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Advanced green energy nanomaterials in the applied science
fields have received increasing attentions because of their
unique physical and chemical properties. Their dominant
roles are established in our science and society and their
applications penetrate into our daily life and the influence
impact is significant. This special issue aims at identifying
the current status and anticipating future directions in this
emerging field via fusions of civil engineering, environmental
science, chemistry, and materials science and antiecotoxic
technologies. With the unique structures and novel prop-
erties of the nanomaterials, the applications cover a wide
range of key components or products, such as light-emitting
diodes (LED), solar cell devices, nanocomposites, optical
materials, functional materials, and other related advanced
nanomaterials.

Five research articles were accepted in this special issue,
including papers on synthesis of functional nanomateri-
als and analysis, synthesis of nitride for LEDs, optimized
TTP processes to CNT-based materials, and nanocrystalline
nitrides growth. For synthesis of nanomaterials, the papers
indicated that the properties of the nanocrystalline TiZrN
thin films changed with nitrogen flow rate above 1.0 sccm
because the films contained a stable single phase (TiZrN).

For thin films growth, the papers are about the thin films
and their physical properties. One tried to describe howAZO

films can be used as the transparent conducting oxide thin
films. In addition, ZnO thin films were deposited by CVAD at
room temperature for flexible devices. For the optoelectronic
performance of GaN-based light-emitting diodes devices,
fabrication of FTP-PSSs is helpful in improving the crystal
quality of GaN epilayer.

We hope that this special issue provides the readers with
an overview of the recent progress achieved and the future
developing directions in the advanced green energy nanoma-
terials synthesis technology. This special issue will be a valu-
able reference and a perspective for the research community
working in this exciting field and can inspire more engineers
and scientists.

Wei-Chun Chen
Shou-Yi Kuo

Ying-Lung Daniel Ho
Kaushik Balakrishnan

Wei-Heng Shih
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Cathodic vacuum arc deposition (CVAD) can obtain a good quality thin film with a low growth temperature and a high deposition
rate, thusmatching the requirement of filmdeposition on flexible electronics.This paper reported the room-temperature deposition
of zinc oxide (ZnO) thin films deposited by CVAD on polyethylene terephthalate (PET) substrate. Microstructure, optical, and
electrical measurements of the deposited ZnO thin films were investigated with various O

2
/Ar gas flow ratios from 6 : 1 to 10 : 1.The

films showed hexagonal wurtzite crystal structure. With increasing the O
2
/Ar gas flow ratios, the 𝑐-axis (002) oriented intensity

decreased.The crystal sizes were around 16.03 nm to 23.42 nm.The average transmittance values in the visible range of all deposited
ZnO films were higher than 83% and the calculated band gaps from the absorption data were found to be around 3.1 to 3.2 eV. The
resistivity had a minimum value in the 3.65 × 10−3Ω⋅cm under the O

2
/Ar gas flow ratio of 8 : 1. The luminescence mechanisms of

the deposited film were also investigated to understand the defect types of room-temperature grown ZnO films.

1. Introduction

During the last few decades, flexible electronics such as thin-
film transistors, solar cells, and light-emitting diodes have
been studied intensively owing to their advantages of light
weight and low cost over present rigid electronics [1]. Trans-
parent conductive oxide (TCO) thin film is usually an impor-
tant role to obtain the required performances of such flexible
electronic devices. Typically, indium tin oxide (ITO), tin
dioxide (SnO

2
), and zinc oxide (ZnO) aremost popular trans-

parent conductive thin films [2]. Moreover, the high polymer
flexible substrate, such as polyethylene terephthalate (PET),
polycarbonate (PC), polyethersulfone (PES), polyethylene
naphthalate (PEN), or polyimide (PI) [3–5] are commonly
used for the above flexible applications. However, deposition
of such TCO films on the plastic substrates requires a low-
temperature technique since most of polymer substrates

could not be used above 200∘C. Thus, low temperature
deposition becomes the most important issue for growing
high quality TCO films on flexible polymer substrates [1].

In the past, many techniques were used to obtain high
quality TCO thin film, such as physical vapor deposition
and chemical vapor deposition [6]. In the above techniques,
cathodic vacuum arc deposition (CVAD) method has many
advantages, such as high degree of ionization in the plasma
(80∼100%) and high ion energy (50∼150 eV) [7–13].Therefore
it can achieve good quality dense coating with a low growth
temperature and a high deposition rate (∼10 nm/s) [9]. In
addition, ZnO film is a well-known II–VI compound semi-
conducting material with excellent optical, electrical, and
piezoelectric properties [2]. Moreover, ZnO film has some
advantages such as nontoxicity, wide band gap (3.3 eV), high
thermal energy at 300K (26meV), and an excition binding
energy of 60meV. ZnO has a high transmittance in the visible

Hindawi Publishing Corporation
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spectrum and a low electrical resistivity under the relative
low-temperature deposition [1]. Therefore, it is desired to
grow high quality ZnO film on plastic substrate at a low
temperature using CVAD system.The deposition parameters
ofCVAD technology typically include gas flow ratio, substrate
temperature, arc current, and bias voltage [9, 10]. In previous
works, ZnO films were successfully deposited onto PET sub-
strates using CVAD technique. Effect of various arc currents
(40, 45, 50, and 55A) [11] and effect of film thicknesses (150,
250, 350, 450, and 550 nm) [12] on microstructure, optical,
and electrical properties were investigated. It is known that
the oxygen flow rate plays an important role in the properties
of the grown ZnO films under different physical vapor
deposition, especially in the electrical property of pure ZnO
film, since the oxygen flow rate normally affects the defect
types of pure ZnO films deposited at a low temperature.
However, there is no report regarding the issue.

In this paper, we reported a detailed investigation on the
effects of various O

2
/Ar gas flow ratios on properties of pure

ZnO films deposited by using CVAD on the PET substrate at
a room temperature and investigated the relation between the
microstructure, optical, and electrical properties by using X-
ray diffraction (XRD), ultraviolet-visible spectroscopy (UV-
VIS), Hall measurement, a four-point probe, and photolumi-
nescence (PL).

2. Experimental Procedure

Figure 1 shows the flow chart of the experiment for this
study. Before deposition, PET substrates with a thickness of
0.1mm were cleaned with isopropyl alcohol and blown dry
with nitrogen.Themetal Zn target with a diameter of 100mm
and purity of 99.99% as a cathode target was held in an
alumina ceramic tube; oxygen and argon gas with high purity
of 99.99% were used as the reactant gas. The PET substrates
were loaded into the CVAD chamber with a substrate-
anode distance of approximately 21 cm, and the chamber
was evacuated to 10−5 Torr by a rotary and diffusion pump
arrangement in the depositions of ZnO films. The system
used a relatively lowDC voltage to trigger and sustain ametal
arc plasma.TheO

2
/Ar gas flow ratios (6 : 1 to 10 : 1) in cathodic

vacuum arc deposition system were experimental variables.
Substrate rotation of 2 r.p.m., discharge current in 80A, and
working pressure in 10−3 Torr were kept constant during
the deposition work. No extra heating was provided to the
depositions of ZnO films; namely, deposition was performed
at room temperature. In the study, Ar was in 20 sccm and O

2

were in 120, 140, 160, 180, and 200 sccm; namely, the O
2
/Ar

gas flow ratios were 6 : 1, 7 : 1, 8 : 1, 9 : 1, and 10 : 1.
For the microstructure characterization, X-ray diffrac-

tion (XRD, BRUKER D8 ADVANCE) equipped with CuK𝛼
radiation of average wavelength 1.5406> was used to specify
the existent phases, the orientation, and the stress of ZnO
thin films. X-ray patterns were taken 2𝜃 between 20∘ and 60∘
and scan speed of 4.5∘/min. For the optical characterization,
UV-VIS spectrometer (Thermo Evolution-300) was used to
measure the optical properties of ZnOfilms in thewavelength
range of 200–800 nm. Moreover, the absorption coefficient
𝛼 could be determined from absorption spectra to further

obtain the optical bandgap of the deposited films. For the
electrical characterization, the four-point probe was acquired
at room temperature to measure the resistivity and Hall mea-
surement was used to determine the carrier concentration
and mobility of the deposited films. Moreover, the photolu-
minescence (PL) spectra measurement (Jasco FP-6600) via
optical excitation by a Xe lamp with an excitation wavelength
of 325 nm was used to measure the defect types of the
deposited films from the PL data acquired in the wavelength
range of 350–800 nm.

3. Result and Discussion

3.1. Microstructure. Figure 2 shows the XRD patterns of the
deposited ZnOfilms onPET substrate with variousO

2
/Ar gas

flow ratios. Since the PET substrate is amorphous, the crystal-
lographic structure of the substrate would not affect the film
crystal orientation [2]. It is clearly observed that the deposited
films show hexagonal wurtzite crystal structure and has a
(002) peak which is close to that of the standard ZnO crystal
(34.45∘), indicating that the film has a preferred orientation
with the 𝑐-axis perpendicular to the substrate [11]. However,
it is observed that with O

2
/Ar gas flow ratio of 6 : 1, a small

broad peak (103) in 62∘ also appeared, showing the deposited
film is polycrystalline. Namely, the grains in the film are not
completely perpendicular to the substrate surface. Typically,
three energy types appeared in the deposited film on a
substrate, such as surface energy of the film and interface
energy between film/substrate and the strain energy in the
film. Among the various low index ZnO planes, the 𝑐-axis
plane has the lowest surface energy. In general, the films are
grown to achieve a minimized total energy [7]. Thus, crystal
orientation of the growing film is formed from a self-ordering
effect because of the minimization of the crystal surface free
energy as well as the interaction between the deposited film
and the substrate [10]. However, if the films are not deposited
under the preferred range of the deposition parameters, 𝑐-axis
orientationwould be deteriorated and other orientations then
appeared [11]. Moreover, the 𝑐-axis (002) oriented intensity
decreases with increasing the O

2
/Ar gas flow ratios from 6 : 1

to 10 : 1.This behavior reveals that with increased oxygen flow
the crystallinity of the deposited ZnOfilms is firstly improved
and then decreased. The appropriate O

2
/Ar gas flow ratio is

required to grow oriented crystalline ZnO film [12].
To further investigate the crystallographic quality, the

film properties obtained from the XRD data are summarized
in Table 1, such as the full width at half maximum (FWHM),
crystallite size (𝐷), crystal lattice constant (𝑐), interplanar dis-
tance (𝑑), and film stress (𝜎).The crystallite sizes of the grown
films are estimated using the Scherrer formula [13]:

𝐷 =

0.9𝜆

𝛽 cos 𝜃
, (1)

where 𝜆 = 1.541> is the wavelength of X-ray, 𝜃 is the angle
between the incomingX-ray and the normal of the diffracting
plane, and 𝛽 is FWHM form the broadening of the (002)
diffraction line. The crystallite sizes are obtained as 17.3 nm,
22.2 nm, 22.8 nm, 23.4 nm, 18.3 nm, and 16.0 with the O

2
/Ar
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Figure 1: The flow chart of fabrication of the research.

Table 1: Material properties of the room-temperature deposited ZnO films on the PET substrate with various O
2
/Ar gas flow ratios.

O
2
/Ar 6 : 1 7 : 1 8 : 1 9 : 1 10 : 1

Intensity of (002) (a.u.) 620 87 87 27 3
2𝜃 (∘) 34.31 34.28 34.28 34.22 34.19
FWHM 0.38 0.37 0.36 0.51 0.526
𝐷 (nm) 22.2 22.8 23.4 16.5 16.0
𝑑 (nm) 0.2615 0.2613 0.2611 0.2612 0.2612
𝑐 (nm) 0.523038 0.522668 0.522299 0.522476 0.5243
𝜎 (Pa) −2.11𝐸 + 09 −1.79𝐸 + 09 −1.47𝐸 + 09 −3.20𝐸 + 09 −3.62𝐸 + 09

(002)

(103)

Arc current: 80A
Thickness: 250nm
Ar gas flow: 20 sccm

7 : 1

8 : 1
9 : 1
10 : 1
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 (a
rb

. u
ni

ts)

40 50 60 70 8030

2𝜃 (degree)

O2 : Ar = 6 :1

Figure 2: The XRD patterns of the room-temperature deposited
ZnO films on the PET substrate with various O

2
/Ar gas flow ratios.

gas flow ratios of 6 : 1, 7 : 1, 8 : 1, 9 : 1, and 10 : 1, respectively.
The crystallite size increases first and then decreases when

the O
2
flow increases. This result may be attributed to the

reasons. First, desired introduction of oxygen in plasma
generates high-energy oxygen neutral atoms and accelerates
grain growth in the deposited films under the O

2
/Ar gas flow

ratios from 6 : 1 to 8 : 1. With more and more oxygen gas
introduction, attack of high-energy neutral oxygen atoms
would increase and then change the surface topology of the
deposited film at the early phase during the film growth,
causing the decrease of the grain aggregation [1, 7].

The 𝑐 value and the 𝑑 value are identified using the Bragg
equation 𝑛𝜆 = 2𝑑 sin 𝜃, where 𝑛 is the order of the diffracted
beam.The calculation of the film stress is based on the biaxial
strain model and the stress in the plane of ZnO film with a
hexagonal crystal structure can be expressed as [2]

𝜎 = 4.5 × 10
11
(

𝐶film − 𝐶bulk
𝐶bulk

) , (2)

where𝐶film and𝐶bulk are the lattice parameters of film and the
strain-free lattice parameter of ZnO thin films, respectively.
The stress is −2.11, −1.79, −1.47, −3.2, and −3.26GPa when the
O
2
/Ar gas flow ratio is 6 : 1, 7 : 1, 8 : 1, 9 : 1, and 10 : 1, respec-

tively. The result indicates the compressive stress in the film
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also decreases first and then increases with increasing O
2
/Ar

flow ratio. The energetic bombardment of the deposited film
is usually compressive because of the atomic peening during
the CVAD process [8].

3.2. Optical Properties. Figure 3 shows transmittance of the
room-temperature deposited ZnO films on the PET substrate
with various O

2
/Ar gas flow ratios.The transmittance of pure

PET substrate is also measured as the data reference. The
average transmittance of PET substrate is in 93.32% in the
visible range.The average transmittances of all the films in the
visible range are over 83%, and the maximum transmittance
is 86.38% as the O

2
/Ar gas flow ratio is 8 : 1. Therefore, the

average transmittances of the ZnO thin films deposited on
the PET substrate were slightly lower than data reference of
PET substrate and it is reasonably concluded that a better
crystallinity reaches a higher transmittance [13].However, the
average transmittances of the ZnO thin films deposited on the
PET still match the transmittance requirement ofmost device
applications.

