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Nanostructures can be divided into zero-dimensional
(0D when they are quantum dot or nanoparticle structures),
one-dimensional (1D when they are elongated), and two-
dimensional (2Dwhen they are planar) based on their shapes.
Nanostructuredmaterials are a new class of materials, having
dimensions in the 1∼100 nm range, which provide one of the
greatest potentials for improving performance and extended
capabilities of products in a number of industrial sectors. In
recent years, the nanostructures for sensor device applica-
tions have been highly developed in various fields, due to
their flexibility and light weight for daily use. Some materials
like the low carbon alloy steel, transparency conducting AZO
films, piezoelectric material, AlN flake, and titanium dioxide
films have already been introduced and under investigation.
These materials and devices often have unknown relia-
bility behavior and/or introduce new failure mechanisms.
In addition, the market is continuously demanding higher
reliability levels for present technologies.The chance to share
and discuss these crucial nanostructuredmaterials for sensor
device developments is very important.Therefore, the field of
sensor device has been the subject of reviews. Sensor devices
are environmentally sustainable, in particularly considering
the availability of the nanostructured raw materials.

This special issue selects 22 papers about nanomaterials
for sensor device applications and other related fields. This
special issue enables interdisciplinary collaboration between

material science and engineering technologists in the aca-
demic and industrial fields.
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High-frequency Rayleigh-mode surface acoustic wave (SAW) devices were fabricated for 4G mobile telecommunications. The RF
magnetron sputteringmethod was adopted to grow piezoelectric aluminum nitride (AlN) thin films on the Si

3
N
4
/Si substrates.The

influence of sputtering parameters on the crystalline characteristics of AlN thin films was investigated. The interdigital transducer
electrodes (IDTs) of aluminum (Al) were then fabricated onto the AlN surfaces by using the electron beam (e-beam) direct
write lithography method to form the Al/AlN/Si

3
N
4
/Si structured SAW devices. The Al electrodes were adopted owing to its

low resistivity, low cost, and low density of the material. For 4G applications in mobile telecommunications, the line widths of
937 nm, 750 nm, 562 nm, and 375 nm of IDTs were designed. Preferred orientation and crystalline properties of AlN thin films
were determined by X-ray diffraction using a Siemens XRD-8 with CuK𝛼 radiation. Additionally, the cross-sectional images
of AlN thin films were obtained by scanning electron microscope. Finally, the frequency responses of high-frequency SAW
devices were measured using the E5071C network analyzer. The center frequencies of the high-frequency Rayleigh-mode SAW
devices of 1.36GHz, 1.81 GHz, 2.37GHz, and 3.74GHz are obtained.This study demonstrates that the proposed processing method
significantly contributes to high-frequency SAW devices for wireless communications.

1. Introduction

After the first commercial cell phone (Motorola DynaTAC)
was designed and fabricated by Martin Cooper in 1983 [1],
various acoustic wave devices are investigated for use in
mobile telecommunications, such as a surface acoustic wave
(SAW) oscillator, thin film bulk acoustic resonator (TFBAR),
and high-tone bulk acoustic resonator (HBAR) [2–4]. These
devices are also applicable in popular video categories, such
as PDAs, smartphones, and connected music players. In the
meantime, frequency bandwidth of communication systems
has received considerable attention in recent years [5].There-
fore, high-frequency SAW devices have been widely studied,
owing to their low cost, small size, lightweight nature, simple

structure, good reproducibility, and diversity of functional
applications.

Piezoelectric films such as lead zirconate titanate (PZT),
zinc oxide (ZnO), and aluminum nitride (AlN) thin films
have been applied in acoustic devices for various applications
[6–15]. In this study, the piezoelectric thin films of AlN are
adopted for the applications of high-frequency SAW devices,
owing to its better quality factor, high acoustic velocity,
and high electromechanical coupling coefficient. The global
systems for mobile communications can be classified into
several systems, including GSM-900, DCS-1800, PCS-1900,
WCDMA, and LTE. To promote the occupation efficiency
of bandwidth segment, several studies have attempted to
design and fabricate high-frequency acoustic devices for

Hindawi Publishing Corporation
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telecommunications [16–19]. In this study, a novel procedure
with the electron beam (e-beam) direct write lithography
method to design and fabricate high-frequency Rayleigh-
mode SAW devices was proposed.

This study attempts to optimize the fabrication processes
by examining the influence of sputtering parameters on the
performance of high-frequency AlN-based SAW devices. In
particular, the effects of e-beam direct write lithography
on the characteristics of the surfaces of AlN thin films
are investigated. Given the continuous scaling down of the
modern fabrication processes in line widths, conventional
SAWdevices are reaching their physical limits and alternative
technologies are needed. The need for this requirement
can be revealed when a specific liftoff method is adopted
to realize the nanoscale interdigital transducer electrodes
(IDTs). In this study, nanoscale IDTs are fabricated by
using two patterning methods; those are conventional pho-
tolithography method combined with wet-etching and the
e-beam direct write lithography method combined with dry-
etching. Finally, the acoustic performances of high-frequency
Rayleigh-mode SAW devices are studied using a network
analyzer system.

2. Experimental

In this study, low-stress silicon nitride was deposited on the
silicon substrates by low-pressure chemical vapor deposition
(LPCVD) as the supporting layer for the SAW devices. After
the substrates were cleaned using a normal process, 𝑐-axis
orientation AlN thin films were deposited using reactive RF
magnetron sputtering. The sputtering system was evacuated
to a base pressure of 5 × 10−7 torr by using a diffusion pump
to achieve the required deposition conditions. Table 1 details
sputtering conditions to prepare AlN thin films with a c-
axis orientation. An attempt was also carried out to obtain
the optimal IDTs patterns by using two kinds of patterning
methods.

The first method adopts the conventional photolithogra-
phy method with wet-etching. The IDTs are patterned by the
photolithography using photomask as shown in Figure 1.The
Al thin films are then deposited by a DC sputtering system.
Table 2 details the sputtering conditions to prepare Al thin
films.The IDTs are achieved using the liftoffmethod as shown
in Figure 2. The second method for fabricating IDTs involves
combining e-beam direct write with dry-etching. The accel-
erated voltage of an e-beam writer is set at 50 kV, and the
current is controlled at 100 pA. After the electron resistance
is coated on Al thin films, the e-beamwriter directly writes to
define the IDTs according to the pattern shown in Figure 3.
The IDTs are then achieved with inductance coupling plasma
(ICP) dry-etching process to remove unneeded Al thin films.
Figure 4 shows the fabrication steps. Table 3 lists the designed
parameters of IDTs for the SAW devices.

The preferred orientation and crystalline properties of the
AlN thin films are determined by X-ray diffraction scanning
between 20∘ and 60∘ at the speed of 0.05∘ per second using a
Siemens D8 with CuK𝛼 radiation. The surface morphologies
and composition distribution of thin films are observed by

Table 1: Deposition parameters of AlN thin films.

Target Al (99.995%)
Substrate-to-target distance (mm) 50
Base pressure (Torr) 5 × 10

−7

Substrate temperature (∘C) 300
RF power (W) 200, 250, 300
Sputtering pressure (mTorr) 5, 10, 15
N2/(N2 + Ar) 60%
Time durations (hours) 3
Deposition rate 667 nm/hour

G

S

G

Figure 1: The photomask of conventional photolithography.

Table 2: Deposition parameters of Al thin films.

Target Al (99.995%)
Substrate-to-target distance (mm) 50
Base pressure (Torr) 1 × 10

−6

Substrate temperature (∘C) R. T.
DC power (W) 100
Sputtering pressure (mTorr) 4
Ar (sccm) 10

scanning electron microscope (SEM) (JEOL-6700 FESEM)
with an energy dispersive spectrometer. The accelerated
voltage of SEM is set at 10 kV, and the magnification is
controlled over a range of magnitude ranging from 3000x to
60000x. Finally, the frequency responses of Rayleigh-mode
SAWdevices aremeasured using the network analyzer system
(E5071C).

3. Results and Discussion

3.1. Structural and Morphological Properties of AlN Thin
Films. A strongly 𝑐-axis orientated and a uniform surface
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(a) Deposit AlN thin film and 
coat photoresist

(b) Positive mask patterning-
processes

(d) Deposit Al thin film

(e) Complete the SAW device 
by liftoff method

UV irradiate

AlN

Al

Photoresist

Photomask

Photomask

(c) Finish exposed photoresist 
patterning

Develop and fixative

Si

Si3N4

Figure 2: The fabrication steps of SAW devices using conventional photolithography method combined with wet-etching.

morphology are the ideal physical properties of piezoelec-
tric films for high-frequency SAW applications. Therefore,
this study investigated two major deposition parameters to
optimize the characteristics of highly textured AlN thin
films, including sputtering pressure and RF power. Firstly, the

sputtering pressure was varied and set to 5mTorr, 10mTorr,
and 15mTorr to determine the effects of sputtering pressure
on the crystalline growth of AlN thin films. The substrate
temperature was fixed at 300∘C, owing to that the adequate
thermal can improve the piezoelectric properties of AlN
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G

S
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Figure 3: The mask of e-beam lithography.

Table 3: The designed parameters of IDTs for the Rayleigh-mode
SAW devices.

E-beam direct write
Input IDT electrode (pairs) 30
Output IDT electrode (pairs) 30
Area of device (𝜇m) 600 × 600

Wavelength 𝜆 (nm) 937, 750, 562, 375
The overlapped length (𝜇m) 60
Delay line (𝜇m) 110
Distance between two electrodes (𝜇m) 150

thin films. According to Figure 5, excellent (002) orientated
crystals with a small full width at half maximum (FWHM)
can be obtained in samples at sputtering pressure of 10mTorr.
Additionally, as revealed by the surface morphologies and
cross-sectional images in Figure 6, the surface exhibited uni-
form cobblestone-like crystallites, and the columnar textured
AlN thin film appeared.

Secondly, the RF power was varied to investigate the
influence on the characteristics of AlN thin films. The XRD
patterns in Figure 7 display the variations in the 2𝜃 range of 30
to 60 degrees with the RF power.The results showed that AlN
thin films deposited at 250W exhibited a sharp (002) peak
and small value of FWHM. Figure 8 reveals that the surface
roughness of AlN thin films increased with an increasing of
RF power. Therefore, the RF power was fixed at 250W to
achieve a higher electromechanical coupling coefficient and
smooth surface shaped AlN thin films.

Finally, AlN thin films with a smooth surface, uniform
grain size, and strongly 𝑐-axis orientated crystallization were
deposited based on the optimal substrate temperature of
300∘C, RF power of 250W, and sputtering pressure of
10mTorr. The obtained surface morphologies of AlN thin
films appeared to be dense with smooth surfaces and strongly
textured columnar structures. As is believed, hexagonal

Table 4: The different line widths of IDTs fabricated with various
e-beam exposure durations.

Line widths of IDT (nm) Exposure duration (𝜇s)
937 2.2∼1.7
750 2.2∼1.85
562 2.3∼2.2
375 2.6∼2.5

crystals exhibit piezoelectricity of unitywith a (002) preferred
orientation [20, 21].

3.2. Conventional Photolithography and E-Beam Direct Write
Processes. Figure 9 shows the optical microscopic (OM)
images of IDTs by using the conventional photolithography
method. Analysis results indicate that the IDTs morphol-
ogy has several unfavorable properties, including a blurred
morphology, damaged IDTs, and the breakage status. These
properties are owing to the inability of the nanoscaled width
of the photoresist to sustain the side etching of the acetone
[22].

Although this study designed four different line widths
of IDTs, the conventional photolithography method failed
to fabricate IDTs with nanoscale. To resolve the above poor
resolution, the e-beam direct write method is adopted.

In this study, high-frequency Rayleigh-mode SAW de-
vices are fabricated using e-beam lithography, owing to its
high resolution, high optical-sensitivity, precise alignment,
low defect density, and easy preservation ability. Moreover,
a less process time is expected due to the less writing area.

The ICP dry-etching process accompanied by the e-
beam direct write method will be a promising solution
for the nanoscale process. Several line widths of IDTs are
designed and tested in advance to determine the limitations
of the e-beam direct writer and the withstanding ability of
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(a) Deposit AlN and Al thin films

(b) Coat electron resistance on Al 
thin films

(c) E-beam direct write to define 
IDT patterns

(e) Complete the SAW device

Electron resistance

(d) Unneeded Al thin films were 
removed using ICP-etching 

method

The electron resistance was removed

AlN

Al

Si

Si3N4

Figure 4: The fabrication steps of SAW devices using e-beam direct write combined with dry-etching.

the electron resistance for plasma etching. Notably, the
exposure time must be adjusted because the exposure dura-
tion of e-beam is a dominant parameter. The insufficient
exposures reveal an unclear line width and bad resolution,
as shown in Figure 10(a). Conversely, the overdose exposures
caused excessive irradiation and damaged the line widths.

Figure 10(b) shows the clear line widths with suitable expo-
sures controlled. Table 4 lists the durations of controlled
exposures. Figure 11 shows the OM images of IDTs after the
ICP-etching process. Analysis results indicate that the e-beam
direct write method exhibits several favorable advantages,
including an obvious morphology, acceptable processing
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Figure 5: The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited with various sputtering pressures.
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Figure 6: The surface morphology and cross-sectional image of the AlN thin films deposited at 10mTorr.
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Figure 7: The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited with various RF powers.

time, high yield, and large electrodes area for electrical
connections. Therefore, in this study, IDTs with nanoscale
widths are obtained using the e-beam direct write method.

3.3. Frequency Responses of High-Frequency Rayleigh-Mode
SAWDevices. Figure 12 shows the frequency responses mea-
sured using the E5071Cnetwork analyzer for the SAWdevices

with various line widths patterns of IDTs. The center fre-
quencies of the high-frequency Rayleigh-mode SAW devices
of 1.36GHz, 1.81 GHz, 2.37GHz, and 3.74GHz are obtained
for the line widths of 937 nm, 750 nm, 562 nm, and 375 nm
of IDTs, respectively. The measured center frequencies of all
SAW devices are close to the theoretical calculations. The
results demonstrate that the proposed processing method



Journal of Nanomaterials 7

5.00

5.00

2.50

2.50

0

0

(𝜇m)

(𝜇
m

)

Image statistics

4.953nm
49.551nm

Box statistics

45.0

22.5

(n
m

)

0.0

6.248nmImage Rme (Rq)
Image Ra

Image Rmax

Rms (Rq)
Mean roughness (Ra)

(a)

5.00

5.00

2.50

2.50
0

0

(𝜇m)

(𝜇
m

)

Image statistics Box statistics

45.0

22.5

0.0

Image Rme (Rq)
Image Ra

Image Rmax

Rms (Rq)
Mean roughness (Ra)

(n
m

)

8.047nm
6.437nm
62.392nm

(b)

Figure 8: The atomic force microscopy images of AlN thin films deposited with RF powers of (a) 250W and (b) 300W.
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Figure 9: The OM images of IDTs after the conventional liftoff method.

(a) (b)

Figure 10: The exposure duration of e-beam: (a) insufficient exposures and (b) suitable exposures.

Figure 11: The OM images of IDTs after the e-beam direct write and ICP-etching.

significantly contributes to high-frequency SAW devices for
wireless communications.

4. Conclusions

This study describes the fabrication of a high-frequency
Rayleigh-mode SAW device for 4G mobile telecommunica-
tion application. AlN thin films are deposited on Si

3
N
4
/Si

substrates by reactive RF magnetron sputtering. The SAW

devices are fabricated using the e-beam lithography method.
The AlN thin films exhibit excellent properties, including
(002) preferred orientation, smooth surface, uniform grain,
and columnar structure with suitable sputtering parame-
ters controlled. Additionally, e-beam direct write methods
combined with ICP-etching methods are adopted to develop
the nanoscaled IDTs. The proposed method has several
advantages, including high density plasma, uniform etched
surfaces, and high etching rate, making it feasible for fab-
ricating the nanoscaled devices. Finally, the SAW devices
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implemented with a Rayleigh-mode at 1.36GHz, 1.81 GHz,
2.37GHz, and 3.74GHz are successfully fabricated in this
study. Results of this study demonstrate that the proposed
high-frequency SAWdevice is highly promising for use in 4G
mobile telecommunication.
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Vinyl polymer-grafted multiwalled carbon nanotube (MWNT) supports with anion groups were prepared for use as biosensor
supports by radiation-induced graft polymerization (RIGP) of the vinyl monomers acryloyl diphosphoric acid (ADPA), acrylic
acid (AA), sodium styrenesulfonate (NaSS), and methacrylic acid (MA) onto the surface of MWNTs. The electrogenerated
chemiluminescence sensors based on a glass carbon electrode (ECL-GCE) and a screen printed electrode (ECL-SPE)were fabricated
by immobilization of Ru(bpy)

3

2+ complex after coating of vinyl polymer-grafted MWNT inks on the surface of the GCE and
SPE without any polymer binders in order to obtain high electrogenerated chemiluminescence intensity. For detection of alcohol
concentration, alcohol dehydrogenase (ADH) was immobilized onto an ECL-GCE sensor prepared by poly(NaSS)-g-MWNT
supports. The prepared biosensor based on ADH is suitable for the detection of ethanol concentration in commercial drinks.

1. Introduction

Radiation-induced graft polymerization can convert func-
tional polymers on polymer substrates with specific thermal,
mechanical, electronic, or crystalline properties. It has been
used for the introduction of specific functional groups from
various vinyl monomers to carbon materials in order to
prepare supports with specific functionality for biosensors
[1–4]. Free radicals generated during 𝛾-ray irradiation of the
reactionmixture are important in this type of polymerization.

Furthermore, ECL can provide highly sensitive and
selective identification of species as optical signals, which
are induced by specific electrochemical reactions [5, 6]. It
has been used in several bioanalytical fields and has been
commercialized for the detection of clinically important
analyses such as in immunoassays and DNA analysis by
labeling biological molecules with ECL-active species [7].

ECL biosensors have been fabricated through the immo-
bilization of ruthenium complexes (Ru(bpy)

3

2+) on con-
ducting polymer-SiO

2
-Nafion composite films on GC elec-

trodes [8, 9]. Conducting polymer-SiO
2
nanocomposites

have been prepared by coating polyaniline, polypyrrole, and

polythiophene onto the surfaces of SiO
2
nanospheres. ECL

sensors have also been prepared through the immobilization
of Ru(bpy)

3

2+ on conducting polymer-wrapped MWNT-
Nafion composite film, COOH-functionalized MWNTs, and
Au nanoparticles; however, despite performing well, these
sensors relied on coating the MWNTs, SiO

2
nanaospheres,

and Au nanoparticles with polymer binder to immobilize
the Ru complex onto the GC electrode surfaces, which
can decrease ECL intensity and reproducibility. Composite
films prepared using polymer binder often separate from the
electrode’s surface during electrochemical testing.

In order to decrease the separation of polymer binder
from the electrode surface, poly(GMA)-g-MWNTs were
prepared by RIGP of glycidyl methacrylate (GMA) onto
the surface of the MWNTs in aqueous solution. Subse-
quently, TEDA-modified MWNT electrodes were fabricated
by hand casting after amination of the epoxy group-contained
poly(GMA) using TEDA. Finally, ECL sensors were prepared
by immobilization of the Ru(bpy)

3

2+ complex onto the
TEDA-modified MWNT electrode [10]. The results of this
report show that the grafted poly(GMA) chain can act as a
polymer binder and the unpaired electron of the immobilized
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TEDA can interact with the Ru(bpy)
3

2+ complex; however,
there have been only few reports on the reversal of the grafted
vinyl polymers as polymer binder on electrochemical testing
and no studies on the interaction effects of the anion groups
with the Ru(bpy)

3

2+ complex in the electrochemical reaction.
In this study, we selected vinyl monomers with anion

groups in order to induce radiation-induced graft polymer-
ization onto the surface of MWNTs during 𝛾-ray irradia-
tion in aqueous solution at room temperature. The vinyl
monomers used were acryloyl diphosphoric acid (ADPA),
acrylic acid (AA), sodium styrenesulfonate (NaSS), and
methacrylic acid (MA). Subsequently, ECL sensors based on
glass carbon electrodes (ECL-GCE) and screen printed elec-
trodes (ECL-SPE) were fabricated by immobilization of the
Ru(bpy)

3

2+ complex after coating of vinyl polymer-grafted
MWNT inks on the surface of the glass carbon electrodes

(GCE) and screen printed electrodes (SPE). Finally, ECL
biosensors for the determination of ethanol concentration
were fabricated by immobilization of alcohol dehydrogenase
(ADH) onto the prepared ECL-GCE based on poly(NaSS)-g-
MWNT supports.

2. Experimental

2.1. Reagents. Alcohol dehydrogenase (ADH, from baker’s
yeast, 451U/mg solid), nicotinamide adenine dinucleotide
(NAD+), tripropylamine (TPA, 99%), sodium 4-styrenesul-
fonate (NaSS), acrylic acid (AA), methacrylic acid (MA), and
tris(2,2-bipyridyl)dichlororuthenium(II) (Ru(bpy)

3

2+, 98%)
were obtained from Sigma-Aldrich, Korea. MWNTs (95%;
length, 10 𝜇m) were obtained from Hanwha Nanotech Co.,
Ltd., Korea. All other chemicals were of analytical grade.
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Figure 3: TEM images of purified MWNT (a), poly(ADPA)-g-MWNT ((b) and (c)), and poly(MA)-g-MWNT ((d), (e), and (f)).

Element Weight (%) Atomic (%)
O K 0.04 86.90
P K 0.01 13.10
Totals 0.05

Spectrum 1

0 2 4 6 8 10 12 14 16 18 20

(keV)
Full scale 4133 cts cursor: 0.000

O

P

(a)

Weight (%) Atomic (%)Element
C K 0.68 62.36
O K 0.54 37.64
Totals 1.22

Spectrum 1

O
C

0 2 4 6 8 10 12 14 16 18 20

(keV)
Full scale 4133 cts cursor: 0.000

(b)

Element
C K 1.26 89.30
O K 0.15 7.74
Na K 0.05 1.81
S K 0.04 1.16
Totals 1.50

Spectrum 1
Weight (%) Atomic (%)

0 2 4 6 8 10 12 14 16 18 20

(keV)
Full scale 4133 cts cursor: 0.000

O

Na S

C

(c)

Weight (%) Atomic (%)Element
C K 0.09 74.28
O K 0.04 25.72
Totals 0.14

Spectrum 1

0 2 4 6 8 10 12 14 16 18 20

(keV)
Full scale 924 cts cursor: 0.000

O
C

(d)

Figure 4: EDS data of the poly(ADPA)-g-MWNT (a), poly(AA)-g-MWNT(b), poly(NaSS)-g-MWNT (c), and poly(MA)-g-MWNT (d).

Water was purified using a Millipore purification system
(Millipore, MA, USA).

2.2. Synthesis of Acryloyl Diphosphoric Acid (ADPA). ADPA
was synthesized in accordance with a previous paper
[10]. In detail, diphosphoric acid (0.562mol) was dried
under reduced pressure for 12 hrs and then dissolved in

tetrahydrofuran (THF, 210mL). TEA (80mL) was added to
the diphosphoric acid solution and the reaction mixture was
stirred for 20min. Acryloyl chloride (0.468mol) in THF
(40mL) was added drop by drop to the reaction mixture
over 3 hrs, while the temperature was maintained at 0∘C.The
reaction mixture was then stirred for 3 hrs at room temper-
ature. The ADPA monomer was obtained after evaporation
of the solvent. The chemical structure of the ADP monomer
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Figure 6: XPS survey scan spectra of the poly (ADPA)-g-MWNT (a), poly(AA)-g-MWNT (b), poly(NaSS)-g-MWNT (c), and poly(MA)-g-
MWNT (d).
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Figure 7: High-resolution XPS spectra of the C
1s on poly(ADPA)-g-MWNT (a), poly(AA)-g-MWNT (b), poly(NaSS)-g-MWNT (c), and

poly(MA)-g-MWNT (d).

was confirmed by 1H NMR (DMSO-d6), FTIR, and MS
spectroscopy. 1H NMR (DMSO-d6, TMS): 3.0–3.2 (𝑡, 1 H,
=CH−), 1.1∼1.3 ppm (d, 2H, CH

2
=); FTIR(KBr): 1730 cm−1

(>C=O), 1000 cm−1 (P=O), 3500 cm−1 (−OH); MSm/z 232.

2.3. Radiation-Induced Graft Polymerization of Vinyl Mono-
mer onto MWNT Surface. MWNTs were purified using
phosphoric acid (97%) to remove the catalyst and noncrys-
tallized carbon impurities. They were then used to support
the grafted vinyl monomers.MWNTs (1.0 g) andGMA (1.0 g)
were mixed in a 20mL aqueous solution. Nitrogen was
bubbled through the solution for 30min to remove any
residual oxygen, and the solution was irradiated by 30 kGy 𝛾-
rays from a Co-60 source at 1.0 × 104 Gy/h at atmospheric

pressure and ambient temperature. The resulting samples
were separated by centrifuge and then dried at 50∘C for 12 hrs.

2.4. Preparation of ECL-GCE and ECL-SPE Biosensors.
MWNTs were purified using phosphoric acid (97%) to
remove the catalyst and noncrystallized carbon impurities.
They were then used to support the grafted NaSS. MWNTs
(1.0 g) and NaSS (1.0 g) were mixed in 20mL water. Nitrogen
was bubbled through the solution for 30min to remove
any residual oxygen, and the solution was irradiated by
30 kGy 𝛾-rays from a Co-60 source at 1.0 × 104 Gy/h at
atmospheric pressure and ambient temperature.The resulting
samples were separated by centrifuge and then dried at
50∘C for 12 hrs. The other supporting materials poly(ADPA),
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Figure 8: Cyclic voltammograms and ECL intensity of the ECL-GCE (a) and ECL-SPE (b) prepared by poly(ADPA)-g-MWNT in 0.1M
phosphate buffer solution (pH = 7.0) containing 5mM TPA with scan rate 100mV/s.

poly(AA), and poly(MA) were also prepared by a similar
method as described above.

Figure 1 outlines the preparation of the ECL-GCE and
ECL-SPE biosensors based on vinyl polymer-graftedMWNT
for detection of alcohol. The MWNT support ink was pre-
pared by dispersing 3.0mgL−1 sulfonated MWNT supports
and 2.0mM Ru(bpy)

3

2+ in 5wt% Nafion solution for 24 hrs
at room temperature. 10 𝜇L of this was hand cast onto a
precleaned glassy carbon electrode (GCE) and homemade
screen printed electrode (SPE). The thin composite film
was allowed to evaporate for 60 s at room temperature.
10mgmL−1 ADH solution was then hand cast onto the
Ru(bpy)

3

2+-immobilized MWNT support electrode. The
resulting ECL biosensor was allowed to dry and was stored
at 4∘C.

2.5. Instrumentation. Cyclic voltammetry (CV) was per-
formed using a Potentiostat/Galvanostat model 283 (Ame-
tek PAR, USA) and a conventional three-electrode system
comprising a composite-coated glassy carbon (diameter,
2mm) working electrode, a platinum wire counter electrode,

and an Ag/AgCl (saturated KCl) reference electrode. The
screen printed electrode with 2.0mm (diameter) working
electrode, Ag/AgCl inks, and carbon paste counter electrode
was fabricated by a screen printer produced by Hyochang
Mechanical Company (Seoul, Republic ofKorea). ECL testing
was conducted using an H7468-01 photomultiplier tube
(PMT) system (Hamamatsu Photonics, Shizuoka, Japan).The
entire ECL cell was enclosed in a light-proof dark box. The
morphology of the vinyl polymer-modifiedMWNT supports
was observed by transmission electron microscopy (TEM,
Carl Zeiss, EM 912 Omega, Germany). Surface properties
were characterized by FT-IR spectroscopy (PerkinElmer Life
andAnalytical Sciences, USA) andX-ray photoelectron spec-
troscopy (Thermo Fisher Scientific, MultiLab ESCA2000,
USA).Thermogravimetric analysis (TGA) was conducted on
a Scinco TGA S-1000 (Seoul, Republic of Korea) under N

2

flow from 25∘C to 700∘C at 20∘C/min.

3. Results and Discussion

3.1. Radiation-Induced Graft Polymerization of Vinyl
Monomers on MWNT Surface. For MWNTs to be used
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Figure 9: Cyclic voltammograms and ECL intensity of the ECL-GCE (a) and ECL-SPE (b) prepared by poly(NaSS)-g-MWNT in 0.1M
phosphate buffer solution (pH = 7.0) containing 5mM TPA with scan rate 100mV/s.

as hosts for cationic metal complexes, the introduction of
anionic groups onto MWNT surfaces is very important.
Anion groups can be easily introduced onto the surface of
MWNTs by RIGP of vinyl monomers with anion groups in
aqueous solution. The vinyl monomers ADPA, AA, NaSS,
and MA were used here because they possess anion groups
that can be used to immobilize ruthenium complexes. The
vinyl monomers contain hydrophobic vinyl groups as well
as hydrophilic anion groups, and the vinyl groups interacted
with the MWNT surfaces and the aqueous mixture solution.
Figure 2 shows the possible grafting mechanism of MA
onto the surface of MWNTs in aqueous solution during
𝛾-irradiation. Two active species, namely, free radicals and
solvated electrons (e−aq), can be obtained in aqueous solution
during 𝛾-ray irradiation as shown in the following equation
[11]:

H
2
O → e−aq,H

+
,H∙,OH∙,H

2
O
2
,H
2 (1)

The hydroxyl radical (OH∙) can be immobilized onto
the MWNT surface and this produces the trapped radicals
on the surface of the MWNTs as shown in Figure 2. As a
result, the trapped radicals on the MWNTs can be initiated

for grafting polymerization of MA on the surface of the
MWNTs as shown in Figure 2. A similar grafting process
as that described above can be expected for the other vinyl
monomers ADPA, AA, and NaSS.

Figure 3 shows the TEM images of the purified MWNT
(a), poly(ADPA)-g-MWNT ((b), (c)), and poly(MA)-g-
MWNT ((d), (e), and (f)). The radical polymerization of
vinyl monomers on the MWNTs during 𝛾-irradiation led
to anion groups being immobilized on the MWNTs as
tubular coatings (Figure 3), which increased the diameter
from 20 nm to 37 nm. Overall, the anion group-modified
MWNT supports were successfully prepared by one-step
radiation graft polymerization.

Figure 4 shows the energy dispersive X-ray spectroscopy
(EDS) data of the poly(ADPA)-g-MWNT (a), poly(AA)-g-
MWNT (b), poly(NaSS)-g-MWNT (c), and poly(MA)-g-
MWNT (d). For the poly(ADPA)-g-MWNT (Figure 4(a)),
the P element peak appeared owing to the grafted
poly(ADPA). For the poly(NaSS)-g-MWNT (Figure 4(c)),
the S and Na element peaks were recorded owing to the
grafted poly(NaSS). In the case of the poly(AA)-g-MWNT
and poly(MA)-g-MWNT, the C and O element peaks
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Figure 10: Cyclic voltammograms and ECL intensity of the ECL-GCE (a) and ECL-SPE (b) prepared by poly(MA)-g-MWNT in 0.1M
phosphate buffer solution (pH = 7.0) containing 5mM TPA with scan rate 100mV/s.

were found. From these results, it is shown that the vinyl
monomers with anion groups were successfully grafted onto
the surface of the MWNT by one-step radiation-induced
graft polymerization.

In order to confirm the introduction of an anion group
of vinyl polymer-g-MWNT, thermal analysis was performed.
Figure 5 shows the TGA curves of purified MWNT (a),
the poly(ADPA)-g-MWNT (b), poly(AA)-g-MWNT (c),
poly(NaSS)-g-MWNT (d), and poly(MA)-g-MWNT (e). In
Figure 5(a), the first weight loss from 50∘C to 250∘C for the
purified MWNT was attributable to moisture loss because
of the hydrophilic properties stemming frommodification of
the carboxylic acid on the MWNT surfaces. A second weight
loss from the MWNT backbone appeared at 600∘C. For the
poly(ADPA)-g-MWNT (Figure 5(b)), the second weight loss
at 250–600∘C occurred through the grafted poly(ADPA).
These results show that graft yields were about 22.0% after
RIGP of ADPA monomers. As shown in Figures 5(c), 5(d),
and 5(e), the graft yields were about 25.0% after RIGP of AA,
NaSS, andMA.These anion-modifiedMWNTs can be used as
host supports in order to immobilize ruthenium complexes.

Figures 6 and 7 show the XPS survey scan spectra
and high-resolution XPS spectra of the C1s and N1s of

the poly(ADPA)-g-MWNT (a), poly(AA)-g-MWNT (b),
poly(NaSS)-g-MWNT (c), and poly(MA)-g-MWNT (d).
In the XPS survey scan spectra of poly(ADPA)-g-MWNT
(Figure 6(a)), the characteristic P2p

3/2
peak appeared

at 134 eV owing to diphosphoric acid on the grafted
poly(ADPA) on the MWNT surface. In the XPS survey
scan spectra in Figure 6(c), the characteristic S2p

3/2
peak

appeared at 168 eV owing to the grafted poly(NaSS) on the
MWNT surface. In the XPS survey scan spectra of Figures
6(b) and 6(d), there is a C1s peak around 285 eV and an
O1s peak around 533 eV due to poly(AA)-g-MWNT and
poly(MA)-g-MWNT, respectively. In the high-resolution
XPS spectra of Figure 6(a), a small amount of carbonyl
group (>C=O) appeared at 286–287 eV on the poly(ADPA).
Grafting with vinyl monomer resulted in an additional peak
at 288.7–289.5 eV due to carbonyl groups in the polymer
chains (Figures 7(a), 7(b), and 7(d)). In Figure 7(c), a small
amount of carbonyl carbon is shown because carboxylic
acid is produced during purification of MWNT using strong
acid solution. As shown by the results, the anion group was
successfully introduced to the MWNT surface by RIGP.
These anion group sites could be applied as a host in order to
immobilize ruthenium complexes.
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Figure 11: Introduction of Ru(bpy)
3

2+ complex onto poly(ADPA)-g-MWNT (a), poly(AA)-g-MWNT (b), poly(NaSS)-g-MWNT (c), and
poly(MA)-g-MWNT (d).

3.2. Application of Vinyl Polymer-Grafted MWNT to ECL
Biosensor. Cyclic voltammetry and ECL intensity measure-
ments of ECL-GCE and ECL-SPE were carried out in PBS
(pH = 7.5) with 5.0mM tripropylamine (TPA) at 100mVs−1.
The reaction scheme for ECL shows that the starting
material, Ru(bpy)

3

2+, was regenerated after light emission
[12]:

Ru(bpy)
3

2+
→ Ru(bpy)

3

3+
+ e− (2)

Ru(bpy)
3

3+
+ TPA → Ru(bpy)

3

2+
+ TPA∙ (3a)

TPA → TPA∙ (3b)

Ru(bpy)
3

3+
+ TPA∙ → [Ru(bpy)

3

2+
]

∗

[Ru(bpy)
3

2+
]

∗

→ Ru(bpy)
3

2+
+ light (610 nm) .

(4)

Figures 7, 8, 9, and 10 show the cyclic voltammograms
and ECL intensity of the ECL-GCE and ECL-SPE prepared
by vinyl polymer-g-MWNT supports in 0.1M phosphate
buffer solution (pH = 7.0) containing 5mM TPA with a
scan rate 100mV/s. The better cyclic voltammograms and
high ECL intensity for ECL-GCE were attributed to the low
conductivity of the homemade screen printed electrode. As
shown by the results, the Ru(bpy)

3

2+ waswell immobilized by
the anion group-modified MWNT supports. Furthermore, it
was shown that ECL-GCE has an advantage over ECL-SPE in
terms of ECL intensity and stability.

Figure 11 shows the introduction of Ru(bpy)
3

2+ complex
onto the poly(ADPA)-g-MWNT (a), poly(AA)-g-MWNT
(b), poly(NaSS)-g-MWNT (c), and poly(MA)-g-MWNT (d).
The Ru(bpy)2+ complex may interact with anion groups such
as diphosphoric acid, sulfonate, and carboxylic acid on the
vinyl polymer-grafted MWNT.

In order to apply the biosensor, the ADH was immobi-
lized onto the ECL-GCE fabricated by poly(NaSS)-g-MWNT
supports, which exhibited the strongest ECL intensity, by a
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2+ complex, in PBS (pH =
7.5) with scan rate 100mV/s to ethanol.

hand casting method. Then, the electrochemical behavior
of the ADH-immobilized biosensor in PBS (pH = 7.5)
with ethanol was assessed at 100mVs−1 by CV and ECL
measurement. Figure 12 shows the cyclic voltammograms
of the ADH-immobilized biosensor as a function of ethanol
concentration. The patterns of the cyclic voltammogram did
not change in accordance with ethanol concentration, while
the current density at +0.9V and oxidation peaks increased
slightly with increasing ethanol concentration. This suggests
that the preparedADH-immobilized biosensor could be used
to detect ethanol concentration through cyclic voltammetry.
The linear calibration plot of current versus logarithmic
ethanol concentration for the ADH-immobilized biosensor
under optimized experimental conditions shows that the
current increased with increasing ethanol concentration.The
sensing range was 5.0 × 10−5 ∼5.0 × 10−2M (𝑅2 = 0.99), with
a detection limit of 2.9 × 10−6M given a signal-to-noise ratio,
𝑛, of 3.

Figure 13 shows the calibration curve of the biosensor
with ADH, which is prepared by poly(NaSS)-g-MWNT with

Table 1: Determination results of ethanol in commercial samples by
using the ADH based biosensor.

Sample Nominal (%, v/v) Biosensor (%, v/v)
Soju 11 12.5 ± 0.9
Beer 5 6.4 ± 0.8

Ru(bpy)
3

2+ complex in PBS (pH = 7.5) with a scan rate
100mV/s to ethanol. The calibration plot based on ECL
intensity shows that ECL intensity increased with increasing
ethanol concentration.The linear range of the ECL detection
was 5.0× 10−5∼1.0× 10−2M(𝑅2 = 0.98), with a detection limit
of 5.0 × 10−6M (𝑛 = 3).

Table 1 shows the results of determinations of ethanol
concentration in commercial alcohol samples using the
ADH-immobilized biosensor. The ethanol concentration of
the commercial alcohol determined by using the prepared
biosensor was higher than the reported concentration of the
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sample. The prepared biosensor based on the vinyl polymer-
g-MWNT supports is suitable for use for the determination
of ethanol concentrations in commercial alcohol.

4. Conclusion

One-step radiation-induced graft polymerization was per-
formed using vinyl monomers in the presence of MWNTs
in order to use biosensor supports. From these results
we concluded the following. (1) Radiation-induced graft
polymerization of the functionalized vinyl monomer could
introduce very simply and easily a functional group onto the
MWNT surface. (2)The prepared vinyl polymer-g-MWNT
supports could be coated on the surface of GC and screen
printed electrodes without any polymer binder. (3)The vinyl
polymer-g-MWNT is good biosensor support.
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Magnetic nanoparticles (MNPs) have great potential in biomedical applications because of their magnetic response offers the
possibility to direct them to specific areas and target biological entities. Magnetic separation of biomolecules is one of the most
important applications of MNPs because their versatility in detecting cancer biomarkers. However, the effectiveness of this method
depends onmany factors, including the type of functionalization ontoMNPs.Therefore, in this study, magnetite nanoparticles have
been developed in order to separate the 5-nucleotidase enzyme (5eNT).The 5eNT is used as a bio-indicator for diagnosing diseases
such as hepatic ischaemia, liver tumor, and hepatotoxic drugs damage.Magnetic nanoparticles were covered in a core/shell typewith
silica, aminosilane, and a double shell of silica-aminosilane. A ScFv (fragment antibody) and anti-CD73 antibody were attached to
the coated nanoparticles in order to separate the enzyme.Themagnetic separation of this enzymewith fragment antibodywas found
to be 28% higher than anti-CD73 antibody and the enzyme adsorption was improved with the double shell due to the increased
length of the polymeric chain.Magnetite nanoparticles with a double shell (silica-aminosilane) were also found to bemore sensitive
than magnetite with a single shell in the detection of biomarkers.

