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Abstract. Rough-surfaced nanocone structures are preferred for use as transparent conductive
oxides due to their high optical transparency and electrical conductivity. Structural properties of
Ga-doped ZnO terrace-truncated nanocones, which were grown by advanced spray pyrolysis
deposition technique, vastly changes with the spraying angle. In the present study, the effect of the
spray angle on terrace-truncated nanocone structure formation was investigated. Spray pyrolysis
deposition technique was used to grow the nanostructure as the growth rate can be controlled
easily. The prepared samples were characterized using X-ray diffraction spectroscopy (XRD) and
scanning electron microscopy (SEM) techniques. Optical and electrical properties were investigated
by the UV-visible spectrum and four-probe method. The lowest spray angle of 152 showed
homogeneous and hexagonal shaped nanocone structure with an average top diameter of 22.8 nm
and an average height of 240 nm. An excellent transparent conductive oxide behavior was obtained
from the sample synthesized at the lowest spray angle of 15° with high conductivity of 2.5x103 Q-1
.cm-and high transparency of 82% in the visible range.

Keywords: Ga-doped ZnO; Spray angle; Spray pyrolysis; Terrace-truncated nanocone structure;
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1. Introduction

Semiconductor oxides, which have high electrical conductivity as well as high
transparency in the visible range, are considered transparent conductive oxide (TCO)
materials. They have a wide range of commercial applications such as smart devices, liquid
crystal displays (LCDs), light emitting diodes (LEDs), touch panels, etc. (Wu et al., 2008; Liu
et al, 2010; Yan et al,, 2015). In general, ITO, Sn0O2, Ga203, In203, and CdO are extensively
used as TCO materials. Among them, ITO is the most well-established TCO material as it has
excellent transparent conducting performances.

However, there is a high demand for new TCO materials due to the scarcity and lower
stability of indium in hydrogen plasma. Impurity-doped ZnO is commonly used as an
optional TCO material, as an alternative to ITO (Look, 2001; Rao and Kumar, 2010; Bedia et
al., 2014; Bramantyo etal., 2019). ZnO is an n-type II-VI semiconductor with unique physical
and chemical properties such as direct wide band gap (3.37 eV), large exciting binding
energy at room temperature (~60 meV), high thermal stability, and nontoxicity (Yim et al.,
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2007; Fernandez and Gandia, 2012; Moditswe et al., 2016). The conductivity of ZnO is caused
by ionization of zinc interstitials and oxygen vacancies. The carrier formation by ionization
of Zn interstitial is the preponderant mechanism for intrinsic ZnO (Yim et al., 2007). To
enhance the electrical conductivity and optical transparency, ZnO is doped with impurities
such as B, Al, Ga, Sn, Y, Sc, Ti, or Zr (Look, 2001; Yim et al,, 2007; Rao and Kumar, 2010;
Moditswe et al., 2016). Even though Al and Ga attained the dominant attention as dopants
for ZnO, Ga is considered the preferable dopant because of its similarity in both covalent
and ionic radii (0.62 A and 1.26 A) with that of Zn (0.74 & and 1.31 A) (Bedia et al,, 2014).
Moreover, covalent bond length of Ga-0 (1.92 A) is comparable with the covalent bond
length of Zn-0 (1.97 A) with respect to Al-0 (2.7 A) and In-0 (2.1 A) (Le et al,, 2010).
Because of this, lattice distortion is possessed at a minimal value even ZnO is highly doped
with Ga (Look, 2001). Moreover, when comparing with Al, Ga has high electronegativity,
high stability to moisture, and lower reactivity and diffusivity (Look, 2001; Fernandez and
Gandia, 2012). Itis considered that doped Ga atoms replace Zn host atoms and expand free
electron density, which increases the electrical conductivity. There are many reports on the
formation of various kinds of impurity-doped ZnO structures, such as nanorods, nanoflakes,
nanobelts, nanoparticles, nanocones, etc. Among them, it is widely accepted that the 1-D
nanorod structure is the most suitable layout for dye sensitized solar cell applications
because of its high surface-to-volume ratio.

