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Abstract: Aerosol deposition (AD) is a simple, dry raw-powder deposition process in which the
targeted film is formed by direct bombardment of accelerated starting powder onto the substrate
surface at room temperature. Despite the increased interest in AD film formation, no work has been
completed to systematically investigate the formation of dense zinc oxide (ZnO) films using the AD
method and their optical properties. Therefore, this study was carried out to investigate the effect
of AD gas flow rate on the formation of AD films and the optical properties of aerosol-deposited
ZnO films. ZnO films with nanosized (<40 nm) crystallites were successfully deposited on FTO
substrates at room temperature. A dense and uniform layer of aerosol-deposited ZnO films with a
roughened surface was obtained without subsequent heat treatment. With the increase in the AD
gas flow rate, the crystal size and the AD film’s thickness were reduced. The Raman spectroscopy
verified that the thin film was of a ZnO wurtzite structure. The room temperature photoluminescence
of the ZnO thin film produced strong visible emissions. The findings of this work demonstrated
that AD can be an alternative technique for the rapid deposition of dense and thick ZnO films for
optoelectronic applications.

Keywords: zinc oxide; aerosol deposition; room temperature consolidation impact; flow rate; optical
properties; photoluminescence

1. Introduction

Zinc oxide (ZnO) is a wide-band-gap (3.3 eV) compound semiconductor with a large
exciton binding energy (60 meV) at room temperature [1]. It possesses unique proper-
ties such as high electron mobility (200 cm?-V~1.s71) [2] and high optical transmittance
(>90% in the visible-light regime) [3], and it exhibits room temperature photoluminescence
(RTPL) with near-band-edge emissions at ~380 nm [4]. These unique properties make
ZnO a potential candidate for applications such as transparent electrodes in liquid-crystal
displays [5], thin-film transistors [6], light-emitting diodes [7], and dye-sensitized solar
cells [8]. In addition, owing to its no-inversion-symmetry lattice arrangement, ZnO exhibits
a piezoelectric property that can be used in microsensors and micro-actuators [9].

The structural and optical properties of ZnO films deposited on substrates are in-
fluenced by the deposition method as well as the post-deposition treatment. ZnO film
deposition can be achieved using either the solution or vapor-route approaches. Solution
approaches such as sol-gel [10], spin coating [11], and dip coating [12] have been used
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to coat a large surface area, but multiple steps are required. Therefore, these processes
are very time consuming and thus not practical for industrial applications. On the other
hand, vapor-route approaches, such as chemical-vapor deposition [13], flame-transport
synthesis [14], magnetron sputtering [15], atomic-layer deposition (AD) [16], spray
pyrolysis [17], pulsed-laser deposition [18], and aerosol deposition [19], have provided
rapid and higher-precision ZnO film formation with controlled optical properties [20].
Nevertheless, these processes require sophisticated and expensive equipment such as
a reactor and vacuum system [21]. Most of these methods are performed at elevated
temperatures [22], which entails a higher fabrication cost [23].

The deposition of ZnO films in a rapid manner, especially at room temperature, is
a practical and more affordable precision-coating technology. AD is one of the film deposi-
tion methods that utilizes fine particles accelerated to high speeds, which are transported
through a carrier gas and bombarded onto a targeted substrate to produce high-density
oxide films.

Carrier gases such as nitrogen or argon are commonly used for AD methods.
Akedo et al. reported that the AD methods are commercially used for coating processes
that are important for semiconductor fabrication equipment and to form thin or thick dense
films of ceramics with a scale of several hundreds of nm or less at room temperature [24].
Moreover, investigations of the anchor layer formation on different substrates have been
undertaken, and the feasibility of applying AD to control film optical properties has been
demonstrated [20]. Thus, the flow rate of a carrier gas can affect the structural and optical
properties of the films. To date, no work on the structural and optical properties of ZnO
films prepared by the AD method has been reported. In this study, the effect of the carrier
gas flow rates on the morphologies, crystallinity, and optical properties of ZnO films pre-
pared using the AD process were systematically investigated. The findings from this work
are beneficial for the development of a rapid deposition process to produce dense and thick
ZnO films for optoelectronic applications.