1. Introduction

Nanomedicine is generally defined as the biomedical appli-
cation of nanotechnology. Nanomagnetism is at the forefront
of the nanosciences as magnetic nanomaterials are the most
promising materials used in the clinical diagnosis and in
various therapeutic applications [1, 2]. Magnetic particles
have special features that make them viable for biomedical
applications [3]. Their particle size can be controlled in
the nanometric scale and they can be functionalized with
biocompatible molecules to interact with biological entities.
Many researchers have been focusing on the nanoscale
because magnetic nanoparticles contain a simple magnetic
domain and show a superparamagnetic behavior at room
temperature, which means that the magnetization𝑀 is close
to zero in the absence of a magnetic field, but when an
external magnetic field is applied, the magnetic moments are

aligned with the field [4]. This kind of magnetic response
is highly desired in biomedical applications because these
materials offer the possibility of being manipulated to a
specific body area and target biological entities through
an external stimulus. This ability of magnetic nanoparticles
has allowed them to be used for labeling and manipulating
biomolecules as drugs and genes [5–8]. Drug delivery is the
most studied application of the magnetic nanoparticles in
order to develop a new therapeutic method that increases
the effectiveness of anticancer drug [9]. Magnetic drug
targeting (MDT) has also been used to improve localized
drug delivery to interstitial tumor targets. MDT involves
attaching an antibody to the nanoparticles surface in order
to get an antibody-antigen coupling ensuring an efficient
and controlled drug release [10]. In order to improve the
antibody adherence to the nanoparticles, they are coated with
a biocompatible and/or biodegradable material to modify
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their surface. The coated material can be a natural polymer
such as chitosan, collagen, folic acid, or a synthetic material
like dextran, tetraethyl orthosilicate, poly-lactic-co-glycolic
acid, polyethylene glycol, and so forth. These materials
provide different functional groups attached to the surface
of the nanoparticles as aldehyde (–CHO), hydroxyl (–OH),
and amine (–NH

2
) [9, 11–14]. Biological entities, such as

antibodies, are attached to the coated nanoparticles through
bonding with these functional groups, and the type of ligand
defines the effectiveness of these systems.

5-Nucleotidase (5-ribonucleotide phosphohydrolase;
5eNT) is an intrinsic membrane glycoprotein present as
an ectoenzyme in a wide variety of mammalian cells.
An increased 5eNT concentration is a bioindicator of
hepatobiliary and osseous disease [15, 16]. In this study,
magnetite nanoparticles coated with antibody against
5eNT were developed and adherence of antibody against
5eNT was investigated with diverse coated materials. The
effectiveness of functional groups such as silanol and amine
was determined. A double shell nanoparticle was developed
in order to improve the antibody adherence. Increase in
the antibody content of the nanoparticles improved the
effectiveness of the MDT systems as a result of better
antibody-antigen coupling.

2. Experimental Procedures

2.1. Synthesis of Magnetite Nanoparticles. Magnetic nanopar-
ticles (Fe

3
O
4
) were prepared by coprecipitation with a rapid

injection method. The starting material was a mixture of
1.3519 g of FeCl

3
⋅6H
2
O (Sigma Aldrich, CAS no. 10025-77-

1) and 0.6820 g of FeSO
4
⋅7H
2
O in 25mL of distilled water.

Subsequently, 25mL of NH
4
OH was added abruptly in a

rapid injection process to increase the pH value to 12. A black
precipitate was formed; it was washed several times until the
supernatant reached a pH value of 6.5. The precipitate was
dried in a vacuum oven at 30 ± 5∘C for 24 h.

2.2. Coated Magnetic Nanoparticles. To evaluate the enzy-
matic adherence to the nanoparticle surface, three different
nanoparticles were obtained: magnetite with a silica shell
(with hydroxyl group), magnetite with aminosilane shell
(with amine group), and magnetite with a double shell silica-
aminosilane. For magnetite with a silica shell (MS samples),
1.910 g of sodium silicate (Na

2
SiO
3
) was dissolved in 100mL

of deionized water in a flask, 0.20 g of Fe
3
O
4
nanoparticles

was added to this solution and sonicated using Ultra-Turrax
for 30 minutes. Further, the temperature of the mixture was
increased to 80∘C and hydrochloric acid was added dropwise
until pH 6.0 was attained. The material was then washed
several times with deionized water by magnetic decantation.
This procedure was repeated twice in order to ensure that the
magnetite was coated with silica.

For magnetite with aminosilane shell (MA samples),
1.0mL of N-(2-aminoethyl)-3 aminopropyltrimethoxysilane
was dissolved in a solution containing 250𝜇LH

2
Oand 25mL

of methanol, and then 0.20 g of magnetite nanoparticles was
added. The mixture was exposed to ultrasonic homogenizer

for 30 minutes. Subsequently, 15mL glycerol was added, and
the temperature of the mix was increased to 90∘C with rapid
stirring for 6 h. The product was washed several times with
deionized water andmethanol and concentrated bymagnetic
decantation; the material was dried at room temperature. For
double shell silica-aminosilane nanoparticles (MSA samples),
a similar methodology (as mentioned above) was used with
the exception that the starting nanoparticles were precoated
with silica.

2.3. Antibody Adherence to Coated Nanoparticles. Two types
of antibodies against 5-nucleotidase were used in order
to compare antigen affinity: a commercially purified anti-
CD73 monoclonal antibody (Ecto-5-nucleotidase, 5F/B9,
BD Pharmingen) (namely, CD73) and single chain fragment
Fv monoclonal antibody obtained by phage display method
(namely, ScFv) [16]. 100 𝜇L of antibodies solution was incu-
bated in a flask containing 0.02 g of functionalized magnetic
particles for 24 h at room temperature with slow agitation.
The material was washed several times with 1.0M, pH 7.4
phosphate buffer solution (PBS). Finally, the material was
suspended in 100 𝜇L of PBS and stored at 4∘C. The adher-
ence of the antibody to functionalized magnetic nanoparti-
cles (FMNPs) was determined by measuring absorbance at
280 nm in a UV-Vis spectrophotometer (Thermo Scientific
Nanodrop 2000).

2.4. 5-Nucleotidase Enzyme Separation. In order to evaluate
the effect of the surface modification on 5-nucleotidase
(5eNT) separation, magnetite with no modification (M),
silica-magnetite (MS), silica-aminosilane-magnetite (MSA),
silica-amino silane-ScFv antibody-magnetite (MSACF), and
silica-aminosilane-anti-CD73 antibody (MSA-CD73) were
tested. In the first step, an initial solution of 1.0M of the 5eNT
(Sigma-Aldrich; CAS no. 9027-73-0) in PBS (Sigma-Aldrich,
CAS no. 7447-40-7) pH 7.4, was incubated with 0.02 g of each
material at room temperature for 24 h in a microcentrifuge
tube in a rotator with gentle mixing. After the immobi-
lization step, the magnetically loaded nanosorbents carrying
probe enzymes were removed from the medium by applying
an external magnetic field. Finally, separation efficiencies
were determined by measuring the initial and final enzyme
concentrations before and after the separation step using a
Bradford colorimetric method at 595 nm wavelengths.

2.5. Characterization of Magnetite Nanoparticles. X-ray
diffraction (XRD; PANalytical XRD84) was used to confirm
the formation of the crystalline phase of magnetite (Fe

3
O
4
).

Field emission scanning electron microscopy (FESEM;
JEOL 7000F) was used to analyze the morphology and
particle size distribution was determined by using Scandium
software with SEM images. The superparamagnetic behavior
was confirmed by a vibrating sample magnetometer
(VSM). Magnetic measurements were performed at room
temperature in magnetic field up to 20 kOe. The Fourier
transform infrared spectra (FTIR; Thermo Scientific Nicolet
6700) was used to confirm the adherence of the polymeric
shell to the nanoparticles. Enzyme and antibody adsorption
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Figure 1: X-ray pattern of magnetite nanoparticles.

on magnetite nanoparticles was analyzed in a UV-Vis
spectrophotometer at a wavelength of 280 nm.

3. Results and Discussion

The XRD patterns of the nanoparticles obtained (𝑀) in
this study are shown in Figure 1. The spectra showed six
characteristic diffraction peaks of an inverse spinel crystal of
themagnetite structure. Average crystallite sizewas estimated
from X-ray pattern by using Scherrer’s formula and using the
line broadening measurements (FWHM) of the most intense
peak. The obtained value was 12.8 nm, which was similar
to the particle size values observed by TEM (Figure 2(a)).
This suggests that themagnetite nanoparticles are monocrys-
talline.

TEM image shows that spherical particles with a narrow
particle distribution (16 ± 4 nm) were obtained, and because
of their size and greater reactivity, the nanoparticles form
agglomerates between 50 and 80 nm. Figures 2(b) and 2(c)
show TEM images of the functionalized nanoparticles with
silica shell and double shell silica-aminosilane. The nanopar-
ticles were obtained with silica shell agglomerated with a
coating thickness of 2.9 ± 0.2 nm; however, when double
shell silica-aminosilane was obtained, particles distributed
between 100–200 nm with polymagnetic cores and the coat-
ing thickness increased to 5.8 ± 0.8 nm.

Hysteresis loops of themagnetite nanoparticles are shown
in Figure 3. Magnetite with and without coated material
shows a superparamagnetic behavior that is desirable for
biomedical applications. Magnetite has saturation magne-
tization (𝑀

𝑠
) of 55.9 emu/g; this value decreases by 14%

when magnetite is coated with a silica shell, 28.6% with an
aminosilane shell, and 23% with a double shell. The decrease
in the magnetization was due to the presence of the coating
material. This property indicates the statistical average of the
magnetic moments in the direction of the external magnetic
field. In this case, there are two materials, but only magnetite
nanoparticles are ferromagnetic material and this property
is divided by the total mass of the material (magnetite
nanoparticles + coated material) [17]. According to Das et
al., 40 emu/g is enough to easily and quickly manipulate
the nanoparticles in the presence of an external magnetic
field in a body [12]. The superparamagnetic condition is not
influenced by agglomeration because each particle has its

own magnetic moment; according to Cullity and Graham,
this property depends on the particle size [18].

Functionalized magnetite with silica was confirmed by
FTIR analysis. Figure 4 shows the characteristic adsorption
band at 586 cm−1 due to the (Fetetra–O) stretching vibrations
of the magnetite. When these particles are coated with silica,
the FTIR spectra showed a new band at 1090 cm−1 due to the
presence of silanol group [13]; this bandwas present when the
particles were coated with both silica (MS) and double shell
silica-aminosilane (MSA). In aminosilane coating samples,
bands at 3309 and at 1654 cm−1 were observed, which are
attributed to the presence of amine group (–NH

2
) [14, 15].

The band observed at 2943 cm−1 is due to the stretching
of C–H of the methyl group (–CH

2
, –CH

3
). The suggested

mechanism of coated particles is shown in Figure 5. In the
magnetite-aminosilane shell, the silicon is bonded with the
iron through the deprotonation ofmagnetite. However, when
a silica shell is added before the aminosilane groups, the
silicon is bonded in the samewaywith themagnetite andwith
aminosilane through S–O–S bond, and the resulting band
appeared at 804 cm−1. According to these results, magnetite
nanoparticles coated with silica have silanol functional group
on the surface and magnetite with aminosilane and double
shell (silica-aminosilane) has the amine group functional
on the nanoparticle surface, and the difference between
these two samples lies in the length of the polymeric chain.
The surface-modified superparamagnetic nanoparticles are
biodegradable and some studies have showed that biodegra-
dation time depends on the kind of coating used in the mag-
netite nanoparticle. In previous studies, these nanostructures
showed 2% of degradation in a physiological fluid at 18 hours
[19]. However, still it is necessary to study the maximum
lifetime in a living system.

Figure 6 showed the 5-nucleotidase immobilization
rates using different functionalized magnetite nanoparticles.
Clearly, it can be observed that the double shell silica-
aminosilane magnetite (MSA) has greater enzymatic adher-
ence than magnetite (𝑀) and silica shell magnetite (MS).
This characteristic depends on the type of functional group
attached and the length of the polymer chain of the coating
material. For this reason, two types of antibodies against
5-nucleotidase were attached to MSA nanoparticles: anti-
CD73 monoclonal antibody (MSA-CD73 sample) and single
chain fragment Fvmonoclonal antibody (MSA-ScFv sample).
When an antibody-coatedmagnetite is used, the immobiliza-
tion rates were 0.365 and 0.465 (𝜇g5eNT/mgNPs) with anti-
CD73 and ScFv antibody, respectively. These values were
found to be lower than the polymeric-coated nanoparticles
values (MSA; 0.5382 𝜇g5eNT/mgNPs). This can be explained
due to the underlying differences in the way in which
the enzymes are bound to the material. In the antibody-
coated magnetite (MSA-CD73; MSA-ScFv), the immobiliza-
tion is given by the antibody-antigen binding. The surface
of the antibody molecule formed by the juxtaposition of
the complementarity-determining regions or CDRs of the
heavy and light chains creates the site to which the antibody
binds to the amino group of the antigen [20]. Fragments
are the minimal portions of an antibody that maintains
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Figure 2: TEM image of (a) magnetite nanoparticles (𝑀) and their particle size distribution, (b) magnetite with silica shell (MS) and (c)
double shell silica-aminosilane (MSA).

the antigen-combining site. Increased immobilization using
fragmentsmay be due to the small size. Takashi demonstrated
that antibody fragments had a better distribution in the
tumor, penetrating in less time than complete antibodies [21].

The nanoparticles containing attached antibodies (MSA-
ScFv or MSA-CD73) bind to the enzyme through antibody-
antigen coupling. Since the antibodies are covalently coupled
to antigen, the resulting bond is stronger and more selective
[22], and hence, the antibody-attached magnetite nanoparti-
cles showed higher bioselectivity.

In the case of polymeric coated magnetite, enzyme binds
to the external layer by adsorption mechanism. Intermolecu-
lar forces, surface, hydrophobicity, and ion electrostatic inter-
action alter the protein adsorption [23]. In these nanopar-
ticles, the enzyme is accumulated to the surface forming a
layer onto functionalized nanoparticles, so differences in the
surface of the nanoparticles make the difference in protein

adsorption. Magnetite nanoparticles coated with silica have
silanol functional group on the surface and magnetite with
aminosilane and double shell (silica-aminosilane) has the
amine group functional on the nanoparticle surface. The
difference in electrostatic interaction makes MSA, with an
amine group,more affinity to the protein. Another aspect that
increases the immobilization is the difference in the length of
the polymeric chain; MSA has the largest chain according to
the suggested mechanism of coated magnetite nanoparticles
(Figure 5).

Figure 7 shows the ScFv antibody interaction with dif-
ferent enzymes, bovine serum albumin (BSA), ovalbumin
(OVA), and a negative control (CN; without enzyme). The
results showed that there was no interaction in the negative
control because of the absence of enzymes. The immo-
bilization of 5-nucleotidase (5eNT) was better than the
immobilization of other enzymes due to the antibody-antigen
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Figure 3: Hysteresis loops of magnetite, magnetite with silica shell, magnetite with aminosilane shell, and double shell silica-aminosilane
magnetite.
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interaction. Therefore, the use of antibodies onto functional-
ized nanoparticles resulted in the greater selectivity during
the immobilization of enzymes.

4. Conclusions

Antibody-coatedmagnetite nanoparticles for immobilization
of 5-nucleotidase were developed. The enzyme immobiliza-
tion grade depends on the type of functional group used and
the length of the polymer chain of the coatingmaterial. In this
study, amine functional group showed higher affinity than
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Figure 7: Affinity of the ScFv antibody with the 5-nucleotida.

silanol functional group. The adherence of 5-nucleotidase
enzyme improved on increasing the polymeric chain length
of the coating material. This shows that the magnetite
nanoparticles with a double shell (silica-aminosilane) are
more sensitive thanmagnetite with a single shell in the detec-
tion of biomarkers, but when antibody-coated nanoparticles
are used, the enzyme immobilization becomesmore selective.
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The goal of this work has been to study the polyvinylpyrrolidone (PVP) fibers deposited by means of the electrospinning
technique for using as sensitive layer in surface acoustic wave (SAW) sensors to detect volatile organic compounds (VOCs). The
electrospinning process of the fibers has beenmonitored andRF characterized in real time, and it has been shown that the diameters
of the fibers depend mainly on two variables: the applied voltage and the distance between the needle and the collector, since all
the electrospun fibers have been characterized by a scanning electron microscopy (SEM). Real-time measurement during the fiber
coating process has shown that the depth of penetration of mechanical perturbation in the fiber layer has a limit. It has been
demonstrated that once this saturation has been reached, the increase of the thickness of the fibers coating does not improve the
sensitivity of the sensor. Finally, the parameters used to deposit the electrospun fibers of smaller diameters have been used to deposit
fibers on a SAW device to obtain a sensor to measure different concentrations of toluene at room temperature. The present sensor
exhibited excellent sensitivity, good linearity and repeatability, and high and fast response to toluene at room temperature.

1. Introduction

Classical systems to detect volatile organic compounds
(VOCs) as ion mobility spectroscopy [1, 2], chromatographic
flame photometry [3], infrared spectrometry [4], Raman
spectroscopy [5], and photoionization [6] are used for dif-
ferent purposes, such as detecting food quality, hazardous
chemical vapors, chemical warfare agents, potential fires, and
environmental pollutants. But its use is limited by factors
such as the need for highly qualified personnel, complex
heavy and expensive instrumentation or the difficulty and
slowness of sample preparation, and the need for complex
systems for the analysis of results. Solid-state gas sensors have
been studied and used for more than 30 years [7–16] because
they are of low cost, work in situ and in real time, with low
power consumption, are highly sensitive, and are suitable for
portable systems [17].

Among the solid-state gas sensors, the surface acoustic
wave (SAW) sensors have received increasing attention due
to their fast response time, small size, low cost, very high
sensitivity, and their ability to measure in real time and
at room temperature [18, 19]. The SAW devices can be
functionalized using a great variety of materials as sensitive
layers, polymers usually, deposited on the active area of the
SAW device. The sensitive layer then adsorbs volatiles and
changes the mass surface density, thus causing a variation
in the velocity of the acoustic wave which propagates on the
substrate. The variation in the velocity is measured by means
of the changes in the resonant frequency of the SAW device.
The adsorption is reversible and therefore the system can be
reused as many times as necessary.

Polymers are widely used as sensitive layer for many
types of sensors. Due to their properties, low cost, and
easy preparation, they have been popular candidates for the
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development of high performance SAW chemical sensors.
The SAWsensors are often coatedwith a thin layer of polymer
in a rubbery and amorphous state. Therefore, the area in
which the reaction between the volatiles and the polymer
takes place is the same as the active area of the device.
The morphology of the sensing layer plays an important
role in the molecular adsorption-desorption process, sensor
response, and sensitivity. To take advantage of their larger
reaction surface, nanostructured materials can be used as
sensitive layer instead of a thin layer because they improve the
sensor performance.Therefore, sensitive layers of nanostruc-
tured materials could provide higher sensitivity and velocity
of reaction with lower insertion losses than the sensitive thin
films coated with methods such as drop, airbrush spray, or
spinning.

Among the various methods used to prepare nanostruc-
turedmaterials, electrospinning is one of themost convenient
options and is especially suitable for the preparation of
nanostructured polymer fibers [20–24]. The electrospinning
technique is a simple, efficient, and low cost method to
deposit polymers in the form of nanofibers to use as sensitive
layer for SAW devices [25–28]. It also has the advantage
of not requiring the use of coagulation chemistry or high
temperatures for the deposition of nanostructures. Electro-
static stretching is an efficient method to make ultrathin
fibers ranging in diameters from several micrometers to few
nanometers.

In order to create a VOC sensor by means of electrospin-
ning, PVP fibers have been deposited onto the surface of the
SAW device as sensitive material and the fibers have been
characterized by a SEM detailed study, where the diameters
and the fiber distribution were studied. Furthermore, this
study provides a novel method for studying the effects of
different variables on the morphology of the fibers in the
electrospinning process with a SAW oscillator while a high
voltage is applied. Among the SAW sensors a Love-wave
device has been chosen to develop a gas sensor. The PVP
fibers were deposited onto the surface of the Love-wave
device and their sensing properties were tested using toluene.

2. Materials and Methods

2.1. SAW Device. The SAW devices used in this work
were of Love-wave type (Figure 1). They were based on a
shear horizontal surface acoustic wave (SH-SAW)propagated
on the ST-x90∘ cut quartz substrate, perpendicular to the
𝑥 crystallographic axis. This SH-SAW, with a wavelength
of 𝜆 = 28𝜇m, was generated and detected by interdigital
transducers (IDTs). The IDTs were made using standard
lithographic technique depositing an aluminum layer with
a thickness of 200 nm through RF sputtering and forming a
delay line (DL). A double electrode structure was repeated 75
times to form each IDT.The spacing, center to center between
IDTs (Lcc), was 225 𝜆 and the acoustic aperture (W) was 75 𝜆.

Finally, the Love-wave was obtained by guiding the SH-
SAW in a film of SiO

2
deposited by PECVD.The highest sen-

sitivity was found at a thickness of approximately 3.5 𝜇m of

w

Quartz
substrate

IDT

Guiding layer
of SiO2

∼Vinlet

∼Voutlet

Lcc

𝜆

Figure 1: 3D scheme representing a Love-wave sensor with two RF
ports, layer composition, and geometrical parameters.

SiO
2
[29], the synchronous frequency being around 163MHz

[11].
Before and after the electrospinning of the fibers onto the

device, the sensors were electrically characterized measuring
the frequency response in amplitude and phase by means
of a vector network analyzer (Agilent 5070B). Moreover the
working frequency of the oscillator was measured through a
spectrum analyzer (Agilent 9320A).

2.2. Electrospinning Setup and Process. The starting poly-
mer was Polyvinylpyrrolidone (PVP) (Sigma 81440). It is a
water soluble nonconducting polymer which has excellent
wetting properties and readily forms films. This makes it
good as a coating or an additive to coatings in a wide
variety of applications in medicine, pharmacy, cosmetics,
and industrial production. It is also used as sensing material
for detecting organic vapours in gas sensor. Our solution
for electrospinning was prepared by dissolving PVP powder
(Mw = 360000 g⋅mol−1) in deionized water with a concentra-
tion of 25% and stirring it at room temperature for 4 h.

The polymer solution was loaded into a 10mL glass
syringe with a 1.1mm outer diameter metallic needle which
was placed in the syringe pump (NE-1000)where the polymer
solution flow rate was selected, being optimized in this work
to 5 𝜇L⋅min−1. The needle was connected to a high-voltage
power supply and was directed to the grounded collector,
which was a round copper plate.

In the electrospinning process, the solution in the syringe
is extruded from the needle tip to the collector, where the
device is placed. When high voltage is applied between the
needle and the collector, an electrostatic force is induced on
the droplets of the solution at the needle tip. Electric charges
are distributed on the surface of the droplet of solution,
resulting in a force of electrostatic repulsion, that together
with the Coulomb force due to the applied potential make
the shape of the drop results into a conical shape, known as
the Taylor cone. When the intensity of electric field reaches
a critical value, the electrostatic force overcomes the surface
tension of the solution and causes the droplets to stretch,
forming thin jets of polymer solution that dry in flight and
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Figure 2: Experimental setup for electrospinning and measurement in real time of the deposited fibers.

are deposited onto the collector. If some parameters of elec-
trospinning change, such as the applied voltage, needle-to-
collector distance, solution viscosity, or flow rate of solution,
the electrospinning process and the morphology of the fibers
obtained on the collector may vary. Then a study of the
electric field distribution was carried out by means of the
simulation software Comsol showing that the field is almost
homogeneous in the central part of the collector, where the
device is placed, promoting the random distribution of the
fibers on the device.

In this work, the SAW device was placed on the collector
and the IDTs were covered by a mask of Teflon in order to
exclusively deposit fibers onto the space between the IDTs,
which is the active zone of the device.The applied voltage and
the needle-to-collector distance were then modified and the
morphology of the fiber was studied by SEM (Fei Quanta 3D
FEG model).

The SAW sensor works in an oscillator system, which
includes two amplifiers and a directional coupler. When
the device is perturbed due to a change of mass on the
surface, the velocity of the surface wave changes; then the
oscillating frequency is shifted in order to fulfill the criterion
of Barkhausen, whichmeans that the phase of the closed loop
is 2𝜋n and the gain is 0+ dB. Furthermore, the attenuation of
the device increases when the mass is added on the surface.
The amplifier system must then increase the gain in order
to maintain the criterion of Barkhausen, mentioned above.
Since the amplifier feeding voltage is maintained fixed by
the voltage source, the only way to increase its gain is by
increasing the feeding current. The increase of the mass
on the surface produces an increase of the losses in the

SAW device, which causes an increase of the gain in the
amplifier. Therefore, there is an adjustment of the feeding
current, which can be measured by means of an amperimeter
(Keithley 199).The insertion losses in the SAWdevice and the
feeding current of the amplifier system have been measured
in our sensor system for a variety of values and an empirical
relation between them has been obtained; that is,

𝐴 = 𝐶
1
⋅ 𝐼
𝐹
+ 𝐶
2
, (1)

where 𝐴 is the increase of the attenuation of the SAW device
in dB and 𝐼

𝐹
is the feeding current of the amplifier in mA; in

our case, 𝐶
1
= −1.944 (dB⋅mA−1) and 𝐶

2
= 143.7 (dB).

A similar relation could be obtained for any SAW sensor
working in an oscillating system. In this way the losses
in the SAW device can be measured without using an RF
measurement system, allowing the monitoring in real time of
the losses produced by the increase of the mass on the sensor
surface.

The frequency is measured by a frequency counter (Agi-
lent 53131A) through a directional coupler. The frequency
counter, the amperimeter, and the data acquisition are con-
trolled in real time through a GPIB protocol by a homemade
software specifically developed for this experimental setup.
The whole setup can be seen in Figure 2.

2.3. Experimental Setup of the System of Gas Detection. The
setup of gas detection consists of the test chamber with the
Love wave device, the thermal control system with a Peltier
device, the dual channel frequency counter, the flow meters,
synthetic air and toluene bottles, and a PC for control and
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(a) (b)

Figure 3: Gas chamber (a) general view showing the inlet and outlet of gas (b) Love-wave device with two delay lines and a microfluidic chip
of PDMS forming the two microchannels.
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Figure 4: Frequency shift (a) and increasing of the attenuation (b) of the SAW sensor measured in real time due to the PVP electrospun
fibers deposited at several applied voltages for a needle-to-collector distance of 11 cm.

data acquisition in real time. The system has been described
elsewhere [11]. In order to use a low flow of sample gas, a gas
chamber was made based on microchannels in the following
way. A PDMS chip was made with a mold of SU-8 with
the microchannel shape. The negative photoresist SU-8 was
spun on a clean wafer with a thickness of 150 𝜇m, exposed to
an optical lithography process and then baked to obtain the
master. The silicone base and curing agent were mixed at a
weight ratio of 9 : 1. The mixture was degassed to remove any
bubble, poured over the master, and then degassed again to
ensure that all entrapped gases were eliminated. After baking
and cooling, the PDMS was easily peeled and cut, and joined
to the SAW device by pressure, thus forming microchannels

without leakages that are the channels that conduct the gases
to bemeasured.Thesemicrochannels have a height of 150 𝜇m
and a width of 3.5mm (Figure 3).

The SAW sensor is very sensitive to temperature; there-
fore, a Peltier device controlled by a PID program was
used to keep the temperature constant. The glass transition
temperature for PVP polymer is around 40∘C; therefore,
the chosen temperature was 25∘C, which is suitable for
maintaining the polymer in a rubbery state.

The sensor was tested using different concentrations of
toluene. A computerized gas calibration system was used to
vary the concentration of toluene in synthetic air. This was
achieved by using mass flow controllers that provide desired
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concentrations, which were between 50 ppm and 273 ppm.
The total constant flow of the gas was kept at 10mL⋅min−1
and the exposition and the purge times were 10 minutes.
The responses were displayed in real time and saved for
processing and analyzing.

3. Results and Discussion

The electrospun fibers were characterized in relation to the
electric field intensity between the needle and the collector,
which depends on the applied voltage and the needle-to-
collector distance. The electrospinning was carried out with

a constant distance between the needle and the collector of
11 cm. Three different values of voltage were applied because
different potentials lead to different electric fields affecting
diameter and quantity of fibers in the device and therefore
producing different frequency shifts and attenuations of the
oscillating frequency of the Love-wave device. Then voltages
of 12 kV, 18 kV, and 19.5 kV were applied and each one pro-
duced a different frequency shift (Figure 4(a)) and increase
of the attenuation, calculated through (1) (Figure 4(b)) in the
SAW sensor. These figures show that the fibers cause greater
frequency shift and attenuation in the case of the lowest
applied voltage. They also show that the detection of fibers
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(a)

(b)

(c)

Figure 7: SEM images of the electrospun PVP fibers. (a) For 18 kV
and 22 cm of needle-to-collector distance. (b) For 18 kV and 11 cm of
needle-to-collector distance. (c) Detailed view of (a) image.

deposited on the SAW surface stops after about 15 seconds,
although the fiber deposition continues. This fact means that
the SAW sensor only detects the fibers deposited until that
moment because the wave can only penetrate this first part of
the layer. Based on the above information, we can say that the
increase of the thickness of a fiber layer does not improve the

detection of the VOC due to the short depth of penetration of
mechanical perturbation into the fiber layer. Moreover, when
12 kV was used, the increase of the attenuation caused by
the fibers deposited is about 18 dB (see Figure 4(b)), which
makes the device unsuitable to use as gas sensor. Therefore
the highest voltages mentioned must be applied.

Figures 4(a) and 4(b) show that the electrospun fibers
with 18 kV and 19.5 kV in the upper limit of our high voltage
source give similar results. After that we studied the influence
of the distance between the needle and the collector, while
keeping the voltage at 18 kV.The frequency shift (Figure 5(a))
and the increase of the attenuation calculated through (1)
(Figure 5(b)) of the SAW sensor were higher for the shortest
needle-to-collector distance. Therefore, the longest distance
must be chosen in order to obtain a layer of fibers to produce
smaller losses. So, in this study it can be concluded that the
most suitable combination of voltage and distance between
the needle and the collector is 18 kV and 22 cm, respectively.
These values will be finally used for the fiber-based sensor.

The frequency response of the SAW sensor was also
measured by means of a network analyzer before and after
the electrospinning process, the results being similar to those
obtained in real time during the electrospinning process.
Figures 6(a) and 6(b) show a comparison of the amplitude
and phase of the frequency response of SAWdevices prepared
with different electrospinning conditions and one device
without fibers. It can be seen in Figure 6(a) that the blue
curve, corresponding to the lowest voltage, shows that the
losses of the device are greater than −32 dB, what makes it
unsuitable for sensing purposes, as we saw in the real-time
measurement. It can be seen from Figure 6(a) that the best
suited device for sensing purposes is the corresponding to
22 cm and 18 kV, as it was concluded before.

The fibrous films were examined by SEM and it was
observed that longer distances and higher voltages caused
smaller diameter in the electrospun fibers. Figure 7 shows
images of the PVP electrospun fibers for 18 kV applied voltage
and distances of 11 cm and 22 cm. In the RF measurements
(Figure 6(a)) the losses are smaller for a distance needle to
collector of 22 cm than for 11 cm, but this difference was
not very important. However, through the SEM images, it is
observed that the needle-to-collector distance has an obvious
impact on the morphology of fibers. The fiber diameters
are greater when the needle-to-collector distance is 11 cm
(Figure 7(b)). It can be seen in the figures that for this distance
the diameters of the fibers are greater than 400 nm, while
for distance of 22 cm (Figure 7(c)) the diameters are smaller
than 120 nm. Figure 7(a) shows a top view of the surface
of the device at a magnification 2000x, appearing like a 3D
nanofiber film tissue. Structure thickness varied between 1.5
and 5 𝜇m. From the above results, greater frequency shifts
in the detection of VOCs for devices with sensitive layers
of nanofibers with lower diameters are expected due to the
larger active surface of the nanofibers layer, since larger
surface enhances VOCs’ adsorption and then improves the
sensitivity and reaction rates. It is very important to have
a system that is capable of estimating the amount of fibers
deposited on the SAW device, which is closely related to the
RF losses. The system presented in this work is capable of
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Figure 8: (a) Frequency shift in real time of the SAW sensor with a sensitive layer of electrospun PVP nanofibers for different concentrations
of toluene and (b) the linear relation between frequency shift and the concentration.

determining the RF losses in the SAW device in real time
and therefore allows the selection of the optimum amount of
fibers deposited in order to achieve maximum sensitivity of
the device in real time.

The gas sensing properties of the PVP nanofibers on
the surface of the SAW device were investigated. The device
included two DLs, one used as reference and the other one as
a sensor with a sensitive layer of electrospun PVP nanofibers.
The difference between the frequency shifts of both DLs
was used to compensate for common error sources in the
measurement, such as changes in pressure, temperature, and
flow. Four different concentrations of toluene were measured
in synthetic air (50 ppm, 100 ppm, 200 ppm, and 273 ppm).
After each exposure, the sensing chamber was purged with
synthetic air, shifting the frequency back to baseline. As
concentrations of toluene were increased, the frequency shift
rose gradually, as it can be seen in Figure 8(a). Also different
exposures to the same concentration of toluene were tested.
The frequency shift showed very good repeatability. The
maximum frequency shift for each concentration was taken
as input data for the correlationwith the concentration,which
showed a good linear relationship (Figure 8(b)).

In our system the minimum frequency shift which can be
clearly detected is 30Hz. The slope of the fit in Figure 8(b)
shows that the sensitivity was 3.25Hz/ppm. This leads to
a detection limit of about 10 ppm. The only work we have
found that deals with toluene detection with nanofiber-based
sensors is one with a SAW sensor with PEO nanofibers [26].
In that work the sensitivity is 0.45Hz/ppm. Nicolae et al.
[30] reported sensitivities to toluene with SAW sensors with
polyethylenimine-based films and nanocomposites between
1.2 and 5.4Hz/ppm.

4. Conclusions

Electrospinning technique is an efficient method of deposit-
ing polymers in the form of micro- and nanofibers. This

research presents performances of the SAW sensor with PVP
electrospun nanofibers as a sensitive layer. The diameter of
the fibers increases with a decrease in both the applied voltage
and the distance between the needle and the collector. By
characterizing the electrospinning process of the fibers in real
time, it has been demonstrated that the frequency does not
change from a given amount of fibers deposited. This could
be due to the fact that the waves penetrate only the first few
layers of deposited fibers. Therefore, we can conclude that
the VOCs adsorbed by the more external fibers cannot be
detected by the sensor. Thus, these fibers do not improve the
sensitivity of the device. In our electrospinning configuration,
using a solution of PVP in deionized H

2
O 25% wt with an

applied voltage of 18 kV and a needle-to-collector distance
of 22 cm, the optimal nanofiber deposition time was about
15 seconds. For longer durations, the frequency shift and the
attenuation were constant. The fibrous film obtained with
these parameters analyzed by SEM showed nanofibers with
diameters lower than 120 nm which enhances the absorption
of gas.

In order to get the optimum amount of deposited fiber,
the process has been monitored in real time by measuring
the feeding current of the amplifying device by means of an
amperimeter. This allowed the estimation of the increase in
RF losses of the SAW device using a linear relationship.

The polymer fibers are suitable to use as a sensitive
layer on SAW devices in order to detect VOCs. Sensors’
response to toluene exhibited a linear relationship in the 0–
273 ppm range.This study demonstrated amethod of efficient
detection using electrospun PVP nanofibers deposited on
SAW devices.
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Pure In
2
O
3
and Cd-loaded In

2
O
3
hollow and porous nanofibers with different Cd/In molar ratios (1/20, 1/10, 1/1) were synthesized

by electrospinning method. X-ray diffraction (XRD), field emission scanning electron microscope (FE-SEM), and transmission
electron microscopy (TEM) were used to characterize the nanofibers. The porous nanofibers were composed of small grains.
The average grain sizes and the diameters of Cd-loaded In

2
O
3
nanofibers increased with the increasing of Cd/In molar ratios.

The formaldehyde sensing properties of the sensors based on pure In
2
O
3
and Cd-loaded In

2
O
3
nanofibers were investigated in

formaldehyde concentration range of 0.5∼100 ppm. Moreover, the selectivity of those sensors was studied by testing responses to
methanol, toluene, ethanol, acetone, and ammonia. The result showed that Cd-loaded In

2
O
3
nanofibers with Cd/In molar ratio

of 1/10 possessed the highest response value and good selectivity at operating temperature 280∘C. In addition, the formaldehyde
sensing mechanism of the sensors based on Cd-loaded nanofibers was briefly analyzed.

1. Introduction

Formaldehyde is a hazardous indoor pollutant among volatile
organic compounds (VOCs), and prolonged exposure to
formaldehyde (HCHO) can cause serious health effects such
as asthma, nasopharyngeal cancer, and multiple subjective
health complaints [1]. Up to now, various materials prepared
by different methods [2] were used to detect VOCs. Also
the testing ways have been widely investigated [3–5]. Among
thesemethods, gas sensor based onmetal-oxide semiconduc-
tors (MOS) such as ZnO [6], SnO

2
[7], TiO

2
[8], and In

2
O
3

[9] have been attracting special interest due to their good
reproducibility, compact size, ease of use, and low cost.

In
2
O
3
, an important 𝑛-type semiconductor with a band

gap of approximately 3.55–3.75 eV and good optical or elec-
tronic characters, has been widely used in solar cells, trans-
parent conductors, and gas sensors. In recent years, gas
sensors based on In

2
O
3
with variousmorphologies have been

investigated [10–12]. Among those morphologies, the con-
trollable synthesis of one dimensional (1D)metal-oxide semi-
conductors nanofibers with high surface-to-volume ratio

and effective electron transport have gained considerable
attention in fabrication of miniature gas sensors [13–15]. In
varieties of methods, electrospinning is a simple, effective,
low-cost, and powerful approach to prepare 1Dnanostructure
nanomaterials including polymer, inorganic, and composite
[16, 17].

In addition, noble metals [18–20], rare earth elements
(REE) [21, 22], or metal oxide [23, 24] doping into MOS is
a general method used to enhance the sensitivity, selectivity,
and stability of gas sensors. And the metal additive acts as
a catalyst to modify the surface reactions of MOS toward
sensing gases [25]. Xu et al. prepared Au-loaded In

2
O
3

nanofibers-based ethanol microgas sensor and found that
the 0.2 wt% Au-loaded In

2
O
3
based sensors possessed the

characterization of high response, fast response/recovery,
and low power consumption [26]. Wang et al. prepared Ag-
doped In

2
O
3
nanofibers by electrospinning and found that

the response and recovery time of the sensors were about 5
and 10 s at low heating temperature of 115∘C [21]. Xu et al.
investigated room H

2
S-sensing properties based on porous

In
2
O
3
:REE (REE = Gd, Tb, Dy, Ho, Er, Tm, Yb) nanotubes
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Table 1: Experimental parameters and characterized results.

Sample Cd(NO
3
)
2
⋅4H2O/In(NO3)3⋅4.5H2O

(mg)
PVP
(mg)

DMF/ethanol
(mL)

Fiber diameter
(nm)

Grain size
(nm)

In2O3 0/764 917 5.6/7.0 156 26
In20Cd1 30.8/764 954 5.8/7.3 52 19
In10Cd1 61.6/764 1000 6.0/7.7 76 24
In1Cd1 308/383 830 5.0/6.4 88 42

and found that the response of the sensors based on In
2
O
3

doped with Yb is around 7 times as much as pure In
2
O
3
[27].

There are rare reports about gas sensors based on electrospun
In
2
O
3
nanofibers doped with common metal elements such

as Cd.
In this report, In

2
O
3
nanofibers doped with low-cost

metal element Cd in different Cd/Inmolar ratios from 1/20 to
1/1were synthesized by electrospinningmethod.ThenHCHO
gas sensor was fabricated by coating the obtained materials
on the surface of the ceramic tube attached with Au belt-
shaped electrodes. Then the sensing properties of sensors
based on Cd-loaded In

2
O
3
nanofibers with different Cd/In

molar ratios were tested and discussed.

2. Experiment

2.1. Preparation of Pure In
2
O
3
and Cd-Loaded Nanofibers.

Poly(vinyl pyrrolidone) (PVP, 𝑀
𝑤
= 1, 300, 000) was pur-

chased from Aldrich, USA. Indium nitrate (In(NO
3
)
3
⋅

4.5H
2
O), cadmium nitrate (Cd(NO

3
)
2
⋅4H
2
O), N,N Dim-

ethylformamide (DMF), and ethanol (EtOH) (99.0%) were
obtained from Sinopharm Chemical Reagent Co., Ltd.,
China. All of the reagents used in the experiments were ana-
lytical grade and were utilized without further purification.

Cd-loaded In
2
O
3
nanofibers were prepared by electro-

spinning method. In a typical procedure, 764mg In(NO
3
)
3
⋅

4.5H
2
O power and 61.6mg Cd(NO

3
)
2
⋅4H
2
O were dissolved

in 6.0mL DMF and 7.7mL ethanol under vigorous stirring
for 2 h. Then 382mg PVP was added to the above solution
and stirred for 6 h to transparent precursor solution for
electrospinning. The obtained solution was then loaded into
syringe whose internal diameter of needle is 0.6mm. The
voltage applied to the needle was 18 kV and the distance
between the needle and the collector was 15 cm. The as-
electrospun PVP/Cd(NO

3
)
3
⋅4H
2
O/In(NO

3
)
3
⋅4.5H
2
O com-

posite nanofibers were annealed in tubular furnace at 500∘C
to obtain Cd-loaded In

2
O
3
nanofibers with Cd/In molar

ratio of 1/10. In the same way, pure In
2
O
3
and Cd-loaded

In
2
O
3
with other Cd/Inmolar ratios were obtained as specific

reagents proportion in Table 1.

2.2. Characterization of Cd-Loaded In
2
O
3
Nanofibers. The

structures of the nanofibers were characterized by an X-ray
diffraction instrument (XRD: D/Max 2400, Rigaku, Japan) in
2𝜃 region of 20∼80∘ with Cu K𝛼1 radiation. The morphology
images of nanofibers were obtained by using field emission
scanning electron microscope (FE-SEM: Hitachi S-4800,
Japan) and by a transmission electron microscopy (TEM)
using a Philips Fei Tecnai Sprit apparatus operated at 120 kV.

