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Abstract: BiVO, films were fabricated by radio frequency (RF) sputtering from a single target. The
deposited BiVO, films were found to be rich in Bi, and the reason for the Bi-richness was investigated.
It was inferred from the Monte Carlo simulation that, during sputtering, the transfer process of target
atoms through argon gas played a major role in this phenomenon. The transfer process resulted in
an imbalanced ratio of Bi and V, arising from the difference in atom mass and interaction radius. The
high RF power was found to be effective in adjusting the Bi/V ratio, influencing the sputtering yield.
This type of preferential sputtering was maintained by the diffusion of target atoms from the bulk to
the surface. BiVOy films with monoclinic scheelite crystal structures were obtained at high RF power
values and found to exhibit photocatalytic performances beneficial for photoanodic applications.

Keywords: photocatalyst; bismuth vanadate films; RF sputtering; compound target

1. Introduction

Solar energy, as a sustainable resource, has enormous potential in future energy
systems. Due to its intermittency, harvesting and storage strategies must be efficient
to implement. Water splitting is a promising technique for converting solar energy to
hydrogen [1]. Regarding water splitting, water oxidation conditions require the stability
of the anode materials under illumination. Bismuth vanadate (BiVO,) has emerged as
the most interesting among the thermodynamically stable metal oxides because of its
essence [2]. A bandgap of approximately 2.4 eV in the monoclinic phase (which has been
confirmed as the best phase of BiVO;, for photocatalysis [3]) ensures sufficient sunlight
harvest [4]. The valence band edge of BiVOj is lower than the water oxidation potential
(1.23 V vs. normal hydrogen electrode (NHE) at pH 0), suggesting that BiVOy is capable
of generating O, from water thermodynamically [5]. These merits have contributed to
the rapid development of BiVOy as a photoanode material in recent years. An incident
photon-to-current efficiency of ~90% has been achieved by using WO3, which is more
conductive to the formation of a heterojunction that promotes carrier diffusion [6].

Given its rapid development as a photocatalytic anode material, BiVOy4 has recently
attracted attention in the field of supercapacitors. When BiVO, was first utilized as the
anode material in lithium—-ion capacitors, the energy and power densities obtained met
the power demands of the Partnership for a New Generation of Vehicles (PNGV) research
program [7]. In this fascinating field of energy, the development of fabrication methods is
essential to accelerate industrialization.

There are several methods that are developed for fabricating BiVO; films [8,9], which
are prevalent, owing to their stability in solutions compared with other configurations
(such as powder). Different methods determine the properties of materials, such as the
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state of defects and overall conductivity and its type, as well as the possibility of practical
applications [10,11]. Sputtering can be considered as a scalable deposition method for
solar-driven fuel production on a large scale because it has been extensively used in
industries [12]. In addition, the growth environment of the film in a vacuum is beneficial
to film quality. Sputtering has extensively been adopted on BiVOy films in recent years; the
co-sputtering technique has proven to be the most superior method, owing to the lopsided
element ratio in the sputtered films of the single-compound BiVOj, target [13,14]. This
kind of imbalanced element ratio was also found in a later study [15], which resulted in
excess bismuth in the prepared films, and, in turn, limited the photocatalytic performance.
Sputtering from a single target can reduce the tedious steps and additional expenditure on
equipment. Therefore, the key to realizing single-target sputtering on BiVOy is to control
the ratio balance of the sputtered films.

In this work, the sputtering process of a compound target was specifically analyzed,
and the predominant factors affecting the element ratio of films were discussed. Moreover,
different radio frequency (RF) powers were applied to the single BiVO, target to form
the films. The structures and photocatalytic performances of the prepared films were
investigated to demonstrate the feasibility of fabricating monoclinic scheelite BiVOy, films
by sputtering from a single target.