2. Methodology
2.1. AD of ZnO Films

A schematic illustration of the AD equipment is shown in Figure 1a. The geometry of
the nozzle used in AD is displayed in Figure 1b. The diameter and length of the nozzle are
25 mm and 83 mm, respectively. In a typical deposition process, 5 g of commercial ZnO
(<100 nm, Sigma Aldrich, St. Louis, MO, USA) is used as starting powder. In this case, the
powder was dried for 4 days at 100 °C to minimize powder aggregation by removing the
residual moisture. Nitrogen gas with a purity of 99% was used as the carrier gas to carry
and accelerate the ZnO powder toward the fluorine-doped tin-oxide (FTO) conductive
glass substrate (20 x 30 mm?, 1.6 mm (t), Nippon Sheet Glass-FTN 1.6, Osaka, Japan)
for the deposition process. The flow rates of the carrier gas (for acceleration of the ZnO
powder) were varied at 30, 40, and 50 L/min. The scanning speed was kept at 3 mm/s. The
pressure in the aerosol chamber was 20 Pa before aerosol deposition, and it was increased
up to 150 Pa during aerosol deposition.

After AD was deposited on the substrates, the obtained samples were labelled as
AD/Z-1, AD/Z-2, and AD/Z-3 for the carrier gas flow rates of 30, 40, and 50 L/min,
respectively. During deposition, the pressure of the aerosol chamber was maintained at
20 Pa. The deposition time of each thin film was kept at 4 min and 15 s. The ZnO powder
with high kinetic energy collided with the surface of the FTO-coated glass substrates,
resulting in the formation of ZnO films via room temperature impact consolidation (RTIC).
The area of the deposited film was 10 mm x 20 mm. The film thickness was adjustable
by the number of deposited layers, while the other parameters were kept constant. After
deposition, the ZnO films were dried at room temperature. The deposition parameters in
the AD process are listed in Table 1.
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Figure 1. (a) Schematic diagram of the AD process, and (b) the geometry of the nozzle.
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Table 1. Deposition parameters of the ZnO films using the AD process.

Deposition Parameters

Raw material ZnO (<100 nm) commercial powder

Carrier gas flow rate (L/min) 30, 40, and 50
Deposition time (min) 4 min 15 s per film
Carrier gas Nitrogen
Pressure (Pa) 20
Substrate FTO (20 mm x 30 mm, thickness: 1.6 mm)

Working distance (mm) 10
Deposition temperature Room temperature

2.2. Characterizations of AD ZnO Films

The crystal phase and diffraction planes of the ZnO powders and ZnO films were
characterized using X-ray diffractometry (XRD, Rigaku RINT 2500) with Cu-K, radiation
(A = 154059 A). The microstructures of the raw powder and deposition films were observed
using scanning electron microscopy (SEM, HITACHI, 5-4800) at an acceleration voltage
of 40 kV. The average film thickness from the cross-sectional view of the field-emission
SEM (FESEM) images was calculated using Image J software. The optical properties of
the ZnO films were analyzed using a UV-visible (UV-Vis) near-infrared spectrophotometer
(V-670, JASCO Corporation; scanning range: 350-700 nm), a Raman spectroscope (NRS-
3100, JASCO Corporation), and an RTPL spectroscope (KIMMON KOHA, Tokyo, Japan;
excitation wavelength = 325 nm).

3. Results and Discussion
3.1. Structure and Morphology of the ZnO Films Deposited Using the AD Process

Dense films were obtained using the AD method at room temperature. The XRD
patterns of the films for AD/Z-1, AD/Z-2, and AD/Z-3, prepared at the different flow rates
of 30, 40, and 50 L/min, respectively, are shown in Figure 2a. The Bragg diffractions at
26.49°, 33.62°, 37.68°, 51.49°, 54.29°, 61.49°, and 65.51° correspond to the (110), (011), (020),
(121), (220), (130), and (031) planes of tin (IV) oxide, respectively. The diffraction peaks of
the tin (IV) oxide originated from the FTO-coated glass substrates (JCPDF-98-006-3707).
The XRD peaks at diffraction angles of 31.55°, 34.20°, 36.04°, 47.33°, 56.39°, 62.67°, 66.19°,
67.76°, 68.90°, 72.39°, and 76.78°, respectively, are assignable to the (010), (002), (011),
(012), (110), (013), (020), (112), (021), (004), and (022) planes of the ZnO hexagonal wurtzite
structure (JCPDS-96-901-1663) from the ZnO raw powder. All diffraction peaks assignable
to the hexagonal wurtzite structure of the ZnO (JCPDF-96-900-8878) were identified in
all films produced by the AD process. A slight shift of the diffraction peaks for ADZ-2
and ADZ-3 to a larger 20 was observed. This result is explainable. A higher nitrogen gas
flow rate generated a higher impact on the ZnO thin films. As a result, the ZnO thin films
produced were under compressive stress. Thus, the thin films have a smaller d spacing and
a larger 20.