2.3. Fabrication and Measurement of Gas Sensors. As-pre-
pared Cd-loaded In

2
O
3
nanofibers with different Cd/In

molar ratios of 1/20, 1/10, and 1/1 were marked as In
20
Cd
1
,

In
10
Cd
1,
and In

1
Cd
1
, respectively, as shown in Table 1. The

above four kinds of obtained nanofibers were diluted with
deionizedwater in amortar to formapaste, respectively.Then
the paste was coated onto ceramic tube with a pair of gold
electrodes to form a sensing film (150∼200𝜇m). The ceramic
tube was dried at 100∘C in air for 2 h and subsequently
annealedat 300∘C for 5 h in tubular furnace. AnNi-Cr heating
wire with 30Ω as a heater was inserted through the tube to
form an inside-heated gas sensor. The mechanism of test cir-
cuit and structure of the gas sensor were shown in Figure 1(a).
Figure 1(b) gives the SEM picture of the In

10
Cd
1
showing

morphology and structure of nanofibers coated on the surface
of the ceramic tube.

The gas-sensing properties of gas sensor based on Cd-
loaded In

2
O
3
nanofibers were measured using a static state

gas-sensing test system [28]. The sensor was put into the test
chamber for the sensing properties measurement. The envi-
ronment temperature (18 ± 2∘C) and relative humidity (∼25%
± 5% RH) can be well controlled during the measurement. A
fan was used to uniformly distribute the gas inside the cham-
ber. The sensors were first heated by Ni-Cr heating wire for
10min to stabilize the electrical properties of the sensor [29].

A given amount of target gas was injected into a test
chamber (50 L in volume) by a syringe through a rubber plug.
For a required concentration, the volume of the injected gas
(𝑉) can be calculated as:

𝑉 =

50 × 𝐶

V%
, (1)

where 𝐶 is the concentration of target gas (ppm: parts per
million), and V% is volume fraction of bottled gas.The sensor
was exposed to atmospheric air by opening the chamber after
measurement. The gas response (𝑆) was defined as a ratio of
the sensor’s electrical resistance in air (𝑅

𝑎
) to that in target gas

(𝑅
𝑔
) as:

𝑆 =

𝑅
𝑎

𝑅
𝑔

, (2)

where 𝑅
𝑎
= 𝑅
𝐿
(10 − 𝑉air)/𝑉air, 𝑅𝑔 = 𝑅𝐿(10 − 𝑉gas)/𝑉gas,

𝑉air, and 𝑉gas are the voltages applied to the resistor 𝑅
𝐿
in air

and in target gas, respectively. Response time 𝑡
𝑟1
and recovery

time 𝑡
𝑟2

are defined as the time spent to achieve 90% of
gas response change in adsorption and desorption process,
respectively.
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Figure 1: (a) The mechanism of test circuit and structure of the gas sensor and (b) SEM images of In
10
Cd
1
nanofibers coated on the surface

of the ceramic tube.

20 30 40 50 60 70 80

(6
22

)

(6
11

)(4
40

)

(1
34

)
(3

32
)

(4
12

)
(4

00
)(2

22
)

In
te

ns
ity

 (a
.u

.)

(2
21

)

CdO
CdIn2O4

2𝜃 (deg)

In2O3

In20Cd1

In10Cd1

In1Cd1

Figure 2: XRD patterns of pure In
2
O
3
and Cd-loaded In

2
O
3
nano-

fibers with different Cd/In molar ratios.

3. Results and Discussions

3.1. Morphologies and Structures of the as-Electrospun Cd-
Loaded In

2
O
3
Nanofibers. Figure 2 shows the XRD patterns

of the pure In
2
O
3
nanofibers andCd-loaded In

2
O
3
nanofibers

with different Cd/In molar ratios. We can see that the
In
2
O
3
nanofibers calcined at 500∘C possess strong and sharp

diffraction peaks identifying a high degree of crystallization.
All peaks in XRD patterns perfectly match the body-centered
cubic structure of In

2
O
3
(JCPDS: 65-3170). Meanwhile, there

are no obvious Cd peaks in the pattern for In
20
Cd
1
and

In
10
Cd
1
nanofibers, which may be due to the low concen-

tration of Cd. And we can see that three kinds of diffraction
peaks of In

2
O
3
, CdO, and CdIn

2
O
4
appeared in curve of

In
1
Cd
1
nanofibers. According to the Scherrer equation, the

average grain sizes of the nanofibers were around 26 nm,
19 nm, 24 nm, and 42 nm for pure In

2
O
3
, In
20
Cd
1
, In
10
Cd
1
,

and In
1
Cd
1
, respectively.

The general morphologies of the as-electrospun pure
In
2
O
3
and Cd-loaded In

2
O
3
nanofibers with different Cd/In

molar ratios (In
20
Cd
1
, In
10
Cd
1,
and In

1
Cd
1
) were studied

with SEM as shown in Figures 3(a)–3(d), respectively. It can

be seen from Figure 3 that the average diameter of the after-
annealed In

2
O
3
nanofibers (∼156 nm) is much bigger than

that of Cd-loaded In
2
O
3
nanofibers. And the average diame-

ter ofCd-loaded In
2
O
3
nanofibers increasedwith the increase

of Cd/In molar ratios. Figures 3(b), 3(c), and 3(d) show
obviously that the diameters of In

20
Cd
1
, In
10
Cd
1,
and In

1
Cd
1

were 52 nm, 76 nm, and 88 nm, respectively. In addition, the
inset in the top right corner of Figures 3(a)–3(d) shows
the higher resolution TEM images of the corresponding
nanofibers andwe found that the as-prepared nanofibers with
nanohierarchical structure were indeed composed of many
interconnected grains. From the SEM and TEM graphs we
can see that the average grain sizes of each nanofiber accorded
with the results calculated by Scherrer equation basically.
Further, the center of In

2
O
3
, In
20
Cd
1,
and In

10
Cd
1
nanofibers

in TEM images seemed much brighter than the black edge
of nanofibers, which indicated that the hollow and porous
structure formed in the three nanofibers.

3.2. Gas Sensing Properties of Cd-Loaded In
2
O
3
Nanofibers.

Figure 4 shows the responses of the pure In
2
O
3
nanofibers

and the Cd-loaded In
2
O
3
nanofibers to 10 ppm of HCHO

at different operating temperatures. It can be seen that the
responses of these sensors depends on both the operating
temperature and the concentration of Cd. In the range of
the operating temperature studied, with the increasing of
operating temperature, the response values firstly increased
and then decreased for all the sensors. Each curve presents
a maximum value at an optimum operating temperature.
Besides, among all the sensors based on the above four
kinds of nanofibers, the sensors based on In

10
Cd
1
nanofibers

exhibit the highest response when the operating temperature
was 280∘C.

Figure 5 shows the responses of the sensor based on pure
In
2
O
3
, In
20
Cd
1
, In
10
Cd
1,
and In

1
Cd
1
nanofibers to different

concentrations of HCHO. The concentration range is 0.5–
100 ppm.The inset in Figure 5 gives the responses versus low
HCHO concentration in the range of 0.5∼10 ppm. It can be
seen that the responses of the sensors rapidly increased with
increasing HCHO concentration from 0.5 ppm to 100 ppm.
Compared with sensors based on other Cd-loaded In

2
O
3
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Figure 3: SEM images of (a) pure In
2
O
3
nanofibers, (b) In

20
Cd
1
nanofibers, (c) In

10
Cd
1
nanofibers, and (d) In

1
Cd
1
nanofibers; The inset in

each graph is high magnification TEM image of each nanofiber.
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Figure 4: Responses of sensors based on pure In
2
O
3
and Cd-loaded

In
2
O
3
nanofiberswith differentCd/Inmolar ratios to 10 ppmHCHO

as a function of operating temperature.

nanofibers, the sensors based on In
10
Cd
1
nanofibers show

highest response, and there is a good linear correlation
between the response of the sensors and the concentration of
HCHO at high concentration range. So the specific andmore
HCHO-sensing properties of gas sensors based on In

10
Cd
1

nanofibers will be discussed below.
Figure 6 shows the response and recovery transient prop-

erties of the gas sensor based on In
10
Cd
1
nanofibers to
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Figure 5: Response versus HCHO concentration for sensors based
on pure In

2
O
3
and Cd-loaded In

2
O
3
nanofibers at each optimum

operating temperature. The inset gives the responses versus low
HCHO concentration.

formaldehyde in concentration range of 0.5∼100 ppm at an
operating temperature of 280∘C and relative humidity of
25% RH. We can see from the figure that the nine-response
cycles are successively recorded, and the gas sensor based on
In
10
Cd
1
nanofibers show good sensitivities to formaldehyde.

As shown in the inset in Figure 6 that the response and
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Figure 6: Response changes with time to different HCHO concen-
trations (1∼100 ppm) for sensors based on In

10
Cd
1
nanofibers at

an operating temperature of 280∘C; the inset is the response and
recovery time curves to 10 ppmHCHO for sensor based on In

10
Cd
1

nanofibers.

recovery times of the sensor based on In
10
Cd
1
nanofibers

were 160 s and 70 s to 10 ppm formaldehyde, respectively.
Figure 7 shows the responses of the sensor based on

In
10
Cd
1
nanofibers to formaldehyde, ethanol,methanol, tolu-

ene, acetone, and ammonia with concentration of 10 ppm and
30 ppm, respectively. The results indicated that the sensor
based on In

10
Cd
1
nanofibers exhibited a significantly higher

response to formaldehyde than to other gases at the operating
temperature of 280∘C.

3.3. Mechanisms of HCHO-Sensing Based on Cd-Loaded
In
2
O
3
Nanofibers. In

2
O
3
is an 𝑛-type semiconductor mate-

rial and its gas sensing mechanism can be explained by the
dopingmechanism and external chemisorbed oxygenmodel.
Change of material resistance is dependent on the species
and the amount of oxygen chemisorbed on the surface of
the sensing material. When metal ions Cd2+ was doped into
In
2
O
3
nanofibers, part of free electrons in In

2
O
3
recombined

with new generated holes as reaction (4), which is caused
by that part of In3+ in In

2
O
3,

was displaced by Cd2+ as
reaction (3) [30].Meanwhile, when the 𝑛-type semiconductor
oxides such as In

10
Cd
1
are exposed in the air, the oxygen

molecules will be adsorbed onto the surfaces of the materials
and ionized to oxygen ions in the main form of O− [31]
by capturing free electrons from the conduction band of
the oxide as shown in Figure 8(a) and reaction (5) [32].
The reaction (3)–(5) will cause a decrease of the carrier
concentration and an increase of the resistance in air (𝑅

𝑎
),

which will enhance the response of the material (𝑆 = 𝑅
𝑎
/𝑅
𝑔
)

according to the following:

Cd𝑥In ←→ CdInh
+
←→ CdIn + h

+ (3)

h+ + e− ←→ null (4)

O
2 (gas) ←→ O

2 (ads) + e
−
←→ O

2

−

(ads) + e
−
←→ O−

(ads) (5)

When the n-type semiconductor oxides (In
10
Cd
1
) meet

reducing gas like formaldehyde, the formaldehyde gas
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Figure 7: Responses of the sensor based on In
10
Cd
1
nanofibers to

10 and 30 ppm different gases.

molecules react with the adsorbed oxygen ions (O−) gener-
ated by reaction (5) and release the trapped electrons back to
the conduction band of the sensitive materials as shown in
Figure 8(b) and reaction (6), resulting in an increase of the
carrier concentration and a decrease of the resistance (𝑅

𝑔
)

[33]:

HCHO
(g) +O

−

(ads) → CHOOH
(g) + e

− (6)

As we know that In
2
O
3
nanofibers doped with certain

concentration Cd may increase the selectivity and sensitivity
and also reduce the response and recovery times of MOS gas
sensors because the additive (Cd) changes the base oxides’
interface state, which results in a variation of the surface
barrier height and finally leads to a conductance change
on the base oxide [34]. But Cd-loaded In

2
O
3
nanofibers

with other Cd/In molar ratios such as 1/20 and 1/1 did not
enhance the formaldehyde gas properties as we expected.
Next, the role of different concentration of Cd on improving
the sensing properties will be discussed from two aspects:
the surface-to-volume ratio of the sensing material and the
resistance of the sensor (𝑅

𝑎
). Grain sizes of Cd-loaded In

2
O
3

nanofibers increased with the increasing of Cd/In molar
ratios. As we know, the surface-to-volume ratio increases
with the decrease of gain size [35], which will cause improve-
ment of the surface reactivity. In other words, a decrease of
the gain size will enhance sensor response. As we mentioned
before, with Cd2+doping, the resistance of the sensor in air
(𝑅
𝑎
) will increase. And with the increase of the Cd-doped

concentration, there will be more Cd2+replace In3+, meaning
𝑅
𝑎
will becomebigger. Since the response of sensors is defined

as: 𝑆 = 𝑅
𝑎
/𝑅
𝑔
, so the increase of 𝑅

𝑎
means the increase of

response.Moreover, when Cd/Inmolar ratio is 1/1, new phase
CdIn
2
O
4
forms, which may cause the decrease of Cd doping

concentration. The effect of those two aspects on sensing
response is opposite. When the Cd/In molar ratio is 1/10,
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Figure 8: The adsorption model of Cd-loaded In
2
O
3
nanofibers in air and in formaldehyde gases, respectively.

with the influence of those two aspects, the sensing response
achieves the highest in this experiment.

4. Conclusion

In summary, Cd-loaded In
2
O
3
nanofibers with different

Cd/In molar ratios from 1/20 to 1/1 were prepared by an
electrospinning method. The hollow and porous nanofibers
are composed of nanoparticles.The average diameter and the
nanoparticles size of Cd-loaded In

2
O
3
nanofibers increase

with increasing Cd/In molar ratio. Formaldehyde gas sensors
were fabricated by coating the obtained materials onto a
ceramic tube with a pair of gold electrodes and heaters.
The sensors based on Cd-loaded In

2
O
3
nanofibers with

Cd/Inmolar ratio 1/10 (In
10
Cd
1
) exhibited higher response in

formaldehyde concentration range of 0.5∼100 ppm at operat-
ing temperature of 280∘C than other materials with different
Cd/In molar ratios. The response of In

10
Cd
1
based sensors

possesses good linearity with formaldehyde concentration in
the range of 10∼100 ppm. The response and recovery times
of the sensor based on In

10
Cd
1
nanofibers were 160 s and

70 s to 10 ppm formaldehyde, respectively. The sensor also
exhibited a significantly higher response to formaldehyde
than to ethanol, methanol, toluene, acetone, and ammonia.
Cd-loaded In

2
O
3
hollow and porous nanofibers with Cd/In

molar ratio 1/10 (In
10
Cd
1
) have smaller grain size than In

1
Cd
1

and larger resistance of the sensor in air than In
20
Cd
1
, which

could be one reason for better sensitivity of In
10
Cd
1
than

other ratios materials.
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In the present work the authors have fabricated copper oxide nanoparticles through a water bath method and investigated their
composition and microstructure using XRD and TEM methods. Their electrical properties were investigated under different
atmospheres and temperatures after painting them onto the insulating substrates with interdigital Pt and Au electrodes.The electric
currents are found dramatically dependent on the variation of humidity, temperature, and ratio of oxygen to nitrogen. In the end,
the HCHO gas sensitivity of these nanoparticles has been investigated.

1. Introduction

Today, more and more attention has been paid to gas sensors
based on semiconducting metal oxides for detection of
hazardous, humid, flammable, or toxic gases, due to their
rich resource, low cost, and easy fabrication. Plenty of n-
type semiconductingmetal oxides such as ZnO [1], Fe

2
O
3
[2],

SnO
2
[3],WO

3
[4], andMoO

3
[5] are widely investigated due

to their extensive sensing performance. Recently, increasing
interest has been focused on p-type semiconducting metal
oxides such as CuO [6] and NiO [7]. Copper oxides, includ-
ing CuO and Cu

2
O, are p-type semiconductors because of

presence of acceptors levels attributed to copper vacancies.
There have been some reports on CuO nanoparticles [8],
nanowires [9], nanorods [10], nanoribbons [11], nanosheets
[12], and microspheres [13] towards various target gases
such as NO

2
, H
2
S, C
2
H
5
OH, CO, and NH

3
in the working

temperature ranging from 200∘C to 400∘C. However, all
synthesis methods of these copper oxide nanomaterials need
harsh conditions such as high temperature or high pressure,
no matter chemical vapor deposition, or hydrothermal pro-
cess. There are few reports on copper oxide nanomaterials
synthesized through low temperature conditions. In this
study, we report the fabrication of copper oxide nanoparticles
through a water bath process at relatively low temperature

and normal pressure. We investigated influence of different
atmospheres and temperatures on the electrical property of
copper oxide nanoparticles.

2. Experimental

The copper oxide nanoparticles were synthesized using a
water bath method under relatively low temperature and
normal pressure [14]. The following chemical materials
are employed in the synthesis process: copper (II) nitrate
hemipentahydrate (Cu(NO

3
)
2
⋅2.5H
2
O, analytical reagent),

methenamine ((CH
2
)
6
N
4
, analytical reagent), and deion-

ized water. The synthesis was conducted by the thermal
decomposition of a Cu2+ amino complex with reagent-
grade chemicals. Methenamine, (CH

2
)
6
N
4
, a nontoxic water-

soluble and nonionic tetradentate cyclic tertiary amine was
chosen to comply simultaneously with the precipitation of
the divalent transition metal ion Cu2+ and the nucleation
growth of its stable oxide form, copper (II) oxide. An
equimolar (0.1M) aqueous solution (deionized water) of
copper (II) nitrate hemipentahydrate and methenamine was
prepared in a bottle with a screw cap. The bottle is then
heated at a constant temperature of 100∘C for 6 hours in
a regular laboratory water bath kettle. Subsequently, the
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Figure 1: The XRD pattern of as grown copper oxide nanoparticles.

homogeneous nanoparticles are thoroughly washed with
deionized water to remove any contamination from residual
salts or amino complex. It is noted that the water bath
fabrication method is highly reliable and several kinds of
metal oxide nanoparticles are fabricated under different
conditions.

Characterizations of the as grown copper oxide nanopar-
ticles were performed using the following techniques. The
XRD patterns were collected with a Bruker D8 advance
X-ray powder diffractometer (Bruker, Germany) equipped
with a scintillation counter using Cu K𝛼 radiation (𝜆 =
1.5406 Å). The goniometer scanning rate was of 0.4∘min−1.
The as grown nanoparticles were pressed onto a Si sub-
strate before scanning. The morphology and microstructure
information of as grown nanoparticles were investigated
through a high-resolution transmission electron microscope
(HRTEM, Tecnai G2 F20, Netherland) with a super twin
objective lens and working at 200 kV with a LaB

6
filament.

The influences of different temperatures and atmospheres
on the electrical transport properties of annealed copper
oxide nanoparticles are investigated with multiple gas mix
and transport controller and a data acquisition/processing
instrument (Keithley 2000 multimeter) and Agilent B1500A
semiconductor device analyzer.

3. Results and Discussion

Figure 1 shows the XRD pattern of the as grown copper oxide
nanoparticles, which indicated that the nanoparticles
include CuO, Cu

2
O, Cu(OH)

2
, Cu(OH)

2
⋅H
2
O, and

Cu(OH)
2
⋅3H
2
O according to references PDF#42-0638,

PDF#42-0746, PDF#65-3288, PDF#36-0545, and PDF#48-
1548, respectively. Among these nanoparticles, Cu(OH)

2
,

Cu(OH)
2
⋅H
2
O, and Cu(OH)

2
⋅3H
2
O are thermolabile

materials, which will transform into CuO under relatively
low heating environment. It is well known that only when the
temperature is higher than 900∘C, all the CuO will transform
into Cu

2
O because of the instability under high temperature.

Figure 2 shows the HRTEM analysis of as grown cop-
per oxide nanoparticles. An irregular size of nanoparti-
cle distributed from hundreds nanometers to micron in
length and tens to hundreds nanometers in width. Under
high-resolution observation, the individual nanoparticle has
polycrystalline structure, the size of each crystalline grain
distributed in tens nanometers scale. These nanoparticles
undoubtedly have active chemical properties because of their
large specific surface area, such as high surface reaction activ-
ity and efficient transmission channel for analytemolecules to
reach the active sites.

Figure 3 shows the schematic diagrams of the devices
based on copper oxide nanoparticles for electrical property
investigation. One device was fabricated on a SiO

2
/Si sub-

strate with Pt interdigital electrodes; the other was fabricated
on an alumina substrate with Au interdigital electrodes. The
device fabrication is as described in the following process.
The copper oxide nanoparticles were initially dispersed in
ethanol and then were uniformly coated onto a 300 nm-
SiO
2
/Si (or alumina) substrate provided with interdigitated

Pt (or Au) electrodes with trace and gap size of 20𝜇m
(or 250𝜇m) on the insulating side. In order to remove the
residual water and ethanol and to ensure a good adherence
of copper oxide nanoparticles to substrates and electrodes, a
subsequent heating process was performed in a tube furnace.
The devices were first heated at 200∘C for 6 hours, then slowly
heated up to 500∘C for 2 hours, and finally cooled down to
room temperature naturally. After the heating process, the
water, crystal water, and hydroxyl inside of copper oxide
nanoparticles were driven out.
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Figure 2: The HRTEM images of as grown copper oxide nanoparticles.

Figure 3: The schematic diagrams of the devices based on copper
oxide nanoparticles.

The I-V sweep measurements were performed under dc
voltage sweep at room temperature in room air (humid),
commercial air (dry), nitrogen (dry), and oxygen (dry),
respectively. The voltage was scanned as −10V → 0V →
10V → 0V → −10V with a step of 20mV, as shown
in Figure 4(a). The I-V curves in three kinds of dry gas
atmosphere are similar symmetrical rectifying curves, which
indicates the existence of small Schottky barriers between
copper oxide nanoparticles and metal electrodes. When
the voltage varied along the opposite direction, the two
curves kept good coincidence with each other. However,
the situation in room air atmosphere with 85% RH was
dramatically different. First, the current values were much
larger than those measured in dry gas atmosphere. Second,
when the voltage varied along the opposite direction, the two
curves are entirely not coincident and show an interesting
loop-like feature. The numbers 1, 2, 3, and 4 indicate the
voltage variation −10V → 0V, 0V → 10V, 10V → 0V,
and 0V → −10V, respectively. The curve segments 1 and
3 indicate that when the voltage got smaller, the current also
got smaller in the meantime, which is apparently reasonable.
Yet the curve segments 2 and 4 are very different; in detail, the
current got smaller when voltage got larger than−5V and 5V.

The only difference between the humid room air atmo-
sphere and commercial dry air atmosphere is in the water
vapor.The contrast experiments show the dramatic influence
of water vapor on the electrical conductance of copper oxide
nanoparticles. It is well known that in a water molecule,

the oxygen atom and two hydrogen atoms share electrons
in covalent bonds, but the sharing is not equal. In the
covalent bond between oxygen and hydrogen, the oxygen
atom attracts electrons stronger than the hydrogen atoms.
The unequal sharing of electrons gives the water molecule
a slight negative charge near its oxygen atom and a slight
positive charge near its hydrogen atoms [15]. As a result,
the polar water molecules in humid air and the electrons on
the surface of copper oxide nanoparticles will adsorb each
other. More and more water molecules were attracted to
form an ultrathin water layer in the surfaces of copper oxide
nanoparticles. In this water layer, the following hydrolysis
reaction and ionization process might happen:

CuO +H
2
O → Cu(OH)

2 (1)

Cu(OH)
2
→ Cu2+ + 2OH− (2)

Both positive and negative ions will enhance the con-
ductance. When the speed of water molecules aggregation
is faster than speed of hydrolysis reaction and ionization
process, the current may become saturated and even smaller
because the concentration variation of ions may reach a
bottleneck, as Figure 4(a) shows.

As shown in Figure 4(b), the dc sweep voltage was
scanned as −10V → 0V → 10V → 0V → −10V
with different voltage variation step value of 50mV, 100mV,
150mV, 200mV, and 250mV in room air atmosphere with
85% RH, respectively. With increasement of voltage variation
step value, the loop-like curve became thinner and thinner.
Because the voltage variation step value decided the entire
sweeping time, the larger variation step value resulted in the
shorter entire sweeping time and the less adsorbed water
molecules; the smaller variation step value resulted in the
longer entire sweep time and the more adsorbed water
molecules. This theory can well explain the different shapes
of I-V curves.

In order to investigate the influence of oxygen adsorption
on the electrical conductivity of copper oxide nanoparticles
at high temperature, a gas sensor on alumina substrate
provided with interdigitated Au electrodes (trace and gap
size: 250 𝜇m) on its surface through aforementioned process
is fabricated. Before the coating process, fine gold wires
(100 𝜇m in diameter) were connected to the interdigitated
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Figure 4: (a) Current variation of copper oxide nanoparticles under voltage from −10V to 10V to −10V under different atmospheres; (b)
current variation of copper oxide nanoparticles under voltage from−10V to 10V to−10Vwith different voltage variation step values in humid
air atmosphere.

Au electrodes in assistance of gold glue, with a subsequent
thermal solidification treatment (800∘C for 60min).

Figure 5(a) shows the I-V character of the copper oxide
nanoparticles from −40V to 40V with a step of 50mV in
commercial dry air atmosphere at different temperatures
of 100∘C, 150∘C, 200∘C, and 250∘C, respectively. The figure
shows that the resistance of the copper oxide nanoparticles
is highly sensitive to temperature. Figure 5(b) shows the I-
V character of the copper oxide nanoparticles from −40V
to 40V with a step of 50mV at 200∘C in different mixture
gas atmospheres with different oxygen concentrations of
5%, 10%, 15%, and 20%, respectively. At the same voltage,
the current increased along with the increase of oxygen
concentration. Figure 5(c) shows the time-resolved current
(or resistance) variation of copper oxide nanoparticles in
differentmixture gas atmospheres with oxygen concentration
of 5%, 10%, 15%s and 20%, respectively. The voltage is 10V
and the temperature is 200∘C. One can observe that each
current curve slowly increases along with the time due to
an increasing oxygen adsorption. It is also obvious that the
current level of four curves got a monotonous increase along
with the increasing density of oxygen, which is also due to
the oxygen adsorption. Because copper oxide is well known
as a p-type semiconductor, the majority carrier is hole and
the minority carrier is electron. The adsorption of oxygen
will decrease the electron concentration and increase the hole
concentration in copper oxide, which makes the resistance
decrease.

The HCHO sensing properties were investigated at
atmospheric pressure through a dynamic test system which
included a horizontal tube furnace, a multigas mix and trans-
port controller and a data acquisition/processing instrument

(Keithley 2000 multimeter), using a constant synthetic air
flow (100 sccm) as both reference gas and carrier gas for
the analyte dispersion. Time dependencies of the resistance
variation at different temperatures (300∘C and 400∘C) of
copper oxide nanoparticles upon exposure towards 4 pulses
of HCHO (10, 20, 30, and 40 ppm) in dry air are shown in
Figure 6. The results presented are highly reproducible on
similar devices.The exposure time inHCHO is 4minutes and
the intermission time in air is 6 minutes. The applied voltage
between the double Au electrodes is kept at 15 V during the
entire process.

At both temperatures the resistance of copper oxide
nanoparticles gradually increased during sensing of HCHO
and gradually decreased since HCHO stopped. The cop-
per oxide nanoparticles showed stable p-type conductivity
at both 300∘C and 400∘C according to the decrease of
resistance when the environment atmosphere is air. The
sensing mechanism of resistive gas sensors based on metal
oxide semiconductors is ascribed to variations of majority
carrier surface concentration under the influence of adsorbed
substances [16]. Particularly, the surface depletion model
and grain boundary model are used to describe the sensing
mechanism of metal oxide semiconductors [17]. For p-
type metal oxide semiconductors, the adsorbed oxygen will
form acceptor levels near the valence band at the surface,
resulting in the upward band bending and formation of
an accumulation layer of holes. The upward band bending
between nanoparticles will enhance the transport of holes,
the majority carriers in p-type metal oxide semiconductors.
During exposing to reductive gas, the reductive gasmolecules
would react with the preadsorbed oxygen species, resulting
in the cancellation of holes and an increase of the resistance.
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This theory can very well explain the variation of resistance of
copper oxide nanoparticles during sensing HCHO at 300∘C
and 400∘C.

4. Conclusions

In conclusion, we have synthesized copper oxide nanoparti-
cles and investigated the influence of different atmospheres
and temperatures on their electrical conductivity. We found
that the I-V character of copper oxide nanoparticles is very
sensitive to humid air atmosphere with 85% RH at room
temperature and also sensitive to the variation of temperature
and oxygen concentration. Further, at high temperature they
are very sensitive to HCHO concentration variation.
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We prepare a zinc oxide- (ZnO-) based Schottky diode constructed from the transparent cosputtered indium tin oxide- (ITO-)
ZnO ohmic contact electrode and Ni/Au Schottky metal. After optimizing the ohmic contact property and removing the ion-
bombardment damages using dilute HCl etching solution, the dilute hydrogen peroxide (H

2
O
2
) and ammonium sulfide (NH

4
)
2
Sx

solutions, respectively, are employed to modify the undoped ZnO layer surface. Both of the Schottky barrier heights with the ZnO
layer surface treated by these two solutions, evaluated from the current-voltage (I-V) and capacitance-voltage (C-V)measurements,
are remarkably enhanced as compared to the untreated ZnO-based Schottky diode.Through the X-ray photoelectron spectroscopy
(XPS) and room-temperature photoluminescence (RTPL) investigations, the compensation effect as evidence of the increases in
the O–H and OZn acceptor defects appearing on the ZnO layer surface after treating by the dilute H

2
O
2
solution is responsible for

the improvement of the ZnO-based Schottky diode. By contrast, the enhancement on the Schottky barrier height for the ZnO layer
surface treated by using dilute (NH

4
)
2
Sx solution is attributed to both the passivation and compensation effects originating from

the formation of the Zn–S chemical bond and 𝑉Zn acceptors.

1. Introduction

To accomplish a high-performance zinc oxide- (ZnO-) based
optoelectronic device, the formation of a quality contact
between ZnO and electrode is essential. A superior rectifying
junction with metals and low-resistance ohmic contacts onto
the ZnO surface is crucial to strengthen the diode application,
UV detectors, gas sensors, piezoelectric transducers, and
optical coatings [1–3]. Up to date, sputtering technology is
a commonly used system for large-area and cost-efficiency
ZnO-layered fabrication in application on the optoelectronic
devices. However, limited reports on the ZnO-based Schottky
diodes purely prepared using sputtering technology since
significant defects formed in the films are inevitable due to
the ion-bombardment damages and subsurface defects [4–6].
Accordingly, various ZnO surface passivation processes, such
as chemical preparationwith specific acid or organic solution,
plasma bombardment, and activated light irradiation, were

processed to achieve a quality ZnO-based Schottky diode
[7–10]. Among the surface treatments, liquid-phase process,
using the dilute hydrogen peroxide (H

2
O
2
) and ammonium

sulfide ((NH
4
)
2
Sx) solutions, respectively, that has the simple

and nonvacuum advantages over others, seems to be the
best process method. Although reports had demonstrated
that the improvement of the resulting metal/ZnO contact
was attributed to the surface state passivation [11–13], the
dominated mechanism responsible for these surface treat-
ments still was indefinite. Except for engineering a quality
ZnO/metal Schottky contact, the low-resistance contacts
between ZnO and the electrode also are crucial. Although
most ZnO-based optoelectronics usemetal structures contact
to n-type ZnO films with a low specific contact resistance,
𝜌
𝑐
, in the range of 10−5∼10−7Ω-cm [14–16], the conversion

efficiency between photons and electrons of the resulting
optoelectronic devices is limited due to their opaque nature
at the emission/absorption wavelengths. Accordingly, the
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Table 1: Electrical properties of the annealed i-ZnO, and cosputtered ITO-ZnO and ITO films.

Sample Concentration (/cm3) Mobility (cm/Vs) Resistivity (Ω cm)
Annealed 𝑖-ZnO −7.4 × 1015 69.7 3.3 × 102

ITO −5.5 × 1020 10.7 1.1 × 10−3

ITO-ZnO −1.0 × 1021 21.4 2.9 × 10−4

transparent conductive oxide (TCO) film becomes a good
candidate to be employed as an ohmic electrodewith low light
reabsorption [17, 18].

In this work, with the aim to achieve a quality ZnO-based
Schottky diode, a homogeneity indium tin oxide- (ITO-)
ZnO cosputtered film was deposited onto the undoped
ZnO layer as an ohmic contact electrode, followed by the
surfacemodification processes combinedwith the preetching
process, using the diluted HCl solution, and the surface
treatment, using the dilute H

2
O
2
and (NH

4
)
2
Sx solutions,

respectively, on the undoped ZnO layer prior to the Ni/Au
Schottky metal deposition. The mechanisms responsible for
the improvement of the ZnO-based Schottky diode were
comprehensively investigated by using the X-ray photoelec-
tron spectroscopy (XPS) and room-temperature photolumi-
nescence (RTPL) measurements.

2. Experiment

A 1𝜇m thick undoped ZnO (i-ZnO) layer was deposited
onto the silicon substrate using a radio frequency (rf)
magnetron cosputtering system.The undoped ZnO layer was
subsequently annealed at 700∘C for 30min under oxygen
ambient to improve the crystalline structure with c-axis
growth orientation [10]. A homogeneity 300 nm thick ITO-
ZnO cosputtered film at an atomic ratio of 33% [Zn/(Zn + In)
at.%] was deposited onto the ZnO layer, followed by window
of the ITO-ZnO film with a diameter of 300 𝜇m which
was completely eliminated using the dilute hydrochloric
acid (HCl) solution for 40 sec. The residual ITO-ZnO/i-ZnO
contact systemwas then optimized using anRTA treatment at
400∘C for 1min under vacuum ambient. After optimizing the
ohmic contact electrode, the exposed ZnO layer surface was
etched by the dilute HCl solution (referred as the preetching
process hereafter) for 20 and 40 sec, respectively, to effectively
remove the defects induced from the ion-bombardment dam-
ages during the cosputtered film deposition. Afterwards, the
preetched ZnO layer surface was then, respectively, dipped in
the dilute H

2
O
2
solution at 100∘C or dilute (NH

4
)
2
Sx solution

at 60∘C for 3min. Eventually, Ni/Au (20/100 nm) Schottky
metal was deposited onto the surface-modified area with a
diameter of 200𝜇m using e-beam evaporation, followed by
liftoff using a standard photolithography technique. Figure 1
illustrates a schematic structure of the ZnO-based Schottky
diodes.

Film thickness of the ZnO-based Schottky diode struc-
ture was measured using a surface profile system (Dektak
6M). Carrier concentration and Hall mobility of these
cosputtered films were measured using the Van der Pauw
method (Ecopia HMS-5000) at room temperature. The radi-
ation spectra and the chemical bond configurations near the

Ni/Au (20/100nm)

ITO-ZnO (300nm)
Surface modification

Undoped ZnO (1𝜇m)

Silicon substrate

Figure 1: Schematic structure of the ZnO-based Schottky diodes.

undoped ZnO layer surface with and without the surface
treatmentswere conducted from the photoluminescence (PL)
spectra measured at room temperature using a He-Cd laser
(𝜆 = 325 nm) pumping source and characterized using an X-
ray photoelectron spectroscopy (XPS, PHI Quantera SXM)
with a monochromatic Al K𝛼 source. Current-voltage (I-
V) and capacitance-voltage (C-V) properties of the resulting
Schottky diodes were characterized using a semiconductor
parameter analyzer (HP4156C) and a LCRmeter (HP4284A)
at 1MHz.

3. Results and Discussions

The electrical properties of the annealed undoped ZnO (i-
ZnO) and cosputtered ITO-ZnO and ITO films are summa-
rized in Table 1. Both the electron concentration and Hall
mobility of the asdeposited cosputtered ITO-ZnO film were
higher than those of the asdeposited ITO film, resulting in a
low resistivity of 2.9 × 10−4Ω cm [19].The I-V characteristics
of the asdeposited cosputtered ITO-ZnO and ITO films con-
tact to the i-ZnO layer as well as the ITO-ZnO/i-ZnO contact
system annealed at 400∘C for 1min under vacuum ambient
using the transmission line method (TLM) are shown in
Figure 2. All these contacts exhibited ohmic contact behavior.
The transparent cosputtered ITO-ZnO film contact to the
undoped ZnO layer resulted in a specific contact resistance
(2.9 × 10−3Ω cm2) lower than that of the ITO film contact
to the undoped ZnO layer (6.0 × 10−2Ω cm2). In addition,
the specific contact resistance of the ITO-ZnO/i-ZnO contact
system was further decreased to 4.6 × 10−5Ω cm2 after the
RTA treatment.Themechanism responsible for the reduction
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Table 2: Parameters of the Schottky diodes with and without an additive preetching process prior to the surface treatment using the dilute
H2O2 solution.

Samples Current ratio (@ ±2V) Φ
𝐵,𝐼-𝑉 (eV) 𝑛

Nonetched 1035 0.68 1.45
Etched for 20 sec 6923 0.83 1.24
Etched for 40 sec 3.3 × 107 0.90 1.20
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Figure 2: I-V characteristics of the asdeposited cosputtered ITO-
ZnO and ITOfilms contact to the i-ZnO layer as well as the annealed
ITO-ZnO/i-ZnO contact system.

in the contact resistance was ascribed to the interdiffusion
between the ITO-ZnO/i-ZnO interfaces [20].