However, some researchers have reported about the importance of ZnO nanocone
structure, which could increase the light transparency with respect to nanorods, by
reducing the scattering (Lao etal, 2003; Gao etal., 2006; Yinetal., 2012; Lietal,, 2015; Han
et al., 2018). Various methods have been developed to produce ZnO thin films, such as
pulsed laser deposition, metal-organic chemical vapor deposition (MOCVD), spray
pyrolysis, sputtering, sol-gel, and chemical bath deposition techniques (Hu and Gordon,
1992; Hirata et al., 1996; Chen et al., 1998; Sholehah and Yuwono, 2015). Spray pyrolysis
deposition (SPD) technique has several advantages over other methods, such as simplicity,
low cost, ability for large area deposition, and high homogeneity (Yadav et al., 2010). One
of the most important advantages of SPD technique is its ability to change the growth rate
easily.

In this study, we have used the rotational, pulsed, and atomized spray pyrolysis
deposition technique (RPASP). This method has numerous advantages over normal spray
pyrolysis deposition techniques as we can optimize the device according to the
requirements by changing the parameters. This novel device is capable of individually
controlling spray time, time interval during each spray, rotation speed, number of rotations,
distance between the nozzle tip and glass substrate, and spray angle. In general, the spray
angle is considered as a critical factor in spray pyrolysis deposition technique. Bandara et
al. (2016) also reported about the importance of spray angle for the growth of fluorine-
doped zinc oxide 1-D nanostructures. In this study, we have investigated the effect of spray
angle for the growth and properties of terrace-truncated nanocone structure of Ga-doped
Zn0 by RPASP deposition technique, as no proper study has been reported to the best of
our knowledge.

2. Methods

Zinc acetate dihydrate (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was
dissolved in 100 mL of 2-methoxyethanol (Wako Pure chemicals) to obtain 0.5 mol dm-3 of
Zn2* solution. Ten drops of ethanolamine (Sigma Aldrich) was added as a stabilizer while
stirring the mixture. Ga (NO3)3.xH20 (Wako Pure Chemicals, Ga/Zn ratio: 2 at %) was added
for doping. The solution was stirred for 60 min at 70°C and aged for 24 hours at room
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temperature. Commercially available fluorine-doped tin oxide (FTO) glasses (2.5 cm x 2.5
cm) were ultrasonically cleaned in a mixture of acetone, ethyl alcohol, and distilled water.
Thickness of the FTO layer was 500 nm. Finally, the precursor solution was deposited by
using advanced spray pyrolysis deposition technique. The deposition temperature was set
to 400°C. The distance between the nozzle tip and FTO substrate was kept constant at 0.5
cm. The spray pressure was set to 0.40 MPa and spraying was continued for 2 s in 12 s time
intervals. Total spray time was 160 min and the spraying angle was varied by changing the
nozzle direction as shown in Table 1. The crystal structure was characterized by using X-
ray diffractometer (Rigaku RINT Ultima-III at 40 kV with Cu K« radiation A = 1.541836 A).
The XRD spectra were acquired in the range of 302-802. The surface morphology was
examined by field emission scanning electron microscope (JEOL JSM-6320F) with an
acceleration voltage of 15 keV, accompanying energy dispersive X-ray spectroscopy. The
layer thickness was measured by cross-sectional FE-SEM images.

Table 1 Spraying angles and volumes of Ga-doped ZnO samples

Sample Spraying Angle  Spraying Volume (ml)
Ga-Zn0/15°-100 ml 150 100
Ga-Zn0/300-100 ml 300 100
Ga-Zn0/45°-100 ml 450 100
Ga-Zn0/15°-200 ml 150 200

The UV-visible transmission spectra were obtained by JASCO V-630 spectrometer in
the wavelength range of 300-800 nm. Electrical characteristics of prepared samples were
obtained by four probe method of Hall effect measurement system, HMS-3000.