The absorption spectra are typically used to evaluate the
optical energy band gap of the ZnO film. In the direct transi-
tion semiconductor, the relation between optical absorption
coefficient (𝛼) and the optical energy band gap (Eg) is
expressed as [13]

(𝛼ℎ])2 = 𝐴 (ℎ] − Eg) , (3)

where 𝛼 is estimated from the transmittance data and 𝐴 is
a constant depending on the materials properties. (𝛼ℎ])2 is
a function of ℎ], ℎ is Planck’s constant, and ] is the angular
frequency of the incident photon. Figure 4 shows the plot
of (𝛼ℎ])2 as function of the incident photon energy. The Eg
is obtained from intercept of the extrapolated linear part of
the curve. The optical band gaps of the room-temperature
deposited ZnOfilms on the PET substrate with variousO

2
/Ar

gas flow ratios of 6 : 1, 7 : 1, 8 : 1, 9 : 1, and 10 : 1 are 3.16,
3.17, 3.21, 3.20, and 3.17 eV, respectively. It was reported that
as the O

2
flow rate increased, the subband gap absorption

at wavelengths longer than 400 nm caused by metallic Zn
clusters embedded in the ZnO film would decrease notably
and thus the deposited film became more transparent.

3.3. Electrical Properties. Figure 5 shows the electrical resis-
tivity (𝜌), Hall mobility (𝜇), and carrier concentration (𝑛)
of the deposited ZnO films. The Hall mobility (𝜇) is in the
range from 3 to 4 cm2/s⋅V and increases slightly and then
decreases with increasing O

2
/Ar gas flow ratios. The trend

of the Hall mobility (𝜇) is similar to the crystal size. The
different O

2
/Ar gas flow ratios affect crystal size and thus

affect the electrical properties. It is suggested that carriers
are scattered essentially by grain boundaries as well as the
intrinsic defects in an undoped film, and thus increase of
crystal size would reduce the boundary and then reduce the
carrier scattering, thus improving the Hall mobility (𝜇) [11].
The carrier concentration (𝑛) also increases first and then
decreases with increasing O

2
/Ar gas flow ratios, indicating

that the carrier concentration in the ZnO film can be tuned
by adjusting the O

2
flow rate during the deposition. All
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Figure 3: Transmittance of the room-temperature deposited ZnO
films on the PET substrate with various O

2
/Ar gas flow ratios.

6 : 1 (3.16 eV)
7 : 1 (3.17 eV)
8 : 1 (3.21 eV)

9 : 1 (3.20 eV)
10 : 1 (3.17 eV)

3.00 3.25 3.50 3.752.75

Energy (eV)

Discharge current: 80A
Thickness: 250nm
Ar gas flow: 20 sccm

0

1

2

3

(𝛼
h
])
2
×
10

10
(e

V
/c

m
)2

Gas flow ratio (O2 : Ar):

Figure 4: Absorption spectra of the room-temperature deposited
ZnO films on the PET substrate with various O

2
/Ar gas flow ratios.

the deposited films are shown as n-type conduction. The
resistivity has a minimum value in the 3.65 × 10−3Ω⋅cm, with
amobility of 4.8 cm2/V⋅s and a carrier concentration of 5.89×
1020 cm−3 under the O

2
/Ar gas flow ratio of 8 : 1.

To consider the applications of the deposited thin films,
the sheet resistance shall be known first. The sheet resistance
is calculated by using the measured resistivity and the film
thickness. Since all the film thickness is around 250 nm, the
sheet resistivities of the deposited ZnO films are about 146 to
200Ω/◻. It is suggested that the deposited ZnO thin films on
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Figure 5: The resistivity (𝜌), mobility (𝜇), and concentration (𝑛) of
the room-temperature deposited ZnO films on the PET substrate
with various O

2
/Ar gas flow ratios.

PET substrate are considered to be suitable for the use of the
flexible resistive touch penal. Moreover, if the ZnO thin films
want to be used in the former electrode of solar cells, the sheet
resistivities of the deposited ZnO films shall be lower since
the lower sheet resistivities make lower series resistance, thus
improving the output short current of the solar cell.

3.4. Defect Types. Figure 6 displays PL spectra of the ZnO
thin films as functions of various O

2
/Ar gas flow ratios. The

result shows an obvious near ultraviolet (UV) emission peak
from 380 nm to 450 nm, a broad blue-green emission peak
from 450 nm to 570 nm, and a weak red emission peak from
750 nm to 800 nm. The intensity of the luminescent band is
varied with the O

2
/Ar gas flow ratios and has strongest UV

emission intensity when O
2
/Ar gas flow ratio is 8 : 1.

It is known that the oxygen flow rate typically affects the
defect types of pureZnOfilmsdeposited at a low temperature.
Figure 7 shows typical PL spectra of the deposited ZnO thin
filmwithO

2
/Ar gas flow ratio of 8 : 1 and its Gaussian fit band.

The peaks of five main Gaussian fit bands are at 387, 411, 451,
550, and 775 nm.

The near UV emission at approximately 387 nm typically
resulted from an exciton transition related near band edge
emission (NBE) of the wide band gap ZnO [1, 14]. The other
visible peaks are generally correlated to the luminescence of
defects. The blue-green emission mainly resulted from oxy-
gen vacancies (𝑉O), zinc vacancies (𝑉Zn), oxygen interstitials
(O
𝑖
), zinc interstitials (Zn

𝑖
), and oxygen displacement zinc

[2].The emission at 411 nm (e.g., 3.01 eV) in the blue emission
is due to the defects from zinc interstitial (Zn

𝑖
) in the ZnO

film [15]. It was reported that the formation of zinc interstitial
in the ZnO film resulted from the energetic zinc particles
in the cathodic plasma and low substrate temperature [6].
The optical energy for the emission at 451 nm (e.g., 2.79 eV)
is close to the energy interval (2.65 eV) between the level
of the zinc interstitial (Zn

𝑖
) and the level of zinc vacancy

(𝑉Zn) [15]. Moreover, the luminescence mechanisms of other
defect emissions at 550 nm (e.g., 2.25 eVm) and at 775 nm
(e.g., 1.6 eV) in the red emission may result from the defects
of oxygen interstitial (O

𝑖
) and oxygen vacancy (𝑉O) in the

ZnO film, respectively [1, 14]. It is verified that the conductive
property of the pure ZnO film is attributed to the intrinsic
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Figure 6: PL spectra of the room-temperature deposited ZnO films
on the PET substrate with various O

2
/Ar gas flow ratios.
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Figure 7: Typical PL spectra of the deposited ZnO thin film with
O
2
/Ar gas flow ratio of 8 : 1 and its Gaussian fit band.

defects such as oxygen vacancy (𝑉O) and zinc interstitial
(Zn
𝑖
), resulting in the origin of deep-level-emission (DLE)

band [7].

4. Conclusion

We have deposited pure ZnO thin film on PET substrate
using the CVAD system at different O

2
/Ar gas flow ratios at a

room temperature. The crystalline as well as crystal sizes are
increased with adjusting O

2
/Ar gas flow ratio in the optimum

value of 8 : 1.Themobility and carrier concentration increased
with O

2
/Ar gas flow ratios and dominated by the grain

boundary scattering due to the increased crystal size. The
average transmittance values in the visible range of the
deposited ZnO films were all higher than 83% and the
calculated band gaps from the absorption data were found



6 Journal of Nanomaterials

to be around 3.1 to 3.2 eV. The conductive property of the
deposited ZnO film resulted from the origin of deep-level-
emission (DLE) band, attributed to the intrinsic defects
such as oxygen vacancy (𝑉O) and zinc interstitial (Zn

𝑖
), and

showed aminimumvalue in 3.65× 10−3Ω⋅cm,with amobility
of 4.8 cm2/V⋅s and a carrier concentration of 5.89 × 1020 cm−3
under the O

2
/Ar gas flow ratio of 8 : 1. For the future work,

the mechanical properties of the CVAD ZnO films shall be
investigated to verify the usability on the flexible electronics.
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The flat-top pyramid patterned sapphire substrates (FTP-PSSs) have been prepared for the growth of GaN epilayers and the
fabrication of lateral-type light-emitting diodes (LEDs) with an emission wavelength of approximately 470 nm. Three kinds of
FTP-PSSs, which were denoted as FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C, respectively, were formed through the sequential wet
etching processes. The diameters of circle areas on the top regions of these three FTP-PSSs were 1, 2, and 3 𝜇m, respectively. Based
on the X-ray diffraction results, the full-width at half-maximum values of rocking curves at (002) plane for the GaN epilayers grown
on conventional sapphire substrate (CSS), FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C were 412, 238, 346, and 357 arcsec, while these
values at (102) plane were 593, 327, 352, and 372 arcsec, respectively. The SpeCLED-Ratro simulation results reveal that the LED
prepared on FTP-PSS-A has the highest light extraction efficiency than that of the other devices. At an injection current of 350mA,
the output powers of LEDs fabricated on CSS, FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C were 157, 254, 241, and 233mW, respectively.
The results indicate that both the crystal quality of GaN epilayer and the light extraction of LED can be improved via the use of
FTP-PSS, especially for the FTP-PSS-A.

1. Introduction

Recently, GaN-basedmaterials have received a lot of attention
for many optoelectronic applications consisting of light-
emitting diodes (LEDs), laser diodes, and high-power devices
[1–3]. Because the price of bulk GaN substrate is very high,
the GaN-based epilayers should be prepared on foreign
substrates, such as sapphire and silicon carbide. At present,
sapphire is the most common substrate for the epitaxial
growth of GaN-based LEDs. However, owing to the large
mismatch in lattice constant between GaN and sapphire,
a large number of threading dislocations (TDs) generated
during the epitaxial growth process would lead to a serious

degradation of the GaN crystal quality. For the fabrication of
GaN-based LEDs, the deterioration of epitaxial quality will
obviously limit their optoelectronic performances including
internal quantum efficiency (IQE), electron mobility, and
device lifetime.

Thus, to reduce the TD density of GaN epitaxial film, sev-
eral techniques have been presented [4–6]. Among these
techniques, the epitaxial lateral overgrowth (ELOG) employ-
ing the stripe-mask patterns on the GaN epilayer is a useful
method to obstruct the propagation of TDs efficiently, result-
ing in a significant reduction of TD density [4]. Nevertheless,
when the ELOG is performed, the growth interruption
caused by the mask deposition is inevitable. Additionally,
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Figure 1: Fabrication processes of FTP-PSS: (a) growth of a SiO
2
layer on the c-plane sapphire by PECVD, (b) preparation of a thick PR on

the SiO
2
layer by spin-coating, (c) performing the photolithography technique to open the PRmask, (d) formation of the round-shaped SiO

2

layer via the buffered oxide etching and removal of the PRmask, (e) wet etching to the sapphire substrate using a mixed H
2
SO
4
: H
3
PO
4
(3 : 1)

solution at 250∘C for 30min, and (f) removal of the SiO
2
mask layer using a HF solution.

the formation of mask could also induce the impurity con-
tamination in the subsequent epilayers. To overcome these
mask-related drawbacks, the mask-free patterned sapphire
substrate (PSS) technology has been proposed and becomes
very promising for the growth of high-quality GaN epilayer
[7–10]. Except for the improvement in the IQE, the use of PSS
also can increase the light extraction efficiency (LEE) of LEDs
due to the nonplanar interface between sapphire and GaN.

In previous researches, the InGaN/GaN film with high
crystal quality can be achieved using metalorganic chemical
vapor deposition (MOCVD) on the flat-top pyramidal PSS
(FTP-PSS) [8–10]. These researches confirm that the FTP-
PSSs are indeed helpful to enhance the performance of LEDs.
However, the influence of pattern size of the FTP-PSS on
the device characteristics is seldom studied. In our work,
three FTP-PSSs were fabricated to serve as the substrates for
the growth of GaN-based epitaxial structures. In these three
FTP-PSSs, the heights of patterns are equal to each other.
Meanwhile, the diameters of circle areas on both the top and
the bottom regions of the flat-top pyramidal patterns in these
FTP-PSSs are modified. The effect of the flat-top region area
of FTP-PSS on the device performance was investigated.

2. Experimental

The fabrications of PSSs with the flat-top pyramid patterns
were completed through the wet etching processes sequen-
tially, as described in Figure 1. As shown in Figure 1(a), the
SiO
2
layer with a thickness of 250 nm was firstly prepared

on the c-plane sapphire by plasma enhanced chemical vapor
deposition (PECVD). Then, a thick photoresist (PR) was
grown on the SiO

2
layer as a mask by spin-coating (Fig-

ure 1(b)). To open the PR mask, the photolithography
technique was performed on the PR layer (Figure 1(c)). In

Figure 1(d), the round-shaped SiO
2
layer was prepared using

a buffered oxide etch (BOE) solution to serve as amask for the
fabrication of PSS, and the PR mask was removed. As shown
in Figure 1(e), the sapphire substrate with the SiO

2
mask was

etched using a mixed H
2
SO
4
: H
3
PO
4
(3 : 1) solution at 250∘C

for 30min. In this research, three different diameters (1, 2,
and 3 𝜇m) of round shape were designed for the SiO

2
mask

layers. Thus, after removing the SiO
2
mask layer using a HF

solution (Figure 1(f)), the FTP-PSSs with three different top-
region areas can be formed.

Except for the FTP-PSSs used to fabricate the LEDs,
the LED on the conventional sapphire substrate (CSS) was
also prepared as the contrasted sample. The LED epitaxial
structures grown on FTP-PSSs and CSS were performed by
low-pressure MOCVD at the same growth conditions. The
LED epitaxial structure consisted of a 3 𝜇m thick undoped
GaN (u-GaN) layer, a 2𝜇m thick n-type GaN:Si layer, 11
periods of InGaN/GaN multiple quantum wells (MQW), a
100 nm thick p-type AlGaN layer, and a 0.2 𝜇m thick p-type
GaN:Mg layer. At the beginning of epitaxial growth, it is
noted that a 30 nm thick GaN buffer layer was prepared at
low temperature (530∘C), and then a 3 𝜇m thick u-GaN layer
was deposited at high temperature (1150∘C). After growing
these epilayers, the device processes for lateral-type LED
were carried out subsequently. Firstly, a mesa pattern with
the size of 45mil × 45mil was defined and prepared via the
standard photolithography and dry etching processes. Then,
the ITO film was grown on the p-type GaN layer to serve as a
transparent conducting layer. The ITO film was deposited by
E-beam evaporation at 270∘C, and its thickness was 200 nm.
Finally, the Ti/Al/Ti/Au (15/2000/25/60 nm) metal layers
grown on the sample by thermal evaporation were adopted
as both n-pad and p-pad electrodes. These LEDs all possess
the emission wavelength approximately 470 nm.
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Figure 2: Cross-sectional SEM image of (a) FTP-PSS-A, (b) FTP-PSS-B, and (c) FTP-PSS-C. Top-view SEM images of (d) FTP-PSS-A, (e)
FTP-PSS-B, and (f) FTP-PSS-C.