The I-V curve of the Ni/Au metal contact to the H
2
O
2
-

treated ZnO layer without an additive preetching process
using the dilute HCl solution is shown in Figure 3. The ZnO-
based Schottky diode with the ZnO layer surface treated
by dilute H

2
O
2
solution showed rectifying behavior. The

Schottky diode performance is evaluated by the forward
current on the logarithmic scale, as shown in the inset figure,
according to the thermionic theory:

𝐼 = 𝐼
𝑠
exp[(

𝑞 (𝑉 − IRs)

𝑛𝑘𝑇

) − 1] , (1)

where the saturation current, 𝐼
𝑠
, and ideality factor, 𝑛, of the

Schottky diode indicated in (1) are determined as

𝐼
𝑠
= 𝐴𝐴

∗∗ exp(−

𝑞Φ
𝐵, 𝐼-𝑉

𝑘𝑇

) ,

𝑛 =

𝑞

𝑘𝑇

[

𝑑𝑉

𝑑 (ln 𝐼)

] ,

(2)

where, the parameter 𝑞 is the magnitude of electronic charge,
𝑘 is the Boltzmann constant, 𝑇 is the operating temperature,
𝑉 is the applied forward bias, Φ

𝐵, 𝐼-𝑉 is the Schottky barrier
height (SBH), and𝐴

∗ is the effective Richardson constant. In
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Figure 3: I-V characteristics of the ZnO layer contact to the Ni/Au
metal with and without an additive preetching process prior to the
surface treatment using the dilute HCl solution (the inset figure
highlights the current in logarithmic scale).

accordance with previous reports with an effective mass (𝑚∗)
of 0.27m0, the theoretical effective Richardson constant used
to derive these Schottky diodes was 32A cm2 K−2 [21]. The
derived parameters of the Schottky diode and the forward
turn-on current to reverse leakage current ratio measured at
2 and −2V, respectively, are listed in Table 2. Although the
Schottky diode constructed from the Ni/Au metal contact to
the H

2
O
2
-treated i-ZnO layer surface led to a barrier height

of 0.68 eV and an ideality factor of 1.45, a low current ratio
was obtained as a consequence of the high leakage current
(∼5 × 10−7 A), which is unfavorable for the Schottky diode
application. Such apparent leakage current was attributed
to the ion-bombardment damages on the ZnO layer during
sputtering deposition. Accordingly, the preetching process
using the diluteHCl solutionwas firstly carried out to remove
the defects on the ZnO layer surface induced from the ion-
bombardment damages during the cosputtered film depo-
sition before the surface treatment on the ZnO layer using
the dilute H

2
O
2
solution. The resulting I-V characteristics

of the ZnO layer surface contact to the Ni/Au metal with
an additive preetching process for 20 and 40 sec prior to
the surface treatment using the dilute H

2
O
2
solution are

shown in Figure 3 (the inset figure highlights the reverse
current of these diodes in logarithmic scale). Evidently, the
reverse current was significantly decreased to 3.64 × 10−11 A
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Figure 4: I-V curve of the ZnO layer contact to the Ni/Au metal
with and without the surface treatments (the inset figure highlights
the current in logarithmic scale).

as the preetching process reached 40 sec, which also corre-
sponded to a higher Schottky barrier height (0.90 eV) and
ideality factor (1.20) as compared to the nonetched sample.
This revealed that the additive preetching process on the i-
ZnO layer prior to the surface treatment using the dilute
H
2
O
2
solution also was essential for further idealizing the

sputtering-deposited ZnO-based Schottky diode.
Figure 4 gives the I-V curves of the metallic Ni/Au

contact to the surface-treated ZnO layer, using dilute H
2
O
2

and (NH
4
)
2
Sx solutions, respectively, to study how these two

surface treatments contributed to the Schottky diode perfor-
mance (the Ni/Au contact to the untreated ZnO layer also
is shown for comparison). It can be seen that the rectifying
property of the Au/Ni/i-ZnO contact system was obviously
improved using these two surface treatments.The device only
etched by the dilute HCl solution (untreated sample) showed
an almost symmetric I-V curve in the voltage range from
−2 to 2V, whereas the measured I-V characteristics of the
Schottky diodes constructed for the H

2
O
2
- and (NH

4
)
2
Sx-

treated ZnO layers exhibited the excellent rectifying behavior
without significant breakdown at a reverse bias of −2V.
The leakage currents for both of the ZnO layer surfaces
treated by using the dilute H

2
O
2
and (NH

4
)
2
Sx solutions,

as shown in the inset figure, were apparently reduced from
0.16mA to 3.64 pA and 3.28 pA, respectively. The derived
barrier height, ideality factor, and forward turn-on current
to reverse leakage current ratio of these three Schottky
diodes by adopting the thermionic theory given in (1)–(3)
are summarized in Table 3. The Schottky barrier high and
ideality factors of the Ni/Au contact onto the untreated ZnO
layer were 0.59 eV and 2.01, respectively, indicating that the
preetching process still was insufficient for idealizing the
Schottky contact property and multiple current pathways
still existed in addition to thermionic emission. By contrast,

H2O2 treated
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1/
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Figure 5: 1/C2 as a function of the applied voltage for the metallic
Ni/Au contact to the surface-treated ZnO layer.

the low reverse leakage current of the Ni/Au contact to
the surface-treated ZnO layer led to a high current ratio of
about 107, which also corresponded to a Schottky barrier
height of approximately 0.9 eV, a value close to the ideal value
(∼0.85 eV), revealing that thermionic emission predominated
the current transition. Figure 5 further illustrates the 1/𝐶

2

as a function of the applied voltage for the metallic Ni/Au
contact to the surface-treated ZnO layer, using dilute H

2
O
2

and (NH
4
)
2
Sx solutions, respectively.TheC-V relation for the

ZnO-based Schottky diodes is described as [22]

(

1

𝐶

)

2

= (

2

𝜀
𝑠
𝑞𝑁
𝑑
𝐴
2
)(

𝑉bi − 𝑉 − 𝑘𝑇

𝑞

) , (3)

where 𝜀
𝑠

= 9.0 𝜀
0
for ZnO [23], 𝜀

0
is the permittivity in

vacuum, 𝑁
𝑑
is the carrier concentration, 𝐴 is the area of the

Schottky contact, and 𝑉bi is the built-in voltage. Accordingly,
the carrier concentration and the built-in voltage are derived
from the slope and intercept, respectively, of the curves shown
in Figure 5. The carrier concentrations of 1.5 × 1015 and 2.1 ×
1015 cm−3 were in turn calculated from the H

2
O
2
- and

(NH
4
)
2
Sx-treated ZnO layer surfaces. Both of these values

were significant lower than those of the untreated ZnO
layer surface (6.9 × 1015 cm−3), as shown in Table 3. In
addition, the carrier concentration of the undoped ZnO layer
surface etched by the dilute HCl solution for 40 sec also was
calculated to be lower than that of the nonetched ZnO layer
(7.4 × 1015 cm−3), revealing that the preetching process was
also beneficial for the reduction in the carrier concentration.
The intercepts on the x-axis for the C-V curves of the H

2
O
2
-

and (NH
4
)
2
Sx-treated Schottky diodes shown in Figure 5

were 0.76 and 0.71 V, respectively, whereas that of the Schottky
diode without the surface treatment was 0.39V (not shown).
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Table 3: Parameters of the Schottky diodes with and without the surface treatments calculated from the 𝐼-𝑉 and 𝐶-𝑉 characteristics.

Samples Current ratio (@ ±2V) Φ
𝐵,𝐼-𝑉 (eV) 𝑛 Φ

𝐵,𝐶-𝑉 (eV) 𝑁
𝑑
(/cm3)

Untreated 1.15 0.59 2.01 0.66 −6.9 × 1015

H2O2-treated 3.3 × 107 0.90 1.20 0.97 −1.5 × 1015

(NH4)2S𝑥-treated 3.1 × 107 0.87 1.30 0.92 −2.2 × 1015

The relationship between the Schottky barrier height (𝑞Φ
𝐵
)

and the built-in voltage (𝑞𝑉bi) is expressed as

𝑞Φ
𝐵,𝐶-𝑉 = 𝑞 (𝑉bi + 𝑉

𝑛
) ,

𝑉
𝑛
= (

𝑘𝑇

𝑞

) ln(

𝑁
𝑐

𝑁
𝑑

) ,

(4)

where 𝑉
𝑛
is the potential difference between the conduction

band and the Fermi level of the undoped ZnO layer. 𝑁
𝑐

is the effective density of states in the conduction band of
ZnO (∼4.98 × 1018 cm−3) [11]. The Schottky barrier heights
of the Ni/Au contact to the ZnO layer surface treated by
the surface treatment dilute H

2
O
2
and (NH

4
)
2
Sx solutions,

respectively, were calculated to be 0.97 and 0.92 eV, as listed
in Table 3. In addition, the ZnO layer surface only etched by
using the dilute HCl solution resulted in a Schottky barrier
height of 0.66V while contacting to the Ni/Au metal. It also
can be seen that the barrier heights derived from the I-V
curves typical were lower than those calculated from the C-V
characteristics. The difference in the Schottky barrier height
between the I-V and C-V measurements was demonstrated
to be the presence of the interface states which led to the
image force barrier-lowering (IFBL) as derived from the I-
V characteristics [11, 24]. Accordingly, the present surface
modification processes, combined with the preetching pro-
cess and the surface treatments using the dilute H

2
O
2
and

(NH
4
)
2
Sx solutions, respectively, on the undoped ZnO layer

were helpful to improve the resulting Schottky diode perfor-
mance. The ion-bombardment damages on the sputtering-
deposited ZnO layer were removed by an additive preetching
process using the dilute HCl solution. By contrast, both of
the surface treatments using the dilute H

2
O
2
and (NH

4
)
2
Sx

solutions, respectively, were functional to significantly reduce
the surface states on theZnO layer surface, thereby improving
the Schottky barrier height between the undoped ZnO layer
and Ni/Au metal more effectively.

To further determine the improved mechanism of the
Schottky diodes by these two surface treatments on the ZnO
layer surface, using dilute H

2
O
2
and (NH

4
)
2
Sx solutions,

respectively, the evolutions on the binding energies of the
O 1𝑠, Zn 2𝑝

3/2
, and S 2𝑝 core levels conducted from the XPS

spectra were carried out. Figures 6(a) and 6(b), respectively,
show the binding energy of the O 1𝑠 core level with and
without the H

2
O
2
surface treatment on the ZnO layer. It can

be seen that the O 1𝑠 core level of the untreated ZnO surface
exhibited a dominated peak of approximately 530.6 eV with
a tail extending to high binding energy. This curve was
deconvoluted into two overlapping peaks, located at 530.4
and 531.8 eV which were in turn associated with the O–Zn
and O–H chemical bonds [25], by means of a combination of
Gaussian and Lorentzian functions (70% Gaussian and 30%
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Figure 6: Binding energy of the O 1s core level for the (a) untreated
and (b) H

2
O
2
-treated ZnO layer surfaces.

Lorentzian) with background subtraction. Different from the
untreated sample, the intensity of the O–H chemical bond
in the O 1𝑠 spectrum of the ZnO layer surface treated by
dilute H

2
O
2
solution apparently enhanced to result in a

broad feature. Table 4 illustrates the composition of the O–
Zn and O–H chemical bonds deconvoluted from the ZnO
layer surface with and without the H

2
O
2
surface treatment.

The composition of the O–Zn chemical bond (59%) in
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Table 4: Compositions of the O–Zn and O–H chemical bonds for
the untreated and H2O2-treated ZnO layer surfaces.

Samples Untreated H2O2-treated
O–Zn (%) 59 39
O–H (%) 41 61

the untreated ZnO layer surface was higher than that of the
O–H chemical bond (41%), whereas the O–H chemical bond
(61%) dominated over the H

2
O
2
-treated ZnO layer surface.

The increase in the O–H chemical bond in the ZnO layer
surface was closely related to the decomposition of the H

2
O
2

solution. Since the O–H chemical bond is a well-known
acceptor-like defect in the ZnOmaterial [26], the Fermi level
in the H

2
O
2
-treated ZnO layer surface was prone to be close

to the vacuum level and thus led to the upward band bending.
In addition, the red shift of the O–Zn (529.9 eV) and O–
H (531.6 eV) binding energies after the H

2
O
2
-treated ZnO

layer surface also gave evidence of the band bending of the
ZnO layer surface [27]. The binding energies of the Zn 2𝑝

3/2

core level on the ZnO layer surface with and without the
H
2
O
2
treatment are shown in Figure 7. The binding energy

of the Zn 2𝑝
3/2

core level in the untreated ZnO layer surface
located at 1021.7 eV, a value lower than that of the bulk ZnO
(1022.0 eV) owing to the native oxygen vacancies (𝑉o) formed
in the sputtering-deposited ZnO layer [28]. For the ZnO
layer treated by the dilute H

2
O
2
solution, the 𝑉o donors

were compensated by the appearance of the O–H acceptors,
thereby resulting in the blue shift of binding energy (∼0.5 eV).

Figure 8 shows the S 2𝑝 core level of the ZnO layer
surface treated by the dilute (NH

4
)
2
Sx solution. A binding

energy at 162.0 eV overlapped by the S 2𝑝
1/2

and S 2𝑝
3/2

with an interval of 1.2 eV was obtained from the (NH
4
)
2
Sx-

treated ZnO layer surface, which was associated with the
Zn–S chemical bond [29]. In addition, the binding energy
located at 1021.7 eVof theZn 2𝑝

3/2
core level for the untreated

ZnO layer surface, as shown in Figure 9(a), was composed
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Figure 8: Binding energy of the S 2p core level for the (NH
4
)
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treated ZnO layer surface.

Table 5: Compositions of the Zn–Zn, Zn–S, and Zn–O chemical
bonds for the untreated and (NH4)2S𝑥-treated ZnO layer surfaces.

Samples Untreated (NH4)2S𝑥-treated
Zn–Zn (%) 30 4
Zn–S (%) — 26
Zn–O (%) 70 70

of two chemical bonds which in turn were denoted as Zn–
Zn (1021.3 eV) and Zn–O (1021.8 eV). By contrast, the binding
energy located at 1021.8 eV of the Zn 2𝑝

3/2
core level for the

(NH
4
)
2
Sx-treated ZnO layer surface shown in Figure 9(b)

was deconvoluted into three chemical bonds of Zn–Zn
(1021.4 eV), Zn–S (1021.6 eV), and Zn–O (1022.0 eV), respec-
tively [12]. The compositions in the ZnO layer surface with
and without the (NH

4
)
2
Sx treatment extracted from each

area of the correspondent chemical bonds are summarized in
Table 5.The composition of the Zn–Zn chemical bond (30%)
which was linked to the 𝑉o defects on the untreated ZnO
layer surface had been effectively replaced by the appearance
of the Zn-S chemical bond (26%), revealing that the ZnO
layer surface treated by the dilute (NH

4
)
2
Sx was favorable to

passivate the formation of the 𝑉o donors.
Figures 10(a)–10(c) show the RTPL spectra of the

untreated and surface-treated ZnO layers. Two distinct emis-
sions which in turn were denoted as the UV emission asso-
ciated with near band edge emission (NBE) and the green-
yellow emission associated with the deep level emission
(DLE) were observed in these spectra. As given in these
figures, the DLE emission was divided into several feature
peaks of 𝑉o (∼2.11 eV), antisite oxygen (OZn ∼ 2.38 eV),
interstitial oxygen (O

𝑖
∼ 1.9 eV), and zinc vacancies (𝑉Zn ∼

2.72 eV), respectively [30–32].The donor-related𝑉o emission
dominated over the PL spectra of the untreated ZnO layer,
whereas the acceptor-related OZn emission was the most
intense peak in the H

2
O
2
-treated ZnO layer. From the XPS

and RTPL measurements, the undoped ZnO layer surface
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Figure 9: Binding energy of the Zn 2p
3/2

core level for the (a)
untreated and (b) (NH

4
)
2
Sx-treated ZnO layer surfaces.

treated by the dilute H
2
O
2
solution thus was demonstrated

to be beneficial for the enhancement on the OZn and O–
H acceptors, which was functional to compensate the native
𝑉o donors and even bring about the upward band bending
of the ZnO layer surface, resulting in the increase in the
Schottky barrier height. In contrast to the H

2
O
2
-treated

sample, another deep level emission denoted as the 𝑉Zn was
observed in the RTPL spectra of the (NH

4
)
2
Sx-treated ZnO

layer other than the apparent decrease in the 𝑉o-related
radiation compared to the untreated ZnO layer. Combined
with the XPS and the RTPL measurements, the undoped
ZnO layer surface treated by the dilute (NH

4
)
2
Sx solution not

only facilitated to suppress the formation of the 𝑉o defects
originating form to the formation of the Z–S chemical bonds
but also induced the 𝑉Zn acceptors, thereby causing the
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Figure 10: RTPL spectra of the (a) untreated, (b) H
2
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2
-treated, and

(c) (NH
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2
Sx-treated ZnO layers.
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reduction in the electron concentration on the ZnO layer
surface and improving the contact behavior to the Ni/Au
metal.

4. Conclusions

A quality ZnO-based Schottky diode was achieved using
the transparent cosputtered ITO-ZnO ohmic electrode and
Ni/Au Schottky metal. The homogeneity ITO-ZnO film
deposited onto the undoped ZnO layer resulted in a low
specific contact resistance of 4.6 × 10−5Ω cm2 after an RTA
treatment. In terms of the Schottky contact surface, an
additive preetching process using the dilute HCl solution
prior to the surface treatment on the undoped ZnO layer
surfacewas crucial to remove the ion-bombardment damages
during sputtering deposition. The increase in the Schottky
barrier height between the ZnO and Ni/Au contact was
found to be deeply correlated to the decrease in the carrier
concentration of the ZnO layer surface modified by the
combination process of the etching and the surface treat-
ments, as derived from the 𝐶-𝑉measurements. Accordingly,
an optimal Schottky barrier height was obtainable from the
undoped ZnO layer with the carrier concentration decreased
from 7.4 × 1015 to 1.5 × 1015 cm−3, which was etched by the
dilute HCl solution and sequentially treated by the dilute
H
2
O
2
solution, contact to the Ni/Au metal. From the XPS

andRTPLmeasurements, themechanisms responsible for the
enhancement on the Schottky barrier height of the H

2
O
2
-

treated ZnO layer contact to Ni/Au were attributed to the
compensation effect originating from the increase in the O-
H and OZn acceptors. By contrast, the 𝑉o donors passivation
due to the formation of the Zn–S chemical bond and the
compensation effect of the𝑉Zn acceptor formation in the ZnO
layer treated by the dilute (NH

4
)
2
Sx solution was the key

factor to cause the improvement of the resulting Schottky
diode performance. The transparent ZnO-based Schottky
diode was fabricated from the surface-treated ZnO layer,
using dilute H

2
O
2
and (NH

4
)
2
Sx solutions with an additive

preetching process, thus exhibiting the high Schottky barrier
heights of 0.90 and 0.87 eV, respectively.
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The application of silicon nanowire (SiNW) as a sensing nanomaterial for detection of biological and chemical species has gained
attention due to its unique properties. In this review, a short description is also demonstrated on the synthesis techniques of SiNWs
and recent progress on sensor development based on electrochemical methods, fluorescence field-effect transistors (FET), and
surface-enhanced Raman scattering (SERS) spectroscopy. We also discussed the challenges of SiNW-based sensors in the future.

1. Introduction

In the last decades, biological and chemical sensor technolo-
gies have received a tremendous interest among research
areas in various applications due to their efficiency in
monitoring and regulating many areas such as toxicology
testing [1, 2], food industry [3, 4], medical diagnostics [5–
7], environmental monitoring [8, 9], and drug industries
[10, 11]. Biosensors or chemical sensors can be defined as
analytical devices that incorporated with sensing materials
and molecular recognition elements (enzyme, protein, anti-
body, nucleic acid, hormone, chemical compounds, etc.) that
get integrated within transducers [12–16]. The basic principle
of sensor detection is based on interaction between the
recognition molecule (biological or chemical molecule) and
its target, and the change of the biochemical reaction would
be catalyzed by the sensing material as well as translated
into a quantifiable signal via the transducer, whether in the
form of electrochemical [17, 18], electrical [19], optical [20],
piezoelectric [21], thermometric [22], and so forth. The
important criterion in the construction of sensors is the
performance, in terms of sensitivity, that is able to achieve
low detection limits. Hence, the choice of the sensingmaterial

is the fundamental prerequisite step in the development of
ultrasensitive sensors [23, 24].

With the fast growth and development of advanced
nanotechnology, many sensing nanomaterials with unique
properties, desired size, and chemical compositions have
been fabricated to be incorporatedwithin the transducer.One
of them is the application of one-dimensional (1D) nanos-
tructures (nanotubes, nanowires, nanorods, nanobelts and
heteronanowires) within the transducers in previous studies
that can enhance the sensor performance, for example, TiO

2

nanowires [25], carbon nanotubes [26], CuS nanowires [27],
NiO-Au nanobelts [28], CuS nanotubes [27], and graphene
oxide-modified vanadium nanoribbons [29].

Silicon nanowire is one of the 1D nanostructures and
has emerged as the promising sensing nanomaterial upon its
unique mechanical, electronical, and optical properties [30–
34]. The main reason why SiNWs have attracted attention in
the development of ultrasensitive sensors is due to their high
surface to volume ratios [35, 36] thus greatly enhancing the
detection limit to fM concentrations and giving high sensi-
tivity. In addition, the dimension of SiNW is in the range of
≈1–100 nm, hence making it very comparable and compatible
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to the dimensional scale of biological and chemical species
[37, 38]. Having the smallest dimension, SiNWs exhibited
good electron transfer in detection because the accumulation
of charge in SiNWsdirectly occurs within the bulk ofmaterial
resulting in fast response of detection. In this review, we
briefly elaborate on the synthesis of silicon nanowires and
the application of chemical and biological sensors based on
SiNWs.

2. SiNWs Synthesis Techniques

In general, two techniques have been developed for fab-
rication of SiNWs such as bottom-up approach (Vapour
liquid solid (VLS), oxide assisted growth (OAG), and metal
assisted chemical etching) and top-down approach. Bottom-
upmethod is a growth or synthesized technique of the SiNWs
from bulk silicon wafer either metal catalyzed-assisted or
metal catalyzed-free. Meanwhile, top-down approach starts
from bulk silicon wafer and scales down to the desired size
and shape of SiNWs using a lithographic process.

2.1. Vapour Liquid Solid (VLS). Wagner and Ellis have
reported for the first time silicon wire synthesis in vapor
phase condition using silicon substrate coated with liquid
Au droplet [39]. In VLS, metal-catalyzed (Au, Fe, Pt, Al,
etc.) would be deposited on the silicon wafer first and then
the SiNWs growth is enhanced either by chemical vapor
deposition (CVD) technique [40–42] or by laser ablation
methods [43]. Principally, Si wafer coated metal catalysts
are placed at the center of the horizontal tube furnace
and introduced with a Si gas source such as silane (SiH

4
)

or tetrachlorosilane (SiCl
4
) and passed over metal catalyst

deposited on Si wafer in the chamber at above eutectic tem-
perature [44]. The silane (SiH

4
) gas would be decomposed

into silicon vapor and diffuses throughmetal catalyst forming
metal-silicon alloy droplets. As silicon diffuses throughmetal
nanoparticle catalyst resulting in a supersaturate condition
the silicon will precipitate out from droplets of metal-Si
forming silicon nanowires [45]. With establishing a uniform
distribution ofmetal nanoparticles catalyzed on the substrate,
we can possibly manage to control the diameter and growth
alignment of SiNWs (Figure 1).

2.2. Oxide Assisted Growth (OAG) via Thermal Evaporation.
In recent years, many researchers have successfully fabri-
cated SiNWs using bottom-up approach called oxide assisted
growth (OAG) via thermal evaporation due to its advantages
in producing a large quantity of SiNWs [46–49]. In this
OAG method, the growth of SiNWs was greatly enhanced
using SiO as starting material to induce the nucleation and
the growth of SiNWs without assisted catalyzed metal thus
producing high purities SiNWs, free of metal contamination
[50]. The fabrication of SiNWs using OAG method has been
described in detail by the group of Shao et al. [50]. In
their experiment, the alumina boat containing the mixture
of SiO powder (10 g) and Si powder (0.05 g) was placed at
the center of an alumina tube, inside horizontal tube furnace.
With certain pressure, Argon as a carrier gas was introduced
and the furnace heated to 1250–1300∘C for 10 hours. SiNWs
with diameter of 85 nm were collected around the alumina
tube surface (Figure 2). One of the characteristics of SiNWs
produced by OAG method is the presence of oxide layer at
the outer surface of SiNWs which is chemically inert. This
oxide layer was usually removed by treatment of hydrofluoric
acid (HF) to improve the electrical and optical properties of
SiNWs. According to Zhang et al. [51], the advantage of this
method is capability to produce different morphologies in
chains, rods, wires, ribbons and coaxial structures and the
use of dangerous precursor gases such as silane (SiH

4
) or

tetrachlorosilane (SiCl
4
) can be avoided. The main similarity

between VLS and OAGmethods is in the final SiNWs grown
product in the form of suspended nanowires [52].

2.3. Metal Assisted Chemical Etching. Metal assisted chemical
etching was reported as a low-cost and simple technique for
SiNWs array fabrication [53].Thismethod involves twomain
steps which are electroless metal (silver, nickel, platinum,
gold) deposition on silicon wafer followed by chemical etch-
ing in Fluoride-ion-based solution [54–56]. Simultaneous
reaction of electroless deposition and chemical etching can
be seen in the work of Brahiti et al. [57], when they soaked
cleaned Si wafer in a solution containing NH

4
HF
2
and

AgNO
3
. In this process, Ag+ ion would attract electrons

from the silicon substrate (1) that resulted from deposition
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of Ag nanoparticle on silicon surface as Si electronegativity is
higher than silicon [58]. Consider

Ag + e− → Ag0 (s) (1)
Meanwhile, silicon beneath the Ag nanoparticle is oxi-

dized and then etched by HF etchant causing the holes
formation.The remaining of the Ag nanoparticles would sink
into holes and longitudinal and lateral dissolution of silicon
triggering the formation of SiNWs arrays [59] (Figure 3).
According to Zhang et al. [60], different morphologies of
SiNWs arrays could be obtained with the manipulation
parameters of etching conditions (temperature, deposition
time, and concentration etchant), surface orientation, and
doping level.

2.4. Top-Down Approach. Generally, fabrication of SiNWs
via a top-down approach which employed the application

of advanced nanolithography tools on silicon-on insulator
(SOI) is mostly compatible with conversional complemen-
tary metal oxide-semiconductor (CMOS) technology that
typically consist of deposition, etching and patterning steps.
Basically, the SiNWs fabrication started from the bulk mate-
rial and scaled down into a single SiNW or SiNW array
that can be formed with the help of nanolithography tech-
niques such as electron beam lithography (EBL) [61], lithog-
raphy patterned nanowires electrodeposition, nanoimprint
lithography [62], and photolithography. For example, Park
et al. [61] applied a top-down approach using electron beam
lithography and reactive ion etching on SOI wafer producing
high control of the geometry and alignment of SiNWs as
well as showing good electrical properties. High arrays of
SiNWs with width down to 20 nm and height of 60 nm have
been demonstrated by the group of Vu et al. [62] which
combined the attributes of the nanoimprint lithography and
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TMAH wet anisotropic etching. Pham et al. [63] utilized the
DEA technology and photolithography technique to realize
a single SiNW with diameter below 100 nm and height of
1mm (Figure 4). SiNWarrayswhich consist of 250 nanowires
with 150 nm width, 20𝜇m length, and equal space size of
approximately 3.2 nm have been successfully fabricated by
the group of Kulkarni et al. [64] using top-down approach.
In their work, they approached 4 steps of photolithography
techniques, deep reactive ion etching (DRIE), TMAH wet
anisotropic etching, and thermal oxidation for development
of SiNW FET sensor.

Tong et al. [65] presented a new low-cost, top-down
nanowire fabrication technology without using nanolithog-
raphy. This technique is suitable for any conventional
microtechnology clean room facility. This novel wafer-scale
technology process uses a combination of angled thin-film
deposition and etching of a metal layer in a precisely defined
cavity with a single micrometer-scale photolithography step.
The key factor to provide an improved dimensional control
compared to other methods is a precisely defined cavity that
permits controlled removal of the metal layer with an angled
wafer level ion beam that resembles a nanostencil structure
patterned directly on the wafer surface, which minimizes
lateral spread of the deposited metal.

Chen et al. [66] presented a new simple Si-NWs fab-
rication technology that requires only two microlithogra-
phy steps and conventional microfabrication processes on

silicon-on-insulator wafers to form long (ranging from a few
micrometers up to ≈100𝜇m) Si-NWs with scalable lateral
dimensions ranging from 200 nm down to 10–20 nm with
near-perfect crystalline cross sections, atomically smooth
surfaces, and wafer-scale yields greater than 90% using a
novel size reduction method where nanowires can be con-
trollably scaled to any dimension and doping concentration,
independent of large contacting regions, from a continuous
layer of crystalline silicon.

In some circumstances, instead of the following “bottom-
up synthesis first, assembly and top-down fabrication next,”
it is desirable to grow nanowires precisely and rationally in
a predetermined device architecture [67]. Direct integration
of growth into fabrication will markedly simplify proce-
dures and avoid deterioration of nanowires in some micro-
/nanofabrication processes. In the study reported by He et al.
[68], Si nanowires have been grown laterally inmicrotrenches
that were prefabricated on silicon-on-insulator wafers, which
demonstrated that nanowire growth and device fabrication
can be achieved simultaneously. Lateral bridging growth was
first demonstrated for GaAs nanowires [69] and recently
for Si nanowires [70]. However, well controlled growth and
device operation were not achieved. He et al. demonstrated
excellent epitaxial growth of bridging Si nanowires and
effective control of diameters, lengths, and densities [68].
Table 1 shows a brief description on the SiNW synthesis as
reported above.



Journal of Nanomaterials 5

Table 1: SiNWs synthesis techniques.

Technique Material Reference

Bottom-up approach

Vapour liquid solid (VLS)
Coating catalyzed metals on silicon substrate-CVD [39–42]
Coating catalyzed metals on silicon substrate-laser ablation [43]
Si wafer coated metal catalyst introduced with Si gas source [44, 45]

Oxide assisted growth (OAG) OAG-thermal evaporation [46–50]
OAG-HF [51]

Metal assisted chemical etching Electroless metal deposition-chemical etching [54–60]

Top-down approach

Electron beam lithography [61]
Nanoimprint lithography [62]
DEA technology and photolithography [63]
Photolithography-DRIE-TMAH-thermal oxidation [64]
Angled thin-film deposition-micrometer scale photolithography [65]
Lateral bridging growth [70]

3. Applications of SiNW-Based Sensor for
Chemical and Biological Molecule Detection

In this section, we demonstrate the latest applications of
SiNWbased sensor using different detectionmethods includ-
ing surface-enhancedRaman scattering (SERS), fluorescence,
electrochemical methods, and field-effect transistors (FET)
that have been fabricated.

3.1. Surface-Enhanced Raman Scattering (SERS) Spectroscopy
Sensor Utilized SiNWs. Surface-enhanced Raman scattering
spectroscopy based on a metal nanostructure has gained
attention due to the enhancement of Raman signal that
reached 1012–1015 compared to normal Raman signals. In
recent years, most studies reported the utilization of SiNWs
functionalized Ag nanoparticles to enhance SERS detection.
Silver coated SiNW arrays are described as ultrasensitive
SERS sensor for Amoxicillin (an antibiotic medicine that
always exists in milk and dairy product) and calcium
dipicolinate (CaDPA), marker compound of B. anthracis
spore detection [71]. The author explained that silver coated
SiNW arrays as SERS sensor are suitable to detect residual
amoxicillin in the milk since they are capable of detecting
the concentration down to 10−9M. The developed sensor
also could achieve detection limit of 4 × 10−6M for calcium
dipicolinate which is 15 times lower than an infectious dose
of spore (6 × 10−5M) suggesting that it is extremely suitable
for detecting B. anthracis spore.The authors further explored
the application of SiNW arrays coated with Ag nanoparticle
as SERS substrate for protein and immunoglobulin detec-
tion [72]. The results showed that Raman signals of 50 ng
mouse immunoglobulinG (migG) and 50 ng goat anti-mouse
immunoglobulin G (gamIgG) were effectively enhanced
using SiNWs-AgNPs in different SERS substrates (silicon(III)
wafer, SiNWs arrays, and Ag coated silicon wafer). Inter-
estingly, when the concentration of immunoreagents (migG
and gamIgG) was down to 10 ng, it produced weak Raman
signals but in the presence of the same concentrations of
migG-gamIgG complex the Raman signal is strong.This may
be due to the fact that the immune reaction between migG

and gamIgG changed the conformation structure in terms of
amino acid residue, functional group, and orientation bonds
thus displaying different Raman signals. The detection limit
of 4 ng immunocomplex is obtained using SiNWs-AgNPs as
SERS substrate. Zhang et al. [72] concluded that each of the
AgNPs that were distributed on the surface of the SiNWs
produced the own electromagnetic wave and SiNWs played
a role to transfer, couple, and resonate the entire surface of
AgNPs/SiNWs which afforded a strong Raman signal.

Study of Shao et al. [50] also demonstrated good results
for achieving high sensitivity for SERS sensor based on silicon
nanowires decorated Ag nanoparticles approach to achieve
detection limit of 25𝜇L of 1× 10−16M, 1× 10−16M, 1× 10−14M,
and 1 × 10−8mg/mL for Rhodamine, crystal violet, nicotine
in methanol, and calf thymus DNA, respectively. They also
established inorganic ion SO

4

2− SERS sensor using the same
SiNWs-AgNPs nanomaterial which allowed detection limit
of 1 × 10−9M. Furthermore, the group of Jiang et al. [73]
have fabricated SiNW decorated AgNPs via metal assisted
chemical etching technique based sandwich structural DNA
SERS sensor for multiplex DNA detection. In their studies,
they demonstrated the immobilization of thiolated single-
stranded DNA probe functionalized with AgNPs via Ag-
S bonding and followed by hybridization with the target
reporter probe labeled with Rhodamine 6G before SERS
detection (Figure 5). This remarkable strategy showed high
reproducibility and specifically for DNA detection where
this SERS sensor is capable of discriminating single base
mismatched DNA at lower concentrations of 1 pM.

Han et al. [74] introduced the optimized single SiNWs-
AgNPs for SERS detection of pesticide residues (carbaryl)
on cucumber surface which was featuring the advantages
in terms of simplicity, flexibility, high resolution, in situ
detection, fast response (within one second), and enhanced
attachment of sensor on rough surface of probe. The authors
also studied the detection of E. coli-based SERS sensor by
assembling the AgNPs-SiNWs on the commercial filter as
water contaminated with E. coli was filtered first before
characterization by Raman spectroscopy (Figures 6(a) and
6(b)).
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Figure 5: The development of SERS sensor based SiNWs/AgNPs for DNA detection. (Reprinted with permission from [73].)

3.2. Fluorescence’s Sensor Utilized SiNWs. Su et al. [75]
recently developed novel AuNP-SiNW-based molecular bea-
cons (MBs) for high-sensitivity multiplex DNA detection
(Figure 7). Interestingly, the authors found that AuNPs-
SiNWs based MBs showed robust stability in wide salt
concentrations (0.01–0.1M) and thermal stability (10∘C–
80∘C). AuNPs-MBs gradually aggregated due to salt induced
reduction of electrostatic between AuNPs at the high con-
centration of salt [76]. In principle, both ends through the
stem loop structured oligonucleotide were modified with
organic dyes, carboxyfluorescein and thiol group, assembled
at AuNPs/SiNWs via Au-S bonds. Since the position of
carboxyfluoresceine is close proximity with AuNPs-SiNWs
in terms of stem loop conformation structure, leading
feeble intensity of fluorescence. When DNA hybridization
happened, the stem loop of MBs underwent conformation
changes resulting in spatial separation of the carboxyfluo-
rescein and AuNPs-SiNWs, thus enhancing the fluorescence
intensity. The study found that when the concentration of
target DNA increased from 50 pM to 10 nM, the fluorescence
intensity was significantly enhanced. The authors concluded
that AuNPs-SiNWs based on MBs are able to detect DNA
target at low concentrations down to pM level and also show
high selectivity in the presence of noncomplementary DNA
and single base mismatch.

There is another research by Maxwell et al. [77], who
designed a simple method of fluorescence detection for
DNA hybridization events through fabrication of SiNW
network modified DNA probe. The complementary target
DNA labeled with a fluorescence dye, cyanine (Cy3), would
hybridize with SiNW networks and detected using Olympus
BX41Mmicroscope.The authors made a comparison of three
different regions of the sample (DNA-grafted SiNWsDNA-
grafted Si

3
N
4
surface, Si

3
N
4
surface) and as expected the

SiNW networks enhanced the fluorescence signal. It was
found that the optical sensor has high selectivity as it has the

lower fluorescence signal with no complementary DNA due
to the absence of Cy3 labeled target DNA, which is more than
30 lower than complementary DNA.

Another application of SiNWs has been reported by Han
et al. [78] for fluorescence protein immunosensor devel-
opment. The authors reported the fabrication of vertically-
aligned SiNW arrays (8𝜇m in height and 150 𝜇M in diam-
eter) via electroless etching (AEE) process and protein were
covalently immobilized onto (aminopropyltriethoxysilane)
APTES modified SiNWs. Due to the high aspect ratio of
SiNWs generated high surface of SiNWs that enhanced the
immobilization of loaded BSA protein, which is approx-
imately 14 times (57.33 ± 4.76 𝜇g/cm2) more than planar
silicon substrates (4.10 ± 4.76 𝜇g/cm2). Based on the positive
result of BSA immobilization using modified SiNWs-BSA,
the authors continued to construct two types of immunosen-
sor assays between IgG and FITC-anti-Ig-G (Fluorescein
isocyanate) and IgM and Cys3-anti IgM. Their finding
demonstrated that fluorescence intensity as the result of the
binding of both anti-Ig G and anti-IgMwas greatly enhanced
using SiNWs compared with planar substrates (Figure 8).

New type of optical sensor based on SiNWs for
Cu(II) detection, an important element for hematopoiesis,
metabolism, growth, and immune system, was constructed
by the group of Mu et al. [79]. Here, the authors modified the
surface of SiNWs via reaction of the outer hydroxyl group
with silanol group of fluorescence ligand, N-(quinoline-8-
yl)-2(3-triethoxysilyl-propylamino)-acetamide (QIOEt) pro-
duced highly sensitive for Cu(II) detection down to 10−8M,
higher than unmodified with QIOEt. The presence of other
metal ions such as mercury, zinc, cadmium, ferrum, cobalt,
and plumbum in this study did not have significant inter-
ference effect on the selectivity of an optical sensor based
on QIEOT-SiNWs. Miao et al. [80] reported the applica-
tion of SiNWs in the development of fluorescence sensor
for detection of nitride oxide (NO) from liver extract. It
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Figure 6: (a) Photograph of the detection of pesticide residues on a cucumber surface experiment (left) and the microscope image of a
single AgNP@SiNW transferred to the rough cucumber surface (right). (b) Raman spectra recorded from the rough cucumber surface with
1 s acquisition time and 50x objective. Curve I, clean cucumber surface; curve II, carbaryl contaminated surface; curve III, SERS spectra
of a carbaryl contaminated surface modified by a single AgNP@SiNW; curve IV, SERS spectra of pure carbaryl. (c) Photograph of SiNWs
assembled on a commercially available filter film (with a pore size of 0.22𝜇m) and schematic of the E. coli detection. (d) Raman spectra
recorded from a blank thin film and five different sites on the E. coli contaminated AgNP@SiNWs thin film with 10 s acquisition time and
50x objective. (Reprinted with permission from [74].)

was found that the modified SiNWs fluorescence sensor
(MsiNWs) showed a rapid fluorescence response towardsNO
in a few seconds and was stable for days at room temperature.
Besides showing high stability, rapid responses and high
selectivity in the presence of reactive species, including O

2
,

NO2−, NO3−, H
2
O
2
, O2−, OH, ClO−, and Fe2+, were also

achieved. Interestingly, the fluorescence images of single
MSiNW before and after reacting with NO showed a fine
spatial resolution when it was combined with microscopy
techniques. In the presence of metal nanoparticle/SiNWs,
nanomaterial showed a larger surface-enhanced fluorescence
(SEF) for Ln3+, Pr3+, Nd3+, Ho3+, and Er3+ [79, 80].

In the study of Zhuo et al. [81], the authors explained
that the application of Au/SiNWs nanomaterial enhanced
the fluorescence intensity of Ln3+, which was about 169-fold,
67-fold, and 58-fold for Nd3+, Ho3+, and Er3+, respectively.
Similar results were obtained when using different metal
nanoparticles such as silver and copper modified SiNWs
which were approximately twofold of SEF for Ln3+ ion
compared with unsupported silver and copper nanoparticles
[82]. This is because metal nanoparticle deposited firmly on
the surface of SiNWs without aggregation, and the fields
overlapped thus resulted in an optimum for enhancement of
fluorescence’s signals and caused a great SEF effect. Mean-
while, unsupported metal nanoparticle without SiNWs was
easily aggregated due to the high surface energy of the small

nanoparticle and the large particles were expected to meet
stronger steric hindrances in the coupling.

3.3. Electrochemical Sensor Utilized SiNWs. The basic prin-
ciple of electrochemical detection is based on redox reac-
tion as a result of chemical reaction between immobilized
biomolecule or chemical species on working electrode and
target analyte which finally produces measurable electrical
current [83]. The novel nonenzymatic method for detection
of hydrogen peroxide (H

2
O
2
) with high sensitivity and selec-

tivity based on electrochemical method using nanostructure
of Ni (OH)

2
-SiNWs was reported by Yan et al. [84]. In their

study, the SiNW array was prepared using a chemical etching
process followed by deposition of nickel film through electro-
less technique. The combination of Ni(OH)

2
and SiNWs as

working electrode exhibited high catalytic effect for (H
2
O
2
)

detection, which achieved sensitivity of 3.31mA⋅mM−1⋅cm−1
with detection limit of 3.2𝜇M and high stability. Based on
previous studies, there is a great interest in the application
of SiNWs functionalized with metal nanoparticle due to
enhancement of electron transfer of enzyme activity and
electrical conductivity.

Su et al. [47] have fabricated SiNWs via oxide assisted
growth technique and treated with 5% HF to produce H-
terminated layer. This H-terminated layer acts as a strong
reducing agent which can reduce 1% HAuCl

4
to AuNPs on
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Figure 7: (a) Schematic preparation of silicon-based nano-MBs for DNA analysis. (b) Fluorescence intensity of different concentrations
of complementary target DNA. Background and noncomplemetary sequence are presented as control. (c) Photoluminescence spectra of
FAM-tagged probes in the absence and presence of 10 nM complementary target DNA and single-based mismatched DNA. (Reprinted with
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the surface of SiNWs.The authors demonstrated that SiNWs-
AuNPs modified carbon electrode exhibits high sensitivity
comparedwith the unmodified carbon electrode (Figure 9). It
was clearly shown that SiNWs enable to increase the electrical
conductivity of modified electrode and facilitate electron
transfer of acetylcholinesterase (AChE) for organophosphate
pesticide detection. The authors found that the SiNWs
modified electrode showed rapid response in the detection of
acetylcholine in the range of 1.0 𝜇M–1.0mM and was highly
sensitive down to 8 ng L−1.

According to Su et al. [85], the electron transfer got
greatly enhanced when the surfaces of SiNWs were coated
with Au nanoparticles for detection of dopamine (DA), a
neurotransmitter in brain. The author found that SiNWs
electrode produced a weak peak current. Meanwhile, the
modified AuNPs/SiNWs electrode showed a pair of well-
defined quasireversible peaks at 0.23V and 0.09V for oxi-
dation and reduction potentials, respectively (Figure 10).
However, the application of SiNW arrays functionalized
with Au nanoparticle enhanced the sensitivity of dopamine
down to 40 nM, which was lower than Au/AuNP-modified
electrode (220 nM). The enrichment of dopamine on the

surface of SiNWs was assisted with the negative charge on
SiNWs/AuNPs electrode via electrostatic interaction. The
authors also reported the detection of ascorbic acid by cyclic
voltammetry (CV) method using the same AuNPs/SiNWs
electrode with a detection limit of 500 nM. The suc-
cess of SiNWs/AuNPs electrode is due to the advan-
tages of SiNWs/AuNPs electrode in terms of increasing
mass transport and enhancing electron transfer. Therefore
SiNWs/AuNPs electrode can be one of the vast applicable
electrodes for electrochemical detection in the future.