2. Materials and Methods
2.1. Deposition of BiVOy Films

All the films were deposited with a compound BiVOy target ($60 mm, Toshima
Manufacturing, Saitama, Japan) on alkaline earth boro-aluminosilicate glass (Eagle XG,
Corning) and fluorine-doped tin oxide (FTO, TEC7, Sigma-Aldrich: Louis, MO, USA) glass
substrates. The substrates were cleaned ultrasonically with acetone and methanol (each for
10 min, twice), followed by ultrasonic cleaning in deionized water for 10 min, and finally
dried by nitrogen purging before loading into the sputtering chamber. The BiVOy thin
films were deposited at room temperature (20 °C) and different RF powers (50 W, 120 W,
and 200 W). Argon gas was used to produce an argon plasma environment with a pressure
of 0.7 Pa, and the deposition time was fixed as 1 h for each case. The substrate was coaxially
aligned to the BiVO, target with a distance of 10 cm between them. After the deposition,
all the BiVO4 samples were annealed in a gold-coated tubular furnace at 400 °C for 2 h
under an oxygen atmosphere (1 atm.), considering the vanadium (V) loss from the BiVOy,
lattice above 450 °C during the annealing with oxygen [16].

2.2. Characterization

The deposited BiVO, films were characterized via X-ray photoelectron spectroscopy
(XPS, JPS-9010series, JEOL). For XPS measurements, narrow scans for all samples were
obtained using a pass-energy of 10 eV and a step size of 0.1 eV. A non-monochromatic Mg
Ko X-ray source with a centroid photon energy of 1253.6 eV was used for all measurements.
The thickness of the films was measured using a mechanical probe profilometer (Surfcom
1500SD-12, Accretech: Hachioji, Tokyo, Japan). The simulation of the transport process
was performed using a computational model based on Monte Carlo simulation [17]. The
simulation parameters were set based on the practical sputtering environment. The bulk
crystalline structures of the prepared films were characterized via X-ray diffraction (XRD,
X’pert, Malvern PANalytical) in the 8-20 mode with Cu Ko radiation (A = 1.541837 A), and
the voltage and current were set at 45 kV and 40 mA, respectively. The XRD patterns were
recorded at room temperature in the 14-60° range with a step size of 0.016746°. Structural
analysis was carried out using Rietveld refinement with the FullProf Suite software, and
the crystallographic information file (CIF) of monoclinic scheelite BiVO4 was obtained
from the Crystallographic Open Database. The morphology of the films was characterized
using an JXA-8530F Field Emission Electron Probe Microanalyzer with a scanning electron
microscope (SEM) attachment. Photoelectrochemical (PEC) measurements were conducted
in an electrolytic solution containing hole scavengers (0.02 mol L~! NayS and 0.02 mol L1
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Na,SOs3) using a conventional three-electrode setup. A Pt wire and a Ag/AgCl electrode
were used as the counter and reference electrodes, respectively. Potential sweeps were
performed using a potentiostat (Hokuto Denko HSV-110). A solar simulator (Asahi Spectra
HAL320) producing AM 1.5G simulated sunlight was used for illumination.

3. Results and Discussion
3.1. Film Composition

Figure 1a shows the element ratio of Bi and V along with the thickness values of the
BiVO; films sputtered at various RF powers. As seen from the figure, the thicknesses of the
sputtered films were significantly affected by the RF power, making films with thicknesses
in the range of 85-1000 nm, where the thickness increased with an increase in RF power.
In terms of the element ratio in films, the relative sensitivity factor (Bi: V ~ 2.3) provided
by the XPS machine was used to calculate it; it was found that excess Bi was produced.
Interestingly, the element ratio seemed to be higher when compared with the XRD results
of the films (later part). It was also reported in [13] that Bi may tend to migrate to the
surface of the films because of high volatility. However, this ratio variation still represented
the ratio in bulk as the RF power increases. The observed film composition was related
to the entire sputtering process, including the sputtering yield of the constituent atoms in
the target, their transport process during sputtering, and the adsorption properties of the
target atoms on the substrate. These aspects will be discussed in detail later. In addition,
the chemical states of the elements characterized by XPS are shown in Figure 1b,c, and Bi
and V were in the single chemical states Bi** and V°, respectively.
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Figure 1. (a) Element ratio of Bi and V calculated from the XPS peak area and the thickness of films
prepared at various RF powers. Narrow scan X-ray photoelectron spectra in the (b) Bi 4f and (c) V
2p core-level regions from sputtered bismuth vanadate (BiVO,) thin films with various RF powers.
Oxygen satellite peaks in (c) were caused by Koz and Kay transitions from the non-monochromatic
Mg X-ray source [18].