3. Results and Discussion

Figure 1 shows the FE-SEM image of Ga-Zn0O/15°-100 ml sample. In this structure, the
average top diameter, and the height were 22.8 nm and ~240 nm, respectively. The
nanostructure density of this sample was 195 per umz2.
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Figure 1 FE-SEM images of Ga-doped ZnO nanostructure at 15 spray angle
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Figure 2a shows the FE-SEM image of Ga-Zn0/30°-100 ml sample, with a nanostructure of
an average top diameter of 36.9 nm and average height of ~220 nm. The nanostructure
density of the sample was 230 per um? Figure 2b shows the FE-SEM image Ga-
Zn0/45°-100 ml sample. The observed nanostructure has an average top diameter of 38.3
nm and the sample has 138 per um? of nanostructure density. Nano plates were observed
in between the nanostructures, which interferes with their further growth.
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Figure 2 FE-SEM images of Ga-doped ZnO nanostructure at spray angles of: (a) 30° and (b) 45°

According to the FE-SEM images, Ga-Zn0/15°-100 ml sample shows a more favorable
structure for a transparent conductive oxide material with respect to other samples
because of low structural defects and high homogeneity. However, the shape of the
nanostructure could not be confirmed at this stage. Figure 3 represents the velocity and
forces acting on a certain vaporized particle that was sprayed through the nozzle. Here, we
assume the drag force by air molecules is zero and there is no loss of energy after the
collision with the FTO glass substrate (perfectly elastic collision), as our purpose is to
compare the impact at each spraying angle. Moreover, it is assumed that the potential
energy gained by a particle is similar at all spray angles, as the nozzle height was kept
constant throughout the process.
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Figure 3 Simulation-velocity and forces acting on a vaporized particle, which was sprayed at 6
angle; (i) just after ejection from the nozzle, and (ii) just after collision with the substrate
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Vxe and Dxe are horizontal components of velocity and displacement at spraying angle
of 6, respectively. Vyo and Dye are vertical components of velocity and displacement at
spraying angle of 6, respectively. V'1 is the velocity gained by the particle due to potential
energy, which does not change with the spraying angle, 6. When the particle is at the
position (ii) as shown in Figure 3, following relationships can be derived:

0=15°,

Vx15=V Cos 15° (D
Vy15 =V Sin 150 + V1 (2)
Vx30=V Cos 30° (3)
Vy30 =V Sin 300 + V1 (4)
0 =45°,
Vxas =V Cos 45° (5)
Vyas =V Sin 450 + V1 (6)

By considering Equations 1-6, we can say that Vxis > V30 > Vias and Vyas > Vy30 > Vy1s; and,
therefore, as the displacement increases with velocity, Dx1s > Dx30 > Dx4s and Dyas > Dy3o >
Dy1s. Thus, from the above, we can state that the horizontal velocity and displacement are
decreasing, while increasing the vertical velocity and displacement, with the spraying angle.
Figure 5 illustrates the projectile movement of a random particle at each spraying angle.
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Figure 4 Projectile movement of a vaporized particle at each spraying angle

At lower spraying angles, particles travel longer distance horizontally and shorter
vertically. Because of this phenomenon, particles disperse and spread all over the glass
substrate and finally produce an excellent homogeneous layer. On the other hand, at higher
spraying angles, particles travel longer distance vertically and shorter distance
horizontally, thus narrowing the spraying area. At higher spraying angles, the vaporized
particles deposit on top of each other forming plate-like structures that were clearly visible
in the FE-SEM images Figure 2b. We increased the spraying volume to investigate the
nanostructure, as it was not clear until this point of the research. Figure 5 shows the FE-
SEM images of Ga-Zn0/15°-200 ml sample, which consist of proposed terrace-truncated
nanocone structure.
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Figure 5 FE-SEM images of Ga-Zn0/15°-200 ml sample at magnifications of: (a) 27,000;
(b) 180,000