Moreover, SiNWs/AuNPs based biosensor for gluta-
thione (GSH) was fabricated and showed a fast response to
the GSH concentration in the range of 0.33–2.97 𝜇M [86].
There are also some studies using single SiNWs strands
(height in 2mm and diameter of 35mm) decorated with
Au nanoparticles as working electrode for Bovine Serum
Albumin (BSA) detection, which achieved detection as
low as 0.2𝜇M [87]. Kwon et al. [88] who fabricated the
vertical SiNW arrays decorated with AuNPs using self-
assembled monolayer (SAM) of APTES demonstrated detec-
tion of BSA protein in the range of 1.0–7.0 𝜇M. Moreover,
the nafion/Gox/SiNWs/AuNPs/GCE was fabricated by the



Journal of Nanomaterials 9

(a) (b)

160

140

120

100

80

60

40

20

0
−1 0 1 2 3 4

SiNW substrate
Flat silicon substrate

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.)

log[anti-IgG (ng/mL)]

(c)

160

180

140

120

100

80

60

40

20

0
−1 0 1 2 3 4

SiNW substrate
Flat silicon substrate

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 (a
.u

.)

log[anti-IgM (ng/mL)]

(d)

Figure 8: Immunoassays withmicropatterned SiNWs. Fluorescent images obtained from reaction (a) between IgG and FITC-anti IgG and (b)
between IgM and Cy3-anti IgM. Change in fluorescence intensity with concentration of (c) FITC-anti IgG and (d) Cy3-anti IgM. (Reprinted
with permission from [78].)
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Figure 9: Cyclic voltammetry for a serial of electrodes (a) bare
GCE (b) AChE modified GCE (c) Nafion/AChE/AuNPs modified
GCE and (d) Nafion/AChE/AuNPs/SiNWsmodified GCE in pH 7.4
PBS containing 1.0mMATCl (scan rate: 50mV s−1). (Reprintedwith
permission from [47].)

research group of Su et al. [89] to enhance biocatalytic
activity of glucose oxidase (Gox) for high sensitivity glucose
detection, which led to detection limit of 50 𝜇M, enough
to monitor blood-glucose levels typically ranging in 4.4–
6.6mM. Since the enzyme based biosensor exposed the loss
of activity of enzyme, which is affected by temperature, pH,
humidity, and toxic chemicals [90], there was also an attempt

of development of glucose sensor based Pd-Ni/SiNWs with-
out immobilization with other mediators or enzymes [91].
The authors investigated the electrocatalytic behavior of Pd-
Ni/SiNWs electrode viaCVmethod in 0.1MKOHcontaining
10mM glucose and found that two well oxidation peaks
were observed at the potential of −0.27V and −0.07 due
to glucose oxidation process. The developed Pd-Ni/SiNWs
electrode was tested with different concentrations of glucose
and achieved sensitivity of 190.7𝜇A⋅mM−1 with detection
limit of 2.88𝜇M.

3.4. Field-Effect Transistors (FET) Sensor Utilized SiNWs.
SiNWs-FET sensor consists of three electrodes, which are
source, drain, and gate electrode, and its work is based on
conductive change of the carrier on the surface of SiNWs
either accumulation or depletion charge. When negative
charged molecules bind on n-type SiNW surface it results
in accumulation of the negative carriers thus increasing the
resistance reading and vice versa if using p-type SiNWs [92].
Gao et al. [93] have developed high performance of label free
and direct time for DNA detection using SiNWs-FET sensor
using top-down approach. In this work, they managed to
improve the sensitivity of SiNWs-FET sensor by optimization
of probe concentration, buffer ionic strength, and the gate
voltage. SiNW surface was first modified by the amine group
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Figure 10: (a) Cyclic voltammograms of AuNPs/SiNWsAr electrode. (A) In the absence and (B) in the presence of 50 𝜇MDA in pH 7.0 PBS.
Scan rate was 0.1 V s−1. (b) Differential pulse voltammograms at different concentrations of DA. ((d) and (e)) Linear relationship between the
peak current and the concentration of DA. (Reprinted with permission from [85].)

of APTES and functionalized with carboxyl (COOH–) group
modified targetDNAviaN-hydroxysuccinimide (NHS) and 1
ethyl 3-(3-dimethylaminopropyl)carbodiimide (EDC). Since
DNA probe possesses a negative charge due to the phosphate
group that binds on SiNW surfaces via SAM layer of amine
group and carboxyl group as described before, leading to
an increase of resistance and same observation obtained
when hybridization occurred. The authors found that the
optimized SiNWs-FET sensor presented detection limit of
0.1 fM for DNA target (Figure 11). Moreover, the current
change displayed around 40% when DNA probe hybridized
with full complementary target DNA and only 20% and 5%
upon the introduction of single and second base mismatched
DNA.

Chen et al. [94] studied the utilization of electrically
neutral ethylated DNA (E-DNA) and general DNA as a
probe target on the performance of SiNWs-FET sensor. The
authors found that E-DNA probe helps to enhance sensi-
tivity of hybridization signal in terms of resistance change,
which was 23.3% higher than general DNA. Surface plasma
resonance (SPR) response also proved that the amount of
complementary DNA hybridized with E-DNA is higher than
general probe DNA. This can be explained such that E-DNA
used in their work does not have an anionic backbone of
the phosphate group. Therefore, there is less electrostatic
repulsion between E-DNA and c-DNA thanDNAand cDNA.
Zhang et al. [95] also utilized neutral charge DNA analogue,
peptide nucleic acid (PNA), as probe immobilization on

the surface of SiNWs-FET sensor which was able to detect
miRNA concentration as low as 1 fM. Furthermore, SiNWs-
FET sensor based PNA-miRNA demonstrated high sequence
specific of full complementary, single base mismatched
miRNA and noncomplemetary miRNA.

A novel detection method for DNA-protein interaction
related to breast cancer, estrogen receptor alpha (ER𝛼)
reported by Zhang et al. [96] using SiNWs-FET sensor.
In their work, the amines group modified ER𝛼 (wild type,
mutant, and noncomplementary) probe was functionalized
on SiNWsurface via vinyl terminated of self-assemblymono-
layer (SAM) process and showed high sequence specificity of
ER𝛼 detection, which produced 33% of conductance change
upon the interaction of wild type of ERE and ER𝛼.The results
showed a smaller conductance change of 8.4% for detection
of ER𝛼 using mutant ERE and a negligible charge also
observed for bonding to the scrambled DNA. The authors
explored the detection of ER𝛼 in a crude extract from breast
cancer cells and found the change of conductance around
23.4% and 5.6% when ER𝛼 bound to the wild-type ERE
and negative ERE, respectively. They concluded that DNA
protein functionalized SiNWs-FET sensor produced 10.3% of
conductance with detection limits of 10 fM for ER𝛼.

C-reactive protein (CRP) and prostate-specific antigen
(PSA) were simultaneously detected based on antigen-
antibody interaction using SiNW array chip FET sensor [97].
The authors utilized sol-gel approach to immobilize anti-
CRP and anti-PSA on SiNW arrays instead of using chemical
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Figure 11: (a) Plots of normalized current change versus time with target DNA at a series of concentrations (0.1 fM, 1 fM, 10 fM, 1 pM, and
10 nM) for probe DNA modified SiNW device. Hybridization was demonstrated by 0.5 𝜇M probe DNA functionalized SiNW biosensor in
0.01 × PBS. The length of all SiNWs was 6 𝜇m. (b) Normalized current change as a function of the logarithm of target DNA concentration.
(c) Plot of current versus time for unmodified SiNWs-FET, where region 1 stands for the presence of buffer solution and region 2 for the
addition of 1 nM of fully target DNA. The error marks the point when the solution was changed. (d) Hybridization specificity demonstrated
by 10 nM target DNAs. (Reprinted with permission from [93].)

modification to avoid loss of protein activity and maintain
conformation of antibody. It was found that integration of
sol-gel method exhibited high sensitivity with a low amount
of serum for simultaneous detection of CRP and PSA in the
range of 0.12–10 ng/mL and 0.18–8.81 ng/mL, respectively.

Moreover, Zhang et al. [98] demonstrated for the
first time the fabrication of SiNWs-FET sensor based
carbohydrate-protein interaction where unmodified carbo-
hydrate is immobilized via formation of an oxime bond-
ing (reaction of amine group from APTES and BOC-
aminooxyacetic acid). Their finding on the new developed
sensor exhibited high specificity of lectin EC detection
through galactose-modified SiNW sensor which is capable of
detecting as low as 100 fg/m, four times higher than any other
sensors reported previously (Figure 12).

The application of SiNWs-FET sensor for biomarker
detection also demonstrated by Wu et al. [99] who managed
to fabricate high sensitivity of interleukin-1𝛽 genes, indicator
for breast, colon, lung, head, and neck cancers. To increase
the sensitivity of SiNWs-FET device, the authors investigated
the effect of oxygen (O

2
) and nitrogen oxide (N

2
O) treatment

on SiNW surface in order to enhance the capture DNA
immobilization efficiency. They found out that one-minute
N
2
O plasma treatment was the optimum time to capture

DNA immobilization and at the same time maintain the

electrical performance of SiNWs-FET. Under the optimal
capture DNA functionalized SiNWs-FET via N

2
O treatment,

20-mer fragment of IL-1𝛽 was hybridized with capture DNA
showing the sensitivity and detection limit of 0.12/decade and
252009fM, respectively. The direct and real time detection of
influenza virus (H

3
N
2
, H1N1, and 8 iso PGF 2a biomarker)

from exhaled breath condensate (EBC) based on antibody
functionalized SiNWs-FET sensor was established by Shen et
al. [100]. EBC samples were collected from human subjects
with and without flu and diluted (100-fold) before being
delivered to the virus antibody functionalized SiNWs-FET
device, which resulted in detection as low as 29 viruses/𝜇L.
The authors made a conclusion that 90% of the EBC samples
tested with negative or positive results by standard method
of RT-qPCR showed similar patterns when applied with
SiNWs-FET detection. They also introduced virus antibody
modified magnetic beads to enhance the sensitivity in low
level of virus in EBC before direct detection of SiNWs-
FET sensor. Svendsen et al. [101] demonstrated approximately
50% resistance change using virus antibody functionalized
SiNWs-FET devices when applied on infected serum sample
with the aleutian disease virus (ADV) from mink than
healthy mink.

Besides the application of SiNWs-FET sensor in detecting
molecule, heavy-metal detection based SiNWs-FET sensor
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Figure 12: (a) Schematic diagram of the SiNW biosensor for free detection of carbohydrate-protein interaction. (b) Optical image of a SiNW
sensor chip with four clusters. (Reprinted with permission from [98].)

has also received great attention recently. For example,
Bi et al. [102] have designed ultrasensitive SiNWs-FET sensor
for simultaneous detection of Cu2+ and Pb2+ in two different
channels using oligopeptide modified SiNW arrays. They
suggested thatmodified SiNWswith Pb2+ probe oligopeptide
consisted of Cys-Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu
and Cu2+ probe oligopeptide consisted of Gly-Gly-His were
immobilized independently on SiNW surfaces and exhibited
high selectivity also capability of achieving low detection lim-
its for Cu2+ and Pb2+ as low as 1 nM and 10 nM, respectively.

Detection of toxic heavy-metal cations such as Cd2+
and Hg2+ based on single-SiNWs-FET sensor has been
fabricated by the group of Luo et al. [103]. SiNW surfaces
was functionalized with mercaptopropyl silane (MPTES) as
the chelating agent to bind Cd2+ and Hg2+ ions leading to
the accumulation of positive charge of SiNW surface and
resulting in the increase of current. This developed sensor
is based on interaction between thiol groups and Cd2+ and
Hg2+. The developed FET sensor based SiNWwas enabled to
detect Cd2+ and Hg2+ as low as 10−4 and 10−7M, respectively.

Table 2 summarized the applications of SiNW in different
techniques as described above.

4. Conclusions and Perspective

We noticed that the hybrid of SiNWs with metal nanoparti-
cles such as gold nanoparticles (AuNPs) and silver nanopar-
ticles (AgNPs) presents a new generation of sensing material
electrodes with excellent catalytic activity and high conduc-
tivity that can greatly enhance the performance of sensors in
terms of sensitivity and selectivity. We believe that the inte-
gration of SiNWs as sensing nanomaterials has great interest-
ing in future for fabrication of of miniaturized sensor devices
due to their unique properties. In our opinion, the electro-
chemical and electrical detection showed a great promise
in realizing a miniaturized sensor based on SiNWs due
to its advantages including high detection, portability, and
simplicity of the procedure. However, a few challenges must
be overcome. Firstly, the fabrication technique of SiNWs
either bottom-up approach or top-down approach must be
strongly developed to ensure the reliable electrochemical and
electrical SiNW sensor. Highly controlled SiNW fabrication

Table 2: Application of SiNWs in sensor technologies.

Technique Application/detection Reference

Surface-
enhanced
Raman
scattering

Amoxicillin, calcium
dipicolinate [71]

Protein,
immunoglobulin [72]

Rhodamine, crystal
violet, nicotine, calf

thymus DNA
[50]

Fluorescence
sensor

Multiplex DNA
detection [73]

DNA hybridization [77]
Protein immunosensor [78]

Cu (II) detection [79]
NO detection [80]

Ln (III) detection [81]

Electrochemical
sensor

H2O2 detection [84]
Organophosphate
pesticide detection [47]

Dopamine [85]
Glutathione [86]

BSA [87, 88]
Glucose [89, 91]

Field effect
transistors

DNA detection and
hybridization [93, 94]

miRNA determination [95]
ER𝛼 detection [96]

CRP and PSA detection [97]
Lectin EC detection [98]
Interleukin-I𝛽 genes [99]

Influenza virus [100]
Aleutian disease virus [101]
Cu2+, Pb2+, Cd2+, Hg2+ [102, 103]

in terms of surface, diameter, length, alignment, and so forth
should become the main barrier in the bottom-up technique
and therefore the parameter manipulation of SiNW synthesis
has to be established as the initial step for development of
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reproducible sensor based SiNWs. Secondly, sincemost of the
bottom-up techniques produce SiNW suspension followed
by dispersing method for the SiNW integration in sensor
system, it is quite hard to control the distribution (align)
and identical desired direction. Therefore, there is a need
for the development technique of casting or alignment of
SiNWs in order to control their distribution and quantity.
In contrast, top-down approach can provide high control
of SiNW synthesis and alignment; however, the high cost
of fabrication of SiNW sensors became the main barrier
to develop a low cost portable sensor involving advanced
lithography tools. For the top-down approach, there are great
efforts to find another low costing and effective method for
fabrication of reliable sensors. In summary, SiNW is the
promising nanomaterial sensing in the future.
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The influence of silver nanoparticles (SNPs) on the performance of organic light-emitting diodes (OLEDs) is investigated in this
study.The SNPs are introduced between the electron-transport layers by means of thermal evaporation. SNPs are found to have the
surface plasmon resonance at wavelength 525 nm when the mean particle size of SNPs is 34 nm.The optimized OLED, in terms of
the spacing between the emitting layer and SNPs, is found to have the maximum luminance 2.4 times higher than that in the OLED
without SNPs. The energy transfer between exciton and surface plasmons with the different spacing distances has been studied.

1. Introduction

The organic light-emitting diode (OLED) has displayed
significant potentiality in the applications of flat panel display
and lighting, which is mainly because of its low power con-
sumption. Various means have been developed to optimize
OLED’s efficiency, for example, doping the hole-transporting
materials or inserting the hole-blocking layer to decrease hole
mobility and balance hole/electrons ratio in emitting layer
(EML) of device [1–3], doping phosphorescence material
into the EML to increase the quantum efficiency by taking
advantage of triplet state recombination [4–6], or improving
the hole/electron balance by increasing electron injection
[7, 8]. However, those methods increased the complexity of
device structure which increases the fabrication time and cost
of device.

Recently, in view of the luminance enhancement effect of
surface plasmon (SP), the surface plasmon resonance effect
(SPRE) of metal nanoparticles has been actively studied in
both OLED and inorganic light-emitting diode in [9–12].
It is well known that the SPRE was induced by interaction

between the surface charge of metal and the electromagnetic
field of the incident light [13]. When the metal surface is
close to the fluorescent molecule, the luminous efficiency
of the fluorescent molecule can be significantly enhanced.
Nevertheless, the nonradiative quenching of exciton at the
metal surface occurs when the distance is much smaller
between the fluorescent molecule and the metal surface.
Therefore, two competitive processes take place in an exciton-
SP system: (i) increase in radiative intensity by subtraction
in decay time of exciton and (ii) nonradiative quenching of
exciton by energy transfer to the metal surface. Therefore,
the distances between the fluorescent molecule and the metal
surface are a very important parameter in terms of the
coupling between the SPs and excitons.

The silver nanoparticles (SNPs) layer was incorporated
as an interlayer between the electron-transport layer and
the electrode, which can improve the efficiency of OLEDs
[14]. Nevertheless, the causes of nonradiative quenching and
efficiency improvement at different distances between the
silver nanoparticles and electron-transport layer were not
described in detail. In this paper, the distance of the SNPs
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Figure 1: Schematic structure of OLED with different spacing
distances between EML and SNPs.

from the EML has been optimized for enhancement of
maximum luminescence, and how the distances between the
SNPs and the EML influenced the enhancement of device
luminescence was also observed. Furthermore, mechanisms
of increase in radiative intensity and nonradiative quenching
have been described in detail.

2. Experimental

The schematic structure of OLEDs is shown in Figure 1.
Indium tin oxide (ITO) coated on glass with a sheet resistance
of 10Ω/sq was used as the starting substrate. The substrate
was cleaned with acetone, methanol, and deionized water
and then dried with nitrogen gas. After the cleaning process,
the substrates were loaded into a thermal evaporator. After-
ward, N,N-bis-(1-naphthyl)-N,N-diphenyl-1,1-biphenyl1-4-
diamine (NPB; 35 nm), tris-(8-hydroxyquinoline) aluminum
(Alq
3
; 40 nm), 4,7-diphenyl-1-1,10-phenanthroline (BPhen;

X nm), SNPs, BPhen (13-X nm), lithium fluoride (LiF;
0.5 nm), and aluminum (Al; 100 nm) were deposited. NPB
and BPhen were used as the hole and electron-transport
layers, respectively. Alq

3
has been used as EML. LiF, Al, and

ITO have been used as the electron-injection layer, cathode,
and anode, respectively. In addition, the SNCswere fabricated
by thermal evaporation of silver slug. The deposition rate
and the deposition time are 0.01 nm/s and 300 seconds.
During the deposition, the base pressure of the chamber was
maintained at as low as 2.4 × 10−6 Torr. The active area
of the device was 6 × 6mm2. The deposition rates of all
organic materials were maintained at 0.01 nm/s, except for
the Al whose deposition rate was 0.5 nm/s. The thickness of
the layers is controlled by using a quartz-crystal monitor in
this work. The current density-voltage (J-V) and luminance-
voltage (L-V) characteristics of the devices were measured
by using a Keithley 2400 (Keithley Instruments, Inc., USA)
and a PR-655 (Photo Research, Inc., USA), respectively.
The absorption spectrum was measured by using a U-3900
spectrophotometer (Hitachi, Japan). The photoluminescence
(PL) spectrum and scanning electron microscope (SEM)
images were measured by using an IK series (Kimmon Koha,
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Figure 2: (a) SEM image of the SNPs on the glass surface. (b)
Absorption spectrum of the SNPs and PL spectrum of the Alq

3
.

Japan) and a JSM-6700F (JEOL, Japan). All measurements
were made at room temperature under ambient air.

3. Results and Discussion

Figure 2(a) shows the SEM image of SNPs on a glass substrate.
The mean particle size of SNPs in Figure 2(a) was calculated
and found to be 34 nm. In addition, the size distribution of
the SNCs is plotted in the inset of Figure 2(a). It is observed
that the size distribution of the SNCs is from 21 to 45 nm.
The absorption spectrum of SNPs with amean particle size of
34 nm and the PL spectrum of Alq

3
are shown in Figure 2(b).

It is observed that the absorption spectrum of SNPs with
a mean particle size of 34 nm is about 525 nm and the PL
spectrum of Alq

3
is about 523 nm. Furthermore, it can be

seen that there is a significant overlap between the absorption
spectrum of the SNPs and PL spectrum of Alq

3
. It is well

known that the excellent overlap between the two spectra
suggests that they can be used for SP-exciton coupling. In
other words, this overlap implied that these SNPs can be used
to increase the characters of OLEDs.
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Figure 3: (a) Current density-voltage curves and (b) luminance-voltage curves of OLEDs with and without SNPs.
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Figure 4: XPS depth profile of silver from the (a) structure I and (b) structure II.

The distance between the fluorescent molecule and the
SNPs is a very important parameter in terms of the cou-
pling between the SPs and excitons. Therefore, the distance
was tuned by changing the thickness of the spacing layer
(BPhen). The J-V curves of the devices without SNPs and
with different spacing distances between EML and SNPs are
plotted in Figure 3(a). It can be clearly seen that the current
density of the devices with SNPs at thickness of spacing
≧7 nm is higher than that of devices without SNPs because
the localized electric field around the SNPs is enhanced,
resulting in an increase in electron injection from cathode
electrode. Figure 3(b) shows the L-V characteristic of the
devices without SNPs and with different spacing distances
between EML and SNPs. It is observed that the luminance
of the devices was increased with a decrease in thickness of
the spacing layer, in the condition of thickness of spacing
≧7 nm, because the surface-plasmon-enhanced spontaneous

emission rate of SNPs is enhanced when the SNPs are close
to the EML. In addition, the luminance of the device without
a spacing layer is quite low compared with that of the device
without SNPs, because the SNPs will penetrate considerably
into EML.

To further confirm the relationship between the penetra-
tion of the SNPs and the luminance of the device, the X-ray
photoelectron spectrometry (XPS) depth profile of silver is
measured in this paper.The samples for analysis of XPS depth
profile are prepared as follows: (I) ITO/Alq

3
(15 nm)/SNPs

and (II) ITO/Alq
3
(15 nm)/BPhen (13 nm)/SNPs. Figures 4(a)

and 4(b) show the XPS depth profile of silver from structures
I and II, respectively. Structures I and II are plotted in the
inset of Figures 3(a) and 3(b), respectively. It can be clearly
seen that the intensity of the SNPs into the EML of the
structure II is quite low, compared with that of structure I
because structure II has a spacing layer which can impede
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Figure 6: Enhancement factor and Förster energy transfer efficiency
for different spacing distances between EML and SNPs.

the SNPs penetration into EML. Moreover, the emission
quenching was caused when the SNPs penetrated into EML.
The schematic diagram of the emission quenching process is
shown in Figure 5. The emission quenching mainly resulted
from the electron transfer from the lowest unoccupiedmolec-
ular orbital (LUMO) of Alq

3
to the Fermi level of the SNPs.

Furthermore, the exciton is unable to be generated when the
electron transfers from the LUMO of Alq

3
to the Fermi level

of the SNPs [15]. Therefore, when the SNPs penetrated into
Alq
3
, the emission quenching of the device was caused. The

enhancement and quenching of the device are a consequence
of the interplay between the increase in radiative intensity
by SPRE of SNPs and the emission quenching by electron
transfer from the Alq

3
to the SNPs.

Figure 6 shows the plots of the enhancement factor and
the Förster energy transfer efficiency as a function of the

spacing distance. The enhancement factor is expressed as
𝐿
2
/𝐿
1
, where 𝐿

2
is the maximum luminance of the device

with SNPs and 𝐿
1
is the maximum luminance of the device

without SNPs. It is observed that the enhancement factors
were increased with a decrease in thickness of the spacing
layer, in the condition of thickness of spacing ≧7 nm because
the surface-plasmon-enhanced spontaneous emission rate of
SNPs is enhanced when the SNPs are close to the EML.
Furthermore, when the SNPs are close to the fluorescent
molecule, the localized electric field around the SNPs is
enhanced, resulting in an increase in electron injection from
cathode electrode. In addition, the enhancement factors were
decreased with a decrease in thickness of the spacing layer,
in the condition of thickness of spacing <7 nm because the
amounts of SNPs penetration into EML are of considerable
enhancement, resulting in the emission quenching of the
device. It is also observed that the maximum enhancement
factor is obtained when the Förster energy transfer efficiency
is 50%. The relationship between the Förster energy transfer
efficiency and the spacing distance can be expressed as
follows [16]:

𝐸 =

1

1 + (𝑅/𝑅
0
)
6
, (1)

where 𝐸 is the Förster energy transfer efficiency, 𝑅 is the
spacing distance between the EML and SNPs, and 𝑅

0
is

the Förster radius. The formula can clearly illustrate that
the Förster energy transfer efficiency is enhanced with a
decrease in the spacing distance between the EML and SNPs.
Moreover, the Förster energy transfer efficiency of 50% is
obtained when the spacing distance is equal to the Förster
radius. The Förster radius can be expressed as follows [17]:

𝑅
0
= 0.211(𝜙

0
𝑛
−4
𝐽𝑘
2
)

1/6

, (2)

where 𝑅
0
is the Förster radius, 𝜙

0
is the quantum yield of

donor, 𝑛 is the refractive index of the medium, 𝐽 is the
normalized overlap integral of the donor and the acceptor
spectra, and 𝑘 is the orientation of the dipoles. Therefore,
the Förster radius is calculated as 7 nm by using (2). In
addition, the enhancement factor of the device without a
spacing layer is quite low, compared with that of the device
with a spacing layer, because the device without a spacing
layer has an energy transfer of 100% from the fluorescent
molecule to the SNPs, resulting in considerable nonradia-
tive quenching of exciton. The schematic diagram of the
nonradiative decay process of exciton is shown in Figure 7.
The nonradiative decay process of exciton will be caused
because of the excitation of surface plasmon polaritonmodes,
which propagate along the surface of the SNPs. Moreover,
the excitation of surface plasmon polariton modes results in
an extra nonradiative decay channel at the interface between
the fluorescent molecule and the SNPs [18]. Therefore, when
the SNPs are very close to the fluorescent molecule, the SNPs
will not only penetrate considerably into the EML but also
generate an extra nonradiative decay channel.
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Figure 7: Schematic diagram of the nonradiative decay process of
exciton.

4. Conclusion

In summary, the SNPs are introduced between the electron-
transport layers, and their best performance is found to have
the maximum luminance 2.4 times higher than the OLED
without SNPs when the spacing distance is 7 nm. When the
SNPs are close to the fluorescent molecule, the SNPs will
create two advantages: (i) they will enhance the spontaneous
recombination of excitons due to the subtraction in the
exciton lifetime and (ii) they will enhance the electron
injection because of SPRE, which will induce the enhanced
localized electric field around the SNPs. Nevertheless, when
the SNPs are very close to the fluorescent molecule, the SNPs
contrarily will result in two disadvantages: (i) they will pen-
etrate considerably into the EML, resulting in the emission
quenching of the device because the electron transfers from
the LUMOofAlq

3
to the Fermi level of the SNPs, and (ii) they

will cause the nonradiative decay process of exciton because
the excitation of surface plasmon polariton modes results in
an extra nonradiative decay channel at the interface between
the fluorescent molecule and the SNPs.
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The hydrogen gas sensors were developed successfully using flame-made platinum-loaded titanium dioxide (Pt-loaded TiO
2
)

nanoparticles as the sensing materials. Pt-loaded TiO
2
thin films were prepared by spin-coating technique onto Al

2
O
3
substrates

interdigitated with Au electrodes. Structural and gas-sensing characteristics were examined by using scanning electronmicroscopy
(SEM) and showed surface morphology of the deposited film. X-ray diffraction (XRD) patterns can be confirmed to be the anatase
and rutile phases of TiO

2
. High-resolution transmission electronmicroscopy (HRTEM) showed that Pt nanoparticles deposited on

larger TiO
2
nanoparticles. TiO

2
films loaded with Pt nanoparticles were used as conductometric sensors for the detection of H

2
.

The gas sensing of H
2
was studied at the operating temperatures of 300, 350, and 400∘C in dry air. It was found that 2.00mol% Pt-

loaded TiO
2
sensing films showed higher response towards H

2
gas than the unloaded film. In addition, the responses of Pt-loaded

TiO
2
films at all operating temperatures were higher than that of unloaded TiO

2
film. The response increased and the response

time decreased with increasing of H
2
concentrations.

1. Introduction

Metal oxide nanopowders offer promising research materials
because of their wide range of applications.Many studies have
focused on enhancing the performance of gas sensors. They
were synthesized by different techniques such as themodified
sol-gelmethod [1], thermal plasma [2], hydrothermal [3], and
flame spray pyrolysis [4, 5]. Flame spray pyrolysis (FSP) is
one-step synthesis method that is suitable for large-scale pro-
duction of noble metal-metal oxide nanocomposites [6–8].

Hydrogen gas is an important gas for clean energy
sources, highly flammable, and burnable in air at a very wide
range (4–75% by volume) [9–11]. However, its presence due
to leakage at a sufficient high concentration together with

oxygen in air will cause explosion. Moreover, H
2
cannot

be detected by human senses when it leaks. Therefore,
semiconducting Pt-loaded TiO

2
is one of the most promising

candidates for flammable gas detection due to its advantages
including low cost, high sensitivity, fast response, simplicity
of use, and ability to detect a large number of gases.

In this study, we report the synthesis of unloaded TiO
2

and Pt-loaded TiO
2
by FSP and study the effect of Pt

catalyst dispersion in TiO
2
nanopowder surface on hydrogen

gas-sensing behaviors due to the fact that Pt nanoparticles
dispersed on the TiO

2
surface can act as electron sinks and

result in a decrease in electron-hole recombination [12]. In
addition, Pt is known to be a very effective catalyst for several
reducing gases on metal oxide supports [13, 14].
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2. Experimental

FSP process was operated to produce the flame-spray-made
unloaded TiO

2
and Pt-loaded TiO

2
nanopowders. Precursor

solutions (0.50M) were prepared by dissolving appropri-
ate amounts of titanium isopropoxide (Aldrich, 97%) and
platinum (II) acetylacetonate (Aldrich, 97%) dissolved in
xylene (Carlo Erba, 98.5%). The loading concentrations
in mol% fraction of Pt were set as 0.25%, 0.50%, 0.75%,
1.00%, 2.00%, and 3.00%. The unloaded TiO

2
and Pt-loaded

TiO
2
nanopowders synthesized by FSP were also previously

reported by other studies [4, 9].
The crystallinity phases of unloaded TiO

2
and Pt-loaded

TiO
2
were analyzed by X-ray diffraction (XRD, Philips X’

Pert MPD) using CuK𝛼 radiation at 2𝜃 = 20–80∘ with a
scanning speed of 5∘/min. The morphology and size of
the nanoparticles were characterized by scanning electron
microscopy (SEM) and high-resolution transmission elec-
tron microscopy (HR-TEM). The existence of Pt was con-
firmed by energy-dispersive X-ray spectroscopy (EDS).

The unloaded TiO
2
and Pt-loaded TiO

2
sensing films

were fabricated according to a previous report [9]. The gas-
sensing characteristics of unloaded TiO

2
and Pt-loaded TiO

2

sensing films in a stainless steel chamber were characterized
over a high-concentration range of H

2
gas (150–10,000 ppm).

The standard flow through technique was used to test the
gas-sensing properties of unloaded TiO

2
and Pt-loaded TiO

2

films. A constant flux of synthetic air of 2 L/min as gas
carrier was flowed to mix with the desired concentration of
hydrogen gas dispersed in synthetic air. The sensors were
tested for hydrogen gas at the operating temperature of 300–
400∘C. It should be noted that the operating temperature
could not be below 300∘C since the resistances of Pt-loaded
TiO
2
films were too high and could not be measured below

300∘C. By monitoring the output current through the sensor,
the resistances of the sensor were continuously recorded to
evaluate the sensor response, response time and recovery
time.The sensor response (𝑆) is defined as the resistance ratio
𝑅
𝑎
/𝑅
𝑔
(𝑅
𝑎
is a resistance in dry air,𝑅

𝑔
is a resistance in the test

gas) [9]. Response time is defined as the time required until
90% of the response signal is reached while recovery time is
the time to recover to 90% of baseline resistance.

3. Results and Discussion

3.1. Particle and Sensing Films Properties. TheXRD spectra of
unloaded TiO

2
and 0.25, 0.50, 0.75, 1.00, 2.00, and 3.00mol%

Pt-loaded TiO
2
nanopowders are shown in Figure 1. The

diffraction peaks of the unloaded TiO
2
and Pt-loaded TiO

2

samples showed that both anatase and rutile phases in the
seven samples are very similar, which matched well with
the ∗JCPDS file no. 21-1272 and =JCPDS file no. 21-1276,
respectively.TheXRDpeak of Pt peakswas not found in these
patterns (JCPDS file no. 87-0640) because Pt was loaded in
the range of very low concentrationwhen comparingwith the
TiO
2
nanoparticles [8, 9, 15].

The bright-field TEM imaging was used to investigate
the 2D accurate size and morphology of the nanopowders as
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Figure 1: XRD patterns of flame-made (5/5) unloaded TiO
2
and Pt-

loaded TiO
2
nanoparticles.

shown in Figure 2.The presence of TiO
2
spherical nanoparti-

cles alongwith smaller Pt nanoparticles (dark spots) confined
on the TiO

2
surface was observed as shown in Figures 2(a)

and 2(b).The crystallite sizes of spherical particles were found
to be ranging from 5 to 40 nm whereas the average diameter
of Pt nanoparticles was about 2 nm.The selected area electron
diffraction (SAED) patterns of unloaded TiO

2
and 2.00mol%

Pt-loaded TiO
2
in Figures 2(a) and 2(b) were indexed and

identified as the crystal structure, corresponding to the (101),
(004), (200), and (105) crystal planes of anatase phases of
unloaded TiO

2
and 2.00mol% Pt-loaded TiO

2
. The SAED

rutile of TiO
2
was not detected possibly because the ratio of

anatase and rutile is significantly different. Figure 2(c) shows
lattice fringes of TiO

2
sample. The lattice fringes of TiO

2,

matching well with d-spacing of TiO
2
, were measured and

identified as the crystal structure of TiO
2
. The dominance

of (004) and (200) planes of anatase and (110) planes of
rutile structure can be used to confirm the fringe widths of
0.231 nm, 0.180 nm, and 0.245 nm, respectively.

The surface morphology of highly crystalline 0.50mol%
Pt-loaded TiO

2
nanoparticles for SEM analysis and EDS

spectrum is shown in Figures 3(a) and 3(b), respectively. It
illustrates that the film surface is highly porous and contains
high-density nanoparticles. The EDS analyses show the pres-
ence of Pt, Ti, and O as part of composition of the material.
The cross-sectional SEMmicrograph of 0.50mol% Pt-loaded
TiO
2
thin film onto Al

2
O
3
substrate interdigitated with Au

electrodes after annealing and sensing test at 300∘C, 350∘C,
and 400∘C in dry air is shown in Figure 3(c), showing that the
thickness of sensing film is approximately 15 𝜇m (side view).
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Figure 2: HRTEM and SAED images of (a) unloaded TiO
2
, (b) 2.00mol% Pt-loaded TiO

2
nanoparticle sizes and (c) lattice fringes image of

TiO
2
.
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Figure 3: (a) SEM image and (b) corresponding selected area-EDS analysis of the flame-made (5/5) 0.50mol% Pt-loaded TiO
2
films sensor

on an Al
2
O
3
substrate interdigitated with Au electrodes. (c)The cross-sectional sensing films were spin-coated onto Au/Al

2
O
3
substrate after

annealing and sensing test at 300–400∘C in dry air.

3.2. Hydrogen Gas-Sensing Properties. The interaction of the
resistive sensors with analyzing H

2
gas caused a change in the

resistance of the unloaded TiO
2
and Pt-loaded TiO

2
sensors.

Figure 4(a) shows the sensor resistance versus sensing time
of H
2
sensing characteristics performed at the operating

temperature of 300∘C with different H
2
gas concentrations

(0.015–1 vol%) and Pt loading levels (0–3.00mol%). The
interaction of the resistive sensors with a target gas resulted
in a change in electrical conductance upon the gas exposure.
The original baseline in resistance was quite stable after

recovering from multiple gas exposures. When a reducing
gas was detected using n-type semiconductors (TiO

2
), the

resistance decreased due to the increased number of electrons
on the semiconductor surface [16]. In addition, the resistance
change was enhanced significantly with Pt loading and was
monotonically increased with gas concentration.The sensing
behaviors were subsequently analyzed in terms of sensor
response (S), response time, and recovery time as illustrated
in Figures 4(b), 4(c), and 4(d), respectively. The sensor
response greatly increased with increasing Pt loading level
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Figure 4: (a) Change in resistance, (b) the sensor response, (c) response time, and (d) recovery time of unloaded TiO
2
and Pt-loaded TiO

2

sensors upon exposure to H
2
at operating temperature of 300∘C.

up to 2.00mol% but decreased as the loading level increased
further to 3.00mol% at all gas concentrations. In addition, the
sensor response increased linearly in log-log scale, indicating
that the hydrogen response followed the well-known power
law.

The hydrogen detection limits at 300∘C of Pt-loaded
TiO
2
sensors were then estimated by power-law fitting the

response curve and calculating the concentration at which
the responsewas 1.1 (10% change of resistance).The calculated
detection limits of unloaded and 0.25, 0.5, 0.75, 1.00, 2.00, and
3.00mol% Pt-loaded TiO

2
sensors were estimated to be 1, 0.3,

0.1 and 0.05, 0.013, 0.004, and 0.009 vol%, respectively. The
detection limits of TiO

2
sensors were greatly improved with

Pt loading and the 2.00mol% Pt-loaded TiO
2
sensor exhib-

ited a low detection limit of 40 ppm, which can potentially be
used for hydrogen leak detection.

In terms of response time (Figure 4(c)), the response time
decreased rapidly with increasing H

2
concentration and was

substantially improved with increasing Pt loading level. The
response time naturally decreasedwith gas concentration due
to faster gas dynamic at high concentration while Pt reduced
the response time via catalytic effect, in which the hydrogen
was quickly dissociated by Pt nanoparticles.The reaction rate
monotonically increased with amount of Pt as 3.00mol% Pt
resulted in shorter response time than 2.00mol% Pt.The 2.00
and 3.00mol% Pt-loaded TiO

2
sensors exhibited very short
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response times of ∼8 and ∼5 seconds at H
2
concentration

of 1 vol%. Regarding the recovery time (Figure 4(d)), the
recovery time increased relatively slowly with increasing H

2

concentration and was rather insensitive to Pt loading level.
The recovery time naturally increased with gas concentration
due to longer time required to desorb larger amount of
adsorbed gas species at high concentration while Pt does not
play a direct role in desorption of hydrogen. The Pt-loaded
TiO
2
sensors require rather long recovery time in the range

of 700–1000 seconds, which could be due to longer time
required for gas to diffuse out of the thick and porous TiO

2

layer.
Operating temperature generally has an important

impact on the performance of semiconductor gas sensors.
Typically, the sensing response of the metal oxides tends
to increase with increasing temperature [17, 18]. Figure 5
shows the electrical resistance in air of 2.00mol% Pt-loaded
TiO
2
thick-film sensor as a function of time at different

temperatures of 300∘C, 350∘C, and 400∘C for the thick
films of 2.00mol% Pt-loaded TiO

2
. It was shown that the

baseline resistance of the Pt-loaded sensor tends to decrease
with increasing operating temperature while the resistances
under 1 vol% hydrogen exposure are quite similar. Thus, the
resistance change and corresponding response are decreased
with increasing operating temperature. The effects of Pt
loading level and operating temperature on gas-sensing
response of 1 vol% H

2
performed at 300–400∘C are shown

in Figure 6. Pt-loaded TiO
2
sensors exhibited relatively

high responses at 300∘C and the response at the optimal
operating temperature was particularly pronounced at
2.00mol% Pt loading concentration. At higher operating
temperature (350–400∘C), Pt loading provided relatively
lower enhancement of sensor response. Thus, the suitable
operating temperature and concentration of Pt loading
can greatly improve H

2
response of TiO

2
sensors. The

best sensing performance with a high sensor response
to 1 vol% of H

2
concentration of 470 was obtained at the

optimal Pt-loading level of 2.00mol% and optimal operating
temperature of 300∘C.

3.3. Hydrogen Gas-Sensing Mechanisms. From experimental
results, unloaded TiO

2
sensor exhibited very low response to

H
2
at operating temperatures 300–400∘C, which is in accor-

dance with other reports indicating that direct dissociation of
hydrogen on metal oxides will be effective above 400∘C [19].
With Pt loading in the range between 0.25 and 3.00mol%,
hydrogen response increased substantially. It has been widely
accepted that Pt enhances sensitivity and response rate of a
metal oxide sensor via chemical sensitization with hydrogen
gas. Pt can dissociate H

2
into H atoms, which interact

with TiO
2
support via the spillover process according to the

reaction [20]:

H
2
→ 2Had (1)

The adsorbed hydrogen molecules will interact with the
preadsorbed oxygen species including O

2

−, O−, and O2−,
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Figure 6: Variation of the sensor response to 1 vol% of H
2
with

different operating temperatures ranging from 300 to 400∘C.

which were thermally activated on Pt-loaded TiO
2
surface,

according to [21–24]:

4Had +O2 (ad)
−
→ 2H

2
O
(des) + e

− (2)

2Had +O(ad)
−
→ H

2
O
(des) + e

− (3)

2Had +O2 (ad)
−
→ H

2
O
(des) + 2e

− (4)
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Figure 7: Schematic gas-sensing mechanisms of Pt-loaded TiO
2
nanoparticles with (a) optimal Pt concentration (2.00mol%) and (b)

excessive Pt concentration (3.00mol%) at low operating temperature (300∘C) and (c) with optimal Pt concentration at high operating
temperature (350–400∘C).

