions; region 1 (7/7m = 0.15), region 2 (7/Tm = 0.20),
and region 3 (7/Tm = 0.25). Region 1 to the edge of region 2 (7/7m < 0.20) is the first nucleation area
for the material to grow upwards to form vertically arranged columns with homogeneous bottom and
top shapes. Regions 2 and 3 are included in the transition region (T-Zone) which is characterized by
morphological inhomogeneity along the thickness, forming a V-shape [15], [16]. This is due to the
competitive texture due to surface diffusion and grain boundary migration. The presence of defects is
estimated to be very large in all these 1-3 regions because the system is still fluctuating towards a more
stable system.

To demonstrate the presence of the defect and its influence on the system properties, an analysis
of the optical properties has been presented. The electron transfer of the system can be represented by
the conductivity spectra, as shown in Figure 3a. A wide range of conductivity spectra in the energy
range of 2.7-3.1 eV (visible-UV) was observed. The visible optical conductivity indicated the presence
of interband transitions in ZnO, which can originate from the defect states. The presence of defects in
the ZnO system has been investigated in a previous report [ 18], wherein the presence of defects provides
an additional state to the system. In addition, the existence of oxygen vacancy (Vo) acts as a double
donor, which provides an additional electron to the system and further contributes to the improvement
of optical conductivity.
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Figure 2. (a) SEM image and (b) schematic illustration of ZnO nanocolumnars with different annealing temperatures.
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Figure 3. (a) Optical conductivity, (b) surface energy loss function/SELF, and (c), and fluorescence spectra of ZnO
nanocolumnars with different annealing temperatures. Inset in Figure (c) presents UV emission region and (d) total
(integration) emission.

Generally, ZnO has a native defect of Vo and a small number of other defects such as zinc
vacancy (Vzn), zinc interstitial (Izn), and oxygen interstitial (Io) [19], [20]. Furthermore, to investigate
electron transfer, the second derivative of optical conductivity was presented. A critical point (CP) was
observed in all three samples, with a CP of 3.04, 3.10, and 3.08 eV for 7/7m = 0.15, 0.20, and 0.25,
respectively. CP indicates the point at which there is a significant improvement in the system. Here, the
difference in CP values is thought to be due to the effect of the distribution of defects on the system.

All samples show high electron transfer above the band gap. To investigate electron transfer, a
comprehensive analysis is presented. Figure 3b shows the surface energy loss function (SELF) spectra.
SELF is determined by the Equation 1 [21], [22],

-1 _ gz(a))
o e 0

SELF = Im{

with g(a)) is the complex dielectric function, gl(a)) the real part of the dielectric function, and &, (a))

the imaginary part of the dielectric function. SELF characterizes the probability of electrons undergoing
surface excitation in the surface region. The sample 7/7m = 0.20 shows the greatest surface excitation
than that of the other samples. This result can be explained by the presence of a defect in the system.
The presence of defects in the system will play a role in the electron trapping process in the excitation
and recombination processes. The high SELF results can be attributed to the distribution of defects in
the surface area in the sample 7/7m = 0.20 higher than the other samples. It can also be shown that the
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excitation of electrons to the surface region increases with increasing energy. This result is also
supported by the previous explanation, where 7/7m = 0.20 is a transition area with a high probability
of the presence of defects. The sample 7/7m = 0.25 shows the lowest SELF due to the restructuring
texture, whereas in this zone the sample has homogeneity throughout its thickness and an increase in
crystal quality.

Figure 3c shows the fluorescence spectra, which show the emission levels in the sample. The
peak pattern with a broadened shape indicates that the emission occurs over a wide range of
wavelengths, where both UV and visible light emissions have been observed. Significant differences
were observed in the UV region. The inset in Figure 3¢ shows the emission in the UV range for all
samples. Peaks at wavelengths of ~360 and ~390 nm indicate band edge and interband emissions,
respectively. A non-monotone trend was observed in the UV emission region, where the fluorescence
spectra were independent of increasing temperature. Furthermore, to show the total emission in each
sample, intensity integration results have been presented. We note that the total emission values are
50.75, 50.94, and 48.04 for 7/Tm = 0.15, 0.20, and 0.25, respectively, as shown in Figure 3d. This
pattern is in good agreement with the SELF data, where the sample 7/7m = 0.20 has the highest total
emission.

4. Conclusion

ZnO nanocolumnar has been successfully synthesized on Si substrate using DC sputtering. The increase
in annealing temperature caused an increase in crystal size from 20.68 to 26.06 nm accompanied by a
decrease in lattice strain from 6.17 x 107 to 4.89x 103, The optical and electronic transfer properties of
the three ZnO morphological zones have been investigated using optical modeling. We found that the
highest electron transfer was shown by the sample T/Tm = 0.20, which was presumably due to the
presence of a defect in the system. The SELF spectra confirmed that the sample T/Tm = 0.20 had
electron excitation in the highest surface region. This is presumably due to the presence of a high defect
in the surface area. The presence of this high surface defect can be attributed to the morphology of the
samples with T/Tm = 0.20 (T-Zone).
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