Crystal quality of the u-GaN epilayer was determined
by X-ray diffraction (XRD, Philips X’Pert MRD). Here, the
analyses of (002) and (102) planes for the u-GaN epilayer were
both performed.The surfacemorphology of the FTP-PSSwas
observed by scanning electronmicroscopy (SEM, JEOL JSM-
7001F). Current-voltage (𝐼-𝑉) characteristics of these LEDs
were investigated by a semiconductor parameter analyzer
(Keithley, 2400 SourceMeter), and the output powers were
measured with a calibrated integrating sphere. To quanti-
tatively characterize the light extraction efficiency of LEDs
on these sapphires, the simulation of photon trajectory was
performed by SpeCLED-Ratro software (commercial light-
simulation software based on geometrical optics).

3. Results and Discussion

As mentioned above, during the fabrication process of FTP-
PSSs, three SiO

2
mask layers with various diameters of 1, 2,

and 3 𝜇m of round shape were prepared. Then, three various
FTP-PSSs, that were denoted as FTP-PSS-A, FTP-PSS-B, and
FTP-PSS-C, respectively, were formed via the sequential wet
etching processes. Figures 2(a), 2(b), and 2(c) show the
cross-sectional SEM images of FTP-PSS-A, FTP-PSS-B, and
FTP-PSS-C, respectively. We can observe that the heights of
patterns of these three FTP-PSSs were all fixed at 1.4 𝜇m.
Figures 2(d) and 2(e) show the top-view SEM images of
these three FTP-PSSs, respectively. The diameters of circle
areas on the top and bottom regions of FTP-PSS-A, FTP-PSS-
B, and FTP-PSS-C were 1 and 2.4 𝜇m, 2 and 3.8 𝜇m, and 3
and 5.2 𝜇m, respectively. Meanwhile, the distances between
patterns of these three FTP-PSSs were 0.85, 0.85, and 0.75 𝜇m,

respectively. Obviously, the area of flat-top region for these
three FTP-PSSs decreased in the following order: FTP-PSS-C
> FTP-PSS-B > FTP-PSS-A.This indicates that the FTP-PSS-
Chas the largest c-plane area of flat-top region,while the FTP-
PSS-A possesses the smallest one among these three samples.

The crystal qualities of the u-GaN epilayers grown onCSS
and FTP-PSSs were estimated by measuring the full-width
at half-maximum (FWHM) values derived from the XRD
rocking curves. The XRD rocking curves obtained for the
symmetric GaN(002) plane and the asymmetric GaN(102)
plane of these four samples are presented in Figures 3(a) and
3(b), respectively. By growing the u-GaN epilayer on the CSS,
the FWHM value at the (002) plane was 412 arcsec, while the
FWHM value at the (102) plane was 593 arcsec. Noted that
the FWHMs at (002) and (102) of CSS have a little large as
compared with those of previously reports [11, 12]. It is well
know that the crystal quality of the epilayer is dependent on
the MOCVD system. In this study, the growth parameters of
CSS have been optimized. On the other hand, the FWHM
values at the (002) plane for the u-GaN epilayers grown on
FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C were 238, 346, and
357 arcsec, respectively. Additionally, the FWHM values at
the (102) plane for the u-GaN epilayers prepared on these
three FTP-PSSs were measured to be 327, 352, and 372 arcsec,
respectively. It is well known that crystal quality of the
(002) plane was influenced by screw and mixed dislocations,
while the crystal quality of (102) plane was influenced by
edge, screw, and mixed dislocations [13]. It is clear that the
crystallinity of u-GaN epilayer grown on the FTP-PSS is
much higher than that on the CSS. This can be attributed
to the reduction in the dislocation density of GaN epilayer
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Figure 3: XRD rocking curves obtained for (a) the symmetric GaN(002) plane and (b) the asymmetric GaN(102) plane of GaN epilayers
grown on CSS and various FTP-PSSs.

grown on the FTP-PSS.Obviously, the fabrication of FTP-PSS
is useful to enhance the crystal quality of GaN epilayer.

Except for the XRD FWHM value, the evaluation of dis-
location density also can be used to analyze the crystal quality
of u-GaN epilayer. The TD characteristics in u-GaN films
on CSS and FTP-PSSs were investigated by etch-pit-density
(EPD) measurements. The etching process was performed
by soaking the samples into the H

2
SO
4
: H
3
PO
4
(3 : 1) mixed

solution at 250∘C for 10min. Figures 4(a), 4(b), 4(c), and 4(d)
display the SEM images for the TDs of u-GaN epilayers on
CSS, FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C, respectively.
It can be found that the EPDs of these four samples were
estimated to be 3.25 × 107, 1.39 × 106, 2.31 × 106, and 5.17 ×
106 cm−2, respectively. Asmarked in Figures 4(a) and 4(b), the
feature of the screw dislocation is a well-defined hexagonal
shape with a large black core, while the mixed dislocation has
an unclear hexagonal shape with a small black core. Besides,
the edge dislocation shows an unclear polygon [12, 14]. It was
obvious that three various types of TDs all can be identified in
the GaN epilayer on the CSS (Figure 4(a)). After growing the
GaN epilayer on the FTP-PSS, the formation of these three
types of TDs reduced efficiently. Moreover, the suppressions
of screw and mixed TDs are more obvious than that of edge
TDs. Based on XRD and EPD results, the dislocation density
of GaN epilayer on the FTP-PSS can be decreased apparently
as compared with that on CSS. As the FTP-PSSs were used,
the GaN growth could primarily occur in the bottom and
flat-top regions (they are both c-plane), and the epitaxial
lateral overgrowth generated to merge the GaN films [15, 16],
resulting in the decrease in the dislocation density.

Figures 5(a)–5(c) display the schematics of initial GaN
growth modes on FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C,
respectively [17]. As discussed in Figure 2, the FTP-PSS-C
possessed a largest pattern size, while the FTP-PSS-A had
a smallest pattern size. Moreover, the distances between

patterns of these three FTP-PSSs were similar to each other.
These reveal that the number of patterns per unit area reduced
in the following order: FTP-PSS-A > FTP-PSS-B > FTP-PSS-
C. In other words, the area of inclined region in these three
PSSs per unit area also decreased in the following order: FTP-
PSS-A > FTP-PSS-B > FTP-PSS-C. As described above, a
30 nm thick GaN buffer layer was grown at 530∘C, and then
the growth temperature was increased to 1150∘C. During the
heating process, the thin GaN film was gradually transferred
to GaN grains. When the subsequent growth was performed
at high temperature (1150∘C), the GaN epilayer was easily
deposited from these GaN grains. Because the FTP-PSS-A
possessed the largest area of inclined region (per unit area)
compared to that of the other two PSSs, the GaN grains
were easily formed in the inclined regions during the heating
process. Therefore, the GaN epilayer was easily grown on the
inclined regions compared to the bottom c-plane regions, as
shown in Figure 5(a). However, as shown in Figures 5(b) and
5(c), when the area of inclined region (per unit area) became
smaller in FTP-PSS-B andFTP-PSS-C, the initial GaNgrowth
was gradually transferred toGaNon c-plane regionmode.On
the other hand, in the initial growth, the GaN epilayer was
also formed on the flat-top region of PSS. Since the FTP-PSS-
C had the largest flat-top region area, the GaN film was easily
grown on its flat-top regions. On the contrary, the GaN film
was more difficultly formed on the flat-top regions of FTP-
PSS-A.

The schematics of dislocation behaviors in the GaN
epilayers grown on FTP-PSS-A, FTP-PSS-B, and FTP-PSS-
C were shown in Figures 5(d)–5(f), respectively [17]. As dis-
cussed above, the heights of patterns for these three FTP-PSSs
were the same. Meanwhile, the distances between patterns in
these three FTP-PSSs were similar to each other. Therefore,
the difference in the crystal quality ofGaN epilayers grown on
FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C could be influenced



Journal of Nanomaterials 5

Edge

Screw Mixed

3.25 × 107 cm−2

(a)

Edge

1.39 × 106 cm−2

(b)

2.31 × 106 cm−2

(c)

5.17 × 106 cm−2

(d)

Figure 4: SEM images of u-GaN epilayers grown on (a) CSS, (b) FTP-PSS-A, (c) FTP-PSS-B, and (d) FTP-PSS-C after soaking the samples
into the H

2
SO
4
: H
3
PO
4
(3 : 1) mixed solution at 250∘C for 10min.

Sapphire

u-GaN

(a)

Sapphire

u-GaN

(b)

Sapphire

u-GaN

(c)

Sapphire

u-GaN

n-GaN

(d)

Sapphire

u-GaN

n-GaN

(e)

Sapphire

u-GaN

n-GaN

(f)

Figure 5: Schematic illustrations of the initial GaN growth modes on (a) FTP-PSS-A, (b) FTP-PSS-B, and (c) FTP-PSS-C. Schematic of the
evolutions of dislocation behaviors in the GaN epilayers grown on (d) FTP-PSS-A, (e) FTP-PSS-B, and (f) FTP-PSS-C.

by the flat-top region area. Because the FTP-PSS-A possesses
the smallest c-plane area of flat-top region, the number of
dislocations formed at the initial stage is the least, causing the
highest crystal quality of GaN epilayer grown on this PSS. On
the contrary, due to the largest c-plane area of flat-top region
formed in the FTP-PSS-C, the GaN epilayer prepared on this

PSS has a relatively low crystal quality as compared with that
on the other PSSs.

Figure 6 shows the SpeCLED-Ratro simulation results
for the LEDs. During the simulation, a 350mW power was
used to emit randomly from the MQW region. As shown in
Figure 6(a), the simulated output power and LEE of the LED
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Figure 6: SpeCLED-Ratro simulation results for the LEDs fabricated on (a) CSS, (b) FTP-PSS-A, (c) FTP-PSS-B, and (d) FTP-PSS-C.

on CSS were 153mW and 23.2%, respectively. The simulation
results for the LEDs prepared on various FTP-PSSs are shown
in Figures 6(b)–6(d). We can observe that the simulated
output powers of LEDs on FTP-PSS-A, FTP-PSS-B, and FTP-
PSS-C were increased to 246, 232, and 215mW; meanwhile,
the simulated LEEs of these LEDs were enhanced to 32.0%,
30.9%, and 29.9%, respectively. The results present that the
LED prepared on the FTP-PSS-A possesses the highest LEE
than that of the other samples.

Figure 7 displays the 𝐼-𝑉 characteristics of the LEDs
fabricated on CSS, FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C.
Although the forward voltages of these four devicesmeasured
at the whole injection currents (0–1050mA) are similar to
each other, there is a slight difference in the forward voltages
of LEDs fabricated on CSS and FTP-PSSs. At an injection
current of 350mA, the forward voltages of the LEDs prepared
on the CSS, FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C are
measured to be 3.27, 3.22, 3.25, and 3.27V, respectively.
Further increasing the injection current to 1050mA, the
forward voltages of these four devices were 4.30, 4.19, 4.26,

and 4.28V, respectively.This indicates that the crystal quality
of GaN epilayer also affects the 𝐼-𝑉 characteristic of LED.
Apparently, the higher the crystal quality is obtained in the
GaN epilayer, the lower the forward voltage can be achieved
in the LED.

Figure 8 shows the light output powers as a function of
injection current for these four LED samples fabricated on
the CSS and various FTP-PSSs. The light emission images
(at 20mA) of these four LEDs are shown in the inset.
Obviously, the light emission intensity of LED on FTP-PSS
is much higher than that on CSS. The output powers (at
350mA) of LEDs prepared on CSS, FTP-PSS-A, FTP-PSS-B,
and FTP-PSS-C were 157, 254, 241, and 233mW, respectively.
In comparison to the LED on CSS, there are 61.8%, 53.5%,
and 48.4% enhancements in the output power (at 350mA)
for the devices on FTP-PSS-A, FTP-PSS-B, and FTP-PSS-
C, respectively. As the injection current was increased to
1050mA, the output powers of these four LEDs were 371,
581, 543, and 505mW, respectively. Based on the above-
mentioned results, the use of FTP-PSS can both enhance the
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Figure 8: Light output powers as a function of injection current for
the LEDs fabricated on CSS and various FTP-PSSs.

epilayer quality and increase the light extraction of LED. In
particular, for the LED fabricated on FTP-PSS-A, it reveals
that this device has better optoelectronic performances.

4. Conclusion

In summary, by performing the sequential wet etching pro-
cesses, the FTP-PSSs have been prepared for the fabrication
of GaN-based blue LEDs.The influence of the flat-top region
area of FTP-PSS on the LED performancewas analyzed. After
fabricating the LEDs on FTP-PSSs, the optoelectronic perfor-
mance of device was enhanced remarkably as compared with
that prepared on CSS. Particularly, for the use of FTP-PSS-A,
the crystal quality of GaN epilayer and the light extraction in
the LED were both improved most obviously. At an injection

current of 350mA, the output power of LEDs prepared on
CSS was measured to be 157mW. Additionally, as the LEDs
fabricated on FTP-PSS-A, FTP-PSS-B, and FTP-PSS-C, the
output powers (at 350mA) were increased to 254, 241, and
233mW, respectively. Compared with the LED on CSS, there
is 61.8% increment in the output power (at 350mA) for the
devices on FTP-PSS-A.
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The off-axis sputtering technique was used to deposit Al-doped ZnO (AZO) films on glass substrates at room temperature. For the
illustration of the sample position in the sputtering chamber, the value of 𝑅/𝑟 is introduced. Here, 𝑟 is the radius of AZO target and
R is the distance between the sample and the center of substrate holder. A systematic study for the effect of deposition parameters
on structural, optical, and electrical properties of AZO films has been investigated in detail. As the sample position of 𝑅/𝑟 is fixed
at 1.8, it is found that the as-deposited AZO film has relatively low resistivity of 2.67 × 10−3Ω-cm and high transmittance above
80% in the visible region. Additionally, after rapid thermal annealing (RTA) at 600∘C with N

2

atmosphere, the resistivity of this
AZO film can be further reduced to 1.19 × 10−3Ω-cm.This indicates the AZO films prepared by off-axis magnetron sputtering and
treated via the appropriate RTA process have great potential in optoelectronic applications.