Some researches have reported about the use of ZnO nanocone structures that increase
the light transparency by reducing the scattering. In Ga-Zn0/15°-200 ml sample, the total
spray time was 160 minutes consisting of 24 minutes of spraying time and 136 minutes of
non-spray time. While spraying, we kept this long pause to regain the temperature, as the
temperature of the glass substrate was reduced during the spraying. The high growth rate
along the c-axis leads to a high decay rate in the same direction. The growth mechanism of
nanocone structures is discussed in greatr detail by Rouhi et al. (2015) and suggests that it
was due to the high growth rate along the (002) plane. We have described the growth
mechanism of terrace-truncated nanocone structure in our previous paper (Attanayake et
al., 2019). Rough-surfaced nanocone structures have lower top diameters that help in the
transmision of light easily by reducing the scattering of light. On the other hand, nanorod
structures have a higher light scattering rate, which reduce the transmittance. Optical
transmittance might be higher in hexagonal nanocone structures, with respect to nanorods,
according to the proposed light emission and scttering mechanism. These nanocone
structures are suitable especially for light emitting diodes (LEDs) to increase their
efficiency by decreasing the light extraction efficiency (LEE). Many reports have stated that,
rough-bevel, cone-shaped hexagonal nano structure of ZnO has higher LEE, with respect to
hexagonal nanorods of ZnO (Yin et al,, 2012). Energy-dispersive X-ray (EDX) mapping
images show the evidence for the uniform doping of Ga into ZnO crystal structure.
According to literature, there is no effect of the dopant material (Ga) for the formation of
terrace-truncated nanocones because similar structures were fabricated using pure ZnO
(Rouhi et al., 2015; Visser et al., 2017).

Figure 6 shows the XRD patterns of Ga-doped ZnO that were grown using different
spraying angles. Significant peak around 34.37° indicates the crystal structure was favored
on (002) direction of hexagonal wurtzite ZnO phase (JCPDS card No. 36-1451), along the c-
axis, perpendicular to the glass substrates, at all spray angles. The XRD spectra support the
observations of FE-SEM images, as (002) peak intensity was decreased while increasing the
spray angle. Ga-Zn0/15°-100 ml sample shows a weak peak around 72.5°, correspond to
the (004) plane, which is a replica peak of (002). All the other peaks, which are marked with
“e” originated from the FTO glass substrate. The crystallite sizes were calculated by using
Scherrer equation which is shown in Equation 7.

094
o [cosBO

(7)
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Figure 6 XRD patterns of Ga-doped ZnO thin films for each of the spray angles

where A is the X-ray wavelength, 3 is the line broadening at half the maximum, and 6 is the
Bragg angle. The calculated crystallite sizes were 21.61, 21.84 and 21.80 nm for each of the
spray angles 15°, 30°, and 45°, respectively. Figure 7 shows the UV-visible spectra of Ga-
doped ZnO samples. The obtained optical transmittance in the visible range were 82%,
81%, and 79% in Ga-Zn0/15°-100 ml, Ga-ZnO/30°-100 ml, and Ga-Zn0/45°-100 ml
samples, respectively. Optical transparency of the Ga-Zn0/45°-100 ml sample was lower
than the typical transparency of a transparent conductive oxide material which is higher
than 80%, due to the formation of plate-like structures.