These reactions producemore electrons and thus increase
the conductivity of n-type semiconductor (TiO

2
) upon expo-

sure to hydrogen with preadsorbed oxygen which leads to
freeing of previously trapped electrons.

In order for the catalyst to be effective, there must be
a good dispersion and appropriate amount of the catalysts;
thus, catalyst particles are available near most interparticle
contacts as illustrated in Figure 7(a). The spillover species
must be able tomigrate tomost interparticle contacts in order
to dominate the metal oxide resistance. The spillover mech-
anism will become less effective when catalyst particles are
agglomerated or poorly dispersed as depicted in Figure 7(b).
The agglomeration and poor dispersion of Pt nanoparticles
reduce the number of spillover hydrogen species on
TiO
2
support, thereby reducing the hydrogen response. Such

aggregation is highly likelywhen the Pt loading concentration
increases to a level as high as 3.00mol%. Thus, 2.00mol%
is the optimal Pt loading level that yields high amount of
Pt with good dispersion on FSP-made TiO

2
nanoparticle

supports, which results in an optimal hydrogen response.
For the effect of operating temperature, Pt-loaded TiO

2

films exhibited optimum hydrogen response at temperature

of 300∘C and higher operating temperature leads to consid-
erably degraded response. An explanation of sensor response
of the temperature-induced change may be formulated by
considering the occurrence of different types and concen-
trations of ionosorbed surface reactive oxygen species (O

2

−,
O−, or O2−) on the Pt-loaded TiO

2
surface together with

spillover effect [25–31]. At a high temperature (i.e., 350–
400∘C) (Figure 7(c)), the number of adsorbed oxygen species,
particularly O− or O2−, increased significantly and some of
them adsorbed around the Pt nanoparticles. The adsorbed
oxygen species will shield Pt particles from H

2
and reduce

ability of H
2
dissociation by Pt. Thus, hydrogen response

decreases considerably because the spillover effect by Pt
is substantially hindered while the rate of direct hydrogen
reduction by TiO

2
is still very low. It should be noted that

the shielding effect is significant in this case because the Pt
particle size of ∼2 nm (from TEM data) is only a few times
larger than that of oxygen species. The noble metal on the
surface of the metal oxide with the role to enrich its surface
or the interface with reactive species such as oxygen ions
[32, 33]. Therefore, the responsible sensing reaction takes
place at the surface of the supporting metal oxide, as shown
in Figure 7.
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4. Conclusion

In summary, the H
2
sensing process is strongly related to the

surface reaction. Different concentrations of noble metal of
the highly crystalline unloaded TiO

2
and (0.25, 0.50, 0.75,

1.00, 2.00, and 3.00mol%) Pt-loaded TiO
2
were synthesized

by FSP route. FSP has been shown to be a promising
technique for the synthesis of metal oxide and noble loaded-
metal oxide in a single step.The structure andmorphology of
as-prepared products were characterized by HRTEM, SEM,
andXRD. Pt-loaded TiO

2
composite particles were deposited

on sensor electrode by spin-coating technique. It can be
concluded that the fast responses and highest sensor response
to H
2
gas were obtained by the incorporation at the optimal

2.00mol% Pt-loaded TiO
2
at 300∘C (to 1 vol%, 𝑆 = 470).

The enhanced sensor performance of the Pt-loaded TiO
2

sensors can be attributed to spillover effect, which is most
effective at optimally dispersed Pt loading level of 2.00mol%
and moderate operating temperature of 300∘C.
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[30] M. Hübner, D. Koziej, J.-D. Grunwaldt, U. Weimar, and
N. Barsan, “An Au clusters related spill-over sensitization
mechanism in SnO

2
-based gas sensors identified by operando

HERFD-XAS, work function changes, DC resistance and cat-
alytic conversion studies,” Physical Chemistry Chemical Physics,
vol. 14, no. 38, pp. 13249–13254, 2012.

[31] C. Liewhiran, N. Tamaekong, A. Wisitsoraat, and S. Phanich-
phant, “H

2
sensing response of flame-spray-made Ru/SnO

2

thick films fabricated from spin-coated nanoparticles,” Sensors,
vol. 9, no. 11, pp. 8996–9010, 2009.

[32] R. S.Niranjan, Y. K.Hwang,D.-K. Kim, S.H. Jhung, J.-S. Chang,
and I. S. Mulla, “Nanostructured tin oxide: synthesis and gas-
sensing properties,”Materials Chemistry and Physics, vol. 92, no.
2-3, pp. 384–388, 2005.

[33] C. Wang, L. Yin, L. Zhang, D. Xiang, and R. Gao, “Metal oxide
gas sensors: sensitivity and influencing factors,” Sensors, vol. 10,
no. 3, pp. 2088–2106, 2010.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 671469, 4 pages
http://dx.doi.org/10.1155/2013/671469

Research Article
Analytical and Experimental Study of Residual Stresses in CFRP

Chia-Chin Chiang,1 Vu Van Thuyet,1 Shih-Han Wang,2 and Liren Tsai1

1 Department of Mechanical Engineering, National Kaohsiung University of Applied Sciences, 415 Chien-Kung Road,
Kaohsiung 807, Taiwan

2Department of Chemical Engineering, I-Shou University, No. 1, Sec. 1, Syuecheng Rd., Kaohsiung 84001, Taiwan

Correspondence should be addressed to Liren Tsai; liren@cc.kuas.edu.tw

Received 15 September 2013; Accepted 7 November 2013

Academic Editor: Liang-Wen Ji

Copyright © 2013 Chia-Chin Chiang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Fiber Bragg Grating sensors (FBGs) have been utilized in various engineering and photoelectric fields because of their good
environment tolerance. In this research, residual stresses of carbon fiber reinforced polymer composites (CFRP) were studied using
both experimental and analytical approach. The FBGs were embedded inside middle layers of CFRP to study the formation of
residual stress during curing process. Finite element analysis was performed using ABAQUS software to simulate the CFRP curing
process. Both experimental and simulation results showed that the residual stress appeared during cooling process and the residual
stresses could be released when the CFRP was machined to a different shape.

1. Introduction

Carbon fiber composites have been widely considered as the
optimal replacementmaterial for various industrial products.
For composite materials, the inherent defects could greatly
hamper the reliability and durability of the resultant products.
There have been many studies of embedded stress sensors,
particularly for damage detection in composite materials [1,
2]. FBGs possess great compatibility with CFRP [3], and by
embedding FBG inside carbon fiber composites, the residual
strain of the carbonfiber composites during production could
be easily monitored. Because of thermal expansion, coeffi-
cient of the elements in the composite materials is different,
and the shape of the optical spectra changed during curing
process. These changes induced a shift in wavelengths of the
optical fiber sensors, which could be converted to residual
stress [4]. In this research, residual stresses of carbon fiber
reinforced polymer composites (CFRP) were studied using
both experimental and analytical approach.The simulation of
residual stress during cooling process was carried out using
ABAQUS. Through comparison between experimental and
simulation results, the formation of residual stress in the
CFRP was confirmed.

2. Materials and Methods

2.1. Fiber Bragg Grating Sensors (FBG). The FBG involved
was fabricated from single cladding photosensitive fiber
using the side writing method. The photosensitive fiber was
produced by Fibercore Co. Ltd. (PS1250/1550). The FBGs are
photoimprinted in photosensitive optical fiber by 248 nmUV
radiation from a KrF Excimer laser. The impulse frequency
of laser is 10Hz. Along the fiber core, the FBG has periodic
refractive index modulation with a period of 1.05∼1.08𝜇m.
This resulted in a peak Bragg reflecting wavelength of 1540∼
1564 nm. The reflectivity of the resulting FBG was about
99% and the FWHM (Full width Half Maximum) of the
FBG is about 0.175 nm. Light sources export energy to the
carbon fiber composite with FBG by coupler, and the energy
change was then recorded and analyzed by oscilloscope. The
residual strain of imbedded carbon fiber composites could be
determined by comparing the wavelength difference in the
FBG before and after curing process using

Δ𝜆

𝜆

= (1 − 𝑃
𝑒
) 𝜀 + (𝛼 + 𝜁) Δ𝑇, (1)
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Figure 1: Experiment set-up for using FBG sensors to monitor the curing process of composite.

Figure 2: FBG embedded CFRP which has been machined to dog-
bone shape.

where 𝜆 and Δ𝜆 represent the original and variation wave-
length of optical fiber, and 𝑃

𝑒
indicates the light elastic con-

stant. 𝛼 and 𝜁 represent the coefficient of thermal expansion
and thermo-optic coefficient of the optical fiber, respectively.
Figure 1 shows the experimental arrangement of the proposed
FBG system for monitoring the curing process of composite.

2.2. Specimen Assembly

2.2.1. Materials and Specimen Preparation. Prepregs from
Advanced International Multitech (batch number: B10037K)
were utilized to compose the epoxy carbon fiber specimens.
A series of 0∘ specimens was prepared: (1) fold the carbon
laminate with ten plies (about 1 millimeter) by 0∘; (2) put the
Fiber Bragg Grating (FBG) on the center of laminate plane;
(3) let the optical fiber get out from lateral direction, and then
take another ten plie of 0∘ prepreg laminate to cover the FBG,
totally 20 carbon fiber plies.

Adhesive  

 

 

 FBG sensor

Layer 90∘

Layer 0∘

Layer 90∘

Layer 0∘

Figure 3: 2D finite element model.

2.2.2. Dog-Bone Shaped Specimens. After the specimens were
cured properly, each assembly was then machined to dog-
bone shape for residual stress release experiments, as shown
in Figure 2. A stainless steel fixer was designed to hold
the carbon-fiber specimens. The fixer provides axial support
during the experiments.

2.3. Finite Element Model. Finite element simulations were
performed to determine the residual stress distribution
during the curing process of the model, when its curing
temperature is about 140∘C. The model is two dimensions
(2D) created in ABAQUS software. In order to reduce the
time for simulation, a quarter of the model is used to do
simulation analysis. The model is shown in Figure 3.
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Figure 4:The FBG spectra of the specimen-1 at different stage of the
process.

To calculate residual stresses in cooling process, sequen-
tial coupled thermal-stress analysis was constructed. The
temperature-displacement options in ABAQUS was utilized
for this simulation. The thermal residual stress and strain
were interpolated from the temperature at the nodes of the
model.The temperature varies with time and positions which
resulted in internal stresses in the model.

The Fiber Bragg grating is embedded in CFRP. In curing
process, the FBG was subjected to both the shrinkage effect
of the epoxy and the fiber reinforcement. FBG is subjected to
two directions that are 𝑥-axis and 𝑦-axis. The strain of FBG
was changed by residual stress.This leads to the change in the
form of the spectrum’s optical during the curing process. So
using ABAQUS can be simulated and found 𝜀

𝑥
(𝐸
11
), 𝜀
𝑦
(𝐸
22
)

and 𝛾
𝑥−𝑦
(𝐸
12
) to calculate residual strain.

3. Results and Discussion

In the present study, several FBG embedded FRP specimens
were examined. After the specimens are cooled down to
atmosphere temperature, the wavelength of each specimen
was recorded. Figure 4 showed the wavelength of specimen-1
before and after curing, and from the wavelength difference,
the residual strain was determined to be 0.034%. Figure 5
showed the wavelength of specimen-2 before and after cur-
ing, and from the wavelength difference, the residual strain
was determined to be 0.011%.The blue curves in both figures
represent the measured FBG wavelength after specimens
were machined to dog-bone shape, as shown in Figure 2. It
is observed that after machining, the residual strain reduced
at least 40%.

Figures 6 and 7 showed the analytical simulation
resulted obtained from finite element analysis calculations.
In Figure 6, axial and shear strains at cross section of FRP
during cooling process were shown. The difference between
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Figure 5: The FBG spectra of the specimen-2 at different stage of
the process.
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Figure 6: Axial and shear strains at the cross section of the FRP.

strains at the center and the strains at the boundary of FBG
was quite clear. In Figure 7, the residual stress of FBG during
curing process was studied, and compression residual stress
was observed at steady state.

4. Conclusion

FBGs were embedded inside FRP specimens to study the
relationship between residual stress and curing process.
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Figure 7: Stress S11 at core of FBG with cooling rate 1.92∘C/min.

The residual strain was able to be monitored during curing
and the residual strain was recorded for each of specimens.
The residual stresses of FRP specimens were measured before
and after machining. When the specimens were machined
to dog-bone shape, clear residual stress drop was observed.
The averaged reduction of residual stress aftermachining was
about 40%.

The simulation of FBG sensor during curing process was
performed using coupled temperature and displacement.The
influence of the cooling process on residual stress in carbon
fiber reinforced polymer was evident. The thermal residual
stress is strongly affected by the cooling rate. It is concluded
that proper temperature control of the curing process can
reduce considerable residual stress in CFRP.
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Bismuth telluride-based compounds are known to be the best thermoelectric materials within room temperature region, which
exhibit potential applications in cooler or power generation. In this paper, thermal evaporation processes were adopted to fabricate
the n-type Bi

2
Te
3
thin films on SiO

2
/Si substrates. The influence of thermal annealing on the microstructures and thermoelectric

properties of Bi
2
Te
3
thin films was investigated in temperature range 100–250∘C.The crystalline structures and morphologies were

characterized by X-ray diffraction and field emission scanning electron microscope analyses. The Seebeck coefficients, electrical
conductivity, and power factor were measured at room temperature. The experimental results showed that both the Seebeck
coefficient and power factor were enhanced as the annealing temperature increased. When the annealing temperature increased to
250∘C for 30min, the Seebeck coefficient and power factor of n-type Bi

2
Te
3
-based thin films were found to be about −132.02 𝜇V/K

and 6.05 𝜇W/cm⋅K2, respectively.

1. Introduction

Because the energy sources, such as petroleum, coal, and
coal gas, will exhaust in the near future. Therefore, the
problem of energy shortage and greenhouse effect become
more and more serious, thus energy saving and reduction of
the carbon emission become very important topics. Hence,
the green technology is getting more and more attention.
Thermoelectric (TE) effect is the simplest technology to
convert the temperature difference to electrical energy. It
generates electrical energy from the useless heat by thermo-
electric effect. Thermoelectric materials can directly convert
heat into electricity and vice versa. They have a lot of
important applications, such as power generator [1] and
cooler [2]. The performance of thermoelectric materials is
decided by Seebeck coefficient, electrical conductivity, and
thermal conductivity.The energy conversion efficiency of the
thermoelectric materials is evaluated by the figure of merit
𝑍𝑇, 𝑍𝑇 = (𝑆2𝜎/𝜅)𝑇 (𝑆, Seebeck coefficient; 𝜎, electrical
conductivity; 𝑇, absolute temperature; and 𝜅, thermal con-
ductivity) [3]. According to the formula, in order to obtain the
excellent thermoelectric figure of merit, the materials must
exhibit large Seebeck coefficient, high electrical conductivity,

and low thermal conductivity. Among, the 𝑆2𝜎 is defined as
the power factor (PF). Currently, the bismuth telluride (Bi-
Te) and antimony telluride- (Sb-Te-) based compounds are
found to be the best thermoelectricmaterials within the room
temperature region. Furthermore, Bi-Te- and Sb-Te-based
thermoelectric materials show the highest figure of merit 𝑍𝑇
and arewidely utilized for the commercialized thermoelectric
generators and coolers [4].

Generally, the thermoelectric devices are fabricated from
blocks of the materials. On the other hand, the low-
dimensional materials can improve the thermoelectric prop-
erties, such as increasing the density of states of Fermi
level and enhancing the phonon scattering [5]. In addition,
the bulk sample is difficult to miniaturize the thermoelec-
tric devices. Therefore, for miniaturizing the device and
improving thermoelectric properties, some techniques have
been reported to grow thin films, such as flash evapora-
tion [6], pulsed laser deposition (PLD) [7, 8], sputtering
[9], electrochemical deposition [10], metal organic chem-
ical vapor deposition (MOCVD) [11, 12], and molecular
beam epitaxy (MBE) [13–15]. However, some processes need
long time to prepare the materials and expensive facilities.
Hence, the thermal evaporation method is adopted in this
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Figure 1: XRD patterns of the Bi
2
Te
3
thin film deposited at the

substrate temperature of 150∘C.
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Figure 2: XRD patterns of Bi
2
Te
3
thin films deposited at the sub-

strate temperature of 150∘C and annealed at various temperatures
for 30min in N

2
atmosphere.

study to fabricate BiTe-based thin films, because it is an
attractive technology and can offer some advantages, such
as lower fabricating expenses and short processing time.
In our previous research [16], bismuth telluride thin films
were deposited by thermal evaporation, and the effects of
evaporation parameters and substrate temperature on the
microstructures and thermoelectric properties of thin films
were investigated. In order to improve the thermoelectric
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Figure 3: XRD patterns of Bi
2
Te
3
thin films deposited at the

substrate temperature of 150∘Cand annealed at various temperatures
for 60min in N

2
atmosphere.

properties obtained previously, the effect of thermal anneal-
ing on the microstructures and thermoelectric properties is
evaluated in this paper. Because thermal annealing can affect
the defect [17] and carrier concentration [18] of materials, it
will influence the thermoelectric properties of the Bi

2
Te
3
thin

films.

2. Experimental

The p-type (100) silicon wafers were used as substrates. After
the standard RCA cleaning process, a 400 nm silicon oxide
layer was thermally grown on the silicon substrate in an
atmospheric pressure chemical vapor deposition (APCVD)
furnace. Then, the thermoelectric films were deposited on
SiO
2
/Si substrates by the thermal evaporation method. The

high-purity (99.99%) Bi
2
Te
3
-based powder was used as

evaporant source. The deposition rate of Bi
2
Te
3
film was

estimated to be 13 Å/s. The details of the experimental
method were described in the previous report [16]. The
Bi
2
Te
3
thin films were evaporated on a preheated (150∘C)

Si substrate in a vacuum chamber with working pressure
below 3.75 × 10−5 torr. The thickness of deposited thin films
was approximately 0.4 𝜇m. Then, the thermoelectric thin
films were annealed at temperature range from 100∘C to
250∘C for 30 and 60min under N

2
atmosphere. The heat

treatment temperature was kept lower than 300∘C to avoid
the evaporation of the composition of films. The influence of
thermal annealing on themicrostructures and thermoelectric
properties of Bi

2
Te
3
thin films was investigated.

The crystalline structures of the thermoelectric thin films
were determined by X-ray diffraction (XRD) analysis (Cu-
K𝛼, Bruker D8) with diffraction angles between 20∘ and
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Figure 4: FE-SEM top-viewed photographs: (a) as-deposited Bi
2
Te
3
thin film at the substrate temperature of 150∘C; (b), (c), (d), and (e) thin

films annealed at 100∘C, 150∘C, 200∘C, and 250∘C for 30min, respectively.

(a) (b) (c) (d) (e)

Figure 5: FE-SEM cross sectional photographs: (a) as-deposited Bi
2
Te
3
thin film at the substrate temperature of 150∘C; (b), (c), (d), and (e)

thin films annealed at 100∘C, 150∘C, 200∘C, and 250∘C for 30min, respectively.

Table 1: Thermoelectric properties of Bi2Te3 thin films deposited at
different substrate temperatures.

Substrate
temperatures (∘C)

Conductivity
(S⋅cm−1)

Seebeck
coefficient
(𝜇V/K)

Power factor
(𝜇W/cm⋅K2)

R.T. 1139.12 −22.26 0.56
50 569.12 −27.27 0.42
100 719.73 −57.79 2.4
150 619.33 −88.83 4.89
200 1269.19 12.32 0.19

60∘ at the scanning speed of 0.05∘ per second. The surface
morphologies of thermoelectric thin films were investigated
by scanning electron microscopy (FE-SEM, JEOL JSM6700),
with an accelerating voltage of 10 kV. Annealing effects on
the thermoelectric properties of thin films were investigated,
while the Seebeck coefficients (𝑆) and electrical conductiv-
ity (𝜎) were measured at room temperature. The Seebeck
coefficient is measured by applying a temperature gradient
across the sample, and then the resulted Seebeck voltage
was measured by a Keithley 2700 system. The electrical
conductivity of the specimens was measured by a four-point
probemethod at room temperature. From 𝑆 and 𝜎, the power
factor (𝑆2𝜎) can be calculated.

3. Results and Discussion

In our previous study [16], the thermoelectric properties of
Bi
2
Te
3
thin films deposited at different substrate temperatures

are presented in Table 1. The power factor can be calculated
according to the Seebeck coefficient and electrical conduc-
tivity. The maximum Seebeck coefficient and power factor of

n-type Bi
2
Te
3
thin films at substrate temperature of 150∘C

were found to be about −88.83𝜇V/K and 4.89 𝜇W/cm⋅K2,
respectively.

Figure 1 shows the X-ray diffraction patterns of the Bi
2
Te
3

JCPDS card and as-deposited thin film at the substrate tem-
perature of 150∘C. The XRD diffraction peaks were adopted
from JCPD data of binary Bi

2
Te
3
. For the as-deposited thin

film at the substrate temperature of 150∘C, it shows that
diffraction angles of 27.64∘, 37.8∘, and 41.13∘ corresponding to
(0 1 5), (1 0 10), and (1 1 0) diffraction planes appeared.

The samples obtained above are the proceeded to postan-
nealing treatment to improve the thermoelectric properties.
Figure 2 shows the XRD patterns of the Bi

2
Te
3
thin films

annealed at different temperatures for 30min. The XRD
patterns show that the thin films are polycrystalline structure.
The (0 1 5), (1 0 10), (1 1 0), (0 0 15), and (1 1 0) and
diffraction peaks were observed. The peak intensity of (0
1 5) orientation was slightly decreased with the increased
annealing temperature. The variation of the intensity of the
peak (1 0 10) is not obvious. As the thin films are annealed
at 200∘C, the intensity of the diffraction peak (1 1 0) became
stronger. With the increase of annealing temperature, the
peak intensity of (0 0 15) became stronger. Figure 3 shows the
XRD patterns of the Bi

2
Te
3
thin films annealed at different

temperatures for 60min.The peak intensities of (0 1 5) and (1
0 10) slightly increased with annealing temperature, whereas
the intensity of the peak (1 1 0) was not obvious.

Figure 4 shows the surface photographs of the films
under various annealing temperatures for 30min. At the
substrate temperature of 150∘C, the grain of as-deposited
thin film shows irregular shape. After annealing treatment,
the grain shapes did not change obviously in surface mor-
phology; however, with the increasing of annealing temper-
ature, the grains grew up. Figure 5 shows the SEM cross
sectional microstructures of films under various annealing
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Figure 6: FE-SEM top-viewed photographs: (a) as-deposited Bi
2
Te
3
thin film at the substrate temperature of 150∘C; (b), (c), (d), and (e) thin

films annealed at 100∘C, 150∘C, 200∘C, and 250∘C for 60min, respectively.

(a) (b) (c) (d) (e)

Figure 7: FE-SEM cross sectional photographs: (a) as-deposited Bi
2
Te
3
thin film at the substrate temperature of 150∘C; (b), (c), (d), and (e)

thin films annealed at 100∘C, 150∘C, 200∘C, and 250∘C for 60min, respectively.

temperatures for 30min. The thickness of thin films was
around 400 nm. Figure 6 shows the surface photographs of
the films under various annealing temperatures for 60min.
The crystalline shapes of thin films showed no obvious
difference in surface morphology of the Bi

2
Te
3
thin films

before and after annealing. Similarly, with the increase of
annealing temperature, the grains will grow up. Figure 7
shows the SEM cross sectionalmicrostructures of films under
various annealing temperatures for 60min. The thickness of
thin films was around 350–400 nm.

The influence of on the annealing temperature and time
and the Seebeck coefficient are illustrated in Figure 8. The
results show that all samples are n-type, having a negative See-
beck coefficient. As the annealing temperature increased, the
Seebeck coefficient increased in the temperature range 100–
250∘C. (for 30min:−88.83𝜇V/K to−132.02 𝜇V/K; for 60min:
−88.83𝜇V/K to −122.18 𝜇V/K). This is due to the reduction
of the defects on the annealing temperature increases, which
results in a carrier concentration reduction and increased
Seebeck coefficient. According to the results, the sample
annealed at 250∘C for 30min shows a maximum Seebeck
coefficient of −132.02𝜇V/K.

Figure 9 shows the influence of thermal annealing on
the electrical conductivity of thin films. It is clear that the
electrical conductivity decreases in the temperature range
100–200∘C. For the case of 30min, when the annealing tem-
perature is below 200∘C, the electrical conductivity tended to
be reduced by the increased annealing temperature. This is
due that the electrical conductivity was related to the carrier
concentration and mobility. As the annealing temperature
increased up to 250∘C, the electrical conductivity slightly
increased to be around 347.3 S⋅cm−1. For the case of 60min,
the trend was similar to that of the case of 30min. The
sample annealed at 200∘C for 60min shows an electrical
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Figure 8: Variations of Seebeck coefficient of Bi
2
Te
3
thin films on

the annealing temperature and time.

conductivity of 165.8𝜇V/K. When the annealing tempera-
ture was increased, the electrical conductivity was slightly
increased.

The power factor is an important thermoelectric param-
eter, which determines the property of thermoelectric con-
verter. It can be calculated according to the Seebeck coeffi-
cient and electrical conductivity. Figure 10 shows the power
factors for the Bi

2
Te
3
films annealed at different temperatures



Journal of Nanomaterials 5

Table 2: Thermoelectric properties of the Bi2Te3 thin films annealed at different temperature and time.

Annealing time (min) Annealing temperatures (∘C) Conductivity (S⋅cm−1) Seebeck coefficient (𝜇V/K) Power factor (𝜇W/cm⋅K2)
without annealing without annealing 619.33 −88.83 4.89
30 100 362.53 −90.62 2.98
30 150 327.71 −124.26 2.69
30 200 302.5 −128.62 5.01
30 250 347.27 −132.02 6.05
60 100 601.05 −95.65 5.49
60 150 328.16 −103.42 3.51
60 200 165.81 −118.24 2.32
60 250 321.68 −122.18 4.8
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Figure 9: Variations of electrical conductivity of Bi
2
Te
3
thin films

on the annealing temperature and time.

and time. The maximum power factor of 6.05 𝜇W/cm⋅K2
was obtained in this experiment, which is achieved by the
250∘C and 30min annealing, owing to its low electrical
conductivity of 347.27 S⋅cm−1 and relatively large Seebeck
coefficient of −132.02 𝜇V/K.The thermoelectric properties of
the Bi

2
Te
3
thin films annealed at different temperature and

time are presented in Table 2. From the results, the optimized
Seebeck coefficient and power factor of n-type thin filmswere
found to be about −88.83𝜇V/K and 4.89 𝜇W/cm⋅K2 for the
250∘C and 30min annealed film. The value of power factor
increases from 4.89 to 6.05𝜇W/cm⋅K2; it means that thermal
annealing can improve the thermoelectric properties of the
Bi
2
Te
3
thin films.

4. Conclusion

A thermal evaporation method was adopted for the prepara-
tion of low-cost thermoelectric thin films. In this study, the
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Figure 10: Variations of power factor of Bi
2
Te
3
thin films on the

annealing temperature and time.

Bi
2
Te
3
thermoelectric material was deposited on the SiO

2
/Si

substrate to form thin films. The effects of annealing time
and temperature on the microstructures and thermoelectric
properties was investigated. The crystalline structures and
surface morphologies of thin films were characterized by
X-ray diffraction and SEM. The Seebeck coefficient and
electrical conductivity were measured at room temperature.
The power factor of 4.89 𝜇W/cm⋅K2 for the as-deposited thin
film can be improved to be 6.05 𝜇W/cm⋅K2 as the sample was
thermally annealed at 250∘C for 30min.
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This research reports a microfluidic device for producing small droplets via a microorifice and a T-junction structure. The orifice
is fabricated using an isotropic undercut etching process of amorphous glass materials. Since the equivalent hydraulic diameter of
the produced microorifice can be as small as 1.1 𝜇m, the microdevice can easily produce droplets of the size smaller than 10 𝜇m in
diameter. In addition, a permanent hydrophobic coating technique is also applied tomodify the main channel to be hydrophobic to
enhance the formation of water-based droplets. Experimental results show that the developed microfluidic chip with the ultrasmall
orifice can steadily produce water-in-oil droplets with different sizes. Uniform water-in-oil droplets with the size from 60 𝜇m to
6.5 𝜇m in diameter can be formed by adjusting the flow rate ratio of the continuous phase and the disperse phases from 1 to 7.
Moreover, curable linear polymer of chitosan droplets with the size smaller than 100 𝜇m can also be successfully produced using
the developed microchip device.Themicrofluidic T-junction with a micro-orifice developed in the present study provides a simple
yet efficient way to produce various droplets of different sizes.

1. Introduction

Droplets of the size inmicrometer or nanometer for advanced
pharmaceutical and biomedical applications have become a
popular research field in the recent years [1]. The production
of medicine embedded microemulsion droplets is one of
the important topics in this research field [2]. Droplet-
based microfluidic devices have played important roles in
the formation of various functional droplets in a high-
throughput andhigh precisionway [3]. Anumber of so-called
“emulsification” techniques including T-junction shearing
[4–7], flow focus necking [8, 9], and pneumatic pumping
[10] have been reported to generate droplets in a continuous
manner.

Over the reported microfluidic devices for droplets for-
mation, micro-T-junction generator is the most popular
scheme for producing droplets in devices. This droplet
formation technique relies on the inherence properties of the
employed liquids. T-junction microchannel devices provide

a sharp edge where the continuous liquid phase cuts the
dispersed liquid phase into small droplets by shearing force.
The surfactant between the two immiscible liquids prevents
the combination of these two liquids. Droplets with the size
from tens to hundredsmicrometers can be easily formedwith
this simple microfluidic structure. In general, the operation
of this kind of microfluidic device depends on the geometry
of the T-junction as well as the capillary number, flow ratio,
and viscosity ratio of the two phases [11, 12]. However,
this method is difficult to generate droplets with the size
smaller than 10 𝜇m due to the large hydraulic diameter of
the T-junction structure due to the big surface tension from
the long circumference. Wu et al. reported a pneumatic
pressure driven T-junction structure for producing droplets
in microfluidic channel. The smallest droplet with the size of
13.9 𝜇m was formed [13].

This work proposed a simple and effective way to produce
a micro-orifice structure to reduce the surface tension effect
of the T-junction. The T-junction and the orifice structures
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Figure 1: Photo mask design for the physical dimension of the
microfluidic device for producing small water-based droplets.

are fabricated utilizing the isotropic undercut etching tech-
nique in a single etching process. The produced structure
is then used to produce the water-based droplets via the
micro-orifice. The relationship between the formed droplet
size and the flow rate ratios of the two immiscible fluids is
systematically investigated.

2. Materials and Methods

2.1. Chip Design. Figure 1 shows the mask design for the
physical dimension of the proposed microfluidic device.
Since a one-step isotropic wet etching technique is adopted
to produce themicro-orifice at the T-junction, a gap of 30 𝜇m
was designed between themain channel and the side channel.
The target depth for the etching microfluidic channel is
15 𝜇m, resulting in just etching through the designed gap, and
forms a small etch-through hole beneath the etching mask.
Note that a number of poststructures with the diameter of
300 𝜇mwere designed at the downstream expansion channel
to prevent the collapse of the channel during the thermal
fusion bonding process.

2.2. Chip Fabrication. Figure 2 shows the simplified fabri-
cation process for producing the microfluidic chip with the
micro-orifice at the T-junction. The device was fabricated in
low-cost soda-lime glasses with a rapid prototyping process.
The details for the fabrication process can be found in our
previous publication [14, 15]. Briefly, commercial microscope
slides were cleaned and patterned with a standard pho-
tolithography process. A thin layer ofAZ4620 photoresist was
used as the etching mask for etching microfluidic channels in
BOE solution (Figures 2(a)–2(c)). Due to the reflective index
difference between BOE solution and the glass substrate,
the undercut etched region could be clearly observed using
an optical microscope. The etching process was stopped
while etching through the undercut region between the
mail channel and side channel, resulting in an ultrasmall
pore structure at the T-junction (Figure 2(d)). The etched

substrate then stripped the photoresist etching mask and
sealed with the thermal fusion bonding method at 580∘C
for 10min (Figure 2(f)). Finally, the inlet and outlet ports
were connected with Teflon tubing with the outer and inner
diameters of 1.5mm and 0.5mm, respectively.

Since the water-in-oil droplet formation system was used
in the present study such that a hydrophobic layer was coated
on the surface of the main channel to enhance the formation
ofwater-based droplet. A thin layer of the organic-based spin-
on glass (SOG, 400F, Filmtronics, USA) was applied only on
the main channel with the assistance of vacuum suction. The
coated SOG layer was then cured at 400∘C for 1 hr. in N

2

atmosphere.

2.3. Experimental Setup. Figure 3 shows the experiment
setup for producing and observing the formation of the
water-in-oil droplets. Two immiscible liquids of dispersed
phase and continuous phase (commercial olive oil) were
injected into the microfluidic channels from the correspond-
ing inlets using two syringe pumps (KDS 200, KD Scientific
Inc., USA). Note that the employed continuous phase liquid
was doped with 3% of Span 80 (Sigma, USA) as the surfactant
to enhance the formation of droplets. For forming chitosan
droplets, 1% of (by weight) aqueous chitosan solution (Sigma,
USA) was used as the dispersed phase. Note that all the
liquids were filtered with polymer filter with 0.2𝜇m in size
(Millipore, Ireland) prior to the test. An optical microscope
(Eclipse TE2000-U, Nikon, Japan) equipped with a high
speed digital camera (1200 fps, EX-F1, Casio, Japan) was used
for observing the formation of droplets in the microchannel.

3. Results and Discussions

Figure 4 shows the scanning electron microscope (SEM)
images of the undercut etched orifice structure at the T-
junction right after peeling the photoresist etching mask and
after sealing. As described previously, the etching process
could be easily observed using an optical microscope. In
addition, the size of the etched orifice also could be precisely
adjusted by controlling the etching time. It is clear that the
undercut region formed a small notch at the T-junction
(Figure 4(a)). Due to the limitation of the designed mask
pattern (20𝜇m in resolution), the width of the undercut
structurewas around 10𝜇minwidth.This can be improved by
using the photomaskwith higher optical resolution.The dark
region near the top glass substrate in Figure 4(b) presents
the formedmicro-orifice after sealing the channel.The image
shows that the thermal fusion bonding did not collapse the
micro-orifice structure and the depth for the orifice was
around 1.5 𝜇m. The calculated equivalent hydraulic diame-
ter for this micro-orifice was around 2.4 𝜇m. The smaller
hydraulic diameter is beneficial for producing small droplets.
Note that the orifice with smaller hydraulic diameter could
also be formed by controlling the etching time.

In order to further improve the hydrophobicity of the
produced microfluidic channel for droplet formation, a sim-
ple yet efficient permanent coating of organic-based spin-
on-glass layer (SOG 400F, Filmtronics, USA) was used to
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Figure 2: Schematic of the simplified fabrication process for the droplet-based microfluidic chip.
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Figure 3: A schematic presentation of the experimental setup for droplet formation with the microfluidic chip with the ultrasmall orifice.
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Figure 4: SEM images of the fabricated microorifices. (a) the undercut etched structure at the T-junction after pealing the PR; (b) the formed
small orifice after thermal bonding.
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Figure 5: The photo images showing the glass surface (a) without and (b) with the SOG coating layer.

Water inlet

Oil inlet

Droplet reservoir

30 𝜇m

Figure 6: The photo image for the developed chip and the micro-
scopic views for the droplet formation process.

modify the channel surface. Figure 5 presents the measured
contact angles for a glass substrate without and with coating
the organic-based SOG layer. Results showed that the SOG
layer significantly increased the contact angle of water drop
on the glass substrate. The photo images of the fabricated
chip and the droplet formation process are given in Figure 6.
The inset images at the bottom show that the dispersed fluid
was squeezing out from the formed micro-orifice at the T-
junction and formed the small droplets downstream. The
sheath flow in the main channel cut the squeezed fluid and
formed the droplets by shearing force. Small droplets could
be easily formed using the developed microfluidic chip with
the micro-orifice.

The relationship between the diameter of the water
droplets and the oil/water flow rate ratio is shown in Figure 7.
The flow rate for the dispersed phase was set from 75𝜇L/hr to
125 𝜇L/hr. The equivalent hydraulic diameter for the orifice
in this test was 1.5 𝜇m. Results show that the higher flow
rate ratio formed smaller droplets. Results also indicated
that bigger droplets were formed at a slower water flow
rate for the same flow rate ratio due to the grater shearing
force for the faster flowing continuous phase. Compared
to the two flow rate conditions of 125 𝜇L/hr and 100 𝜇L/hr,
the size for the formed droplets did not show significant
difference. However, higher water flow rate required higher
driving pressure to squeeze the dispersed fluid through the
small orifice, resulting in the risk for damaging the orifice
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Figure 7: The relationship between the droplet size and the applied
oil/water flow rate ratio while using the orifice of the equivalent
hydraulic diameter of 1.5 𝜇m.Note that the inset shows the same test
using the orifice of the hydraulic diameter of 1.1 𝜇m.

and tubing connection. Therefore, the dispersed phase flow
rate for the following tests was set at 100𝜇L/hr. The inset
in Figure 7 presents the same size relationship while using a
smaller orifice with the hydraulic diameter of 1.1𝜇m. Results
show that droplets of the size smaller than 10 𝜇m could be
produced for the flow rate ratio greater than 2.8.The smallest
droplet size formed with this approach was 6.5 𝜇m at the flow
rate ratio of 3.5, which was smaller than the reported droplet
size formed with the chip having similar T-junction structure
[13]. It is also noted that the flow rate ratio was difficult to be
further increased since the increased driving pressure would
cause the diameter expansion of the Teflon tubing and reduce
the fluid pressure. This effect limited the smallest size of the
formed droplets with this approach.

One of the issues for producing microdroplets via the
small orifice is the great pressure drop at the orifice since
the small orifice resulted in a small Reynolds number. In this
regard, the flow at the orifice was stable such that the droplet
production rate was only affected by the fluid flow rate in the
side channel. Figure 8 shows the measured droplet produc-
tion rate for the developed T-junction. Results showed that
the droplet production rate was around 2 droplets per second
while using the T-junction with the orifice of the equivalent
hydraulic diameter of 1.1 𝜇m. Note that the flow rate for the
dispersed phase in this test was 100𝜇L/hr.The size uniformity
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Figure 9: Droplet size distribution formed under the volume flow
ratio of 2 and 3.5, showing the good uniformity for the formed
droplets.

for the formed droplets is also an important issue for practical
applications of the microfluidic device. The size distribution
for the droplets formed at the flow rate ratios of 2 and 3.5
was analysed. The captured images of 150 individual droplets
were analysed using the digital image processing technique.
Figure 9 shows themeasured size distribution for the droplets
formed with these two conditions.The statistical results show
that the average diameters were 13.5 ± 0.47 𝜇m and 6.9 ±
0.40 𝜇m for these two cases. The calculated corresponding
coefficient of variation (CV)was 3.13% and 5.7%, respectively.
Results indicated that the generated droplets exhibited good
size uniformity.

Chitosan is a linear polymer and has a number of poten-
tial biomedical applications, especially for drug encapsulation
in pharmaceutical applications. The viscosity of chitosan at
room temperature is around 5–10 cP which is much higher

D
ro

pl
et

 d
ia

m
et

er
 (𝜇

m
)

70

60

50

40

30

20

Oil/chitosan volume flow rate ratio
4 5 6 87

59 𝜇m

27 𝜇m

Figure 10: The relationship between the diameter of the chitosan
droplets and the flow rate ratio. Note that the orifice used in this test
was with the equivalent hydraulic diameter of 21.2𝜇m.

than the viscosity of water at the same condition. Therefore,
the T-junction structure with a bigger orifice was required to
produce chitosan droplets. Figure 10 shows the relationship
between the size of formed chitosan droplets and the applied
flow rate ratio. The equivalent hydraulic diameter for the
orifice at the T-junction was 21.2𝜇m. Results show that
chitosan droplets of the size ranging from 27 to 59 𝜇m could
be successfully produced, which were much smaller than
the chitosan droplets formed with similar hydrodynamic
approaches [16, 17].