1. Introduction

Recently, transparent conducting oxides (TCOs) are com-
monly used for a wide range of applications consisting
of solar cells, flat panel displays, touch panels, and light-
emitting diodes. Among many TCO materials, ZnO has
gained a lot of attention owing to its advantages including
nontoxicity, low cost, and highly thermal stability [1, 2].
However, regarding to the above-mentioned applications,
the conductivity of ZnO is not good enough and requires
improving. To solve this problem, there have been several
researches focused on the doping into ZnO, and it confirms
that the conductivity of ZnO is indeed enhanced by doping
with various elements such as F, Al, andGa [3–5]. Particularly,
among these ZnO-based materials, Al-doped ZnO (AZO)
thin films have attracted more interest because of their rela-
tively low electrical resistivity and high optical transmittance
[6]. On the other hand, ZnO-based films can be grown
by many deposition techniques consisting of sputtering [7],
evaporation [8], chemical vapor deposition [9], spin coating
[10], sol-gel [11], spray pyrolysis [12], and so on. Among
these methods, sputtering is widely employed because the

deposited films usually possess plenty of advantages, such as
good adhesion, high uniformity in thickness, and high film
density. Nevertheless, the bombardment formed on the film
is a serious drawback of sputtering technique. At present, to
reduce the effect of bombardment during the film deposition,
the off-axis sputtering technique has been proposed [13, 14].

In this study, the off-axis sputtering was used to grow
AZO thin films. In the off-axis sputtering system, the value of
𝑅/𝑟was defined to depict the sample position in the chamber.
By investigating the effect of 𝑅/𝑟 value on the characteristics
of AZO films, a more suitable sample position for the AZO
deposition was obtained. Moreover, the AZO films were
further treated by rapid thermal annealing (RTA). Via the
modifications of the sample position and the annealing con-
ditions, the AZO films prepared with the optimal parameters
can possess better optoelectronic characteristics.

2. Experimental Procedure

In our work, the AZO thin films were deposited by radio
frequency magnetron sputtering on Corning 1737 glass sub-
strates at room temperature. During the deposition process,
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Figure 1: Schematic illustration of the sample position in the
sputtering chamber.

a homemade AZO ceramic target (98wt.% ZnO and 2wt.%
Al
2

O
3

) of 2-inch diameter was used. The vertical distance
between the target and the substrate holder was fixed at 5 cm.
In order to illustrate the sample position, we defined the value
of 𝑅/𝑟 in the sputtering chamber, where 𝑟 is the radius of
AZO target and 𝑅 is the distance between the sample and
the center of substrate holder, as shown in Figure 1. When
the off-axis sputtering technique was used to grow the AZO
films, the substrates were placed at six positions with various
𝑅/𝑟 values of 0.2, 0.6, 1.0, 1.4, 1.8, and 2.2, respectively. By
varying the value of 𝑅/𝑟, the influence of the geometry inside
the chamber on the AZO properties can be realized. As the
base pressure was less than 7.5 × 10−5 Pa, the 60 sccm pure
Ar gas was introduced into the sputtering chamber, and the
working pressure for the AZO growth was kept at 7 × 10−1 Pa.
The sputtering power of AZO target and the deposition time
weremaintained at 100Wand60min, respectively. Except for
the sample position in the chamber, the annealing conditions
including the temperature and the ambient atmosphere also
can be changed to reach better characteristics of AZO films.
In the annealing process, the RTA equipment with a heating
rate of 5∘C/s was used. The as-deposited AZO films were
annealed at various temperatures ranging from 200 to 600∘C
for 1min. In addition, three ambient atmospheres consisting
of air, N

2

, and vacuumwere adopted in the annealing process.
Structural, optical, electrical, and morphological proper-

ties of the AZO films prepared with various parameters were
characterized. The growth orientation of the AZO film was
analyzed by X-ray diffraction (XRD, Philips X’PertMRD).
Scanning electron microscopy (SEM, JEOL JSM-7001F) was
employed to investigate the film’s morphology and thickness.
The electrical properties such as resistivity, mobility, and
carrier concentration of AZO samples were characterized
in Van Der Pauw configuration by a Hall analyzer (Accent
HL5500/5580). The transmittance spectra of AZO films were
measured by an UV-Vis-NIR spectrometer (V-570, JASCO).

3. Results and Discussion

The crystal structures of AZO films deposited on glass
substrates were examined by XRD. Figure 2 shows the results
of XRD 𝜃-2𝜃 scan for AZO films placed at various positions
with 𝑅/𝑟 values of 0.2–2.2, where 2𝜃 is increased from 20∘
to 60∘. It can be observed that there is no diffraction peak
appearing in the XRD pattern for the sample at the position
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Figure 2: XRD patterns of AZO thin films prepared at various
sample positions of 𝑅/𝑟 = 0.2–2.2.

of 𝑅/𝑟 = 0.2, indicating this AZO film possesses amorphous
phase. Moreover, by changing the sample position of 𝑅/𝑟
from 0.6 to 2.2, only the ZnO(002) diffraction peak can
appear in the patterns of these AZO films, which reveals the
𝑐-axis preferred orientation growth is dominated due to the
self-texturing phenomenon [15]. Besides, when the sample
positions of 𝑅/𝑟 were set at 1.0–1.8, the intensity of ZnO(002)
diffraction peak of these AZO films is obviously higher than
that of the others.

Figures 3(a)–3(f) display the plan-view SEM images of the
sputtered AZO samples placed at the positions of 𝑅/𝑟 = 0.2,
0.6, 1.0, 1.4, 1.8, and 2.2, respectively. When the position of
𝑅/𝑟 was fixed at 1.4, it can be seen that the AZO film had the
largest grain size. Based on Scherrer’s formula, the full width
at half maximum (FWHM) of XRD peak is corresponding to
the crystalline grain size [16].This indicates the thin filmwith
the most intense XRD peak possesses the largest grain size.
The results observed in the plan-view SEM images agree well
with those of theXRDpatterns, as shown in Figure 2. Figure 4
shows the cross-sectional SEM images of AZOfilms prepared
by putting the samples at various positions (𝑅/𝑟 = 0.2–2.2).
According to our observation, as the sample positions of
𝑅/𝑟 are kept at 0.2, 0.6, 1.0, 1.4, 1.8, and 2.2, the thicknesses
of AZO films are determined to be 631, 607, 506, 461, 336,
and 263 nm, respectively. This reveals that the AZO film’s
thickness decreases with increasing the 𝑅/𝑟 value. When the
𝑅/𝑟 value is smaller, themoving distance of the ions generated
from a target is relatively shorter, and more atoms can arrive
at the substrate surface. Thus, this AZO film (at the smaller
𝑅/𝑟 value) is relatively thicker. On the contrary, at the larger
𝑅/𝑟 value, the AZO film becomes thinner, resulting from the
arrival of less atoms at the substrate surface.

The transmittance of the AZO thin film was analyzed
by UV-Vis-NIR spectrometer with a wavelength range from
200 to 2500 nm. Figure 5 shows the transmittance spectra of
these AZO films prepared by putting the samples at various
positions (𝑅/𝑟 = 0.2–2.2). It is apparent that all AZO
films exhibit high transmittance in the wavelength range of
400–1200 nm. As the measured wavelength is higher than
1200 nm, the transmittance spectra of these films all present a
decreasing tendency. Even so, the high transmittance above
80% in the visible region still confirms that all AZO films
are potentially useful in plenty of optoelectronic applications.
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(a) 𝑅/𝑟 = 0.2 (b) 𝑅/𝑟 = 0.6

(c) 𝑅/𝑟 = 1.0 (d) 𝑅/𝑟 = 1.4

(e) 𝑅/𝑟 = 1.8 (f) 𝑅/𝑟 = 2.2

Figure 3: Plan-view SEM images of AZO thin films prepared at various sample positions (𝑅/𝑟) of (a) 0.2, (b) 0.6, (c) 1.0, (d) 1.4, (e) 1.8, and
(f) 2.2.

Figure 6 shows the variations in the resistivity, mobility,
and carrier concentration of AZO thin films as a function
of sample position (𝑅/𝑟). When the 𝑅/𝑟 value was set to
0.6, a relatively higher resistivity (3.97Ω-cm) of this AZO
film was measured. By changing the sample position of 𝑅/𝑟
from 0.6 to 1.8, the resistivity of the AZO film gradually
reduced. The lowest resistivity of 2.67 × 10−3Ω-cm can be
achieved in the AZO film as the sample position of 𝑅/𝑟
was set to 1.8. From our observation, the decrease in the
resistivity of AZO films can be mainly attributed to the
increment in the carrier concentration. The other reason for
the decreased resistivity is probably owing to the contribution
of Al interstitial atoms in the AZO film. On the other hand,
as mentioned above, the unwanted bombardment on the
deposited films is a serious disadvantage of the sputtering

technique. The bombardment on ZnO-based films is mainly
owing to the generations of energetic O atoms and O− ions
[17–20]. Tominaga et al. proposed that the bombardment
from energetic O atoms or O− ions was responsible for the
high electrical resistivity of ZnOfilms [18]. Besides,Nguyen et
al. reported that the formation of negative ions from the AZO
target was attributed to the surface ionization, resulting from
the surface absorption of Al atoms on the AZO target surface
[20]. Fortunately, the use of off-axis sputtering technique can
reduce the damage caused by negative-ion bombardment to
the film growth, leading to an improvement in the electrical
conductivity of AZO film. In our research, for the sample at
the position of 𝑅/𝑟 = 1.8, a better electrical conductivity of
AZO film can be achieved, which could also be due to the
most efficient reduction in the negative-ion bombardment
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(a) 𝑅/𝑟 = 0.2 (b) 𝑅/𝑟 = 0.6

(c) 𝑅/𝑟 = 1.0 (d) 𝑅/𝑟 = 1.4

(e) 𝑅/𝑟 = 1.8 (f) 𝑅/𝑟 = 2.2

Figure 4: Cross-sectional SEM images of AZO thin films prepared at various sample positions (𝑅/𝑟) of (a) 0.2, (b) 0.6, (c) 1.0, (d) 1.4, (e) 1.8,
and (f) 2.2.

emitted from the AZO target surface. With further changing
the sample position of 𝑅/𝑟 to 2.2, the resistivity of the AZO
film was slightly increased to 4.54 × 10−3Ω-cm. In addition,
when the samples were placed at the positions of 𝑅/𝑟 = 0.6,
1.0, 1.4, 1.8, and 2.2, the mobility of these AZO films was
measured to be 16.0, 0.1, 3.2, 3.5, and 2.3 cm2/Vs, respectively.
Except for the higher mobility of the AZO sample placed at
the position of 𝑅/𝑟 = 0.6 (16.0 cm2/Vs), the other AZO films
all exhibit the relatively lower mobility of 0.1–3.5 cm2/Vs.
The low mobility of these as-deposited AZO films (sample
positions of 𝑅/𝑟 = 1.0–2.2) can be attributed to the excess
scattering center.

According to the above-mentioned results, the as-
deposited AZO film prepared at the sample position of 𝑅/𝑟 =

1.8 has a lower electrical resistivity in comparison to the
other films. As a result, this AZO film was selected for the
RTA annealing treatment. Figure 7 shows the resistivities
of AZO films (sample position of 𝑅/𝑟 = 1.8) annealed
with various atmospheres consisting of air, N

2

, and vacuum
as a function of annealing temperature. Additionally, the
annealing temperatures of 200, 300, 400, 500, and 600∘Cwere
chosen. For the AZO films annealed in the air atmosphere, a
relatively lower resistivity of 5.87× 10−3Ω-cmwas obtained at
the annealing temperature of 200∘C.However, in comparison
to the resistivity of as-deposited AZO film (as shown in
Figure 6), it indicates that the resistivity cannot be reduced
through the annealing process in the air atmosphere, which
is similar to the result proposed in previous research [21].
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Figure 6: Variations in the resistivity, mobility, and carrier concen-
tration of AZO thin films as a function of sample position (𝑅/𝑟).

Moreover, as the atmospheres of N
2

and vacuum were used
in the annealing processes, the resistivity of the AZO film
can be decreased efficiently, especially for 600∘C annealed
AZO films. The low resistivities of 1.19 × 10−3 and 1.22 ×
10−3Ω-cm are achieved in 600∘C annealed AZO films with
the atmospheres of N

2

and vacuum, respectively. The results
reveal the atmospheres of N

2

and vacuum are more useful
for the improvement in the electrical property of AZO films.
The enhancement in the electrical propertymay be attributed
to the fact that the grain boundaries and the crystal lattice
deficiencies of the AZO film are reduced with increasing
the annealing temperature, leading to an increment in the
mobility of the carriers. Additionally, for the ZnO-based
materials, it is well known that the oxygen vacancies are
mainly responsible for electrons in the conduction band [22].
During the annealing process with the atmosphere of N

2

, it
can be expected that the absorption of oxygen atoms on the
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Figure 7: Resistivities of AZO thin films (sample position of 𝑅/𝑟 =
1.8) annealed with various atmospheres including air, N

2

, and
vacuum as a function of annealing temperature.

film surface would be reduced, leading to an increment of the
oxygen vacancy content.This can explain the better electrical
conductivity of N

2

-annealed AZO films. Based on the results
mentioned above, it indicates the electrical conductivity of
AZO films can be improved by placing the sample far away
from the target, in particular for the sample position of
𝑅/𝑟 = 1.8. Furthermore, after RTA annealing at 600∘C
with the atmosphere of N

2

, the optimal electrical property of
the AZO film can be obtained. This implies the AZO films
deposited by off-axis magnetron sputtering and then treated
by RTA annealing in N

2

atmosphere are highly feasible for
applications in optoelectronic devices.

Actually, good electrical and optical properties of AZO
films deposited by sputtering (this study) also could be
obtained by low-cost chemical solution methods, such as
sol-gel [11] and spray pyrolysis [12]. However, it should be
mentioned that the sputtered AZO films possessed a higher
crystal quality and a smoother surface than those grown by
sol-gel and spray pyrolysis.Moreover, it is well known that the
sputtering technique is highly compatiblewith the fabrication
processes of modern electronic devices.

4. Conclusion

In summary, the AZO thin films were grown by off-axis
radio frequency magnetron sputtering. By changing the
relative position of sample (𝑅/𝑟 = 0.2–2.2), better electrical
conductivity of the AZO film was achieved when the 𝑅/𝑟
value was fixed at 1.8. As the atmospheres of N

2

and vacuum
were used in the RTA annealing processes, the electrical
conductivity of AZO films can be further enhanced. For the
as-deposited AZO film (sample position of 𝑅/𝑟 = 1.8), its
resistivity was measured to be 2.67 × 10−3Ω-cm and can
be further reduced to 1.19 × 10−3Ω-cm after RTA annealing
at 600∘C with the atmosphere of N

2

. Therefore, via the
combination of the off-axis sputtering technique and the RTA
annealing process inN

2

atmosphere, theAZOfilms have high
potential in the optoelectronic applications.
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Industrial companies popularly used the powder coating, classing, and thermal transfer printing (TTP) technique to avoid oxidation
on the metallic surface and stiffened speaker diaphragm. This study developed a TTP technique to fabricate a carbon nanotubes
(CNTs) stiffened speaker diaphragm for thin panel speaker. The self-developed TTP stiffening technique did not require a high
curing temperature that decreased the mechanical property of CNTs. In addition to increasing the stiffness of diaphragm substrate,
this technique alleviated the middle and high frequency attenuation associated with the smoothing sound pressure curve of thin
panel speaker. The advantage of TTP technique is less harmful to the ecology, but it causes thermal residual stresses and some
unstable connections between printed plates. Thus, this study used the numerical analysis software (ANSYS) to analyze the stress
and thermal of work piece which have not delaminated problems in transfer interface. The Taguchi quality engineering method
was applied to identify the optimal manufacturing parameters. Finally, the optimal manufacturing parameters were employed to
fabricate a CNT-based diaphragm, which was then assembled onto a speaker. The result indicated that the CNT-based diaphragm
improved the sound pressure curve smoothness of the speaker, which produced a minimum high frequency dip difference (ΔdB)
value.

