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ABSTRACT Compared to solid target, powder target is low cost and can be varied in wide range of elemental
combinations. Transparent and conductive aluminum-doped zinc oxide (AZO) thin films were prepared by
sputter deposition using a mixed powder target consisting of zinc oxide and aluminum oxide powders at 98:2
wt%. The bulk density of the powder target can be varied depending on the pressing pressure. Therefore, AZO
thin films were prepared on Si and sapphire substrates using powder targets with different bulk densities
(ρpowder) ranging from 0.898 to 3.00 g/cm3. The fabricated structural, electrical, and optical properties
of the AZO thin films were examined, and the relationships between the target bulk density and film
properties were investigated. X-ray diffraction measurements revealed c-axis ZnO (002) diffraction peaks,
corresponding to crystallite growth oriented perpendicular to the substrate. Hall effect measurements showed
n-type conductivity, with carrier density and Hall mobility increasing as the bulk density of the powder target
increased. At ρpowder = 3.00 g/cm3, the AZO thin film on the Si substrate showed the lowest resistivity of
1.35 × 10−3 �·cm. UV-visible spectroscopy measurements showed that the average transmittance in the
visible light region exceeded 80% for the AZO thin films on the sapphire substrates. The figure of merit was
calculated as a measure of the potential application in optoelectronic devices, resulting in 6.37 × 10−3 �−1

for ρpowder = 3.00 g/cm3. This research contributes to Nagasaki University’s goal of “planetary health”.

INDEX TERMS Aluminum-doped zinc oxide, powder target, sputtering, thin film.

I. INTRODUCTION
In November 2021, the 26th UN Climate Change Conference
of the Parties was held in Glasgow, Scotland, U.K.. One of the
most important themes of the conference was the reduction of
greenhouse gas emissions (decarbonization), such as carbon
dioxide. As countries work to realize a decarbonized society,
they are increasingly moving away from gasoline-powered
vehicles in favor of battery electric vehicles (BEV), and thus,
the global market for BEVs is expected to expand rapidly
in the future. All-solid-state lithium-ion batteries (ASSLB)
are expected to solve the issues of BEV range performance,
safety, lifespan, and cost. To fabricate practical ASSLBs, it
is necessary to search for materials that can serve as chemi-
cally stable solid electrolytes with high ion conductivity. Solid
electrolyte materials include Li metal oxide and Li metal
sulfide, which are composed of three to five elements, with
a large number of elemental combinations and composition
ratios [1], [2]. In addition, conventional material exploration
in each application field is already approaching its limit, and

it is necessary to expand the scope of exploration to unknown
compounds [3], [4]. However, a bottleneck in the search for
new materials is the exponential increase in search time as
the number of elements increases. One method that enables
the rapid experimental investigation of thin film materials is
sputter deposition, in which the powder is used as the target
(powder sputtering). Using powder as the sputtering target
allows the composition ratio of the target elements to be set
freely and widely and allows the search for composite thin
film materials at lower cost and faster than, for example,
methods using compound solid targets or multiple simulta-
neous sputtering. In other words, this research method can
dramatically accelerate the research and development of novel
thin film materials and significantly reduce development costs.

In the sputtering method, a solid target is generally used
as the base material of the thin film, but it is difficult to
fabricate a solid target for materials with low melting points
because a high-temperature, high-pressure environment is re-
quired to fabricate a solid target. Furthermore, for compound
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FIGURE 1. Comparison of available powders and solids as targets for
sputtering. Light blue indicates an available element. �indicates elements
that are not available. Elements shown in gray are not sold.

materials, it is time-consuming and costly to fabricate new
targets by changing elemental combinations and composi-
tion ratios. Thus, powder sputtering is an efficient alternative
because powder targets can be easily fabricated by simply
mixing multiple types of powders. For example, this en-
ables production of thin films using low-melting-point organic
light-emitting diode (OLED) materials. In addition, when
comparing targets of the same type and size, the cost of
the powder was reduced to 1/1000 of that of solid materials
[5], [6]. However, only a few examples of powder targets
have been reported, and thus, the details of powder sputter-
ing performance remain relatively unclear [7]. Research has
gradually progressed in recent years because of the unique
advantages described above [8].