3.2. Monte Carlo Simulation

According to the principle of sputtering, the deposition pressure should be sufficient
to obtain a plasma glow. Thus, the mutual effect between the sputtered atoms and back-
ground gas cannot be neglected. First, during sputtering, the transportation process of the
constituent atoms of the compound target towards the substrate was investigated. In this
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process, the main step was the collision between the background gas and the sputtered
atoms, which led to a change in the energy and momentum of the sputtered atoms. The
number of Bi and V atoms arriving at the substrate was simulated, as shown in Figure 2.
The simulated plot indicates that most of the constituent atoms detached from the substrate
due to multiple collisions, resulting in only approximately 3100 Bi atoms and 2000 V atoms
being able to reach the substrate. Notably, more Bi atoms could reach the substrate, which
can be attributed to the interaction between the sputtered atoms and background gas.
Although the collision probability of Bi atoms was higher than that of V atoms owing to the
stronger interatomic potential of Bi-Ar [19], the residual amount of Bi was more than that
of V. The key to this imbalanced ratio can be attributed only to the atomic mass because of
two aspects: (1) the change in direction after collision-the greater the mass of the sputtered
atom is with respect to that of the background atom, the smaller the angle of change; and
(2) the energy loss of the sputtered atoms after collision—the closer the mass of the sputtered
atom is to that of the background atom, the greater the energy loss. The higher mass of V
atoms thus played a major role in deciding its trajectory deviation and rapid energy loss
in the collisions. Note that RF power had approximately no influence on the transport
process because of the minor effect of voltage drops (50 W:98 V, 120 W:147 V, 200 W:181 V)
on collision.
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Figure 2. Simulated number of different atoms that can reach the substrate from 10,000 atoms
sputtered under various RF powers. The simulation was performed thrice for each case.

3.3. Sputtering Yield

To further explain the significant change in the element ratio of the films, we consid-
ered the effect of the sputtering yields of the constituent atoms of the compound BiVO,
target. With respect to the compound target, a surface alteration layer (the thickness is
determined by the penetration depth of argon ions) [20,21] can be formed during the
sputtering process, which is different in composition compared to the bulk [22]. In this
study, for BiVOy films, excess V was found at the surface of the sputtered films (Figure S1),
which can be attributed to the difference in the sputtering yield of each element [23]. The
composition of the surface layer of the compound target continued to change until a steady
state had been established. For simplicity, we considered only two elements in the target.
The density in the bulk of the target was V) and Bijy atoms/ cm?, and V and Bi represented
the density at the surface region at the steady state. At the balance, the following equation
should be satisfied related to the substance at the surface layer:

1% Bi . .
<V+Bisv+v+BiSBi>X]_DBi+(V0+BlO)><ff 1)

where j is the argon ion current density, and Sy and Sg; represent the sputtering yields of the
two elements, respectively. Djp; is the diffusion rate of bismuth from the bulk to the surface
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layer (where the diffusion of V is neglected because the diffusion of Bi is predominant).
Moreover, f is the transformation frequency of atoms from the bulk to the surface layer. An
illustration of the target surface is shown in Figure 3.
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Figure 3. Illustration describing the state of the target surface.

If the diffusion process is neglected, the sputtered ratio is approximately similar to
the target composition [24]. Diffusion occurs when the concentration difference is formed
with a certain temperature as the driving force. The instant diffusion of Bi atoms from the
bulk to the surface was observed at 400 °C in a vacuum (Figure S2) because of the lower Bi
content in the surface layer. During sputtering, even if the target is consistently cooled by
the circulating water, the target surface maintains a certain high temperature caused by
the plasma impact. In this condition, the relative rate (sputtering vs. diffusion) determines
the ratio of sputtered atoms. When the sputtering rate is considerably higher than the
diffusion rate, similar to when there is no diffusion, the sputtered ratio is close to the target.
According to the relationship between the current density and voltage drop [25],

joe V72, 2)

The argon ion current density at 200 W RF power should be considerably higher than
that at 50 W in agreement with the difference in film thickness. This indicates that the
increase in sputtering yield played a dominant role when high power was used, compared
with the increased diffusion rate resulting from the increase in the target temperature.
Therefore, it is evident that RF power influences the sputtered element ratio, and higher
power is beneficial for maintaining the original ratio within the target. However, note that
the target composition will change slightly because of diffusion. Therefore, more attention
should be drawn to the long-term stability tolerance of the compound target. On the other
hand, the sputtered ratio should also be close to the target ratio at very low power because
the diffusion rate may slow down in this case. This explains the decrease in the ratio at
50 W below that at 120 W.