The crystallite size of the AD/ZnO films was estimated using the Debye—Scherrer
formula, i.e., crystallite size, d = KA/ cos 6, where K is a constant (0.9), A is the X-ray
wavelength (1.5406 A), and B is the broadening of the diffraction line measured at half of
its maximum (FWHM) intensity (rad). The average crystal size of the ZnO powder was
38 nm. After deposition, the average crystal size of the ZnO films slightly decreased to
37,34, and 20 nm for AD/Z-1, AD/Z-2, and AD/Z-3, respectively. This result indicated
that the crystallite size of the ZnO films decreased with higher AD flow rates, as shown
in Figure 2b. The results suggest that the ZnO powders were mechanically crushed and
broken down into smaller crystallites by collision during the deposition process [25]. At
higher flow rates, the higher kinetic energy of the ZnO powder led to stronger collision
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impacts and the fragmentation of the particles. Therefore, a smaller ZnO crystallite size
was obtained.

(a) (b)
A Yl 4 \ Yl J
T T * T T . Z O 40 T T T T
*_Fro -4n A
oo % % Zn-Sn0) \‘\
[} ¢ 'Y 'Y o] g 354 A 4
. ADIZ- 3 £
—_— (] * ﬁ 30 4
5 I R & @
L) AD/Z-2 9
— + =
2 B TS RIS L = »- ]
0 o ADIZ: 1 ®
g (01% M0 g (112 5 204 A
£ FnO powder O 007 oy 02211
(1110) (o1 (1111) “1218220) (30 ) FTO
18 T T T T
T T T T T T T T - - -
20 30 40 50 60 70 80 ZnOpowder  AD/Z-1 ADIZ-2 ADIZ-3
2 0(degree) AD Flow Rates (L/min)

Figure 2. (a) XRD pattern, and (b) crystallite size that varied with the AD flow rates.

3.2. Morphologies and Thickness of the ZnO Films Deposited Using the AD Process

The advantage of the AD method is that dense ZnO films can be formed at room
temperature using crystallized ZnO raw powder via the room temperature impact con-
solidation (RTIC) mechanism [26]. Figure 3 shows the FESEM images of the (a) bare FTO,
(b) raw ZnO powder, (c) AD/Z-1, (d) AD/Z-2, and (e) AD/Z-3. Rough AD/ZnO film
surfaces were obtained when an AD flow rate of 30 L/min was used, as shown in Figure 3c.

At a higher AD flow rate of 40 L/min, a higher acceleration of the ZnO powder
generated higher kinetic energy, resulting in stronger collisions with the substrate and
forming fine particle fractures, as shown in Figure 3d. Further increments of the AD flow
rate resulted in surface etching and removal of the deposited film, similar to the sand-
blasting effect [27], as illustrated in Figure 3e. As a result, the ADZ-3 film density was
assumed to increase by undergoing fast deformation through becoming a finer powder.

The film thickness was influenced by the kinetic energy possessed by the ZnO powder
prior to collision with the substrate, as well as the aggregation of the ZnO powder [28].
Figure 4a—d shows the cross-sectional view of the samples. The average thickness of the
FTO was 0.66 um. The average thickness of the ZnO thin films was 0.53, 0.33, and 0.25 pm
for the AD/Z-1, AD/Z-2, and AD/Z-3 films, respectively. The thickness of the AD/ZnO
films decreased with higher AD flow rates, as shown in Figure 4e. As the AD deposition
parameters remained constant, the change in the film thickness were likely dependent
on the powder concentration [28]. At low AD flow rates, most of the ZnO powders were
bound in small and soft agglomerates that could be much more easily sprayed. Therefore,
a thick and smooth ZnO film with and homogeneous surface would form on the FTO
substrate. In contrast, a higher AD flow rate produced denser films because of the higher
impact energy. The impact from the ZnO powder accelerated to a higher energy could
dislodge or break the formed ZnO film, leading to a scattering of the particles away from
the deposited films [29]. This result caused the decrease in the AD film thickness. Moreover,
higher AD rates caused deformation of the substrate, which resulted in a roughened surface
of the AD/ZnO films, as shown in Figure 4c,d.