This article first explains the advantages of using powder
as a target in the sputtering method (Section II). Next, the
author shows how to prepare mixed powder targets consisting
of multiple elements and how to deposit thin films by the
sputtering method (Section III). Finally, experimental results
and a discussion of the fabricated thin films are presented
(Section IV).

II. FEATURES OF POWDER TARGETS
A. EASE OF AVAILABILITY
The periodic table in Fig. 1 shows the elements in (a) powder
and (b) solid form that can be purchased as sputtering targets
by manufacturers that produce and sell thin film materials.
All elements sold as single elements and in compound form
were included. As search criteria, for (a), those sold in powder
form were considered acceptable, while grains and masses
were not. In (b), targets sold in the form of sputtering targets
were accepted, but not chips, tablets, or sheets. As a result, 68
elements in (a) powder form and 37 elements in (b) solid form

FIGURE 2. Number of combinations of in compounds with (a) two
elements and (b) five elements.

FIGURE 3. Compositional ratio range of multi-element compounds.

were available for purchase out of the 71 available elements,
indicating that the powder form was 1.8 times more available
than the solid form for more types of elements.

B. WIDE VARIETY OF ELEMENTAL COMBINATIONS
Compound solar cells consisting of ternary and quaternary el-
ements are being actively researched and developed to replace
non-silicon solar cells [9]. In the future, the number of ele-
mental combinations will differ greatly between solid targets
and powders for the fabrication of multi-element compounds
such as quintet and hexa-element compounds. Fig. 2 compares
the number of elemental combinations for (a) binary and
(b) quinary compounds using the solid targets and powders
available in Fig. 1. The number of elemental combinations
increases dramatically as the complexity of a compound (the
number of elements) increases, and data can be obtained for a
very large number of elemental combinations in powders.

C. HIGHLY FLEXIBLE COMPOSITION RATIO CONTROL
A typical digital scale used to measure the amount of powder
mixture has an accuracy of 0.01 g. Therefore, when the min-
imum mixing amount is 0.01 g, the composition ratio range
of compounds using powders can be roughly estimated to be
0.001 at% at the lowest, as shown in Fig. 3, which expands the
potential search range with a higher degree of freedom in the
composition ratio compared with that for solids.
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FIGURE 4. AZO mixed powder target preparation.

III. EXPERIMENTAL SETUP
A. ALUMINUM-DOPED ZINC OXIDE
Transparent conductive materials were used as powder targets
for sputtering deposition in this study. Transparent conductive
thin films have been used in a wide range of applications as
electrodes for smartphone displays, touch panels, and solar
cells, and the market has expanded along with their devel-
opment. However, indium tin oxide (ITO), based on a rare
metal, is expensive, difficult to supply stably, and harmful to
the human body [10]. Therefore, as an alternative material to
ITO, research is actively being conducted on aluminum-doped
zinc oxide (AZO), using aluminum as an impurity in zinc
oxide (ZnO), which is an abundant resource and harmless
to the human body [11], [12]. AZO was also chosen as the
benchmark in this study because of the large amount of data
available for ITO and AZO.