4. Conclusions

This study reported a novel undercut etching method to
produce a T-junction structure with microorifices using a
single wet-etching process.Microdroplets of small sizes could
be easily generated via the orifice with smaller hydraulic
diameters. Results showed that the developed device could
successfully produce uniform water-based droplets in olive
oil with the size of smaller than 10𝜇m.Thedroplet production
rate kept stable with the oil/water flow rate ratio in the range
of 1 to 3.6 while using the T-junction with the orifice of the
equivalent hydraulic diameter of 1.1𝜇m. In addition, chitosan
droplets of the size as small as 27 𝜇m could also be produced
with the orifice of the hydraulic diameter of 21.2 𝜇m. The
present study provides a simple yet reliable way to produce
small droplets in microfluidic systems.
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Dual-mode thin film bulk acoustic resonator (TFBAR) devices are fabricated with c-axis tilted AlN films. To fabricate dual-mode
TFBAR devices, the off-axis RF magnetron sputtering method for the growth of tilted piezoelectric AlN thin films is adopted. In
this report, the AlN thin films are deposited with tilting angles of 15∘ and 23∘.The frequency response of the TFBAR device with 23∘
tilted AlN thin film is measured to reveal its ability to provide dual-mode resonance. The sensitivities of the longitudinal and shear
modes to mass loading are calculated to be 2295Hz cm2/ng and 1363Hz cm2/ng with the mechanical quality factors of 480 and 287,
respectively. The sensitivities of the longitudinal and shear modes are calculated to be 0 and 15Hz cm2/𝜇g for liquid loading.

1. Introduction

Surface and bulk acoustic resonator devices are attracting
increasing attention owning to their use in various novel
sensors, including UV sensors, mass sensors, biosensors, and
others [1–3]. Surface acoustic resonators have been developed
and examined for potential sensor applications because they
are cheap and small. However, surface acoustic resonators
suffer from high insertion loss and poor power handling.
Therefore, thin film bulk acoustic resonator (TFBAR) devices
have been studied globally; they have a low insertion loss,
a high power handling capability, small size, and high
sensitivity [4–6].

Lakin classified FBAR devices into three types, which
were via-isolated resonators, air gap-isolated resonators, and
solidly mounted resonators [7]. The general purpose of these
structures is to form a free or clamped interface beneath the
resonance zone. This work develops a dual-mode TFBAR
device based on an adapted via-isolated resonator with
piezoelectric thin film whose c-axis is tilted.The back-etched
cavity is used as the sensing area.

Despite the use of various piezoelectric films in TFBAR
devices, including PZT, ZnO, andAlN thin films [8–12], most
of the many studies of piezoelectric thin films have focused
on PZT piezoelectric materials. However, the use of PZT is
limited for environmental reasons [13, 14]. Hence, ZnO and
AlN thin films have become themost promisingmaterials for
piezoelectric applications. This study concerns piezoelectric
thin films of AlN, whose high quality factor makes them
useful for elucidating the sensing properties of TFBAR for
liquids.

TFBAR has two major resonance modes longitudinal
and shear. The longitudinal mode is typically used when
TFBAR is utilized as a communication device at high
operating frequencies. For biosensor applications, the shear
mode TFBAR is preferred [15]. Three approaches have been
proposed to deposit tilted textured piezoelectric thin films.
The first is sputtering with the changing of the configuration
of the substrate.The second uses an additional blind between
the target and the substrate in the sputtering system. The
third involves the application of an additional electric field
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Figure 1: Schematic configuration of the off-axis deposition meth-
od.

Table 1: Deposition parameters of Ti and Pt thin films.

Target Ti (99.995%) Pt (99.995%)
Substrate-to-target distance (mm) 50 50
Base pressure (Torr) 1 × 10

−6
1 × 10

−6

Substrate temperature (∘C) R.T. R.T.
RF power (W) 75 175
Sputtering pressure (mTorr) 3 1
Ar (sccm) 10 10

during sputtering deposition [16–19]. However, the longi-
tudinal mode is greatly damped in these methods. This
study examines the c-axis-tilted AlN layer using the off-axis
method with controlled sputtering pressure. Favorable dual-
mode frequency responses were obtained. Many scholars
have studied liquid and biosensor applications, focusing on
shear-mode resonators [20–24]. In this study, amultifunction
TFBAR is simply fabricated for the use inmass and liquid sen-
sors; these dual-mode TFBAR provide quantitative results,
good sensitivity and a high quality factor.

2. Experimental Method

Since the performance of TFBAR depends on the storage
of acoustic energy in the resonance zone, this area must be
acoustically isolated. A via-isolated resonator is used in this
study. The wet etching of (100) oriented silicon wafers is
used forming a back-side cavity. Low-stress silicon nitride
was deposited by low-pressure chemical vapor deposition
(LPCVD) as the etchingmask for the integrated FBARdevice.
After the substrates were cleaned using a normal process, the
bottom electrodes, which comprised of platinum (Pt) with
an adhesive layer of titanium (Ti), were deposited by dual-
gun DC sputtering. AlN film has been found to be able to
be deposited on a Pt layer [25]. Table 1 provides in detail the
sputtering conditions for the preparation of Ti and Pt thin
films.

Reactive radio-frequency (RF) magnetron sputtering was
utilized to deposit c-axis-tilted AlN piezoelectric thin films.
The sputtering system was evacuated to a base pressure of
5 × 10

−7 Torr using a diffusion pump. The AlN piezoelectric
thin filmswere deposited using the suggested off-axismethod

Table 2: Deposition parameters of AlN thin films.

Target Al (99.995%)
Substrate-to-target distance (mm) 50
Base pressure (Torr) 5 × 10

−7

Substrate temperature (∘C) 300
RF power (W) 250
Sputtering pressure (mTorr) 5, 15
N2/N2 + Ar 46%

with a heated substrate [11]. Table 2 provides in detail the
sputtering conditions for the preparation of piezoelectric
AlN thin films with a tilted c-axis. Figure 1 also presents
the off-axis deposition method adopted herein. Following
the AlN thin films deposition, another Pt/Ti layer was
deposited on the designated area as the top electrode. After
the sandwich structure had been formed, the cavity of TFBAR
was formed by anisotropic wet etching using 30wt%KOH
solution to provide high surface smoothness and a high
degree of anisotropy [26], which was critical to the formation
of a hopper cavity with a smooth bottom for holding liquid
analytes. Figure 2 presents in detail the process by which the
dual-mode TFBAR device was fabricated.

The preferred orientation and crystal properties of the
AlN film were determined by X-ray diffraction (XRD) using
a SHIMADZU XRD-6000 with CuK𝛼 radiation. The cross
sectional images of the AlN films were obtained by scanning
electron microscopy (SEM) (Philips XL40 FESEM). The
HP8720 network analyzer and CASCADE probe station
(RHM-06/V+GSG 150) were used to measure the frequency
responses of dual-mode TFBAR devices. The performance of
the TFBAR devices in liquid sensing was performed using an
automatic titrator (877 Titrino Plus).

3. Results and Discussion

3.1. Structural and Morphological Properties of Dual-Mode
AlNThin Films. The ideal physical properties of piezoelectric
films for TFBAR applications are being a strongly orientated
c-axis and having a uniform surface morphology. The depo-
sition parameters were varied herein to optimize the dual-
mode piezoelectric characteristics of RF-sputtered AlN thin
films. In this investigation, off-axis distance and sputtering
pressurewere varied to determine the optimal growth param-
eters of the tilted piezoelectric thin film. In the first stage,
the off-axis distanceswere controlled. Since particles with low
kinetic energy reached the substrate, the competitive growth
of inclined sputtering particles flux revealed the distinctive
mechanism of crystal formation [27, 28]. The kinetic energy
of the particles was also affected by the mean free path
of the particles, which was determined by the atmospheric
pressure.Therefore, the sputtering pressurewas set to 5mTorr
and 15mTorr at 300∘C to study its effect on the crystalline
growth of AlN thin films. Heating improves the piezoelectric
properties of AlN thin films.

As presented in Figure 3, excellent (002) orientated crys-
tals can be obtained in samples at 15mTorr with off-axis
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(a) Substrate cleaned by RCA process (b) SI3N4 deposited by LPCVD

(c) SI3N4 etched by RIE (d) Bottom electrode deposited by DC sputter

(e) AIN deposited by RF sputter (f) AIN etched

AIN
Pt/Ti Si3N4

Si (100)

(g) Top electrode deposited by DC sputter
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Pt/Ti Si3N4

Si (100)

(h) Si etched by KOH

Figure 2: The fabrication processes for the dual-mode TFBAR devices.
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Figure 3:The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited with
various off-axis distances.

distances of 25mm and 50mm. However, the experimental
results reveal that only the sample with an off-axis distance of
50mm had the c-axis-tilted structure, as shown in Figure 4.
The sample with an off-axis distance of 50mm and a larger c-
axis-tilted angle exhibited shear mode resonance.The kinetic

energy of the particles was related to the sputtering pressure.
To study the phenomenon of competitive growth of AlN thin
films, two sputtering pressures of 5mTorr and 15mTorr were
used.The XRD patterns in Figure 5 reveal that AlN thin films
thatwere deposited at 5mTorr yielded a sharp (002) peakwith
a small full width at half maximum (FWHM). Additionally,
as reveled by the cross sectional images in Figure 6, the
sample with an off-axis distance of 50mm under a sputtering
pressure of 5mTorr exhibited enhanced competitive growth
and had a larger c-axis-tilted angle of 23∘.

To elucidate the relationship between the angle of tilt
of the c-axis angle and the dual-mode resonance frequency
responses (𝑓

𝐿
and 𝑓

𝑆
) of TFBAR, two TFBAR devices were

fabricated with the AlN c-axis tilted at 15∘ and 23∘. Figure 7
plots the frequency responses of two TFBAR devices. The
TFBAR with the 15∘-tilted AlN layer exhibited only a single
resonant mode. The TFBAR device with the 23∘-tilted AlN
layer exhibited shear and longitudinal resonant modes at
1.17 GHz and 2.07GHz, respectively. These results reveal that
not only a tilted piezoelectric layer but also a sufficiently tilted
layer in the TFBAR devices can be excited to generate shear
mode resonance.Therefore, an off-axis distance of 50mmand
a sputtering pressure of 5mTorr are required to produce a
highly textured and sufficiently tilted AlN piezoelectric layer
for dual-mode TFBAR [29].

3.2. Sensitivity of Dual-Mode TFBAR for Mass Loading.
Because titanium (Ti) has an inherently low density, it is
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(a) (b)

Figure 4: The cross sectional SEM images of AlN thin films deposited at 15mTorr with off-axis distances of (a) 25 and (b) 50mm from the
center of substrate holder.
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Figure 5: The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited at
5mTorr and 15mTorr with off-axis distance of 50mm.

Figure 6: The cross sectional SEM images of AlN thin films
deposited at 5mTorr with an off-axis distance of 50mm.

suitable for analyzing the sensitivity of TFBAR to a tiny
mass. A Ti thin film was utilized herein as the mass loading
material that adhered to the resonant zone that was exposed
on the back cavity of the TFBAR device. Figure 8 displays
a deposition rate of 0.46 nm/s for sputtering the Ti mass
loading. The thicknesses of the Ti layers were confirmed

using the FESEM cross sectional images. Figures 9(a) and
9(b) plot the frequency responses of the longitudinal resonant
mode (𝑓

𝐿
) and shear resonant mode (𝑓

𝑆
) of the dual-

mode TFBAR device with and without Ti mass loading,
respectively. The variation of the central frequency under the
Ti mass loading as the thickness of the mass increased to
4.6 nm was significant. In this study, the sensitivity of each
mode of the TFBAR device to mass loading was estimated
using the Sauerbrey equation [30],

𝑆
𝑚
= lim
𝛿𝑚→0

(

𝛿𝑓

𝑓

)(

1

𝛿𝑚

) . (1)

The sensitivity of the longitudinal mode, calculated from
(1), was 2295Hz cm2/ng, as presented in Figure 10(a). The
calculated sensitivity of the shear mode was 1363Hz cm2/ng,
as shown in Figure 10(b). These results reveal that the 𝑆

𝑚
of

the longitudinal mode was 1.7 times that of the shear mode.
Clearly, the longitudinal mode of the dual-mode TFBAR
device is preferable for mass sensing applications.

3.3. Sensitivity of Dual-Mode TFBAR in Liquid Environments.
Agold (Au) layer was initially deposited onto the sensing area
of TFBAR as the binding layer for the use in biochemical
sensor. To improve the adhesion between the Au layer and
the Si

3
N
4
layer, a chromium (Cr) layer was deposited by DC

sputtering before the Au layer was deposited by the same
method. Additionally, the surface of the Au layer was treated
with oxygen plasma to enhance the hydrophilic properties
of the Au layer and thereby promote migration of the liquid
drop.

Since the frequency drift was caused by the extra Au/Cr
layer, as shown in Figure 11, the TFBAR device had to be
calibrated before the follow-up test. Figures 12(a) and 12(b)
plot the frequency responses of the dual-mode TFBARdevice
in a liquid environment (DIwater).The longitudinal resonant
mode (𝑓

𝐿
) almost disappeared as the liquid was dropped into

the cavity of the device, whereas the shear resonantmode (𝑓
𝑆
)

remained.
Since longitudinal resonance vanished in a liquid envi-

ronment, the longitudinal frequency drift could not be used
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Figure 7: Frequency responses of TFBAR devices with (a) 15∘-tilted
and (b) 23∘-tilted AlN layers.
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−20

−18

−16

−14

−12

−10

−8

−6

−4

2060 2065 2070 2075 2080

2070MHz2065MHz

Without mass loading

Frequency (MHz)

S 1
1
 (d

 B 
)

4.6nm thickness Ti mass loading

(a)

−5

−10

−15

−20

−25

−30
1160 1165 1170 1175 1180

1172 MHz
1175MHz

Without mass loading

Frequency (MHz)

S 1
1
 (d

 B 
)

4.6nm thickness Ti mass loading

(b)

Figure 9: Frequency responses of the dual-mode TFBAR device
under Ti mass loading. (a) Longitudinal resonant mode (𝑓

𝐿
) and (b)

shear resonant mode (𝑓
𝑆
).

to evaluate theTFBARperformance.The coupling coefficient,
𝑘
𝑡

2, taken from the work of Bjurström et al. and Wei et al.
[31, 32], is expressed in terms of 𝑓

𝑝
and 𝑓

𝑆
as

𝑘
𝑡

2
=

𝜑

tan𝜑
=

[𝜋/2] [𝑓𝑠
/𝑓
𝑝
]

tan [[𝜋/2] [𝑓𝑠/𝑓𝑝]]

≈ [

𝜋

2

]

2

[

𝑓
𝑝
− 𝑓
𝑠

𝑓
𝑝

] ,

(2)

where 𝑓
𝑆
is the frequency at which the magnitude of the

admittance is a maximal and 𝑓
𝑝
is the frequency at which the
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Figure 10: Sensitivities of TFBAR device with various mass loading.
(a) Longitudinal and (b) shear resonant mode.

magnitude of the admittance is minimal.The electromechan-
ical coupling factors (𝑘

𝐿

2 for the longitudinal mode and 𝑘
𝑆

2

for the shear mode) in air are 0.6% and 2.1%, respectively.
The mechanical quality factors (𝑄

𝐿
for the longitudinal

mode and 𝑄
𝑆
for the shear mode) are the important param-

eters of dual-mode TFBAR devices in liquid environments.
The mechanical quality factors (𝑄

𝐿
and 𝑄

𝑆
) were defined in

terms of the full width at half maximum (FWHM) of the
resistance curve at resonance frequency 𝑓

𝑟
[32] as follows:

𝑄 =










𝑓
𝑟

FWHM








𝑓
𝑟

. (3)

Themechanical quality factors decrease as the bandwidth
increases. The FWHM of resonance frequency is defined
by using the analytical software (SoftPlot 7.0, demonstration
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Figure 11: Frequency responses of dual-mode TFBAR devices with
and without Au/Cr layers.
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Figure 12: Frequency responses of TFBAR device. (a) In air
environment and (b) in liquid environment.
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Figure 13: Frequency response of shear mode. (a) In air environ-
ment and (b) in liquid environment.

Table 3: Thin film bulk acoustic wave properties of 23∘-tilted AlN
thin films.

Mechanical quality factor Electromechanical
coupling coefficient (%)

𝑄
𝐿

(air)
𝑄
𝐿

(liquid)
𝑄
𝑠

(air)
𝑄
𝑠

(liquid) 𝑘
𝐿

2
𝑘
𝑆

2

480 0 287 185 0.6% 2.1%

edition). As shown in Figure 13, 𝑄
𝑆
is reduced from 287 to

185. However, the satisfactory response in the shear mode
is maintained. Table 3 presents the thin film bulk acoustic
wave properties of the 23∘-tilted AlN layer. Additionally, a
sensitivity of 15Hz cm2/𝜇g, calculated from (1), is obtained in
the shear mode. Therefore, the shear mode of the dual-mode
FBAR device can be exploited in liquid sensing applications.

4. Conclusion

This paper presents a dual-mode TFBAR device that is based
on c-axis-tilted AlN thin films. The frequency responses

indicate that this device exhibits longitudinal and shear
mode resonances.Theperformance of the dual-modeTFBAR
under both mass loading and liquid loading is thoroughly
investigated.The experimental and analytical results indicate
that the longitudinal mode of TFBAR has a wide frequency
variation with mass loading, indicating that the longitudinal
mode is suitable for mass-sensor applications. The shear
mode of TFBAR can be exploited in liquid sensor applica-
tions.
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A cubic composite solar sensor with photo diode is proposed for tracking the relative solar orientation. The proposed solar sensor
composes of five photodiode detectors which are placed on the front, rear, left, right, and horizontal facets in a cubic body,
respectively. The solar detectors placed on five facets can detect solar power of different facets. Based on the geometric coordinate
transformation principle, the relationship equations of solar light orientation between measured powers with respect to various
facets can be conducted. As a result, the solar orientation can be precisely achieved without needing any assistance of electronic
compass and extra orientation angle corrector. Eventually, the relative solar light orientation, the elevation angle, and azimuth angle
of the solar light can be measured precisely.

1. Introduction

Recently, the renewable energy has drawn great attention due
to energy shortage. Many renewable energy researches are
focused on solar power system [1–4]. For the solar system,
a precise sensor is indispensable to tracking the sunlight ori-
entation. Many studies have been focusing on solar tracking
technique. However, there still exist some drawbacks on solar
light tracking apparatus. Solar light tracker can, in general,
be classified into mechanical and electronic category [5, 6].
Mechanical solar tracker experiences much fault probability
andmaintenance cost, electronic solar tracker depends highly
on electronic compass accompanied by perpetual calendar,
and precise perpetual calendar heavily relies on complicated
computation through the usage of internet, thus leading to
inconvenience in application [7, 8]. Therefore, to develop
an electronic solar light tracker, without needing electronic
compass and perpetual calendar, is essential to researchers
and solar power applications.

An electronic solar light tracker can only be realized
through the application of photo detecting devices. There are
many photo devices such as photodiode, photo transistor, and
resistive CdS components. The CdS components are passive
components and usually cannot play the key role in a precise
measurement. In this paper, the active photodiodes with wide

measuring range and fast response and low dark current are
applied as a solar sensor to measure the solar orientation.

The solar light orientation information should consist
of the relative elevation angle and azimuth angle between
solar source and photo detector. For collecting lights from all
possible orientations, this paper employed five photodiodes
to compose a cubic structure photo detector in the absence
of electronic compass and perpetual calendar to accomplish
an electronic solar light orientation tracking system. The
composite sensor is composed of five photo diode detectors
placed on five different facets: left, right, front, rear, and
horizontal facets, to constitute a cubic structure solar light
detector. By placing five detectors on five different facets, the
sunlight orientation can be derived by geometric coordinate
transformation technique.

There exists discrepancy in collecting power amounts for
photo detectors on different facets. Moreover, the incident
light on the photo diode comprises not only direct solar light
but also diffuse light and scattered light [8]. The diffuse and
scattered light power is also generally called undisciplined
light power, denoted by 𝑃U. Therefore, the received solar
power should be categorized precisely into power of direct
incident solar light 𝑃D and power of undisciplined incident
solar light𝑃U.Through the geometric transformation analysis
and accurate evaluation formula, each collecting solar power
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Figure 1: Photo diode applied circuit for detecting solar power.

on different facets can be divided into direct incident solar
power 𝑃D and undisciplined incident solar power 𝑃U, to
accomplish the calculation of solar light orientation and solar
polar powers on all facets.

In this paper, a novel light orientation sensor is proposed
to track the solar orientation effectively. No expensive elec-
tronic components and no perpetual calendar are required.
By appropriate computation based on different solar power
quantities collected from five sensors, the sunlight direction
can be determined.Also, the solar light orientation andpower
can easily be attained.

2. Optimal Shunt Resistor
Matching and Selection

The ideal photo diode should generate an active current
source which is proportional to the incident solar light.
The total current through the photodiode is the sum of
the dark current and the photo active current, so the dark
current must be minimized to maximize the sensitivity of
the device. In order to obtain the correct photo voltage, an
appropriate shunt resistor 𝑅

𝑃
should be shunted across the

output terminals. The application circuit is shown in Figure 1
with external shunt resistor𝑅

𝑃
; the photo voltage is generated

at the two ends of the photo diode. The dark current has
essential effects on the output voltage.Therefore, a calibration
process for the shunt resistor 𝑅

𝑃
is required.

The values of the output load resistor 𝑅
𝑃
. The adopted

photo detector in this paper is produced by Hamamatsu
Inc. with model code S1087-01. The parameters of the shunt
resistor are assorted at 10Ω, 100Ω, 220Ω, 510Ω, 1 kΩ, and
2 kΩ.

The solar power is defined as 𝑃solar, the output voltage
is defined as 𝑉out, and 𝑆 is defined as the sensitivity of
the detector. In regard to an ideal photo power detector,
𝑆 should be kept with a constant quantity to maintain the
linear relationship between sensing power and sensor output
voltage as follows.

𝑃Solar =
𝑉out
𝑆

. (1)

By shunting appropriate resistor 𝑅
𝑃
in the output termi-

nal, the solar power can be measured as shown in Figure 2,
in case that ill condition occurs. The resistor value cannot be
used to convert the current into voltage correctly. As shown in
Figure 2, during the lower solar power period in the morning
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Figure 2: Optimal resistor matching and selection.

or evening periods, the solar power is roughly proportional to
the photo current with resistor ranging from 100Ω to 220Ω.
However, the output power is slightly lower than the standard
value during midday with direct sunlight. When the value
is above 2 kΩ, the solar power curve lies under the standard
curve. When the resistor value is between 510Ω and 1 kΩ, the
output curve is inspected to be better fitting the theoretical
solar power.

Since the photo diode has nonlinear equivalent charac-
teristics as shown in Figure 2, an appropriate output resistor
is required to be selected.When the sunlight is in either weak
condition or strong condition, the solar power curve dis-
plays nonlinear phenomenon. When the value falls between
510Ω∼1 kΩ, the curve has the best coincident condition
with the standard curve. Considering that the identical
solar power would generate identical output voltage, larger
resistance will require less output current. Therefore, 1 kΩ
resistor is selected to shunt with photo detector to enhance
the linearity and precision of the proposed circuit.

In order to obtain the precise voltage conversion, an
OPAMP circuit is designed to ensure the precise voltage gain
for the five detectors. The calibration circuit of the detector is
shown in Figure 3. The 0.01𝜇F capacitor is connected across
shunt resistor 𝑅

𝑃
to eliminate noise.

3. Geometric Coordinate
Transformation and Formulation

As designated in Figure 4, photo-detecting device is located
at origin of the horizontal plane of 3D coordinate. The
polar coordinate representation of position of light source
is designated as (𝑟, 𝜙, 𝛼) which results in the Cartesian
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coordinate and polar coordinate transformation relationship
expressed as follows:

𝑥 = 𝑟 sin𝜙 cos𝛼,
𝑦 = 𝑟 sin𝜙 sin𝛼,
𝑧 = 𝑟 cos𝜙,

(2)

where 𝜙 is the light incident angle, 𝛼 is the azimuth angle,
and 𝑟 is the distance between light source and photo diode
detector. Then, the elevation angle 𝜙

ℎ
can be described as

𝜙
ℎ
= 90
∘
− 𝜙. (3)

The orientation of sunlight is defined as elevation angle
𝜙
ℎ
and azimuth angle 𝛼 that means the orientation of the

sunlight can be specified by formulation using the two angles:
𝜙
ℎ
and 𝛼.
For a 3D coordinate system, the rear direction is defined

as the 𝑋 direction, the right direction is defined as the 𝑌
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Z

Figure 5: 𝜃 rotation along the𝑋-, 𝑌-, and 𝑍-axis.

direction, and the normal vector direction of𝑋-𝑌 horizontal
plane is defined as the 𝑍 direction, as indicated in Figure 4.
The solar light incident angle 𝜙 can also be defined as the
angle between the sunlight and the normal vector direction of
horizontal plane.Thus, the horizontal detector collects direct
light power 𝑃HD which can be expressed as

𝑃HD = 𝑃D cos𝜙. (4)

The collected direct light power 𝑃HD of horizontal detector is
the multiplication of solar direct radiation power and cosine
of incident angle 𝜙. Incident angle 𝜙 is defined as the angle
between the normal vector of each facet with its correspond-
ing incident light. Thus, when the horizontal detector rotates
an angle 𝜃 along 𝑋, 𝑌, and 𝑍 axis, the associated incident
angles of all facets will change accordingly. Figure 5 illustrates
the rotational coordinate transformation by rotating along
𝑍-axis with an angle 𝜃

𝑍
or along X-axis with 𝜃

𝑥
or along

𝑌-axis with 𝜃
𝑦
. By doing so, the original coordinate (𝑥, 𝑦,

𝑧) is transformed to a new coordinate (𝑥1, 𝑦1, 𝑧1), and the
expression can be written as follows.

(1) By rotating 𝜃
𝑧
along 𝑧-axis, 𝑥1, 𝑦1, and 𝑧1 can be

obtained as follows

[

[

𝑥1

𝑦1

𝑧1

]

]

=
[

[

cos 𝜃
𝑧
− sin 𝜃

𝑧
0

sin 𝜃
𝑧

cos 𝜃
𝑧
0

0 0 1

]

]

[

[

𝑥

𝑦

𝑧

]

]

= 𝑟
[

[

sin𝜙 cos𝛼 cos 𝜃
𝑧
− sin𝜙 sin𝛼 sin 𝜃

𝑧

sin𝜙 cos𝛼 sin 𝜃
𝑧
+ sin𝜙 sin𝛼 cos 𝜃

𝑧

cos𝜙
]

]

.

(5)

In (5), new coordinate 𝑧1 is identical with the orig-
inal coordinate 𝑧. The angle between incident solar
light and normal vector of detector plane of new
coordinate still remains 𝜙; the projection on normal
vector direction is 𝑟 cos𝜙. Therefore, regardless of the
rotating angle 𝜃

𝑧
, the incident of solar light keeps

unchanged, that is, 𝜙.
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(2) By rotating 𝜃
𝑥
along 𝑥-axis, 𝑥1, 𝑦1, and 𝑧1 can be

obtained as

[

[

𝑥1

𝑦1

𝑧1

]

]

=
[

[

1 0 0

0 cos 𝜃
𝑥
− sin 𝜃

𝑥

0 sin 𝜃
𝑥

cos 𝜃
𝑥

]

]

[

[

𝑥

𝑦

𝑧

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
sin𝜙 sin𝛼 cos 𝜃

𝑥
− cos𝜙 sin 𝜃

𝑥

sin𝜙 sin𝛼 sin 𝜃
𝑥
+ cos𝜙 sin 𝜃

𝑥

]

]

.

(6)

The projection component of solar light on the nor-
mal vector of new coordinate plane 𝑧1 deviates a
significant quantity from the original projection value
𝑧, so does the incident angle.

(3) By rotating 𝜃
𝑦
along 𝑦-axis, 𝑥1, 𝑦1, and 𝑧1 can be

obtained as

[

[

𝑥1

𝑦1

𝑧1

]

]

=
[

[

cos 𝜃
𝑦
0 sin 𝜃

𝑦

0 1 0

− sin 𝜃
𝑦
0 cos 𝜃

𝑦

]

]

[

[

𝑥

𝑦

𝑧

]

]

= 𝑟
[

[

sin𝜙 cos𝛼 cos 𝜃
𝑦
+ cos𝜙 sin 𝜃

𝑦

sin𝜙 sin𝛼
− sin𝜙 cos𝛼 sin 𝜃

𝑦
+ cos𝜙 cos 𝜃

𝑦

]

]

.

(7)

Like that of rotation along 𝑋-axis, the projection of
incident light on normal vector of new coordinate
plane 𝑧1 deviates noticeably from original one, 𝑧.
It implies that incident angle changes with rotation
angle 𝜃

𝑦
.

After installing five detectors on five different facets, the
cubic composite sensor is shown in Figure 6, Aside from
the horizontal facet detector, the other four detectors can
be looked upon as those coordinates transformed from the
horizontal one by rotating either along𝑋-axis or 𝑌-axis with
±90
∘. The coordinate transformation can be derived in the

following section.

4. Cubic Composite Sensor

The relationship between direct incident solar power 𝑃D,
undisciplined power 𝑃U, the light incident angle 𝜙, and the
azimuth angle𝛼 can be discussed in this section. Since the five
detectors are located on five different facets of a cubic box, the
coordinate transformation relationships between five facets
will be discussed below.

(1) The horizontal (H) detector is located on the facet
which 𝜃

𝑥
= 0
∘ along 𝑧-axis. Therefore, the trans-

formed orientation coordinate of the sunlight and
corresponding collecting power can be derived as

[

[

𝑥1

𝑦1

𝑧1

]

]

= 𝑟
[

[

sin𝜙 cos𝛼 cos 0∘ − sin𝜙 sin𝛼 sin 0∘
sin𝜙 cos𝛼 sin 0∘ + sin𝜙 sin𝛼 cos 0∘
cos𝜙

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
sin𝜙 sin𝛼
cos𝜙

]

]

=
[

[

𝑥

𝑦

𝑧

]

]

.

(8)
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Figure 6: Cubic sensors model in a 3D coordinate system.

The normal vector of horizontal plane 𝑧1 is the same
with the original normal vector 𝑧; the incident angle
is kept unchanged, that is, 𝜙H = 𝜙,

𝜙H = 𝜙, (9)

𝑃H = 𝑃D cos𝜙 + 𝑃UH = 𝑃D cos𝜙H + 𝑃UH. (10)

The collected power𝑃H on the horizontal detector can
be expressed as (10). Wherein, 𝑃D is the maximum
direct incident solar power and 𝑃UH is the power
caused by light diffusion and scattering.

(2) The right sensor is located on facet which 𝜃
𝑥
= 90
∘

along𝑥-axis.Therefore, the orientation of the sunlight
can be derived as

[

[

𝑥1

𝑦1

𝑧1

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
sin𝜙 sin𝛼 cos 90∘ − cos𝜙 sin 90∘
sin𝜙 sin𝛼 sin 90∘ + cos𝜙 cos 90∘

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
− cos𝜙

sin𝜙 sin𝛼
]

]

=
[

[

𝑥

−𝑧

𝑦

]

]

.

(11)

As shown in (11), right facet detector is equivalent to
rotating horizontal facet by 𝜃

𝑥
= 90
∘. The normal

vector of right plane is directed toward 𝑍-axis which
is the positive𝑌-axis direction of horizontal facet.The
light incident angle 𝜙R is related to original incident
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angle 𝜙 by (12). Next, the collected power on the right
facet detector 𝑃R is written as

𝜙R = cos
−1
(sin𝜙 sin𝛼) , (12)

𝑃R = 𝑃D sin𝜙 sin𝛼 + 𝑃UR = 𝑃D cos𝜙R + 𝑃UR, (13)

where 𝑃UR is the undisciplined light power collected
by right detector.

(3) The left sensor is located on facet which 𝜃
𝑥
= −90

∘

along𝑥-axis.Therefore, the orientation of the sunlight
can be derived as

[

[

𝑥1

𝑦1

𝑧1

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
sin𝜙 sin𝛼 cos (−90∘) − cos𝜙 sin (−90∘)
sin𝜙 sin𝛼 sin (−90∘) + cos𝜙 cos (−90∘)

]

]

= 𝑟
[

[

sin𝜙 cos𝛼
cos𝜙
− sin𝜙 sin𝛼

]

]

=
[

[

𝑥

𝑧

−𝑦

]

]

.

(14)

As shown in (14), left facet detector is equivalent to
rotating horizontal facet by 𝜃

𝑥
= −90

∘. The normal
vector of left plane is directed toward the negative 𝑌-
axis direction of horizontal facet. The light incident
angle 𝜙L is related to original incident angle 𝜙 by (15).
More, the collected power on the right facet detector
𝑃L is written as

𝜙L = cos
−1
(− sin𝜙 sin𝛼) , (15)

𝑃L = −𝑃D sin𝜙 cos𝛼 + 𝑃UL = 𝑃D cos𝜙L + 𝑃UL, (16)

where 𝑃UL is the undisciplined light power collected
by left detector.

(4) The front sensor is located on facet which 𝜃
𝑦
= 90
∘

along𝑦-axis.Therefore, the orientation of the sunlight
can be derived as

[

[

𝑥1

𝑦1

𝑧1

]

]

= 𝑟
[

[

sin𝜙 cos𝛼 cos 90∘ + cos𝜙 sin 90∘
sin𝜙 sin𝛼
− sin𝜙 cos𝛼 sin 90∘ + cos𝜙 cos 90∘

]

]

= 𝑟
[

[

cos𝜙
sin𝜙 sin𝛼
− sin𝜙 cos𝛼

]

]

=
[

[

𝑧

𝑦

−𝑥

]

]

.

(17)

As expressed in (16), front facet detector is equivalent
to rotating horizontal facet by 𝜃

𝑦
= 90
∘. The normal

vector of front plane is directed toward the negative
𝑋-axis direction of horizontal facet.The light incident
angle 𝜙F is related to original incident angle 𝜙 by (18).
Next, the collected power on the front facet detector
𝑃
𝐹
is written as

𝜙F = cos
−1
(− sin𝜙 cos𝛼) , (18)

𝑃F = −𝑃D sin𝜙 cos𝛼 + 𝑃UF = 𝑃D cos𝜙F + 𝑃UF, (19)

where 𝑃UF is the undisciplined light power collected
by front detector.

(5) The rear sensor is located on facet which 𝜃
𝑦
= −90

∘

along𝑦-axis.Therefore, the orientation of the sunlight
can be derived as

[

[

𝑥1

𝑦1

𝑧1

]

]

= 𝑟
[

[

sin𝜙 cos𝛼 cos (−90∘) + cos𝜙 sin (−90∘)
sin𝜙 sin𝛼
− sin𝜙 cos𝛼 sin (−90∘) + cos𝜙 cos (−90∘)

]

]

= 𝑟
[

[

− cos𝜙
sin𝜙 sin𝛼
sin𝜙 cos𝛼

]

]

=
[

[

−𝑧

𝑦

𝑥

]

]

.

(20)

As shown in (20), rear facet detector is equivalent to
rotating horizontal facet by 𝜃

𝑦
= −90

∘. The normal
vector of rear plane is directed toward the positive𝑋-
axis direction of horizontal facet. The light incident
angle𝜙Re is related to original incident angle𝜙 by (21).
Next, the collected power on the rear facet detector
𝑃Re is written as

𝜙Re = cos
−1
(sin𝜙 cos𝛼) , (21)

𝑃Re = 𝑃D sin𝜙 cos𝛼 + 𝑃URe = 𝑃D cos𝜙Re + 𝑃URe, (22)

where 𝑃URe is the undisciplined light power collected
by rear detector.

Figure 6 defines incident quadrant of the solar light.
The assessing criteria of incident quadrant are based on the
collecting light power of five facets 𝑃H, 𝑃R, 𝑃L, 𝑃F, and 𝑃Re,
respectively. By comparing the quantities of the collecting
light power, the criteria are described as follows.

(1) When the 𝑃R > 𝑃L and 𝑃F > 𝑃Re, the sunlight comes
from the first quadrant.

(2) When the 𝑃L > 𝑃R and 𝑃F > 𝑃Re, the sunlight comes
from the second quadrant.

(3) When the 𝑃L > 𝑃R and 𝑃Re > 𝑃F, the sunlight comes
from the third quadrant.

(4) When the 𝑃R > 𝑃L and 𝑃Re > 𝑃F, the sunlight comes
from the fourth quadrant.

Once the solar light incident quadrant is determined, the
solar power orientation and power information can be
obtained by substituting (8) in to (22). When the sunlight is
incident to the fourth quadrant, the relationships of 𝜙F, 𝜙R, 𝛼,
and 𝑃D can be conducted from (12) to (15) to arrive at (23) as
follows:

𝑃D cos𝜙Re = 𝑃D sin𝜙 cos𝛼,

𝑃D cos𝜙R = 𝑃D sin𝜙 sin𝛼.
(23)

Since the incident light falls on the fourth quadrant, the
direct light cannot reach front and left facets. The collecting
solar power can merely come from the undisciplined light
power. Consequently, the undisciplined light power of (23)
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Table 1: Solar power with respect to five detectors (unit: (W/m2)).

Time Facet Light incident quadrant
𝑃R 𝑃Re 𝑃L 𝑃F 𝑃H

08:00 454.7 105.1 92.4 164.1 220.2 I
09:00 526.7 135.3 113.3 170.9 390.2 I
10:00 467.0 128.9 120.4 172.5 552.8 I
11:00 439.9 136.4 127.4 149.0 703.0 I
12:00 267.5 130.0 121.1 118.6 815.9 IV
13:00 91.1 111.9 103.7 92.6 953.9 III
14:00 141.4 147.8 317.3 112.7 860.4 III
15:00 143.3 136.7 452.9 148.8 691.6 II
16:00 168.6 158.4 511.5 198.2 582.9 II

can be roughly substituted by collected power quantity of
adjacent facets. In other words, the direct solar light falling
on the fourth quadrant comes from right and rear directions;
the undisciplined light power on the rear facet 𝑃URe is
approximated by left facet light power 𝑃L; the undisciplined
light power on the right facet 𝑃UR is approximated by front
facet light power 𝑃F.

From (23), the 𝛼 angle can be derived as follows

𝑃RD
𝑃ReD
=

𝑃D sin𝜙 sin𝛼
𝑃D sin𝜙 cos𝛼

=

sin𝛼
cos𝛼
= tan𝛼 ⇒ 𝛼 = tan−1

𝑃RD
𝑃ReD
.

(24)

From (10) and (22), the 𝜙 angle can be derived as follows

𝑃ReD
𝑃HD
=

sin𝜙 cos𝛼
cos𝜙

= tan𝜙 cos𝛼 ⇒ 𝜙 = tan−1
𝑃ReD
𝑃HD cos𝛼

.

(25)

After the 𝜙 angle is decided, the 𝑃D can be derived as

𝑃D =
𝑃HD
cos𝜙
. (26)

The incident quadrant of incident light is changing with time.
Similar derivation can be used to obtain the solar light ori-
entation and power information.

5. Experimental Results

In order to verify the formulation, an experimental mea-
surement was performed on June 02, 2013. Table 1 lists the
collecting solar power of all facet detectors on the hour.

In Table 1, to take data at 12:00 A.M. as an example,
the cubic sensor receives the incident light from the fourth
quadrant, the detectors on the right, rear, and horizontal
facets can absorb power of direct incident solar light 𝑃D.
However, the left and front facets can only absorb power of
undisciplined incident solar light𝑃U.Therefore, the collecting
solar power on the left detector 𝑃L is near the undisciplined
power 𝑃UL. Also, the collecting solar power on the front
detector 𝑃F can be approximated by the undisciplined power
𝑃UF. The collected undisciplined power on the horizontal

Table 2: Undisciplined incident solar light power with respect to
five detectors (unit: (W/m2)).

Time Facet Light incident quadrant
𝑃UR 𝑃URe 𝑃UL 𝑃UF 𝑃UH

08:00 105.1 105.1 92.4 92.4 98.7 I
09:00 135.3 135.3 113.3 113.3 124.3 I
10:00 128.9 128.9 120.4 120.4 125.7 I
11:00 136.4 136.4 127.4 127.4 131.8 I
12:00 118.6 121.1 121.1 118.6 119.9 IV
13:00 91.1 91.1 92.6 92.6 91.8 III
14:00 141.4 141.4 112.7 112.7 127.1 III
15:00 143.3 136.7 136.7 143.3 140.0 II
16:00 168.6 158.4 158.4 168.6 163.5 II

Table 3: Direct incident solar light power with respect to five
detectors (unit: (W/m2)).

Time Facet Light incident quadrant
𝑃RD 𝑃ReD 𝑃LD 𝑃FD 𝑃HD

08:00 349.6 0 0 71.7 121.5 I
09:00 391.4 0 0 57.6 265.9 I
10:00 338.1 0 0 52.1 427.1 I
11:00 303.5 0 0 21.6 571.2 I
12:00 148.9 8.9 0 0 696.0 IV
13:00 0 20.8 11.1 0 862.1 III
14:00 0 6.4 204.6 0 733.3 III
15:00 0 0 316.2 5.5 551.6 II
16:00 0 0 353.1 29.6 419.4 II

detector equals around the average of these two quantities.
Besides, any detector, with direct incident solar power, pos-
sesses collected undisciplined solar power which is similar
with the power collecting environment of adjacent facet
detector. Thus, the collected undisciplined solar power can
be substituted by collecting solar power on adjacent facet
detector. It means that 𝑃URe equals 𝑃L and 𝑃UR equals 𝑃UF.
Table 2 lists the undisciplined powers of each facet on the
hour. Table 3 lists the direct incident solar power of each
detector which is obtained by deducting undisciplined power
from measured power. Therefore, the listed quantities in
Table 1 are equal to the summation of those corresponding
entities in Tables 2 and 3.