Hsiao etal. (2013) also discussed the reduction of optical transmittance in the presence
of wall-like structures. However, at lower spraying angle, high optical transmittance was
observed due to the presence of terrace-truncated nanocone structure, as it minimizes the
light scattering.
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Figure 7 UV-visible spectra of Ga-doped ZnO thin films for each spray angle
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Previous researches have shown that the optical transmittance of Ga-doped
nanostructures is high in the visible range. The Ga-doped ZnO thin film with 85% of optical
transmittance in the visible range was reported by Moditswe et al. (2016). In our structure,
optical transmittance was not high as we expected, due to the two-layered FTO and Ga-
doped ZnO structure, which leads to light scattering at layer boundaries. A transmittance
peak around 300-340 nm was observed in all the samples, before the absorption edge. Ga-
doped ZnO has n-type conductivity due to the oxygen vacancies, and zinc interstitials. The
mobility, electrical conductivity, resistivity, and the bulk concentration of the prepared Ga-
doped ZnO nanostructures are tabulated in Table 2.

Table 2 Mobility, conductivity, resistivity, and the bulk concentration of prepared Ga-
doped ZnO samples

Mobility Conductivity Resistivity =~ Bulk concentration
Sample (cm2.V-1.51) (Q1.cm) (Q. cm) (cm3)

Bare FTO 18.13 3.7x104 2.7x10+ 2.8x1020
Ga-Zn0/15°-100 ml 14.01 2.5x103 4.0x10+ 1.2x1020
Ga-Zn0/300°-100 ml 19.61 2.3x103 4.4x10+4 0.2x1020
Ga-Zn0/45°-100 ml 18.42 2.4x103 4.3x10+ 1.0x1020

The highest conductivity was obtained in the Ga-Zn0O/15°-100 ml sample, while the lowest
value was obtained in the Ga-Zn0/30°-100 ml sample. The conductivity of the Ga-Zn0O/30¢-
100 ml sample was the least as the bulk concentration is low even when it has the highest
mobility. On the other hand, the Ga-Zn0O/15°-100 ml sample has the lowest mobility and
highest conductivity among the samples, as it has the highest bulk concentration. As there
was no significant difference in the crystallite sizes of each sample, the utmost conductivity
of the Ga-Zn0/15°-100 ml sample might be due to the excellent nanostructure without
structural defects such as plates that disturbs the electron propagation. We used the FTO
glass substrates to get an excellent conductivity value. However, the conductivity was lower
due to the two layered structure, which increases the electron scattering at layer
boundaries. Evaluating the electrical conductivity measurement of a single layer in a two-
layered structure is still a challenge. However, all the samples have carrier concentration
and electrical conductivity of a typical transparent conductive oxide material which is in
the order of 102° cm-3 and higher than 103 Q-1.cm-1, respectively.

4. Conclusions

In this study, we investigated the spray angle dependency for the growth of Ga-doped
Zn0 nanostructure by advanced spray pyrolysis deposition technique. The average top
diameter and the nanostructure density of Ga-doped ZnO were 22.8 nm and 195 per pm?,
36.9 nm and 230 per um?, 38.3 nm and 138 per pm? at spraying angles of 159, 30°, and 45¢,
respectively. The physical properties of nanostructures were vastly changed with the
spraying angle, as the horizontal and the vertical components of the velocity of vaporized
particles were changed. Terrace-truncated nanocone structures were observed by FE-SEM
images and the uniform distribution of Ga in ZnO crystal structures were confirmed by EDX
mapping. According to the XRD spectra, the growth of nanostructure was favored along the
c-axis, which is perpendicular to the FTO glass substrate. The highest optical transmittance
of 82% in the visible range was attained by the sample prepared at the lowest spraying
angle. The terrace-truncated nanocone structures support to increase the optical
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transmittance by reducing the light scattering, as suggested. The optical transmittance was
decreased by increasing the spraying angle, due to the formation of structural defects such
as nanoplates. The foremost electrical conductivity of 2.5x103 Q-1 cm1 was observed on the
Ga-doped ZnO sample that was synthesized at the lowest spraying angle. The optimum
transparent conductive oxide properties of high optical transmittance at the visible range
as well as high electrical conductivity were attained by the Ga-doped ZnO nanostructure
grown at the lowest spraying angle of 15°.
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