3.3. Optical Properties of the ZnO Films Deposited Using the AD Process

The optical properties of the ZnO films were analyzed and compared. Figure 5a
shows the UV-Vis spectra of the ZnO films obtained using different flow rates. The
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results indicated that the optical properties of the AD/ZnO films varied with different AD
flow rates. All ZnO films exhibited a typical UV absorbance at wavelengths of less than
400 nm. The ZnO film obtained at a flow rate of 30 L/min exhibited an absorption peak at
approximately 360 nm. For the AD flow rates of 40 and 50 L/min, the UV absorption peaks
were observed at 379 nm.

Figure 3. FESEM images of (a) bare FTO, (b) ZnO powder, (c) AD/Z-1, (d) AD/Z-2, and (e) AD/Z-3
on the FTO substrate at different AD flow rates.
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Figure 4. FESEM cross-sectional view of (a) bare FTO, (b) AD/Z-1, (c¢) AD/Z-2, (d) AD/Z-3, and
(e) the thickness variations in the ZnO films deposited by various AD rates.
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Figure 5. (a) UV-visible absorption spectra, and (b) Tauc plot of the ZnO films deposited using
different AD flow rates.

A Tauc’s plot was used to estimate the optical band-gap energy using the following
formula: «E = B(E — E; )™ [30]. Here, B is a parameter that is independent of the photon
energy (E), Eg is the optical band-gap energy, and m = 1/2 represents the direct transition
of the ZnO films. The estimated optical bandgaps were 2.99 and 3.02 eV for the ZnO films
prepared using gas flow rates of 30 and 50 L/min, respectively. The bandgap of the ZnO
film deposited using 40 L/min could not be determined due to the non-prominent slope,
as shown in Figure 5b.

The room temperature Raman measurement of the ZnO films is shown in Figure 6.
Two specific bands that corresponded to the 3E,—Ej, frequency branch and E, (high)
optical modes at approximately 332 and 437 cm ™!, respectively, were observed. Each active
vibration mode corresponded to a band in the Raman spectra, and their intensity depended
on the scattering cross-section of these modes. The E; (high and low) and A; transverse
optical-phonon (TO) modes occurred when the irradiation was perpendicular to the c axis
of the ZnO film [31]. The peak at 331 cem ™! (3Esp—Epr) was the second-order Raman band
that originated from the zone-boundary phonons associated with the vibration of the Zn
sublattice [32].

The most intense and narrow peak at 437 cm™" came from the first-order Raman
scattering due to the E; phonons of the ZnO, which exhibited the typical characteristic of
a wurtzite lattice [33]. The intensity of the E;(H) band decreased with a higher flow rate
due to the poorer crystallinity that resulted from the fragmentation of the ZnO crystal
because of the higher collision impact during the RTIC. From the results, the AD/Z-1 film
was demonstrated to be the best film, with a good crystallite structure. In addition, the peak
at 382 cm ! was attributed to the A (TO) mode in the spectra due to the ZnO'’s anisotropic
nature [34].