1. Introduction

The thermal transfer printing (TTP) technique is coating
materials to combine on the metallic surface in high thermal
environment. This study explores thermal stresses analysis
of coating, to make the coating boundary have a good
combination, especially. The research of thermal conduction
in composite materials is various in the recent years. Ozisik
indicated that the composite structures are formed by two or
more plates; the connection between any two plates tends to
have the problem of thermal resistance [1]. Previous studies
have reported that themagnitude and distribution of thermal
residual stress can be adjusted by selecting the appropriate
material combination and controlling the compositional gra-
dient. Shaw used the multilayer composite plates with differ-
ent materials to form the elastic module and coating them on
different plates and found that different coating thicknesses
will influence the characteristics of thermal residual stresses
[2]. Özel et al. used the finite elèment method (FEM) to

simulate various ceramic materials, which are analyzed by
their thermal stresses under the very high temperature [3].

Current technological products, including speakers, are
mostly lightweight. Speakers have become an integral part of
people’s everyday life and are prevalently applied in a variety
of products such as television, computers, tablet computers,
and mobile phones. To fulfill market demands and customer
needs for thinner panel speakers with excellent sound quality,
problems concerning middle and high frequency attenuation
in thin panel speakers must be resolved. The diaphragm
in thin panel speaker is the key component of a speaker.
The mechanical property of a diaphragm directly influences
crucial acoustic characteristics of the speaker (including the
sound pressure level (SPL) and frequency range).

Typically, the major material of the diaphragm is coarse
paper. However, the lack of stiffness produces unclear sound
at middle and high frequency. Therefore, polyethylene naph-
thalate (PEN) pasted on coarse paper orAl foil pasted on form
materials has been studied to enhance the stiffness. However,
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poor adhesion and overweight problem occur and limit their
application. It is reported that using CNTs as an additive can
enhance the mechanical property of resin [4–6]. Compared
with regular polymer, CNTs have lower expansion coefficient,
which reduces the residual stress in laminated polymer
composites. In addition, CNTs have favorable strength and
stiffness and are capable of changing material properties
such as electrical and thermal conductivity. However, past
studies also have observed that mixing high-concentration
CNTs with epoxy lowers the mechanical strength of the
epoxy, which is primarily attributable to the aggregation of
the CNTs and the formation of hollow pores in the epoxy
[7, 8]. Regardless, the composite coating containing CNTs
and epoxy has not been studied for using as the diaphragm
in thin panel speaker.

In this study, we self-developed a TTP technique to
prepare the diaphragm in thin panel speaker. TTP is a man-
ufacture through which coatings are bonded to the surface
of a transfer material at temperature from 80∘C to 120∘C
[9]. The composite paste of CNTs and epoxy was first roller-
pressed onto a polyethylene naphthalate (PEN) substrate to
reinforce the PEN, after which the backside of the PEN was
coated with hot melt adhesive (HMA). The fabricated TTP
paper (CNTs+epoxy/PEN/HMA) was cut into adequate size
and shape. Next, a TTP machine was used to locally or
fully press TTP paper onto a coarse paper to manufacture
a stiffened speaker diaphragm. Bian and Zhao reported that
Young’s moduli of CNTs decrease when the temperature
of the environment exceeds 200∘C [10]. In our study, the
proposed TTP stiffening technique does not require a high
curing temperature that decreases the mechanical property
of CNTs, and the TTP technique can stiffen a localized
area on a diaphragm substrate, thus increasing diaphragm
stiffness without markedly raising diaphragm weight; hence,
the inherent strength of CNTs was preserved. The resulting
CNT-based diaphragm exhibited increased stiffness, which
improved the bandwidth and sound quality of the speaker,
thereby markedly improving the overall smoothness of the
sound curve. Simultaneously, the weight was reduced and
the adhesion was also improved while using the CNT-
based diaphragm. Besides, in this study, the Taguchi quality
engineeringmethod [11, 12]was used tominimize the number
of experimental trials. The paper is relationship among
the manufacturing parameters including stiffening pattern,
coating direction, transfer area, and transfer temperature
of CNT-based diaphragm which have also been therefore
investigated.

2. Analysis and Experimental Procedure

2.1. Analysis on ANSYS. The finite element method (FEM)
is used in this study by the assistance of ANSYS PLANE-
42 element (Figure 1). PLANE-42 element is used for 2D
modeling for solid structures [13]. The element can be used
either as a plane element or as an axisymmetric element. The
element has plasticity, creep, swelling, stress stiffening, large
deflection, and large strain capabilities. The following steps
are used to construct our model.

Element coordinate
system (shown for
KEYOPT(1) = 1)

K

J

L

I x

y

2

3

1

4

Figure 1: PLANE-42 element of ANSYS [13].

Step 1. Build the solid structure and the finite element model.

Step 2. Apply loads and obtain the solution.

Step 3. Review the stresses.

Step 4. Perform a design for optimization analysis.

Eventually, PLANE-42 element is applying the 2D mod-
ule to approximate the 3D module. It can effectively reduce
the computation time and accurately analyze the stress values.
The element is defined by four nodes having two degrees of
freedom at each node and is translated in the nodal x and y
directions. We can use these data to compute the shift, stress,
and angles.

This study assumes that the stress is maximized along
𝑥-axis. First the element type and the property of material
are defined to establish the finite element model. Second,
the necessary boundary conditions are given and the stresses
are resolved. Third, 𝜎

𝑥
is maximized for the nodes, which

are generated along the interface of the metallic material
(base) and the coating material (coating). Finally, the study
used ANSYS to analyzed the stress results for CNT-based
diaphragm.

2.2. Fabrication of TTP Paper and CNT-Based Diaphragm. In
this study, a PEN membrane was used as the substrate for
fabricating TTP paper. The front and back of the PEN were,
respectively, coated with CNT/epoxy and HMA to form the
TTP paper. The fabricated TTP paper was then thermally
transferred and printed onto a coarse paper to form a
diaphragm. Subsequently, the effect of diaphragm fabrication
on sound pressure curve smoothness was investigated, and
Taguchi quality engineering method was applied to identify
the optimal manufacturing parameters.

A PEN membrane was used as the substrate for fabri-
cating TTP paper. We first mixed 2∼3wt% CNTs (CF182C,
Advanced Nanopower Inc.) and epoxy (P859-1, Hong Guan
R&D Co.) as the CNTs/epoxy composite paste. In fact, the
CNTs with a density of 1.3∼1.4 g/cm3 (similar to the cotton)
are very fluffy and its volume is quite large. Although we
have also mixed 4∼5wt% CNTs and epoxy, the experiment
result indicates that it requires a much longer mixing time,
and the mixture has a high viscosity. This would lead to a
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Figure 2: Schematic CNT-based diagram of the (a) TTP paper and (b) TTP processes.

nonuniform surface of the TTP paper. As shown in Figure ??,
the TTP paper was fabricated by coating the front side of a
PEN membrane with CNTs/epoxy paste and then drying it
in an oven at 120∘C for 15min. After the CNTs/epoxy coating
layer was dried, the backside of PEN was coated with HMA
and was dried again in the oven at 80∘C for 10min to obtain
a TTP paper. The CNTs/epoxy coating was used to adjust the
thickness of TTP paper; in addition, manually roller-pressing
the CNTs/epoxy coating onto the TTP paper enabled evenly
spreading the coating onto the material surface.

After the fabrication of TTP paper, a TTP process was
used to thermally transfer and print the TTP paper onto
coarse paper to form a CNT-based diaphragm at an elevated
temperature. In this study, as shown in Figure ??, the resulting
TTP paper was first stacked onto the coarse paper diaphragm
and then subjected to a TTP process in a TTP machine.
The following steps of TTP process were illustrated in
Figure ??. After pressing to 0.2 kg/cm2 and heating at 80∼
120∘C for 10min, the fabrication of CNT-based diaphragm
was complete. This study also adopted cold cathode field
emission scanning electronmicroscope (FE-SEM; JEOL JSM-
740F, Japan) to observe the cross sections of the CNT-based
diaphragm.

2.3. Material Properties for Test Specimens. To obtain the
properties and strengths of the coarse paper, TTP paper,
and CNT-based diaphragm, three types of tensile specimen
geometry will be employed. The test specimen dimensions
are 12.5mm × 100mm. The material properties of laminated

composite face sheets and foam core where determined
from experiments conducted in accordance with the rele-
vant ASTM (D3039-79 and D3518-76) standards [14]. The
specimens should be mounted and tested in a properly
aligned and calibrated INSTRON-1332 test machine. Wedge
action friction grips of hydraulic grips will be used. Set the
crosshead rate at about 10mm/min. The strains and load
readings may be recorded continuously or at discrete load
intervals. If the discrete data are taken, a sufficient number
of data points must be recorded in order to reproduce the
stress-strain relation. At least 25 data points are needed in
the linear response region. Monitor all specimens to failure
and then determine the ultimate strengths and strains. Plot
the data for reduction. Establish the Young’s modulus and
Poisson’s ratio by a least square fit of the linear region. For
finding the mechanical properties and ultimate strengths
(strains), some specimens are tested statically to failure.
The stress-strain response of tensile coupon is monitored
with electrical resistance strain gauge in order to find the
intrinsic mechanical properties of the coarse paper, TTP
paper, and CNT-based diaphragm.Thematerial properties to
be measured include (i) Young’s modulus, (ii) Poisson’s ratio,
(iii) ultimate tensile stress (failure strength).

2.4. Panel Speaker Assembly. Figure 3(a) shows the Solid-
Works explosion diagram of the panel speaker. After various
speaker components were prepared and ready for assembly,
the fabricated CNT-based diaphragm was adhered to the
speaker surround, which was then assembled to the upper
frame as shown in Figure 3(b). The surround material
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Figure 3: (a) SolidWorks explosion diagram of the thin panel
speaker; (b) thin panel speaker assembly processes.

selected for our panel speaker was polyurethane (PU) with
the actual specification which is 30 × 20 × 10mm. PU was
placed into a surround mold and heat pressed in an oven
to form the speaker surround, which was then attached to
the diaphragm and voice coil. Subsequently, the vibration
exciter (voice coil) was attached at 90∘ perpendiculars to the
diaphragm. A shown in Figures 3(a) and 3(b), the exciter
was placed between the magnet and the magnet frame. The
magnets were placed above the washer to increase the mag-
netic flux. The speaker gives sound through the diaphragm
vibration that pushed by the voice coil. Most importantly,
the vibration exciter (voice coil) must be attached to the
central area of the diaphragm. Otherwise, sound distortion is
easily incurred. Once all the steps have been completed, the
adhesives were allowed to solidify for a day, after which the
sound pressure curve of the speaker can be measured.

2.5. Sound Pressure Curve Measurement and Analysis. To
avoid influencing the measurement results, sound pressure
curve must be measured in an anechoic chamber insulated
from external sources of noise; acoustical measurement sys-
tem and CLIO software analysis were employed inmeasuring
the sound pressure curve. In the CLIO software, the number
of points, bandwidth, and voltagewere defined.Themeasured
bandwidth was 20Hz∼20 kHz audible to the human ear
and was measured at a distance of 10 cm from the self-
developed panel speaker. Subsequently, after the input voltage
of the speaker was configured, the sound pressure curve and
data were measured. In the sound pressure curve, the value
difference (ΔdB) between curve valley and sound pressure
level (SPL) at 12∼18 kHz, high frequency dip difference value
(ΔdB), was used to identify the quality of the sound. A
minimum high frequency dip difference value (ΔdB) gives a
smooth sound pressure curve in the high frequency region
and a better sound quality.

2.6. Taguchi Quality Engineering. Because stiffening the
entire diaphragm may influence the overall sensitivity of
the speaker, we attempted to circumvent this problem by
performing optimization analysis using the Taguchi method.
Through the Taguchi approach, the optimal product design
objective or process can be determined to facilitatemitigating
the effects of confounding factors [11, 12]. This study investi-
gated the relationship among the manufacturing parameters
of CNT-based diaphragm (stiffening pattern, coating layers,
transfer area, and heat press temperature), and the Taguchi
equations representing the smaller-the-better (see (1)) char-
acteristics are shown as follows:

S/N = −10 log
10

∑
𝑛

𝑘=1

𝑌
2

𝑖

𝑛
. (1)

The selected manufacturing parameters of CNT-based
diaphragm were aimed at having a minimum high frequency
dip difference value (ΔdB) in the sound pressure curve of a
speaker, subsequently smoothing the sound pressure curve
in the high frequency region. Figures 4 and 5 present the
parameters obtained from the Taguchi method. Figures 4(a)
and 4(b) show the top and side view of the transfer area of the
TTP paper on coarse paper, respectively. Figure 5 illustrates
the stiffening patterns on the TTP paper and the coating
direction of 1 or 2 coating layers. Furthermore, the analysis
of variance (ANOVA) was also used to find the dominant
influence factors.

3. Results and Discussion

3.1. Comparison of ANSYS and Related Papers for Numerical
Example. The manufacturing parameters of coating materi-
als on a flat plate are the thickness of coating and the order of
plates. We compared our ANSYS results with other similar
researches. After that, we actually used the ANSYS model
for simulation.The material properties of metals and coating
materials are shown Table 1.

Shaw [2] indicated that the influencing factors of our
analysis are the composition gradient, the elastic module,
number of layers, thermal expansion coefficients, and so
forth. Shaw used functionally graded materials (FGM) and
multilayer composite material on thermal coating and ana-
lyzed the thermal residual stress. Since our study was similar
to Shaw’s results, we compared three materials of metal and
ceramic with Shaw’s results in Table 2.

Furthermore, Özel et al. [3] coated the advanced ceramic
on the metallic plate and minimized the stress as his goal.
We also use the stress objective proposed by Özel et al. as
our programming goal in this study. And different coating
materials, Si

3
N
4
, Al
2
O
3
, and TiC are coated on the W metal

plate by ANSYS methods so as to compare the thermal
stresses with Özel et al.’s results in Table 3. The fluctuation
between the analytic results from ANSYS method and pub-
lished practical results fluctuated from 1.42% to 7.66% with
a summarized average 4.31%. Therefore, the paper used the
ANSYS method into coarse paper and TTP paper interface
shear stress problem. Finally, we compare our ANSYS model
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Table 1: Material properties of metals and coating materials.