B. PREPARATION OF AZO POWDER TARGETS
To fabricate AZO thin films, powder targets are blended with
ZnO and Al2O3; powders. Fig. 4 shows the preparation proce-
dure for the AZO mixed powder target. First, powders of ZnO
(particle size, 1 μm; purity, 99.99%) and Al2O3 (particle size,
1 μm; purity, 99.9%) are weighed using an electronic scale
to obtain the desired concentrations, ZnO:Al2O3 = 98:2 wt%.
Next, the powders are mixed lightly in an agate mortar, then
placed in a homemade V-shaped container and rotated for 10
hours to mix them. Then, the target sputtering holder is filled,
and the surface is flattened to complete the process. If pressing
is required, a press is used to compress the powder. In this
way, a mixed powder target can be made in a few steps, and
the mixing ratio can be set freely by changing the weight ratio
of the powders. There are multiple reports on blending ZnO
with powders, such as Al2O3, Ga2O3, and SnO2, and several
reports describe the fabrication of powder targets by mixing
them in a rotating drum for several hours [11], [13], [14], [15].
The bulk density of the prepared powder target was calculated
from the weight and volume of the powder. Fig. 5 shows the
relationship between compression pressure and bulk density.
Without pressing, the powder is loosely packed and has large
voids. At lower pressures, the powder rearranges and the voids
are filled, leading to a high rate of density increase. Further
increasing pressure causes the voids to become more densely
packed, and the particles are plastically deformed, resulting

FIGURE 5. Relationship between the pressing pressure and bulk density
of the fabricated powder target.

FIGURE 6. Schematic diagram of the sputtering apparatus used to prepare
thin films from powder targets.

in a larger contact area between particles and an increase
in contact points. This increases the density, but the rate of
density increase is much lower [16]. In Fig. 5, the rate of
density increase is high between 0 and 60 kN of pressure, but
as the pressure increases further, the rate of density increase
becomes much lower. Therefore, in this study, the powder
targets prepared in the region of a high rate of density increase
were used.

C. SPUTTERING DEPOSITION OF AZO THIN FILMS
Fig. 6 shows a schematic of the RF magnetron sputtering
apparatus (Shibaura Eletec Co., EEA-04TM-sb). The AZO
powder target is placed at the bottom, the substrates (silicon,
sapphire) are positioned at the top and the sputter-up method
is used. The experimental method is the same for solid targets.
The sputtering conditions were RF power of 100 W, Ar gas
pressure of 0.38 Pa, and distance between target and substrate
of 68 mm. With these conditions held constant, AZO thin
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FIGURE 7. Deposition rates of AZO thin films prepared with powder
targets of different bulk densities.

films were prepared using AZO powder targets with various
bulk densities (0.898, 1.28, 2.08, 3.00 g/cm3) and a deposition
time of 60 min. The fabricated AZO thin films were evaluated
using an X-ray diffractometer, UV-visible spectrophotometer,
high-precision microstructure measuring machine, and Hall
effect measurement system.

IV. RESULTS AND DISCUSSION
A. DEPOSITION RATE
Fig. 7 shows the deposition rate, calculated from the film
thickness and the deposition time, as a function of the bulk
density. The deposition rate increases as the target density
increases but saturates in the middle. The deposition rate of
AZO thin films fabricated with an AZO solid target and a the-
oretical density of 96% under almost the same conditions used
in this study was 11.4 nm/min, and the maximum deposition
rate obtained in the present study was approximately half that
of the solid target [17]. Weighing the mass of the target before
(m1) and after (m2) deposition, (m1–m2)/m1 indicates the rate
of reduction of the powder target caused by sputtering. The
relationship between the rate of reduction and target density
is shown in Fig. 8, where the rate of reduction of the powder
target increases with increasing target density, which shows a
saturating trend similar to the deposition rate in Fig. 7. Fig. 8
also shows the porosity of the powder target and the DC neg-
ative voltage generated in the powder target. The theoretical
density ρbulk of AZO for 2% Al-doped ZnO has been defined
as 5.56 g/cm3 [18]. If the density of the mixed powder target
is ρpowder, the porosity is expressed as (ρbulk–ρpowder)/ρbulk.
The lowest density of the mixed powder target, 0.898 g/cm3,
has 85% more porosity than the solid target because it was
not pressed. It is inferred that a larger porosity results in more
electrons flowing into the target and charging the blocking
capacitor, which is related to an increase in the DC negative
voltage [19], [20]. Considering the morphology of the target
surface shown in Fig. 9(a), it is inferred that, when Ar ions

FIGURE 8. Porosity calculated from theoretical solid density and bulk
density of the powder target (�), DC negative voltage when sputtering
powder targets of different bulk densities (♦), and powder reduction rate
calculated from powder target weight before and after AZO thin film
fabrication (∗).