3.4. Adsorption on the Substrate

In addition, the number of adsorbed atoms on the substrate can be described as [26]

N = Ist, 3)
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where [ is the incident number of target atoms at the unit surface per unit time, s is the
sticking coefficient, and 7 is the average residence time of atoms on the surface. Therein,
the sticking coefficient is a function determined by the surface coverage f(0), temperature,
and activation energy of adsorption E,:

s = f(0) T, @

where R is the universal gas constant. In terms of time 7, it can be obtained by the
Frenkel equation
E,
T = Tpe ITI% , (5)
where Ty is the preexponential factor and E; is the activation energy of desorption. To
substitute Equations (4) and (5) into Equation (3), N can then be expressed as

Ej—Ea

N = If(0)te RT . (6)

Here, E;—E; is equal to the heat of chemisorption, which can be treated as the heat
of sublimation. For this case, the difference in N between Bi and V is the focus. Due to
the complexity of these parameters, the accurate solution is not discussed here. However,
the relationship between N and T could be understood to some extent. The f(f)) remains
the same for two atoms, and Ty is proportional to T~! [27]. Therefore, the important
impact term is the exponential term of temperature. The heat of sublimation for Bi and
V is 2.163 and 5.362 eV /atom, respectively [23]. This means that the adsorbed Bi atoms
on the substrate dramatically drop with increasing temperature compared to V atoms.
This phenomenon was verified by the films sputtered at various substrate temperatures
(Figure S3). As for the effect of RF power on the substrate temperature, it is clear that the
incident atoms yield energy to the substrate, occurring mainly in exothermic adsorption.
Owing to the large number of atoms impinging on the substrate, the temperature increases,
and a slightly higher concentration of V is found in the film resulting from high power, as
reported by Kolbach et al. [28].

3.5. Structure and Morphology

The influence of RF power on the crystal structure of BiVOy films was characterized by
XRD. Figure 4a shows the results of the prepared BiVO; films on glass substrates. All the
films exhibit characteristics (reflection (002) at around 15.1°) resembling those of monoclinic
scheelite BiVO4. However, for the films fabricated at 50 and 120 W, the impurity phase
appears, which could be attributed to the high Bi concentration phase Bi;VOs 5 [29]. In
addition, a change in orientation was observed under different RF powers. This could
be ascribed to changes in the Bi/V ratio in the films, which was also observed when we
used the other target with different Bi/V ratios (Figure S4). Note that the crystallization
process mainly occurs at the annealing period (Figure 4c). However, the mechanism of
this phenomenon is unclear, and beyond the scope of this study. The Rietveld refinement
method [30] was used to confirm the phase of the prepared films at 200 W. The obtained
diffraction peaks were found to agree with the CIF data, and this pattern can be identified
as a monoclinic scheelite structure [31]. As a result, the fitting demonstrates a desirable
residual parameter in the Rietveld refinement (good of fitness = 2.3).

As shown in Figure 4d—f, the morphologies of the deposited BiVO, films under
different RF powers were characterized by using SEM. All the films show grains, which
indicates the polycrystalline structures. The grain sizes exhibit distinctive differences; the
film deposited under 120 W expresses the smallest grain compared with other films, which
may attribute to the excess Bi in the film. The films deposited under 50 W and 200 W show
a 100-200 nm grain size, but the morphology is quite different. This can be connected to
the XRD results of unique orientation.
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Figure 4. (a) XRD patterns of BiVOy, films prepared under different RF powers; the impurity phase peaks are marked
with asterisks (*). (b) Observed, calculated, and difference profiles of the Rietveld refinement for the sample prepared at
200 W. (c) XRD patterns of films prepared under 200 W before and after the annealing process. SEM images of BiVOj films
deposited under (d) 50 W, (e) 120 W, and (f) 200 W.