Materials

Properties

Young’s modulus 𝐸
(GPa) Poisson’s ratio ] Thermal conductivity, 𝐾

(W/m∘C)

Coefficient of thermal
expansion (CTE), 𝛼

(1/∘C)
Al 70 0.33 34 2.3 × 10−5

W 410 0.28 29 4.5 × 10−6

Diamond 1050 0.20 2 1.75 × 10−6

Si
3

N
4

230 0.26 28 3.5 × 10−6

Al
2

O
3

340 0.23 24 8.1 × 10−6

TiC 340 0.19 27 7.1 × 10−6

NiAl 103 0.17 5.3 14.6 × 10−6
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(a)

1/2 transfer area

3/4 transfer area

1/1 transfer area

Coarse paper

CNTs/epoxy
and PENHMA

(b)

Figure 4: (a) Top view of three types of transfer area; (b) side view
of three types of transfer area.

1, 2 1, 2 1 1

2

2

1 2

21

Unidirectional 90∘ cross 45∘ angle

Figure 5: Three types of stiffening patterns of the TTP paper.
Numbers present the coating direction of patterns containing 1 or
2 coating layers.

Table 2: Comparison of Shaw’s results and ANSYS.

Material
properties

Shaw [2]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

I (MPa) 1745 1951.3 11.82%
II (MPa) 1715 1749.1 1.98%
III (MPa) 996.5 914.4 8.23%

Table 3: Compare the stresses’ decrease progressively with Özel et
al.’s results and ANSYS method.

Material
properties

Özel et al.
[3]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

W + Si
3

N
4

−92% −95.56% 3.86%
W + Al

2

O
3

−136% −125.58% 7.66%
W + TiC −121% −119.27% 1.42%

Table 4: Comparing results with Han and Sun’s study and ANSYS.

Stress
Methods

Han and
Sun [15]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

𝜎
𝑥

(MPa) 37 41.68 12.64 %

with Han and Sun’s study in Table 4. Han and Sun [15] used
the glass and alumni as his test base.

According to the aforementioned comparisons, we can
say that our ANSYS model is adequate to approximate the
actual thermal coating process. We also believe that the
ANSYS model is able to simulate the actual behavior of TTP
technology.

3.2. ANSYS Analyzed the Stress Results for CNT-Based
Diaphragm. The specimens are used by INSTRON-1332 test
machine to obtain Young’s modulus and strengths of the
coarse paper, TTP paper, and CNT-based diaphragm which
are shown in Table 5. The study compared CNT-based
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Table 5: Properties of coarse paper, TTP paper, and CNT-based diaphragm.

Materials
Properties

Thicknesses (mm) Young’s modulus 𝐸
(GPa)

Failure Strength
(MPa) Poisson’s ratio ] CTE, 𝛼 (1/∘C)

Coarse paper (𝐶
𝑔

) 0.210 2.14 32.51 0.28 2.3 × 10−6

TTP Paper 0.027 2.71 48.82 0.33 25.1 × 10−6

CNT-based diaphragm
(𝐶
𝑑

) 0.237 2.58 45.12 0.31 —

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100% — 20.56% 26.48% — —

Table 6: Mechanical properties of CNT-based diaphragm with
different TTP curing temperature.

Temperature

Properties

Thicknesses
(mm)

Young’s
modulus 𝐸
(GPa)

Failure strength
(MPa)

100∘C 0.245 2.23 35.51
120∘C 0.237 2.58 41.12
130∘C 0.237 2.59 41.08
140∘C 0.237 2.57 41.10

Table 7: Mechanical properties of TTP papers with different CNTs
wt%.

Wt%

Properties

Thicknesses
(mm)

Young’s
modulus 𝐸
(GPa)

Failure strength
(MPa)

3wt% 0.027 2.71 48.82
5wt% 0.032 2.68 48.75

diaphragm with coarse paper mechanical properties which
is increased 20.56% with Young’s modulus results in Table 5.
This study developed a TTP technique to fabricate a CNTs
stiffened coarse paper which could be manufactured speaker
diaphragm.

The thermosetting resins with a curing temperature of
120∘Cwere used in this study. After curing at 120∘C, a network
structure was formed in the resin by intermolecular cross-
linking. Moreover, the resin was not softened even though
the reheating treatment was performed. Therefore, self-
developed TTP stiffening technique does not require high
curing temperature. The experiment results on mechanical
properties of CNT-based diaphragm with different TTP cur-
ing temperature are shown in Table 6. It reveals that the CNT-
based diaphragm with the 120∘C curing temperature has
good mechanical properties. Additionally, the mechanical
properties of TTP papers with different CNTs wt% (3wt%
and 5wt%) are summarized in Table 7. It is obvious that these
two TTP papers have almost the samemechanical properties.
Therefore, we used 3wt% CNT/epoxy coating onto the TTP
papers which could reduce the cost and has the uniform
coating surface.

TTP
paper

Coarse
paper0.

24
m

m

30mm
X

Y

Z

Max 𝜎xy

Figure 6: Module of finite element method (FEM) with structure of
CNT-based diaphragm.

We also believe that the ANSYS model (see Figure 6) is
able to simulate the actual behavior of CNT-based diaphragm
(model’s dimension is 30 × 0.24mm) with TTP temperature
at 80∘C, and our simulated results are available in Table 8.
The study compared shear stress result with coarse paper
and TTP failure strength; the shear stress is less than 166.6∼
299.8% of the breaking strength of the coarse paper and
TTP material which is safe in transfer interface. This study
used the numerical analysis software (ANSYS) to analyzed
the stress and thermal of work piece which have not been
delaminated problems in transfer interface. The materials
with the higher failure strength could allow the shear stress
at high temperatures, which did not produce the peeling
problem in the transfer interface.

3.3.Microscopic Structure of CNT-BasedDiaphragm. Figure 7
presents the sectional images of the CNT-based diaphragm.
For a conventional speaker diaphragm fabrication, a PEN
pasted on the coarse paper directly. By using the TTP process,
as shown in Figures 7(a) and 7(b), the hot melt layer diffuses
into the coarse paper and gives an enhanced adhesion.
Figure 7(b) shows the enlarged photo of Figure 7(a). On the
images, arrows represent the material structure in various
regions of the diaphragm. It was observed that CNTs/epoxy
coating was evenly applied onto the diaphragm. The coated
coarse paper presented more grooves and deeper grooves
of uneven depth than the coated PEN paper did, primarily
because the coarse paper contained a mixture of fibers. In
addition, the FE-SEM images revealed that the CNTs/epoxy
coatings on the coarse paper and PEN side of the paper were
evenly distributed on the coating material, indicating that
the coating was evenly and favorably dispersed.The sectional
FE-SEM images show that the TTP paper is tightly bound
to the coarse paper substrate, exhibiting an even thickness
approximating 269.5 𝜇m.
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Table 8: Comparing results with ANSYS method and material failure strength.

Shear stress
Methods

ANSYS
analysis result (𝐶

𝐴

)
Coarse paper failure

strength (𝐶
𝑐

)
TTP paper failure
strength (𝐶

𝑇

)
Differential

(𝑐𝐶 − 𝑐𝐴) /𝑐𝐴
 × 100%

Differential
(𝑐𝑇 − 𝑐𝐴) /𝑐𝐴

 × 100%
𝜎
𝑥𝑦

(MPa) 12.2 32.51 48.82 166.3% 299.8%

Coarse paper

TTP paper

CNT-based diaphragm

(a)

Coarse paper

TTP paper

Coarse paper + HMA

(b)

Figure 7: FE-SEMsectional images of (a) the self-developed speaker
diaphragm. (b) is the enlarged photo of (a).

3.4. Taguchi Quality Engineering: OptimalHigh FrequencyDip
Difference Value (ΔdB). This high frequency dip difference
value primarily influences the smoothness and bandwidth
of the curve; a small valley difference indicates large sound
range, which increases the clarity of the speaker’s midfre-
quency and high frequency sounds. Therefore, the minimal
high frequency dip difference value is desirable. As shown
in Table 9, the Taguchi quality engineering method was
used to minimize the number of experimental trials, and
the applicable orthogonal array was selected according to the

Table 9: Taguchi-selected factors.

Factors Level
1 2 3

𝐴 Transfer area 1/2 3/4 1/1
𝐵 Stiffening pattern Unidirectional 90∘ cross 45∘ angle
𝐶 Coating layers No 1 layer 2 layers
𝐷 Transfer temperature 80∘C 100∘C 120∘C

−40.00

−38.00

−36.00

−34.00

−32.00

−30.00

−28.00

−26.00

A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D3D2

Transfer area
Stiffening pattern

Coating layers
Transfer temperature (∘C)

Figure 8: Main effect diagram of the high frequency dip difference
(ΔdB).

controllable factors and level numbers. To obtain a minimal
difference value, the smaller-the-better characteristic was
used to determine the optimal manufacturing parameters as
listed in Table 10.

Table 11 presents the cause and effect table, showing the
ranking of each experimental factor according to its level of
contribution. As shown in Figure 8, the main effect diagram
reveals that a factor with a steep slope critically influences the
overall experimental results. The crucial factors influencing
the high frequency dip difference in the sound pressure
curve, in order from highest to lowest level of contribution,
were transfer area, coating layers, transfer temperature, and
stiffening pattern. By using the ANOVA analysis, significant
manufacturing parameters can be easily obtained in this
study. The criteria of significant manufacturing parameters
are cumulating the contribution ratio to 99.8%. The ANOVA
analysis for high frequency dip difference was listed in
Table 12 and was plotted as in Figure 9. Specifically, the
transfer area has the greatest influence (68.5%), followed by
the coating layers (25.5%), transfer temperature (4.7%), and
stiffening pattern (1.1%). As a result, to obtain the minimal
high frequency dip difference value, transfer area and coating
layers are the dominant parameters with contribution at 68.5
and 25.5%, respectively.
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Table 10: Smaller-the-better L
9

orthogonal array.

Number Factors ΔdB values SN
𝐴 𝐵 𝐶 𝐷 𝑌

1

𝑌
2

𝑌
3

1 1/2 Unidirectional No 80 2.62 2.67 2.66 −8.4652
2 1/2 90∘ cross 1 layer 100 3.19 3.15 3.11 −9.9667
3 1/2 45∘ angle 2 layers 120 2.59 2.5 2.62 −8.2004
4 3/4 Unidirectional 1 layer 120 4.39 4.42 4.51 −12.948
5 3/4 90∘ cross 2 layers 80 3.21 3.19 3.14 −10.0489
6 3/4 45∘ angle No 100 3.61 3.66 3.62 −11.1983
7 1/1 Unidirectional 2 layers 100 3.56 3.53 3.59 −11.0292
8 1/1 90∘ cross No 120 4.31 4.37 4.28 −12.7100
9 1/1 45∘ angle 1 layer 80 4.27 4.26 4.29 −12.6154

Table 11: Cause and effect table of the high frequency dip difference
(ΔdB).

Level Factors
𝐴 𝐵 𝐶 𝐷

Level 1 −26.6323 −32.4426 −32.3735 −31.6555
Level 2 −34.1954 −32.7256 −36.0563 −32.1942
Level 3 −36.8806 −32.0140 −29.2785 −33.8586
Influence
quantity 10.2483 0.2829 6.7778 2.2031

Ranking 1 4 2 3

Table 12: Degree of influence of each factor in terms of percentages
for the high frequency dip difference (ΔdB).

Factors 𝑆
𝑘

𝑉
Influence
percentage

Progressive
percentage

𝐴 Transfer area 18.8267 9.4133 68.5% 68.5%
𝐶 Coating layers 7.6756 3.8378 25.5% 94.0%

𝐷
Transfer

temperature 0.8794 0.4397 4.7% 98.7%

𝐵
Stiffening
pattern 0.0138 0.0069 1.1% 99.8%

As the optimal manufacturing parameters are not
included in the L

9
orthogonal array, the optimal manufactur-

ing parameters to attain a stiffened speaker diaphragm with
minimal high frequency dip difference value was determined
by selecting the maximum points from the main effect
diagram of Figure 8. As a result, the optimal parameter com-
bination obtained using the Taguchi method was 1/2 transfer
area, 45∘ angle ply stiffening pattern, 2 coating layers, and
80∘C HMA transfer temperature. The 45∘ angle ply stiffening
pattern has the highest coating area on the PEN surface and
leads to a better stiffness. Furthermore, only half area of the
diaphragm was coated with CNTs/epoxy composite and the
weight of the diaphragmwas significantly reduced.Therefore,
a CNT-based diaphragm was fabricated using the optimal
parameter and named as number 10. Figure 10 compares the
sound pressures curve of the speakers produced using two
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Figure 9: Pareto chart of the high frequency dip difference (ΔdB).

different CNT-based diaphragms, number 3 and number 10.
The number 3 CNT-based diaphragm exhibits the smallest
high frequency dip difference value of the sound pressure
curve among the nine diaphragms fabricated form Table 10.
The black and red dashed lines and arrows in Figure 10
indicate the high frequency dip difference of number 3 and
number 10 diaphragms, respectively. The number 10 CNT-
based diaphragm produced a high frequency dip differ-
ence (0.98 dB) smaller than that of number 3 diaphragm
(2.56 dB), improving the high frequency dip difference by
61.72%. Except high frequency region, number 10 CNT-
based diaphragm shows a smaller dip difference at high
frequency. As shown in Figure 10, the blue dashed line and
arrow indicates the dip difference of number 10 CNT-based
diaphragm. As a result, at high frequency region, number 10
CNT-based diaphragm shows a small dip difference and a
delayed peak frequency as compared to number 3CNT-based
diaphragm.

Actually, the medium-low frequency and high frequency
of voices could be both controlled by Young’s modulus
and stiffness of CNT-based diaphragms and then show
the powerful voices. For panel speakers, the CNT-based
diaphragms with a high stiffness would result in clear and
smooth sound pressure curve at the 20Hz∼20 kHz. However,
the sound properties including the sound pressure curve and
the frequency range could be not affected by the strength and
the shear stress properties of CNT-based diaphragms.
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Figure 10: Comparison of high frequency dip difference values of
the sound pressure curves.

4. Conclusion

This study uses laminate plate theory to analyze the thermal
transfer printing technology by the assistance of ANSYS.The
analytic results fromANSYSmethod are found to be superior
to results from other studies, showing that the proposed
hypothesis is valuable. The TTP paper is manufacturing
CNT-based diaphragm which has not been delaminated
problem in transfer interface for the analytic results from
ANSYS method.