FIGURE 9. Optical micrographs of the powder target surface. .

accelerated by DC negative voltage strike the uneven target
surface, the ejected particles reattach at the hills and valleys of
the target, resulting in a smaller deposition rate [21]. When the
target density was increased by pressing, the surface became
flatter, porosity and DC negative voltage decreased, and the
number of particles ejected from the target increased, which
corresponds with morphology shown in Fig. 9(b). When the
temperature of the target surface was measured during deposi-
tion with a radiation thermometer through the BaF2 window,
the maximum temperatures were different for both sides of
Fig. 9, suggesting that the target with large porosity had a
higher temperature because of poor thermal conductivity.

B. STRUCTURAL PROPERTIES
Fig. 10 shows the X-ray diffraction (XRD) measurement re-
sults of AZO thin films. The diffraction peaks of ZnO (002)
and (004) were observed in all AZO thin films on both the
Si and sapphire substrates, characteristic of the hexagonal
wurtzite structure with preferential orientation in the c-axis,
perpendicular to the substrate. Furthermore, the vertical axis
scales in Fig. 10 are aligned, and comparing the peak inten-
sities, the peak of ZnO (002) is stronger and sharper for the
sapphire substrate than for the Si substrate. The crystallite
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FIGURE 10. XRD diffraction patterns of AZO thin films fabricated on (a) Si
and (b) sapphire substrates using powder targets with different bulk
densities.

sizes D are calculated using Scherrer’s formula

D = 0.9λ

B cos θ
(nm) (1)

where λ, θ , and B are the X-ray wavelength, Bragg diffraction
angle, and full width at half maximum (FWHM) of the ZnO
(002) diffraction peak, respectively [22]. The strain εzz in the
c-axis direction was determined using the biaxial strain model
[23], [24].

εZZ = cbulk − c f ilm

cbulk
× 100(%) (2)

where, cfilm and cbulk are the c-axis lattice constants for AZO
thin films (calculated using the Bragg formula, λ = 2dsinθ )
and ZnO bulk (5.207 according to the joint committee for
powder diffraction standards (JCPDS) card No. 36-1451), re-
spectively. The biaxial stress σ film was related to the measured
c-axis strain as follows [24], [25]:

σ f ilm = −233 × cbulk − c f ilm

cbulk
(GPa) (3)

Table 1 summarizes the structural properties of all AZO
thin films prepared on Si and sapphire substrates as a func-
tion of the powder target density ρpowder using (1)–(3) and
the XRD measurements in Fig. 10. Notably, the c-axis strain
εzz values are negative and the biaxial stress σ film values
are positive. Negative values indicate compressive strain in
the thin film, whereas positive values indicate tensile strain.
Therefore, it is inferred that all AZO thin films prepared
in this study experienced tension in the horizontal direction
along the substrate surface, resulting in compressive state
strain in the vertical direction normal to the substrate surface.
Comparing Si and sapphire substrates, the values of εzz and

σ film are smaller for sapphire substrates than for Si substrates,
indicating that the stress in the films is also smaller or sap-
phire. Biaxial stress in thin films is caused by intrinsic stress
and external stress. Intrinsic stress is related to defects and
impurities. Extrinsic stress is mainly related to lattice and
thermal mismatches [26]. The lattice mismatch between the
ZnO film and the Si and sapphire substrates is 40% and 18%,
respectively [26], [27].