3.6. PEC Measurement

The PEC performance of the bare monoclinic scheelite BiVO, film was investigated by
linear sweep voltammetry (LSV) (Figure 5). The current density in the light-off state starts
from approximately —0.08 V (vs. Ag/AgCl), which conforms to the standard electrode
potential as follows:

S(s) +2¢~ =8> EY(V)=+40.14V. @)
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Figure 5. Chopped LSV of BiVOy film deposited on FTO at 200 W in an electrolyte containing
0.02 mol L~! Na,S and 0.02 mol L' Na,SO; hole scavengers under simulated sunlight (AM 1.5G).

At the working anode, the electrons and holes are generated under the illumination of
light. Then, the holes which can migrate to the surface of the BiVO; film will oxidize the
S?~ ions in the solution. The generated electrons transferred by FTO layer to the cathode
will participate in the reduction reaction on the Pt surface.
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Under chopped illumination, the difference in the current density can be observed
in the inset of Figure 5. The increased current density is provided by the extra electrons
generated from the BiVOy film under visible-light illumination. The gain of photocurrent
is at the level of pA/cm?. Although the present performance cannot reach the level of
films (~mA /cm?) prepared using other mature methods [32], the performance is promising
when the film thickness and crystal quality are optimized. Small photocurrents were also
observed in thick films with thicknesses greater than 100 nm because of the short carrier
diffusion length in BiVO, [33]. For this film, the lifetime of carriers was investigated by
using time-resolved photoluminescence (Figure S5). The lifetime of carriers is around
0.87 ns, which is not enough for most photogenerated carriers to migrate to the surface.
Therefore, improving the crystal quality and suppressing defects of the films is the next
necessary work for obtaining high performance.

4. Conclusions

In summary, a monoclinic scheelite BiVOy film was successfully fabricated using the
sputtering method at 200 W RF power from a compound BiVO, target. The Bi-richness of
the films deposited at lower RF power has been attributed to the imbalanced sputtering
yields of Bi and V atoms from the target and the diffusion in the target. For the other two
processes, the simulation demonstrates that the atom transfer mechanism from the target
to the substrate is different for the two types of atoms. The V atoms are easily scattered
by the Ar background gas at a certain pressure, which results in less arrived V atoms on
the substrate. Due to the difference in sublimation heat, the adsorbed number of Bi atoms
drops faster than that of V atoms with increasing substrate temperature. Therefore, the
ratio of Bi and V can also be finely controlled through these two processes. In this study,
the appropriate ratio was reached at 200 W RF power, and the bare BiVO; film exhibited
photocatalytic activity as a photoanode.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/en14082122/s1, Figures S1-S5. Figure S1, XPS spectra of the film before and after argon
ion etching. The surface of the film exhibits the excess V after etching (according to the peak area),
reflecting the preferential sputtering of Bi in the etching. Meanwhile, the metal state of Bi appears
in the etched film, suggesting the oxygen was preferentially sputtered, too. The argon plasma was
produced by the electric field of 300 V with the Ar pressure of 5 x 1072 Pa, and etching time was 60 s.
Figure S2, XPS spectra of the etched film at different temperatures in the vacuum (~5 x 107> Pa).
The metal state of Bi gradually disappears with increasing temperature. At approximately 200 °C,
the oxygen starts diffusing from bulk to surface. Until the temperature went up to 400 °C, the ratio of
Bi and V changed. Therefore, the Bi diffused from bulk to surface. Figure S3, Raman spectra of films
prepared at various substrate temperatures. With the increasing temperature, the Raman modes
of V,05 appear. It implies the different adsorbed amount of Bi and V on substrate resulting from
temperature. Figure S4, XRD patterns of the prepared BiVO; films under different RF powers by
using BiVy 50y target. Comparing with the structure of films prepared using BiVOy target, it can be
demonstrated that the orientation changed from (020) to (112), which may be caused by increased
vanadium in the films. Figure S5, TRPL decay of BiVOj films deposited under 200 W on the glass,
collected at ~660 nm. The wavelength of excitation laser is 400 nm.
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