Following various experiments and measurements,
sound pressure curves were analyzed using the Taguchi
method to determine the crucial manufacturing parameters
for a TTP technique. The results verified that the CNT-based
diaphragm fabricated using the proposed TTP method
improved the sound pressure curve smoothness of a panel
speaker. Moreover, the Taguchi method was used to effec-
tively identify the optimal manufacturing parameters and the
most influential factors. The empirical experiments conduct-
ed in this study confirmed that the optimal manufacturing
parameters can be used to obtain theminimal high frequency
dip difference.

According to the ANOVA analysis, the significant con-
tribution percentage for having the minimal high frequency
dip difference was also investigated. For the high frequency
dip difference, it was found the transfer area has the greatest
influence (68.5%), followed by the coating layers (25.5%),
transfer temperature (4.7%), and stiffening pattern (1.1%).

Using the Taguchi quality engineering method, the opti-
mal manufacturing parameters combination for achieving
minimum high frequency dip difference composed of a 1/2
transfer area, 45∘ angle-shaped stiffening pattern, 2 layers of
coating, and a transfer temperature of 80∘C. It was observed

that the CNT-based diaphragm andTTP technique improved
the smoothness of the sound pressure curve, and the optimal
manufacturing parameters enabled fabricating a speaker
that produced a high frequency dip difference of 0.98 dB
(improving the difference values by 61.72%).
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This study aims to investigate the effects of nitrogen flow rate (0–2.5 sccm) on the structure and properties of TiZrN films.
Nanocrystalline TiZrN thin films were deposited on Si (001) substrates by unbalanced magnetron sputtering. The major effects
of the nitrogen flow rate were on the phase, texture, N/(Ti + Zr) ratio, thickness, hardness, residual stress, and resistivity of the
TiZrN films. The nitrogen content played an important role in the phase transition. With increasing nitrogen flow rate, the phase
changed from mixed TiZr and TiZrN phases to a single TiZrN phase. The X-ray diffraction results indicated that (111) was the
preferred orientation for all TiZrN specimens. The N/(Ti + Zr) ratio of the TiZrN films first increased with increasing nitrogen
flow rate and then stabilized when the flow rate further increased. When the nitrogen flow rate increased from 0.4 to 1.0 sccm, the
hardness and residual stress of the TiZrN thin film increased, whereas the electrical resistivity decreased. None of the properties
of the TiZrN thin films changed with nitrogen flow rate above 1.0 sccm because the films contained a stable single phase (TiZrN).
At high nitrogen flow rates (1.0–2.5 sccm), the average hardness and resistivity of the TiZrN thin films were approximately 36GPa
and 36.5 𝜇Ω⋅cm, respectively.

1. Introduction

Since the 1980s, transitionmetal nitride coatings produced by
physical vapor deposition have been widely studied. Binary
transition metal nitride films such as TiN and ZrN are often
used as protective coatings to enhance the properties of sub-
strate materials. Due to their high hardness and better wear
and corrosion resistance, binary transitionmetal nitride films
are widely used in industry. Additionally, transition metal
nitrides are used as diffusion barriers in the semiconductor
industry [1, 2].

With the rapid development of technology, demands for
high-quality films are increasing. Therefore, development
of multifunctional ternary transition metal nitride films
has begun. Under equivalent deposition conditions, TiZrN
coatings not only exhibit corrosion resistance and superior
mechanical properties such as lower resistivity, higher adhe-
sion, and lower friction coefficient but also show enhanced

hardness and wear resistance. Due to solid-solution strength-
ening, these films generally reach maximum hardness when
ternary Ti

𝑥
Zr
𝑦
N contains 60 at.% Ti [3, 4].

Although preliminary studies on TiZrN films have been
conducted in recent years, the properties of TiZrN films have
not yet been fully developed; thus, the film properties can be
improved by unbalanced magnetron sputtering. DC unbal-
anced magnetron (UBM) sputtering systems are popular
coating systems used to deposit high-quality films of various
materials. UBM can reduce the cost of the deposition process
[5]. Furthermore, the effect of nitrogen flow rate on the phase
transition in TiZrN thin films is worth studying because
the phase transformation may change some film properties.
Herein, a relatively broad range of process parameters was
employed to deposit TiZrN thin films with stable properties.
This study primarily aims to investigate the effects of nitrogen
flow rate on the structure and properties of TiZrN film
depositing using DC unbalanced magnetron sputtering.
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Table 1: Deposition conditions of TiZrN thin films.

Precoating conditions

Base vacuum pressure 6.7 × 10−4 Pa
(5 × 10−6 torr)

Bombardment voltage −1000V
Bombardment time 5min

Coating conditions

Current density Ti: 0.24A
Zr: 0.24A

Working pressure 0.17 Pa
(1.3 × 10−3 torr)

Substrate bias −80V
Coating temperature 400∘C
Deposition time 40min
Ar flow rate 30 sccm
N
2
flow rate 0∼2.5 sccm

2. Experiments

TiZrN thin films were deposited on Si substrates using
a DC unbalanced magnetron sputtering system. Prior to
deposition, the substrate was presputtered in argon atmo-
sphere for 5min to remove the surface oxide layer. The
substrate was subjected to a bias of −1000V using a power
supply, and the argon flow rate was fixed at 50 sccm to clean
the substrate surface. The target-to-substrate distance was
adjusted to 10 cm.The power supplies of the two targets were
operated at 0.24A. High-purity working and reactive gases
were introduced, and mass flow controllers were used to
adjust both gases. The flow rate of argon gas (99.9995%) was
fixed at 30 sccm with a maximum gas flow rate of 50 sccm.
The flow rate of nitrogen gas (99.9995%) was varied from
0 to 2.5 sccm with a maximum gas flow rate of 5 sccm. The
negative substrate bias voltage was maintained at −80V. The
coating temperature was 400∘C. The deposition conditions
for nine samples are listed in Table 1.

The crystal structures of the TiZrN films were deter-
mined by X-ray diffraction (XRD) using Cu-K𝛼 radiation,
and the cross-sectional microstructures of the TiZrN thin
films were observed by field-emission gun-scanning electron
microscopy (FEG-SEM). The surface compositions of TiZrN
thin films were determined by X-ray photoelectron spec-
troscopy under a vacuum of 10−10 torr. The electrical resis-
tivities of the TiZrN film were measured using a four-point
probe, and the hardness values were determined by nanoin-
dentation. The residual stress of the specimen deposited on
silicon was determined by a laser curvature measurement
system that measured the curvatures of a specimen before
and after film deposition. The colorations of the TiZrN thin
films were examined at room temperature using a Hunterlab
MiniScan XE Plus spectrophotometer (Model 4000VSAV).

3. Results and Discussion

3.1. Structure. The chemical compositions, crystal structures,
residual stresses, andmechanical properties of the TiZrN thin
films are summarized in Tables 2 and 3.
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Figure 1: XRDs pattern of TiZrNfilms deposited at different various
flow rates.
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Figure 2: Deconvolution patterns of the N04 specimen.

All reflection peaks of TiZr were observed between the
Ti and Zr peaks in the XRD patterns. Similarly, all reflection
peaks of TiZrN were observed between the peaks of TiN and
ZrN. Figure 1 shows the XRD patterns of the films deposited
at different nitrogen flow rates.

The (100), (002), and (101) crystalline planes of TiZr were
found in specimen N00, and the (111) and (200) plane of
TiZrN were observed in specimens N06 to N25. Only one
broad peak appeared in the spectra of specimens N04 and
N05.This unsymmetrical peak can be deconvoluted into two
peaks—TiZr (002) andTiZr (101) peaks—as shown in Figures
2 and 3. The XRD results indicate that the phase transition of
films occurred as the nitrogen flow rate increased from 0 to
0.6 sccm.

The texture coefficients of films N06 to N25 were calcu-
lated from the integrated intensities of the TiZrN (111) and
TiZrN (200) peaks (Table 2). The intensity of the (111) peak
was stronger than that of the (200) peak; thus, the preferred
orientation of specimens N06 to N25 was (111). Figure 4
shows the variation in texture coefficient with nitrogen flow
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Table 3: Colorations, residual stresses, and hardness values of films deposited at various nitrogen flow rates.

Sample
numbers Nitrogen flow rate (sccm)

Coloration Residual stress (GPa)
(±2%)

Hardness (GPa)
(±8%)

Resistivity
(𝜇Ω⋅cm)𝐿

∗

𝑎

∗

𝑏

∗

N00 0 82.3 1.6 3.8 0.56 6 110.9 ± 1.18

N04 0.4 79.1 1.7 4.2 −0.60 19 217.9 ± 6.14

N05 0.5 79.7 1.9 4.4 −1.63 18 179.9 ± 1.39

N06 0.6 81.2 1.6 5.4 −2.58 27 132.6 ± 4.32

N07 0.7 83 1.6 8.14 −2.97 33 78.5 ± 1.11

N10 1 83.7 3.3 28.6 −5.17 35 34.8 ± 1.73

N13 1.3 84 3.1 28.9 −5.42 33 35.4 ± 0.35

N16 1.6 84.1 3.5 29.4 −5.53 37 35.7 ± 0.36

N19 1.9 83.7 3.3 29.6 −5.21 38 37.8 ± 0.42

N22 2.2 82.6 4.3 30.5 −4.22 38 38.0 ± 0.4

N25 2.5 82.4 4.4 30.1 −3.93 38 39.7 ± 0.53
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Figure 3: Deconvolution patterns of the N05 specimen.

rate. The texture coefficient of (111) increased from 0.6 to
0.9 with increasing nitrogen flow rate from 0.6 to 1.9 sccm;
as nitrogen flow rates increased from 1.9 to 2.5 sccm, the
texture coefficient decreased to 0.7.

The full-width-at-half-maximum (FWHM) values of the
TiZr (002) or TiZrN (111) peaks were also calculated from
the XRD patterns (Table 2). The FWHM of TiZr (002)
for specimen N04 was larger than that of specimen N05,
indicating the better crystallinity of N05. This suggests that
increasing the nitrogen flow rate can improve the crystalline
quality of the TiZr phase in TiZrN films. The FWHM of
specimen N06 was larger than those of the films deposited
at higher nitrogen flow rates, indicating the poor crystallinity
of the N06 TiZrN film.

The grain sizes of the films were obtained from the
FWHM values of the TiZr (002) or TiZrN (111) peaks using
the Scherrer equation (Table 2). The grain sizes of TiZr (002)
in specimens N04 and N05 were less than 10 nm. The grain
size of TiZrN (111) in specimen N06 was smaller than those
for films deposited at higher nitrogen flow rates; for flow
rates above 0.7 sccm, the average grain sizewas approximately
18 nm.
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Figure 4: Texture coefficient of the TiZrN films with respect to
nitrogen flow rate.

Figures 5(a), 5(b), 5(c), and 5(d) show the GIXRD
patterns of specimens N00, N04, N05, and N06, respectively.
The X-ray incident angle was 0.5∘, and the 2𝜃 angle scanned
from 20∘ to 100∘. The 2𝜃 angles of peaks were obtained by
fitting each peak on the basis of the assumption of a Gaussian
or Lorentz distribution. The GIXRD patterns did not reveal
additional phases that were not observed by XRD. Five major
peaks of the TiZr crystalline plane, namely, (100), (101), (102),
(103), and (200), were observed in the GIXRD pattern of
specimen N00. The patterns of specimens N04 and N05
reveal that there were two phases in these films, that is, TiZr
and TiZrN. A single TiZrN phase with fivemajor peaks ((111),
(200), (220), (311), and (222)) was observed in the spectrumof
specimen N06. The GIXRD patterns of the other specimens
were similar to that of N06 at nitrogen flow rates higher than
0.6 sccm.

The lattice parameter from each (ℎ𝑘𝑙) plane was calcu-
lated by the following equation:

𝑎 =

𝜆 ×

√

ℎ

2
+ 𝑘

2
+ 𝑙

2

2 × sin 𝜃
(𝜆 = 1.5405 Å) . (1)
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Figure 5: GIXRD patterns of specimens (a) N00, (b) N04, (c) N05, and (d) N06.

The lattice parameter of each peak was plotted against
cos 𝜃/ sin 𝜃 and linearly fitted. The lattice parameter (𝑎

0
)

was obtained from extrapolation to 𝜃 = 90∘ (Table 2).
The lattice parameters of specimens N04 and N05 are not
listed since there was just one or two diffraction peaks of each
phase in the XRD patterns of these mixed-phase films, which
is insufficient for meaningful linear regression. The lattice
parameters of films deposited at nitrogen flow rates from 1.0
to 2.5 sccm ranged from 4.43 to 4.44 Å with an error below
0.4%.The lattice parameters were not significantly influenced
by the nitrogen flow rate.

Figure 6 shows the cross-sectional SEM images of the
samples deposited at different nitrogen flow rates. Although
the columnar structure was not evident in the sample
deposited at a nitrogen flow rate of 0.4 sccm, this structure
became more evident with increasing flow rate.

The thicknesses of the TiZrN films ranged from 240 to
690 nm, which decreased with increasing nitrogen flow rate
at a constant deposition time of 40min. The deposition rate
was calculated as the thickness divided by the deposition
time. The variation in deposition rate with nitrogen flow
rate is shown in Figure 7. The deposition rate decreased with
increasing nitrogen flow rate, which was likely due to the
decrease in the supply of Ti and Zr atoms with increasing
nitrogen flow rate, thereby reducing the deposition rate.

Figures 8 and 9 show the deconvoluted XPS Zr-3d and
Ti-2p spectra for samples N19 and N04, respectively.

The contents of Ti, Zr, N, and O were calculated from
the integrated intensities of the deconvolution XPS spectra.
The bonding of TiN, TiNO, TiO

2
, ZrN, ZrNO, and ZrO

2
may

have existed in the TiZrN thin films deposited at nitrogen
flow rates exceeding 0.7 sccm. When the nitrogen flow rate
was less than 0.7 sccm, Ti–Ti and Zr–Zr metal bonds were
present in the TiZrN films.

The N/(Ti + Zr) and Ti/(Ti + Zr) ratios were calculated
from the integrated areas of each element divided by their
sensitive factors (Table 2). All of the Ti/(Ti + Zr) ratios
were approximately 0.4. The variation in N/(Ti + Zr) ratio
with nitrogen flow rate is shown in Figure 10. The N/(Ti +
Zr) ratio increased from 0.6 to 1 as nitrogen flow rate
increased from 0.6 to 1.3 sccm and then leveled off at 1
when nitrogen flow rate increased further. According to the
binary phase diagram, the N/Ti ratio of the TiN ranged
from 0.6 to 1.2 [6], whereas the N/Zr ratio of the ZrN
phase ranged from 0.8 to 1.1 [7]. A low N/(Ti + Zr) ratio
indicates that the content of nitrogen atoms is insufficient
to form a single TiZrN phase; hence, the films with low
N/(Ti + Zr) ratios contained both TiZr and TiZrN or TiN
and ZrN phases. The GIXRD results also support this argu-
ment.
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Figure 6: Cross-sectional SEM images of the TiZrN films.
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Figure 7: Deposition rate as a function of nitrogen flow rate.