An RTPL analysis was performed to investigate the optical property and crystal
quality of the FTO glass substrate, ZnO powder (commercial), and ZnO thin films prepared
at the various AD flow rates. As shown in Figure 7a, all ZnO samples exhibited a UV
emission (near-band-edge transition, NBE) at 383 nm and a broad visible light emission
(defect-related emission, also known as deep-level emission (DLE)) at 540-570 nm in the
green—yellow region. The NBE emission band was related to the near-band-edge transition
of the free excitons [35]. The DLEs were centered at 544-, 554-, and 567-nm for the AD/Z-1,
AD/Z-2, and AD/Z-3 thin films, respectively. The green emission may have originated
from the transitions between the electrons in the conduction band to the oxygen-vacancy-
related defect energy level in the bandgap, whereas the yellow emission at 567 nm suggests

1
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the presence of singly negative-charged interstitial oxygen-ion defects (Oi) [36]. It is worth
mentioning that the green-yellow emission did not originate from the FTO glass substrate.
As shown in the inset of Figure 7a, the FTO glass substrate produced a very weak emission
at 580 nm. The emission peak was different compared to the DLEs from the ZnO thin films.

The ZnO powder exhibited weak UV emissions at 383 nm and a strong visible light
emission at 540-570 nm in the green—yellow region. This suggests that the ZnO powder
contained a large amount of crystal defects. A similar observation was found for the
Zn0 thin films, i.e., producing weak UV emissions but strong visible light emissions. The
Iuv /Lvis ratios for the ZnO thin films were generally low, i.e., 0.101, 0.068, and 0.257 for
AD/Z-1, AD/Z-2, and AD/Z-3, respectively, as shown in Figure 7c. The results indicate
that the number of defects in the ZnO thin films was approximately the same compared to
their ZnO powder.

It is noted that bandgap of the ZnO films calculated from the NBE (383 nm) was
~3.24 eV. This bandgap (RTPL) is slightly larger than the bandgap estimated from the
UV-visible absorbance of the Tauc plot, as shown in Figure 5. The slight deviation in the
bandgaps could be due to the origin of the characterization signal and the model (Tauc
plot) that were used in the estimation. The NBE in the RTPL originated from the relaxation
of the optically excited electrons from the conduction band to the valence band. As a result,
UV light was emitted from the ZnO films. The emitted UV light was captured by the
spectrometer, which is known as NBE. The bandgap was directly converted from the NBE
wavelength. Contrarily, the absorbance of UV light by the ZnO films was first measured by
a UV-visible light spectrometer (the adsorbed light could cause optical excitation on the
ZnO films in a subsequent stage). The bandgap of the ZnO films was indirectly estimated
from the Tauc plot.

—— AD/Z1]
——AD/Z-2|

- AD/Z-3

Intensity (a.u.)

200 | 3(|)0 | 4(|)0 | 5(|)0 | 660 | 7(|)0 800
Raman shift (cm'1)

Figure 6. Raman spectra of the ZnO films deposited using the AD process.
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Figure 7. (a) RTPL spectra. (b) Maximum peak of the UV and visible emissions. (c) Ratio of the
UV-Vis emissions of the AD/ZnO films deposited at different AD flow rates.

4. Conclusions

ZnO films have been successfully deposited on FTO substrates at room temperature
using the AD method. The optical properties of the aerosol-deposited films were inves-
tigated as functions of the carrier gas flow rate, as this would alter the kinetic energy
possessed by ZnO particles prior to collision with the substrates. The carrier gas flow rate
was varied from 30 L/min to 40 L/min and 50 L/min, and ZnO films exhibiting dense
and uniform-thicknesses with rough surfaces were obtained without any subsequent heat
treatment. The results showed that the crystallite size decreased from 38 nm (powder) to
20 nm when a higher gas flow rate was used, implying a stronger collision upon impact with
the substrate, causing more severe fracturing/breakage of the particles. Surface morpho-
logical observation revealed that rough and dense ZnO films were obtained. The thickness
of the films was reduced from 1.2 pum to 0.91 um when the gas flow rate was increased from
30 L/min to 50 L/min. The blasting effect at a higher flow rate caused surface roughening
of the outer layer of the ZnO films. The optical characterization results indicated a reduc-
tion in the bandgap with higher gas flow rates, i.e., from 3.23 eV (30 L/min) to 3.14 eV
(50 L/min), while the RTPL of the ZnO films exhibited both UV emissions at 383 nm and
strong visible light (defect-related) emissions at 540-570 nm. The Raman analysis showed
that the aerosol-deposited films contained ZnO with wurtzite crystallite structures. The
findings from this study indicate the rapid formation of ZnO films by the AD method is
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feasible, and its further development to obtain ZnO films with the desired optical properties
would be of use for optoelectronic applications.
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