The structural, electrical, and optical properties of AZO
thin films fabricated at room temperature with constant RF
power and Ar gas pressure depend on the substrate type
and film thickness. Focusing on the substrate type, the Si
substrates used in this study and the widely used glass sub-
strates have crystallinity similar to that of amorphous glass
due to the native oxide on the Si surface [28]. In addition,
sapphire substrates and ZnO both have a hexagonal crystal
structure, so the AZO thin films with good crystallinity are
deposited. In terms of electrical properties, carrier density and
Hall mobility are related to crystallinity and bonding state in
the film, and thus depend on the substrate type, but are also
greatly affected by other factors such as Al addition amount
and process conditions. For optical properties, visible light
transmittance is related to crystallinity and carrier density, so
optimization of deposition conditions is necessary in addition
to substrate type. The physical properties of other AZO thin
films prepared under sputtering conditions similar to those in
this study but using solid targets consisting of ZnO mixed
with Al2O3 are summarized in Table 2 [17], [24], [29], [30],
[31], [32], [33]. References [17], [24], [29], [30] reported film
thicknesses similar to the AZO thin films prepared in this
study, and comparing the FWHM of the ZnO (002) diffraction
peak and crystallite size, the mixed powder target and solid
target exhibit similar crystallinity. References [31], [32], [33]
in Table 2 show larger deposition rates and film thicknesses
than the AZO films in Table 1, and the FWHM of the ZnO
(002) diffraction peak is smaller and more crystalline for the
solid target than for the powder target. This is because the
strain in the film relaxes as the film thickness increases [24].

C. ELECTRICAL PROPERTIES
There is a relationship between the resistivity ρ, carrier den-
sity n, charge of carrier e, and Hall mobility μ as shown in the
following equation [34]:

ρ = 1

neμ
(� · cm) (4)

Fig. 11 shows the resistivity, carrier density, and Hall mo-
bility of AZO films deposited on Si and sapphire substrates,
examined by Hall effect measurement. All AZO thin films
exhibited n-type behavior. For both the Si and sapphire sub-
strates, the resistivity decreases while the carrier density and
Hall mobility increase as the density of the powder target
increases. From (4), the decrease in ρ is attributed to the
increase in the product of n and μ. In Fig. 11, the lowest
resistivities are obtained when the powder target density is
3.00 g/cm3, resulting in 1.35 × 10−3 �·cm, and 1.4 × 10−3
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TABLE 1. Structural Properties OF AZO Thin Films

TABLE 2. Physical Properties of AZO Thin Films Obtained From Other Reports

�·cm for Si and sapphire substrates, respectively. From Ta-
ble 1, the corresponding AZO thin film thicknesses for these
resistivities are 336 and 372 nm for Si and sapphire substrates,
respectively. These resistivities are similar compared with that
of Ref. [29] with 300 nm film thickness, shown in Table 2.
Thus, powder targets can be used to prepare AZO thin films
with electrical properties comparable to those of solid targets.

D. OPTICAL PROPERTIES
The AZO thin films deposited on sapphire substrates using
powder targets with different densities are transparent, and
the underlying characters are visible, as shown in Fig. 12.

Fig. 13(a) shows the UV-visible light transmission spectra of
the AZO thin films. Optical transmittances exceeding 80%
in the visible region (wavelength λ = 380–780 nm) are ob-
tained for all AZO thin films. For the film with ρpowder =
0.898 g/cm3, the optical transmittance near the UV region
(λ < 380 nm) is not blocked light completely because the
film thickness is thinner [35]. The optical band gap Eg was
calculated from the following expression by assuming a di-
rect transition between the valance and conduction bands
[36]:

(αhν)2 = C
(
hν − Eg

)
(5)
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FIGURE 11. Resistivity, carrier density, and Hall mobility of AZO thin films
fabricated on (a) Si and (b) sapphire substrates using powder targets with
different bulk densities.

FIGURE 12. AZO thin films fabricated on sapphire substrates using
powder targets of different bulk densities.