The colorations of all samples determined by spectropho-
tometry are shown in Figure 11. The samples deposited at
nitrogen flow rates less than 1 sccm were gray in color,
whereas the samples containing higher nitrogen contents
exhibited gold coloration. Note that the N06 and N07
specimens were gray, but only TiZrN peaks were observed
in their XRD patterns. This indicates that another phase may
have existed in the N06 and N07 specimens.

The average values of 𝐿∗𝑎∗𝑏∗ located on the color
coordinate in the CIELAB 1976 coloration space are listed in
Table 3. The relationship between 𝐿∗𝑎∗𝑏∗ and N

2
flow rate

is shown in Figure 12. Among the gold-colored samples, the
colorations of samples N22 and N25 were slightly different
from those of the others. The 𝑎∗ value, which represents the

level of red color, increasedwith increasing nitrogen flow rate.
The 𝐿∗ value represents the brightness of the film. The 𝐿∗
values of samples N22 and N25 were smaller than those of
the other gold-colored samples, whereas the 𝑎∗ values of these
sampleswere larger.These results indicate that the colorations
of samples N22 and N25 were darker gold compared to the
other samples.

According to abovementioned results, those specimens
can be divided into three zones based on the XRD patterns.
Zone 1 is the film with a single TiZr phase at a nitrogen flow
rate of 0 sccm. Zone 2 is the mixed-phase film; the nitrogen
flow rate range of zone 2 was 0.4 to 0.7 sccm. Zone 3 is the
film containing only the TiZrN phase (nitrogen flow rate >
0.7 sccm).

The residual stresses of the TiZrN films were determined
using an opticalmethod (Table 3). Tensile stress was observed
only in sample N00, whose XRD pattern exhibited TiZr
peaks, whereas compressive stress was found in all other
films. Figure 13 shows the variation in residual stress with
nitrogen flow rate. The compressive stress initially increased
with increasing N

2
flow rate in zone 2. In zone 3, the

stress stabilized as nitrogen flow rate further increased and
decreased when nitrogen flow rate exceeded 1.9 sccm.

Figure 14 shows the variation in electrical resistivity
with nitrogen flow rate. The resistivity rapidly increased
to 217.9 𝜇Ω⋅cm as nitrogen flow rate increased from 0 to
0.4 sccm. In zone 2, the resistivity decreased to 34.8 𝜇Ω⋅cm
with increasing nitrogen flow rate. The resistivity was not
significantly influenced by nitrogen flow rate in zone 3, and
the average resistivity was approximately 35 𝜇Ω⋅cm.

The hardness values of the TiZrN films were measured
using a nanoindenter. Figure 15 shows the variation in
hardness with nitrogen flow rate. In zone 2, the hardness
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Figure 8: Deconvolution spectra of samples deposited at a nitrogen flow rate of 1.9 sccm: (a) Zr-3d and (b) Ti-2p peaks.
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Figure 9: Deconvolution spectra of sample N06: (a) Zr-3d and (b) Ti-2p.
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Figure 10: Variation in N/(Ti + Zr) with nitrogen flow rate.

increased from 15 to 33GPa with increasing nitrogen flow
rate. In zone 3, the variation in hardness with nitrogen
flow rate was not evident, and the average hardness was
approximately 36GPa.

Note that the hardness of theN07 specimenwas similar to
that of the TiZrN film; however, the N07 specimen was gray
in color.

4. Discussion

4.1. Nanocomposite. As shown in Figure 1, the XRD peak of
TiZr was observed only in specimens N04 and N05 herein;
this was not observed in the patterns of specimens N06 and
N07. However, the colors of the N04, N05, N06, and N07
films were similar, indicating that the TiZr grains may have
been embedded in the TiZrN matrix in specimens N06 and
N07.The second phase of TiZr may have been an amorphous
phase in N06 and N07; the amorphous phase would not have
been found by XRD and GIXRD. Furthermore, the XPS Ti-
2p
3/2

andZr-3d
5/2

deconvolution spectra (Figure 8) indicated
that pure Ti and Zr metal bonds existed in specimen N06,
further supporting the idea that TiZr was present in the films.
According to the phases of TiZrN thin films, the films can be
separated into three zones:

(1) Single phase with HCP structure TiZr; N/(Ti + Zr) =
0 (sample N00).
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Figure 11: Coloration of all samples used in this study.
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Figure 14: TiZrN resistivity as a function of nitrogen flow rate.

(2) Multiphase with HCP structure TiZr, FCC structure
TiZrN, and other uncertain phases; N/(Ti + Zr) < 0.9
(samples N04 to N07).

(3) Single phase with FCC structure TiZrN; N/(Ti + Zr)
> 0.9 (samples N10 to N25).

On the basis of this classification scheme, it can be found
that the multiphase appeared in the (Ti, Zr)N as the N/(Ti +
Zr) was less than 0.9 on one hand. On the other hand, the
N/(Ti + Zr) ratio of the stable TiZrN must have been larger
than 0.9.The stable composition of (Ti, Zr)N should consider
the contribution of TiN and ZrN phases. Based on the N–
Ti and N–Zr phase diagrams [6, 7], the N/Ti composition
range of TiN is 0.6–1.2 and the N/Zr composition range of
ZrN is 0.8–1.1. In the (Ti, Zr)N system, the addition of Zr to
TiN (or the addition of Ti to ZrN) causes the lattice strain
and destroys the stable structure.This lattice strain affects the
extent of nitrogen solvation in the solid solution of (Ti, Zr)N;
thus, the extent of solvation of the stable (Ti, Zr)N films is
lesser than those of TiN and ZrN. The N/(Ti + Zr) ratio of
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Figure 15: TiZrN film hardness as a function of nitrogen flow rate.

stable (Ti, Zr)N is between 0.8 and 1.1. Nitrogen content of
plays an important role in the phase transition. At nitrogen
flow rates less than 0.7 sccm, the N/(Ti + Zr) values of the
TiZrN films were less than 0.9, and there were insufficient
nitrogen atoms to bond with the Ti and Zr atoms that arrived
at the substrate surface; the excess Ti and Zr atoms formed
the metallic TiZr phase. Thus, the TiZrN film with low N/(Ti
+ Zr) ratio was basically composed of TiZrN and TiZr with a
nanocomposite structure. In a previous study, the secondary
phase TiZr appeared in TiZrN films with low N/(Ti + Zr)
ratios [8].

4.2. Hardness. As shown in Figure 15, the hardness of TiZr
film was the lowest among all samples, and that of TiZrN
films increased with nitrogen flow rate until 0.7 sccm; above
this value, the hardness leveled off at approximately 36GPa.
Many factors might affect film hardness, such as preferred
orientation, grain size, stoichiometry, and residual stress.

Several studies have reported that the (111) texture coeffi-
cient is an important factor affecting the hardness of TiNfilms
because ⟨111⟩ is the hardest orientation in TiN [9, 10]. Since
the Schmid factor for the (111) direction of TiN is zero in all
slip systems, hardness increases with increasing (111) texture
coefficient. TiZrN has the sameNaCl crystal structure as TiN,
(111), which is supposed to be the hardest orientation of the
TiZrN film. However, the effect of the (111) texture coefficient
on the hardness of the TiZrN film was not significant herein.

In this study, the relationship between grain size and
hardness was insignificant. At low nitrogen flow rate, both
crystalline and amorphous phases may have formed in the
film.Therefore, it was difficult to determinewhether the grain
size affected filmhardness since grain sizewasmeasured from
XRD patterns, reflecting only crystalline phases.

Differences in composition can significantly affect film
hardness. Among the films used herein, the film containing
only the metallic TiZr phase, which was deposited without
nitrogen, had the lowest hardness. The hardness values of
metallic materials are generally lower than those of ceramic
materials because ionic and covalent bonds are stronger than
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metallic bonds. Therefore, the hardness of the TiZr film was
lower than that of the TiZrN film. The hardness values of
TiZrN films were higher than those of TiN and ZrN due to
solid-solution hardening. The addition of Zr to TiN (Ti to
ZrN) induced the lattice distortion of the matrix; hence, it is
necessary to apply more force for dislocation slip. Moreover,
film hardness is related to the fraction of the TiZrN phase.
When nitrogen atoms are introduced during the deposition
process, the nitrogen atoms combine with Ti and Zr atoms to
form the TiZrN phase in the films. In a previous study, the
lattice parameter was found to be proportional to the atomic
fraction 𝑥 in Ti

1−𝑥
Zr
𝑥
N [11]. The lattice parameters of the

TiZrN films used herein were almost identical, even for the
films deposited at low nitrogen flow rates of 0.6 and 0.7 sccm.
This result indicates that the compositions of the TiZrN
phases in the films were identical. In this case, the overall
compositional change comes from the surrounding TiZr
phase. Therefore, we can assume that the increase in N/(Ti
+ Zr) ratio is equivalent to increase in the TiZrN fraction.
As the nitrogen flow rate increased, more nitrogen atoms
bonded with Ti and Zr atoms to form the high-hardness
TiZrN phase. In other words, the N/(Ti + Zr) ratio increased
with increasing nitrogen flow rate from 0.4 to 1.0 sccm, and
the TiZrN film hardness increased with increasing TiZrN
fraction (Figure 16).

In zone 3, the N/(Ti + Zr) ratios of the TiZrN films were
larger than 0.8 and were with stable nitrogen flow rate; thus,
the TiZrN film hardness did not vary with nitrogen flow
rate.The averaged hardnesswas approximately 36GPa at high
nitrogen flow rates ranging from 1.0 to 2.5 sccm. Notably,
although the N/Zr ratio was below 0.9 in specimen N07 with
a nanocomposite structure, its high hardness was similar to
that of the TiZrN film. It is possible that the structure of
specimen N07 was composed of uniform composite phases.

4.3. Resistivity. The resistivity of TiZr is approximately
126 𝜇Ω⋅cm. TiZrN can be used as a diffusion barrier due to
its low resistivity (60–100 𝜇Ω⋅cm) [12, 13].
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Figure 17: TiZrN film (N04–N10) resistivity with respect to the
N/(Ti + Zr) ratio.

Resistivity depends on lattice defects and impurity atoms
in the film; increases in lattice defects and impurity atoms
increase the scattering of conductive free electrons and
decrease the mean free path of conductive free electrons.
Thus, more lattice defects and impurity atoms may increase
the resistivity. Herein, the resistivities of the nanocomposite
films deposited at low nitrogen flow rates (0.4 to 0.7 sccm)
are higher than those of the single-phase TiZr and TiZrN
films (Figure 14). This may indicate that more lattice defects
and impurity atomswere present at theTiZr/TiZrN interfaces
in the nanocomposite films, resulting in higher resistivities
compared to the single-phase films. The FWHM from XRD
patterns represents the crystallinity of the crystal plane in
the films, and the FWHM of each specimen was calculated
from different peaks. Therefore, we could not confirm if the
crystallinity was related to TiZrN film resistivity.

The TiZrN film resistivity decreased with increasing
nitrogen flow rate to 0.9 sccm (Figure 14). TiZrN resistivity
may have depended upon of N/(Ti + Zr), as shown in
Figure 17. The films deposited at low nitrogen flow rates (0.4
to 0.7 sccm) exhibited nanocomposite structures; hence, the
resistivities of these films were higher than those of the films
deposited at high nitrogen flow rates. The fraction of TiZrN
phase was also related to TiZrN film resistivity. As nitrogen
flow rate increased from 0.4 to 1.0 sccm, the N/(Ti + Zr)
ratio increased accordingly, and the structures of TiZrN films
became uniform. Therefore, the resistivity decreased with
increasing N/(Ti + Zr) ratio at low nitrogen flow rate. The
lowest TiZrN film resistivity values were observed at nitrogen
flow rates above 1.0 sccm, which may be attributed to the
single-phase TiZrN film.

Comparing the results of a previous study with those
herein indicates that low resistivity and high hardness can be
obtained at high nitrogen flow rates. This may be due to the
high crystallinity of the TiZrN structure.

4.4. Residual Stress. The residual stress in the TiZr film
was tensile stress, whereas compressive stress was observed
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Figure 18: Residual stress of the TiZrN films (N04–N10) as a
function of N/(Ti + Zr).

in TiZrN films. Residual stress comes from thermal stress
and grown-in stress. Herein, the major contribution was
grown-in stress. Substrate temperature, gas pressure, and
substrate bias are known to be the main parameters affecting
grown-in stress. Herein, the substrate temperature and bias
were fixed at 400∘C and −80V, respectively. There was an
evident relationship between the residual stress of TiZrN and
nitrogen flow rate.

Figure 13 shows that the compressive stress of the TiZrN
films decreased with increasing nitrogen flow rate from 0.4 to
1.0 sccm.The N/(Ti + Zr) ratio increased as the nitrogen flow
rate increased, whereas the residual stress decreased because
the stress was released with the appearance of the TiZr phase.
Therefore, the fraction of TiZr phase in the films decreased
with increasing N/(Ti + Zr) ratio, and the compressive stress
in the film consequently increased. As shown in Figure 18, the
compressive stress increasedwith increasingN/(Ti +Zr) ratio
for the films deposited at nitrogen flow rates ranging from 0.4
to 1.0 sccm.

The residual stress in the TiZrN films increased to −5GPa
as nitrogen flow rate increased to 1.0 sccm and then stabilized.
However, the residual stress decreased as nitrogen flow rate
increased from 0.22 to 0.25 sccm. There was no significant
relationship between residual stress and any structural prop-
erties.

5. Conclusions

(1) Nanocrystalline TiZrN thin films were successfully
prepared by DC unbalanced magnetron sputtering
with different nitrogen flow rates ranging from 1.0 to
2.5 sccm.The hardness and resistivity stabilized when
nitrogen flow rate increased above 1.0 sccm.

(2) According to the phases of the TiZrN thin films,
three zones were defined. The film exhibited a single
phase with TiZr HCP structure at nitrogen flow rate
of zero. As the nitrogen flow rate increased from 0.4
to 0.7 sccm, the films were two-phase with TiZr of

HCP structure and TiZrN of NaCl structure. When
nitrogen flow rate was higher than 1.0 sccm, the films
were single-phase with TiZrN of NaCl structure.

(3) The N/(Ti + Zr) ratio of the TiZrN single-phase film
must be larger than 0.8, and the N/(Ti + Zr) ratio did
not change with nitrogen flow rate when the flow rate
exceeded 1.0 sccm.

(4) The hardness and residual stress of the TiZrN films
increased with increasing N/(Ti + Zr) ratio when the
nitrogen flow rate increased from 0.4 to 1.0 sccm. In
contrast, the resistivity of the TiZrN films decreased
with increasing N/(Ti + Zr) ratio.
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