Where α is the optical absorption coefficient, h is Planck’s
constant, ν is the photon frequency, and C is a constant. The
Eg was calculated from a plot of (αhν)2 versus the photon
energy hν, as shown in the Tauc plots in Fig. 13(b). The Eg of
the AZO thin film increased from 3.21 to 3.38 eV as the bulk
density of the powder target increased, as shown in Fig. 13(c).
The inset of Fig. 13(c) shows the relationship between the Eg

and the carrier density n measured in Fig. 11(b). The shift in
Eg is proportional to n2/3, which is known as the Burstein–
Moss effect [37], [38], [39], [40], [41].

E. FIGURE OF MERIT
To evaluate the suitability of AZO thin films for optoelec-
tronic applications, the optical and electrical properties were
combined to calculate the figure of merit (FOM) using the

FIGURE 13. (a) UV-visible light transmission spectra, (b) Tauc plots, and
(c) optical band gap values of AZO thin films fabricated on sapphire
substrates using powder targets with different bulk densities (inset:
optical band gap vs. carrier density).

following equation [42], [43]:

FOM = T 10
V IS

Rs
(�−1) (6)

where TVIS and Rs are the average transmittance in the visible
region from 380 to 780 nm and the sheet resistance, respec-
tively. Fig. 14 shows the FOM calculated from TVIS and Rs
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FIGURE 14. FOM, sheet resistance, and average transmittance of visible
light (380–780 nm) for AZO thin films fabricated on sapphire substrates
using powder targets of different bulk densities.

to determine the optimum bulk density of the powder target.
As the bulk density increased, the average visible light trans-
mission decreased from 93.7 to 87.5%. This is due to the film
thickness effect and increased scattering, reflection, and light
absorption as the film thickness increases [44], [45]. The FOM
values significantly increase from 0.112×10–3 to 6.37×10–3

�–1 because of the decrease in Rs. This indicates that the Rs of
AZO films strongly affects the FOM value, although the TVIS

slightly decreases [46]. An optimum FOM value of 6.37×10–3

�–1 has been obtained for AZO thin films prepared using
powder targets with a bulk density of 3.00 g/cm3. This value
is comparable to or higher than those reported in other studies
[47], [48], [49]. Therefore, the AZO thin films prepared in this
study are suitable for optoelectronic device applications.

V. CONCLUSION
Compared with solids, powders involve a larger number
of available elements, a greater number of elemental com-
binations, and more precise control of composition ratios.
Therefore, more unknown multicomponent targets can be
applied to the sputtering method more easily using powder
targets, which is effective for the development of new func-
tional materials. In this study, the author fabricated thin films
by sputtering using powder targets with different bulk densi-
ties. This was achieved by considering that the bulk density
changes depending on the pressing pressure during the pow-
der target fabrication process. As a result, all the fabricated
AZO thin films showed crystal growth in the ZnO (002) plane,
perpendicular to the substrate. The lowest resistivity and high-
est carrier density and mobilities were obtained when the bulk
density of the powder target was highest, 3.00 g/cm3. For
these conditions, the optimal resistivity, carrier density, and
Hall mobility were 1.35 × 10−3 �·cm, 2.76 × 1020 cm−3, and
28.4 cm2/Vs, respectively. The optical band gap value of 3.38
eV was the highest when the bulk density was 3.00 g/cm3.

These properties are comparable to those of solid targets,
demonstrating that powder targets can be used for sputtering
in practical applications.

Notably, the results suggest that the difference in bulk den-
sity is related to the flatness of the powder target surface and
the behavior of the sputtered particles changes depending on
where the Ar ions enter the surface irregularities. The author
also investigated the porosity of the powder target by measur-
ing the ratio of the bulk density of the powder target to the
theoretical solid density, but the results were not sufficiently
accurate. In the future, we will investigate the effects of the
surface morphology and porosity of the powder target on the
sputtering performance and deposited film properties.
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