Based on the direct incident solar light power on five
facets listed in Table 3, the orientation angles at different
times can be evaluated. Taking the measured power at
12:00A.M. on the selected day as an example, the azimuth
angle and elevation angle are calculated and obtained as
follows.

According to (24), it arrives at 𝛼:

𝛼 = tan−1
𝑃RD
𝑃ReD
= tan−1 148.9

8.9

= 86.58
∘
. (27)
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Table 4: Azimuth angles comparison between theoretical and com-
puted values.

Time
Theoretical

azimuth angles
𝛼

Computed
azimuth angles
𝛼

Error

08:00 105.14∘ 101.59∘ 3.55∘

09:00 100.82∘ 98.37∘ 2.45∘

10:00 96.72∘ 98.76∘ −2.04∘

11:00 92.30∘ 94.07∘ −1.77∘

12:00 85.55∘ 86.58∘ −1.03∘

13:00 331.06∘ 331.91∘ −0.85∘

14:00 273.15∘ 271.79∘ 1.36∘

15:00 267.02∘ 269.00∘ −1.98∘

16:00 262.70∘ 265.21∘ −2.51∘

Table 5: Elevation angles comparison between theoretical and com-
puted values.

Time
Theoretical

elevation angles
𝜙
ℎ

Computed
elevation angles
𝜙
ℎ

Error

08:00 22.61∘ 18.80∘ 3.81∘

09:00 36.00∘ 33.91∘ 2.09∘

10:00 49.57∘ 51.31∘ −1.74∘

11:00 63.25∘ 61.96∘ 1.29∘

12:00 76.98∘ 77.90∘ −0.92∘

13:00 88.14∘ 88.43∘ −0.29∘

14:00 75.20∘ 74.40∘ 0.80∘

15:00 61.48∘ 60.17∘ 1.31∘

16:00 47.81∘ 49.81∘ −2.00∘

Using (25), incident angle 𝜙 can be obtained as

𝜙 = tan−1
𝑃RD
𝑃HD sin𝛼

= 12.1
∘
. (28)

Elevation angle is the complimentary angle of incident angle;
thus,

𝜙
ℎ
= 90 − 𝜙 = 77.9

∘
. (29)

The theoretical azimuth angle and the computed azimuth
angle are shown in Table 4, and the theoretical elevation
angle and the computed elevation angle are shown in Table 5,
respectively. Theoretical azimuth angles and elevation angles
are obtained from perpetual calendar.

In this paper, the light diffusion factor is neglected and
not taken into the formulation. Only simple constant offset
value is used to present the diffusion power. In Tables 4 and
5, the elevation angles and azimuth angles are quoted and
calculated. In Table 4, by comparing the theoretical azimuth
angles and computed azimuth angles, the errors are kept
below 3.55∘. In Table 5, by comparing the theoretical elevation
angles and the computed elevation angles, the errors are also
kept below 3.81∘ which is within acceptable range.

6. Conclusion

This paper has successfully proposed a cubic composite sen-
sor with five sensors placing on five different facets. By coor-
dinate transformation and detailed formulation, the azimuth
angles and elevation angles for different sunlight orientations
can be derived. Accordingly the sunlight orientation can be
determined. No electronic compass and CdS resistors are
required in the mechanism. Results show that the proposed
method has precise solar tracking performance. This proves
the validity of the proposed formulation to estimate the
sunlight orientation and solar power. Besides, the solar
light power can also be measured and provide valuable
information for the solar tracking system.
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ZnO thin film was fabricated by thermally oxidized Zn at 600∘C for 1 h. A surface containing nanostructured dumbbell and lines
was observed by scanning electronmicroscope (SEM).The ZnO resistor device was formed after the following Ti/Aumetallization.
The device resistance was characterized at different oxygen pressure environment in the dark and under ultraviolet (UV) light
illumination coming from the mercury lamp with a short pass filter. The resistance increases with the increase of oxygen pressure.
The resistance decreases and response increases with the increase of light intensity. Models considering the barrier height variation
caused by the adsorbed oxygen related species were used to explain these results. The UV light illumination technology shows an
effective method to enhance the detection response for this ZnO resistor oxygen sensor.

1. Introduction

In the past few years, the wide band gap material zinc oxide
(ZnO) shows its abilities in many applications. Devices such
as field emission device [1], surface acoustic wave device
[2], photo diode [3], light emitting diodes [4], solar cells
[5], and gas sensors [6–8] were studied. In the gas sensing
applications, nanostructured ZnOwith high surface-volume-
ratio properties shows the promotive performance [9, 10].

In studies of sensor performance, higher operation tem-
perature may improve the sensor response performance in
some certain conditions [10, 11]. However, as device operated
in the high temperature, response variation and device
degradation can be observed also [11, 12].

As the sensing property for some oxide-based sensors
changes under light illumination [13] and the ZnO is a wide
band gap photodetector, the conductivity varies under UV
light illumination [14–18]. As the oxidation of Zn metal in
atmosphere to form the ZnO thin film is a simple method to
achieve ZnO thin film [19–21] it is interesting to study such
ZnO thin film sensing behaviour under UV illumination.

In our previous study, less response time was characterized
for such ZnO oxygen (O

2
) gas sensing characteristics under

UV light illumination. In this paper, we study the effect
of sensing response resistance ratio difference for ZnO O

2

sensor under UV light illumination.

2. Materials and Methods

In the fabrication of ZnO, the Zn thin film was deposited
first on c-plane sapphire substrate by thermal evaporation
method from Zn chunk (5N, Tanaka) in vacuum chamber.
The as-deposited Zn film with film thickness 510 nm shows
gray-white color. After Zn deposition, the sample was then
transferred to a 600∘C furnace slowly in one hour to achieve
the ZnO structure. The measured film thickness becomes
716 nm. With standard photolithography lift-off process, the
Ti/Au (20 nm/300 nm)was formed on the film. Followed by a
20min, 150∘C thermal process in nitrogen environment, the
ohmic contact was formed and the ZnO resistor structure
was fabricated. The surface morphology of the film was
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Figure 1: SEM surface morphology of the ZnO thin film at (a) 10,000x and (b) 50,000x magnifications.
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Figure 2: XRD spectrum for the ZnO thin film.

studied using scanning electron microscopy (SEM, Hitachi
S-4300N). The crystalline structure was obtained by X-ray
diffraction (XRD, Bruker D8) with Cu K𝛼 radiation. For the
resistance measurement, the ZnO resistor device was put in
a vacuum chamber with a diffusion pump. Ion gauge and
Pirani gauge were used for the background gas sensing and
pressure control. After pumping the vacuum system with
background pressure less than 10−4 Torr. O

2
gas was then

introduced to the chamber with different pressure values.
With proper valve control, the pressure reached a stable value
in less than 30 s. In the O

2
extracting process, the pressure

reached less than 10−4 Torr in around 120 s. The resistance
of the device was taken in Keithley 2400 multimeter. The
film thickness was analyzed by Tencor Alpha Step 500. In the
UV light illumination procedure, the dominant wavelength
is 253.7 nm and comes from one 50W mercury lamp with a
short pass filter. An intensity reductor was used to control the
light intensities.

3. Results and Discussion

Figure 1 shows the surface morphology characterized by
SEM for the ZnO film at (a) 10,000x and (b) 50,000x
magnifications. The surface shows a smooth ball structure
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Figure 3: Resistance transients of ZnO resistor device measured at
different O

2
pressures under 54.5 𝜇Wcm−2 UV light illumination.

The inset shows the current-voltage behavior in the dark (D) and
under UV light illumination (L) at 760 Torr.

on bottom with diameter around 200 nm and some locally
distributed nanolines can be observed.

The XRD spectrum of the ZnO film was shown in
Figure 2. All the peaks correspond to the hexagonal ZnO
structure (JCPDS 36-1451) and no obvious Zn correlated peak
[20] can be observed.The intensified (002) and (101) peak can
be observed also for other Zn thermally oxidized ZnO films
[20, 21].

Figure 3 shows the resistance (𝑅) transients of ZnO resis-
tor measured at different O

2
pressures in darkness and under

54.5 𝜇Wcm−2UV light illumination. And a symmetrical
current-voltage (I-V) behavior in the dark (D) and with UV
light illumination (L) was shown in the inset. From Figure 3,
in the O

2
introduced region (O

2
on), the resistance increases

slowly and reaches stable values. In theO
2
evacuation process

(O
2
off), the resistance decreases slowly and reaches a certain

value. The resistance increases as of O
2
pressure increases.

Figure 4 shows the device resistancemeasured at different
O
2
pressures (a) in darkness (dark) and under UV light
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Figure 4: Resistance of the ZnO resistor device measured at differ-
ent O

2
pressures (a) in darkness (dark) and under (b) 10.5𝜇Wcm−2

and (c) 54.5 𝜇Wcm−2 UV light illumination.

illumination with power densities (b) 10.5 𝜇Wcm−2 and (c)
54.5 𝜇Wcm−2, respectively. The resistance increases with the
increase of O

2
pressure. The resistance decreases with the

introduction of UV light illumination. With more carriers in
the structure after UV light illumination, resistance decrease
for the UV light illuminated ZnO film can be expected.
Although the resistance decrease may be a worse effect for
the sensor operation, the extension of resistance ratio can be
observed in Figures 4(b) and 4(c).

If we take the resistance at 0.1 Torr, that is, the minimum
resistance as the referenced resistance 𝑅

0
in each condition,

the relative response resistance ratio (RR) can be defined as

RR = 𝑅𝑃
𝑅
0

, (1)

where 𝑅
𝑃
is the corresponding resistance at a certain pres-

sure. Figure 5 shows the device resistance ratio measured
at different O

2
pressures in darkness (dark) and under UV

light illumination with power densities 10.5 𝜇Wcm−2 and
54.4 𝜇W/cm−2. High resistance ratio can be observed for
device under UV illumination.

For the ZnO gas sensors in O
2
environment without UV

light illumination, a chemisorptionmechanism on the sensor
surface can be described as [22]

O
2
(g) + e− → O

2

−
(ads) , (2)

where (g) and (ads) represent the gas phase and adsorbed
species, respectively. For the ZnO thin film resistor after
the introduction of O

2
gas, the adsorbed oxygen species

O
2

−
(ads) may accumulate around the grain boundary and

cause more electron to be trapped [23, 24]. Figure 6 shows
the schematic band structure drawing for the ZnO resistor

10 100 1000
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Figure 5: Relative resistance ratio of the ZnO resistor device at
different O

2
pressures in the dark (dark) and under UV light

illumination with power densities 10.5𝜇Wcm−2 and 54.4 𝜇W/cm−2.

across the grain boundary. The 𝐸
𝐶
, 𝐸
𝑉
, 𝐸
𝐹
, and 𝑉

𝐵
represent

the conduction band, valance band, Fermi level, and interface
barrier height, respectively [20]. For Figure 6(a), in case of
lowO

2
pressure in the dark, the adsorbed oxygen speciesmay

cause barrier bending upward slightly by trapping electron.
With higher O

2
pressure, as shown in Figure 5(b), more

adsorbed oxygen species cause the increasing of barrier
height and the resistance increases.The behavior of resistance
increases with O

2
pressure increasing can be observed in

Figure 6(a).Thevariant resistance rangewas controlled by the
pass through ability (labeled “1”) of the electron in this case.

For device under UV illumination, as shown in Figures
4(b) and 4(c), the resistance decrease can be observed.
With higher light intensity, more resistance reduction can be
observed. Besides, the degree of resistance reduction is less
for device operated at high O

2
pressure under the same UV

light intensity. As the UV photon energy (4.9 eV) is higher
than the band gap of ZnO (3.3 eV), electron-hole pairs will
be generated. Figures 6(c) and 6(d) show the photogenerated
electron-hole pair (labeled “2”) around the grain boundary.
With more carriers, resistance reduction can be expected.
Besides, on the way to the electrode, hole accumulated in
the grain boundary due to the band bending across the grain
boundary. These holes may react with the negatively charged
adsorbed oxygen species according to the following reaction
[15]:

O
2

−
(ads) + h+ (ℎ]) → O

2
(g) , (3)

where ℎ] implies that the reaction is under illumination.
As a result of the above reaction, under the reaction with
hole (labeled 3), the adsorbed oxygen species may desorb to
oxygen molecules. Compared to the crystalline ZnO [15], as
shown in the figure, the localization of hole in grain boundary
in the polycrystalline ZnO ismore efficient.Thus the reaction
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Figure 6: Band structure of polycrystalline ZnO across the grain
boundary in darkness and under UV light illumination at low and
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2
pressure. The electron (∙)-hole (I) pair may be generated

under the illumination with photon energy higher than the band
gap.
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Figure 7: Dynamic response of the ZnO resistor at different O
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pressures under 54.5𝜇Wcm−2 UV light illumination.

is much more efficient. The barrier height and depletion
width will be reduced both in this case by the elimination
of adsorbed oxygen species. In case of low O

2
pressure,

as shown in Figure 6(c), the adsorbed O
2
species quantity

may be small and the reduction of barrier is significant.
More carriers can then go through this reduced barrier. The
resistance reduction for device operated in low O

2
pressure

under UV light illumination is more efficient. In case of high
O
2
pressure, as shown in Figure 6(d), the barrier height may

be reduced a little as the adsorbed oxygen species quantity is
large.

For further understanding of the reproduced capability,
the resistor was measured under stable 54.5 𝜇Wcm−2 UV
light illumination at different O

2
pressure levels. Figure 7

shows the resistance measured from low O
2
pressure to high

O
2
pressure and back to lowpressure conditions. At higherO

2

pressure, with more adsorbed oxygen species, more recovery
time is needed for the device to reach the original resistance
value. From Figure 7, we also observed that the resistance
increatment for the second low pressure (13 Torr) cycle is
similar to the first cycle. This implies that this ZnO resistor
can operate under stable UV light illumination. Although
there may be some defect-related conduction for ZnO under
light illumination, a repeated and stable operation can be
observed in this resistor device. The UV-light illumination
shows the ability in extending the response resistance ratio
for the thermally oxidized ZnO gas sensor.

4. Conclusion

In conclusion, the ZnO resistor gas sensor device was fabri-
cated by the oxidation of Zn metal on c-plane sapphire sub-
strate. Device current-voltage behavior in the dark and under
UV illuminations was studied. The resistance reduction and
relative response increatment can be observed for device
under UV illumination. Band bending and oxygen related
gas species adsorption/desorption models with accumulated
hole around grain boundary were used to explain the efficient
resistance ratio variance.The UV light illumination shows an
primitive efficient method to increase the resistance ratio of
polycrystalline ZnO coming from the thermal oxidation of
Zn metal.
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organic light-emitting diode (OLED) can enable a greater artificial contrast ratio and viewing angle compared to liquid crystal
display (LCD) because OLED pixels directly emit light. There is a shortcoming that the internal quantum efficiency can reach
values close to 100%, but about 80% light disperses because of the difference among the refractive indices of the substrate, anode,
indium tin oxide (ITO) film, and air. In this paper, three dimensions aspherical microlens arrays (3D A-MLAs) with substrate
modifications are developed to simulate the optical luminous field by using FRED software. This study modified parameters of 3D
A-MLAs such as the diameter, fill-factor, aspect ratio, dry etching parameters, and electroforming rates of microlens to improve the
extraction efficiency of theOLED. In dry etching, not only the aspect ratio with better extraction rate can be obtained by reactive ion
etching (RIE) dry etching, but also an undercutting phenomenon can be avoided.The dimensions of 3D A-MLAs can be accurately
controlled in the electroforming process used to make a nickel-cobalt (Ni-Co) metal mold to achieve the designed dimensions.
According to the measured results, the average luminance efficacy of the OLEDs with 3D A-MLAs can be enhanced.

1. Introduction

In this rapid-growing information era, display has become
an indispensable information tool. In the flat panel displays
(FPDS), the organic light-emitting diode (OLED) display is
attracting considerable interest, because it is much thinner,
lighter, and more flexible than liquid crystal display (LCD).

OLED seems to be the perfect technology for all types
of displays, but the extraction efficiency of current OLED
is generally low due to its total internal reflection, and the
internal quantum efficiency is limited because light disperses
in different refractive indices [1–3].Thus, how to increase the
OLED extraction efficiency of luminance is worth studying.
The extraction efficiency of luminance could be increased

by many methods, such as using the resonant cavity [4],
excitation of surface plasmons [5], insertion of a thin silica
aerogel layer of very low refractive index [6], and 2D
SiO
2
/SiNx photonic crystals [7] as well as microlens arrays

[8]. Among these technologies, the process of microlens
arrays is simple and reliable, so this study analyzed the
manufacturing and designed parameters of microlens arrays
(MLAs).The luminance will be increased as the contact angle
and fill-factor ofMLA [9] increase, and the luminance will be
decreased as the viewing angle is increases [10].

Being a commercial fabricating process, it should be
of low cost and rapid. But the conventional methods of
fabricating A-MLAs such as gray-scale mask, sandblasted
diffuser plate, and lithography with SU-8 still have some
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disadvantages [11–13]. Those processes need highly accurate
alignment and control, long process time, high production
cost, and special material. To solve these problems, we
presented a modified LIGA process. A metal mold is applied
to replicate MLA rapidly by using this method, and A-
MLAs could be produced with any shape. So far, hexagonal
[14], triangular [15], and dual-curvature MLAs [1] were
successfully fabricated accurately in our laboratory.

The aspherical microlens shape attached on the OLED
can reduce the ratio of total reflection in substrate to
improve the efficiency of an OLED when the waveguide
phenomenon which occurs between air and glass is reduced.
three dimensions aspherical microlens arrays (3D A-MLAS)
optical films were fabricated. In electroforming, the Ni-Co
alloy was deposited on the seed layer, and it forms a metal
mold that is also called the first mold. The second mold
was fabricated by polydimethylsiloxane (PDMS), which was
replicated from the first mold. The parameters of the process
such as diameter of MLA, dry etching, and electroforming
rates were analyzed. We used SpectraScan Colorimeter PR-
650 to measure the luminance efficiency. The luminance of
OLEDs can be enhanced significantly.

2. Materials and Methods

2.1. Design and Simulation. The fill-factor is the ratio of the
active refracting area to the total contiguous area occupied
by the lens array. And the aspect ratio is the proportional
relationship between width and height of MLA. This study
used the optical simulation software, FRED, to analyze the
variations of the optical characteristics such as the diameter
and aspect ratio. This analysis is based on the theory that
when the aspect ratios of A-MLAs are higher, the intensity
of a light source is higher. The parameters include curves,
four layouts, and four diameters. The variations of intensity
with respect to diameters are limited in the same layout
with different diameters. In the design, fill-factor and aspect
ratio are two important factors. The higher fill-factor and
aspect ratio an MLA has, the higher extraction rate can
be obtained. These experiments focus on how the different
parameters of dry etching and electroforming rate influence
the formation of A-MLAs with the same diameters. Figure 1
is a gain of luminous intensity of OLED withMLAs film with
a spherical curve in different layouts. The simulation results
show that luminous intensity of the layout of tangential circle
is obviously higher than of the other layouts. For the same
aspect ratio of 0.5, the luminous intensity can be enhanced
up to 28% which is compared with a bare OLED light source
without optical film. Due to the geometric constraints, the
maximum aspect ratio of a spherical MLA is 0.5. In order to
collect the maximum amount of light, the lens should be as
close to 100% as possible [16].

2.2. Fabrication and Process. The study develops 3D A-
MLAs by modified lithographie, galvanoformung, abfor-
mung (LIGA) process. The procedure is shown in Figure 2.

(1) Dehydrate RCA cleaning removes the organic con-
taminants, thin oxide layer, and ionic contamination
on wafers.
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Figure 1: A gain of luminous intensity of OLED with MLAs film
with a spherical curve in different layouts.
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Figure 2: The procedure of the modified LIGA process which can
manufacture an A-MLAwith high aspect ratio (a) exposure process,
(b) reflow process, (c) RIE dry etching process, and (d) PDMSmold.

(2) Spinning positive photoresist (PR), AZ4620, on
wafers.

(3) After soft baking, the PR is exposed to a pattern of
intense light, as shown in Figure 2(a). The exposure
to light causes a chemical change that makes the PR
become soluble in the developer when it is exposed,
and the pitch and dimensions of mask pattern were
70𝜇mand 40 𝜇m, respectively, which should be taken
into consideration carefully to manufacture an A-
MLA.

(4) Reflow process can make a column array become a
microlens array, as shown in Figure 2(b). We used
reactive ion etching (RIE) dry etching to avoid signif-
icant undercutting of photoresist pattern, as shown in
Figure 2(c). In dry etching, different concentrations of
oxygen can obviously influence the shape and surface
roughness of microstructures.

Sputtering silver (Ag) layer as a seed layer on the wafer
then depositing Ni-Co alloy as an electroforming mold on
it is called first mold. In electroforming, various ampere per
square decimeter (ASD) (A/dm2) can influence deposition
rate and roughness and then replicate the firstmold by PDMS
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Table 1: The parameters of RIE.

No. Pressure (mTorr) O2 (sccm) Time (minutes) Diameter (𝜇m) Height (𝜇m) Aspect ratio
1 25 10 10 36.58 16.81 0.45
2 25 5 10 31.76 21.83 0.68
3 25 1 10 30.83 22.57 0.73
4 25 0 10 30.65 22.80 0.74
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Figure 3:The simulated results of comparison of luminous intensity
with different diameters and aspect ratios.

Table 2: The dimensions of A-MLAs on a film.

Diameter (𝜇m) Height (𝜇m) Aspect ratio
Bare light NA NA NA
Low-ASD film 67.45 30 0.45
High-ASD film 70.02 30 0.43
NE-film 33.71 25 0.72

[17, 18], as shown in Figure 2(d). Finally, the optical film with
A-MLAs by ultraviolet (UV) cured process was fabricated.

3. Results and Discussion

3.1. Dimensions of A-MLAs. Thediameters of 3Dmicrolenses
are set as 10, 20, 50, and 100 𝜇mmodified LIGA process, and
the aspect ratios are from 0.1 to 2.5. While the aspect ratio is
larger than 1.25, the luminous intensity decreases gradually
(Figure 3). The height of a microlens can be achieved by the
etching and electroforming process.

3.2. Diameters of A-MLAs. Comparing the diameter of 3DA-
MLAs simulated by FRED with the diameter manufactured
by UV cured process, the radius decreased from 70 𝜇m to
69.4 𝜇m.The substrate was exposed to UV light. After devel-
oping and thermal reflow, amicrocolumn arraywas obtained,
and the diameter was 38.4 𝜇m. This error was 4%. Then we
used RIE dry etching to avoid significant undercutting of
photoresist pattern, and the diameter was 36.3𝜇m.This error
was 5.5%. After dry etching and electroforming process, a

microlens array was cast by using PDMS process, and the
diameter was 69.5 𝜇m.This error was 0.7%.

3.3. Dry Etching Parameters. RIE with incident oxygen (O
2
)

plasma and sulfur hexafluoride (SF
6
) was performed to

shrink the size of A-MLAs in order to facilitate the etching of
photoresist. The RIE was performed on spheres with variable
O
2
flow rates (10, 5, 1, and 0 sccm). The etching parameter is

shown in Table 1.The aspect ratio became worse as the height
which was 16.8 𝜇m of A-MLAs was reduced obviously.

The flow rate was set to be 10 sccm with a chamber
pressure of 25mTorr and the power of 40W in the first
experiment, as shown in Figures 4(a) and 4(b). The heights
were 21.9 and 22.6𝜇m in the second and third experiments,
as shown in Figures 4(c) and 4(d), and the etching rates were
1 : 1.85 and 1 : 2.1 separately.

Scanning electron microscopic (SEM) images of a 3D
A-MLA without O

2
dry etching which could not be used

because of its low etching efficiency.The study found that the
lower O

2
concentration is, the much higher and better shape

could be obtained, but if O
2
concentrationwas too low (below

1 sccm) as the seventh experiment, the gas would damage
the structure seriously, so the concentration should be well
controlled.

3.4. Electroforming Rates. Photoresist surface has many
defects after RIE etching, and the dimensions are shrunk
by etching. Electroforming process can smooth the surface
defects by depositing metal layers to replicate PDMS molds.
During the electroplating, the lens grows isotropically. The
development of a hexagonal microlens array is influenced
by the gaps between etching patterns and the diameters of
microlenses (Figure 5(a)). Furthermore, the electroplating
technology is an important process to fabricate the hexagonal
shape. Then, a Ni-Co alloy was cast atop the seed layer,
and it formed a microgapless hexagonal microlens array
(Figure 5(b)). Therefore the profile of hexagonal lens is
spherical, same as the microlens of PR. The metal mold with
higher ASD is better than the one with lower ASD, as shown
in Figure 6.

3.5. Measurement of the Film Pasted on an OLED. The
luminance, current density, and luminance efficiency tested
by SpectraScan Colorimeter PR-650 (Photo Research, Inc.)
were controlled by a computer and a power supply. The
power supply (2400 Source Meter, Keithley) can provide
direct current (DC) to an OLED as a light source in this
measurement.
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(a) (b)

(c) (d)

Figure 4: The results with different parameters of dry etching process: (a) the 1st experiment with oxygen concentration of 10 sccm, (b) the
2nd experiment with oxygen concentration of 5 sccm, (c) the 3rd experiment with oxygen concentration of 1 sccm, and (d) the 4th experiment
without oxygen.

(a) (b)

Figure 5: (a) SEM image of a mold of microlens array; (b) SEM image of a mold of hexagonal microlens array.

Table 3: The measured data of each film.

Base-light High-ASD film Low-ASD film NE-film
Relative ratio (compared to Base-light) 1 15.1 12.5 5.7
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(a) (b) (c)

Figure 6: The SEM results of the electroforming experiment: (a) electroforming with low ASD; (b) electroforming with high ASD; and (c)
dry etching without electroforming.
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For the measurement of A-MLAs, four samples including
bare light, A-MLAs with low ASD called low-ASD film, A-
MLAs with high ASD called high-ASD film, and an etched
optical filmwithout electroformingwere used to generate and
select suitable items called NE-film (Table 2). The measured
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Figure 9: The comparisons of ratios of three optical films and one
light source.

data of each film is shown Table 3 is the all calculated results.
Comparison between bare light and an OLED with films is
obtained, and the largest variation is 15 times the luminance
of the bare light.

The luminance and uniformity were measured by nine-
point measurement (Figures 7, 8, and 9), and the optical film
was attached to an OLED.The measurement of the bare light
was used as base data to compare with the others, and the
optical film with A-MLAs was 15 times brighter than bare
light.

4. Conclusion

After dry etching process was applied into the LIGA-like
process, aspect ratio of 3D A-MLA was improved signifi-
cantly. By replicating PDMS mold rapidly, the time-wasted
microelectroforming process could be removed. There are
several advantages in our study.
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(1) 3DA-MLAswith high aspect ratio could be fabricated
by usingmodifiedLIGAprocess that combined reflow
process and dry etching.

(2) By using electroforming technology, 3D A-MLA with
high fill-factor could be achieved.

(3) The time of process and cost could be reduced
by applying the PDMS replicating and UV curing
technologies to the process.

(4) After 3D A-MLAs were used, the luminance of OLED
could be enhanced significantly, and the efficiency of
light source was raised as well.
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An optical fiber solution-concentration sensor based on whispering gallery mode (WGM) is proposed in this paper. The WGM
solution-concentration sensors were used to measure salt solutions, in which the concentrations ranged from 1% to 25% and the
wavelength drifted from the left to the right. The experimental results showed an average sensitivity of approximately 0.372 nm/%
and an R2 linearity of 0.8835. The proposed WGM sensors are of low cost, feasible for mass production, and durable for solution-
concentration sensing.

1. Introduction

The whispering gallery mode (WGM), also known as whis-
pering gallery wave, was first discovered and proposed in
1912 by the British physicist JohnWilliam Strutt (Raleigh) [1],
who studied the propagation of sound along wall curvatures.
The macrobending optical fiber induces aWGM.When light
travels via WGMs from the fundamental mode of fibers to
bends, the coupling between the core mode and the cladding
mode facilitates the propagation.

In 1990, Morgan et al. [2] introduced a fiber-optic WGM
sensor that was applicable to various angles of fiber bends.
They discovered that smaller bend diameters and larger bend
angles producedmore distinct interference curves.This effect
results from the different wavelengths that are produced by
different fiber bend angles. Variations in wavelengths can
be used to create fiber-optic WGM sensors with various
wavelengths.

In 2002, the U-shaped fiber-optic pH of sensors based
on evanescent wave absorption was reported by Gupta and
Sharma [3]. They discovered that the sensitivity of the sensor
increases with the decrease in the bending radius of the U-
shaped fiber sensor.

In 2009, Wang et al. [4, 5] presented a bending interfero-
metric fiber-optic sensor.They connected two photodiodes to

both sides of a microbending fiber-based sensor to measure
the output power. In addition, they used the displacement
of a single-process micromotion platform to measure bend
loss. Bend radii in optical fibers were changed to alter the
wavelengths. Their experimental results demonstrated that a
bend diameter of 18mm produced insufficient interference
at the bends, whereas a bend diameter of less than 15mm
increased the risk of rupture.

In 2009, a WGM refractive index sensor was reported
[6, 7], in which optical fibers were bent in the shape of
a ring to form WGMs. The sensor is the measurement of
refractive index from the different organic solutions. The
sensor was bent to a diameter of 19.3mm, and the refractive
index sensitivity is up to 725.76 nm/RIU (refractive index
units).

In 2010, a similar bending interferometric fiber-optic sen-
sor was proposed [8]. A taper in the center of an optical fiber
was formed, and a sensing optical fiber was placed next to the
taper. An adjustable laserwas transmitted froma single-mode
optical fiber through the taper to the sensing optical fiber.The
laser was then totally reflected, coupled, and transmitted back
to the single-mode optical fiber. Consequently, this principle
served as the basis of the proposed bending interferometric
fiber-optic sensor.This sensor has a sensitivity of 16.1 nm/RIU
to solutions.
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Figure 1: The manufacturing process of the WGM concentration sensor.

This study describes a macrobending-induced WGM
fiber-optic sensor. Based on the analysis of the WGM spec-
trum, wavelength variations in optical fibers with differing
bend radii were observed. The sensitivity and linearity of the
sensors were also analyzed and calculated.

2. Materials and Methods

2.1. Process and Procedures of Optical Fiber Etching. The
diameter of the optical fiber plays an important role in
macrobending. As the fiber’s diameter decreases, its flexi-
bility increases. Therefore, the life of the bending fiber also
increases. The optical fibers in this study were wet-etched
using buffered oxide etch (BOE) to alter their diameters. A
stripper was used to remove 3 cm of the external protective
layer of the optical fiber. Fifty stripped optical fibers were
adhered to a plastic holder. The holder with the fibers was
placed inside a plastic box filled with BOE for etching. Fiber
diameters were altered using various etching durations.

2.2. Optical Fiber Sensing Systems for Concentration Mon-
itoring. This study successfully developed a WGM sensor

which is of low cost, can be mass-produced, and has the
ability to accurately control the bending radius of the opti-
cal fiber. Additionally, this process increases the accuracy
of measuring differing concentration/refractive indices of
liquids.

Figure 1 shows a flow chart of the manufacturing process
of the proposed WGM concentration sensor. We used the
replica molding method with polydimethylsiloxane (PDMS)
to fabricate the WGM sensors. First, a microelectrome-
chanical system (MEMS) process was used to produce the
molds with an SU-8 100 structure. The base-layer PDMS was
obtained by the replica molding method. Then, the upper
and lower layers were connected using a corona treater to
sandwich the U-bending optical fiber with two patterned
PDMS layers. Finally, the sensor was fabricated using this
process (Figure 1). Figure 2 shows the experimental setup of
the concentration test. The WGM sensor was connected to
a super luminescent diode (SLD) light source and an optical
spectrum analyzer (OSA).Then, theWGMsensor was placed
in salt solutions with differing concentrations. The spectra of
the sensor were observed using the OSA.
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SLD source OSALiquid

Figure 2: Experimental setup of the WGM solution-concentration
sensing system.
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Figure 3: The spectra of the macrobending fiber with different
bending radii.

3. Results and Discussion

The objective of this study is to macrobend the etched optical
fiber to form a WGM character for sensing. The spectra of
WGM concentration sensors were affected as the surround-
ing refractive index changed with different concentrations.
Figure 3 shows the spectra of the macrobending fiber with
different bending radii. The diameter of the optical fiber is
65 𝜇m with the fiber bending angle of 180∘ as a U-shape.
When the bending radius decreases, the wavelength of the
WGM redshifts. When the bending radius is 3.629mm, the
maximum interference loss is 39.693 dBmand thewavelength
position is 1514.1 nm. The relationship between the WGM
wavelength and the bend radius of the optical fiber is linear.
As shown in Figure 4, the average slope is approximately
530.922 nm/mm and 𝑅2 linearity is 0.999.

In the solution-concentration measurement experiment,
the WGM spectra were observed to be closely related to the
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Figure 4: The relationship between the WGM wavelength and the
bend radius of optical fiber.
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Figure 5: Interference spectra drifts with the concentration of salt
solution.

concentration of the solution. This phenomenon shows that
the difference between the refractive indices of two solution
mediums affected the results of the WGM spectra. Figure 5
presents the spectrum drifts in salt solutions measured by the
WGM concentration sensor. The resonant dip spectrum (in
air) shows a significant interference loss, and the interference
curves of the solutions with a concentration of 1–25% drifted
toward the right gradually. In Figure 5, the wavelengths of the
WGM sensor in air and water are 1461.63 nm and 1486 nm,
respectively. Owing to the significant change of refractive
index between air and water, the wavelength shift is large
(approximately 24.37 nm).

Figure 6 shows the relationship between the concentra-
tion of salt solution and wavelength. The optical fibers with a
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R2 = 0.8835
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Figure 6: Relationship between the concentration of salt solution
and wavelength.

diameter of 65 𝜇m and a bend radius of 3.5mmwere adopted
to monitor salt solutions at a concentration of 1–25%. The
experimental results showed that the average sensitivity was
0.3728 nm/% and 𝑅2 linearity was 0.8835.

The spectral analysis indicated that higher concentrations
of salt solutions caused the resonant wavelength to drift
toward the long wavelength side (red shift). On the contrary,
when the media had a low refractive index, the interference
spectra changed accordingly, and the resonant wavelength
drifted toward the short wavelength side (blue shift). In short,
the experiments proved the WGM concentration sensors to
be extremely stable and highly reproducible.

4. Conclusion

This paper demonstrated the manufacturing process of the
WGM concentration sensors. The results show the influ-
ences of refractive indices on the spectral characteristics of
the fiber-optic WGM sensor. In addition, WGM solution-
concentration sensors were used to monitor the concentra-
tion of the salt solutions. The resonant dip spectrum (in
air) shows a significant interference loss, and the interfer-
ence curves of the solutions with a concentration of 1–25%
drifted toward the right gradually.The results of salt-solution
concentration monitoring showed an average sensitivity of
0.372 nm/% and an 𝑅2 linearity of 0.8835. Additionally, the
resonant wavelength shifted toward red as the concentration
of salt solutions increased.
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We successfully demonstrated that the Arplasmatreatment p-GaN surface increased the contact resistance of ITO/P-GaN serving
as injection current deflection layer under the electrode pad. It was found that the 𝑉

𝑓
values of the two LEDs at 20mA were

approximately 3.3 V. Under a 20mA current injection, it was found that output powers of conventional LED and Ar-plasma-
treatment LED on p-GaN surfaces were 9.8 and 11.08mW, respectively. We can increase the output power of GaN LEDs in 13%
due to current blocking on the surface of p-GaN under the electrode pad by inserting the treatment with Ar plasma. It was also
found that, after the reliability test for 72 hours the half lifetimes of conventional LEDs and LEDs with Ar-plasma treatment on
p-GaN surface were about 49% and 55%, corresponding to the initial intensity, respectively.

1. Introduction

Nitride-based materials have recently emerged as important
semiconductor materials, leading to the realization of high
performance light emitters from ultraviolet (UV) to blue
and green spectral regions [1, 2]. For example, GaN-based
blue and green light-emitting diodes (LEDs) have already
been extensively used in full-color displays and as highly
efficient light sources for traffic-light lamps. Highefficiency
nitride-based LEDs are also potentially useful for solid state
lighting. However, the external quantum efficiency (EQE) of
LEDs, which is defined as the product of internal quantum
efficiency and light-extraction efficiency, is still required to be
further improved. To improve the EQE of LEDs, the internal
quantum efficiency and light-extraction efficiency must be
increased. To approach solid state lighting, however, one
needs to further improve the output efficiency of these LEDs.
There are several parameters that affect the output efficiency
of the LEDs, such as light extraction efficiency, internal quan-
tum efficiency, and current distribution of LEDs. It has been

demonstrated that several methods can be used to improve
output efficiency of GaN-based LEDs by enhancing the light-
extraction efficiency, such as textured surfaces [3–5], a highly
transparent p-contact layer [6], a proper substrate design [7],
and flip-chip packaging [8]. Moreover, the crystal quality,
device band engineering structure design, and doping profile
would affect the internal quantum efficiency of LEDs. Besides
these factors, current distributed throughout the LEDs also
plays one of the key roles in the efficiency of the LEDs
as well. In other words, current distributed throughout the
LEDs determines the real light-emitting area of the devices,
and light output power is proportional to the light-emitting
area. Recently, there are several approaches for improving the
current spreading and the light-extraction efficiency of GaN-
based LEDs by current blocking layer (CBL) [9, 10]. Current
distribution had been wildly studied in the GaAs-based LEDs
[11–13] to increase output power. Current blocking is one
of the ways to change current distribution in the LEDs.
The current injected by the top contact enters the active
region predominantly under the top contact. The extraction
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of the light generated in the active region is thus strongly
hindered by the opaque metal contact. The current block
layer would block the entering current from top contact to
the active region. The light-extraction efficiency of LEDs is
improved because the current is deflected away from the top
contact. In this study, we would apply the different methods
of current-blocking layer formation on the InGaN/GaN
multiple quantum wells (MQWs) LEDs. We would also
compare the electrical, optical and reliability characteristics
of those different current blocking layers.

2. Experimental

Samples used in this study were all grown on 2-inch (0001)
sapphire substrate by vertical metal organic chemical vapor
deposition (MOCVD). The detailed layers and growth pro-
cedures have been described in a previous publication [13].
The thicknesses of the p-AlGaN and p-GaN layers were
50 nm and 150 nm, respectively. After growing the samples,
postannealing was needed to activate the top p-GaN layer of
InGaN/GaN MQWs LED at 700∘C and 20min. The partial
p-GaN and active layers were removed to expose the n-GaN
layer for the n-electrode ohmic contact by using the Inductive
Coupled Plasma (ICP) etcher.The current blocking layer was
formed right before the deposition of the indiumtinoxide
(ITO) transparent contact layer (TCL). An Ar-plasma treat-
ment on surface of p-GaN underneath the p-electrode pad
was introduced to form the current-blocking layer in this
study with the following conditions: Ar: 20 sccm, working
pressure: 3 mtorr, and ICP power: 120W.Then, the ITO TCL
was deposited on the p-GaN surface to cover the current
blocking layer. The Cr/Au (50/200 nm) bilayer metal contact
was deposited on the ITOTCL and exposed n+-GaN layers to
form the p-type electrode (anode) and the n-type electrode
(cathode), respectively, at the same time. The chip size of the
LEDs in our study was 8 × 10mil2. The conventional LED
is LED Ι and the ICP plasma treatment LED is LED ΙΙ in the
paper.The current-voltage (𝐼-𝑉) characteristics of the current
blocking layer and experimental LEDs were measured by
using the HP-4156C semiconductor parameter analyzer, and
the output powers of the LEDs were measured by using
calibrated integrating sphere.

3. Results and Discussion

Figure 1 indicated the 𝐼-𝑉 characteristics of the ITO/p-GaN
contact with and without Ar plasma treatment on p-GaN
surface. It was found that the resistance of ITO/p-GaN
contact increased after the Ar plasma treatment of the p-GaN
surface. The ITO/p-GaN contact with Ar plasma treatment
on p-GaN surface was shown as a Schottky-like contact and
the ITO/p-GaN contact without the plasma treatment was
exhibited as an ohmic-like contact. 𝐼-𝑉 characteristics of the
two curves in Figure 1 do not show Schottky characteristic or
perfect ohmic characteristic. The resistances of the contact
without and after Ar plasma are 3.1 × 10−3Ω cm2 and 5.0 ×
10−1Ω cm2. It was found that the resistance of the contact
after Ar plasma is larger than that of the conventional contact.
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Figure 1:The 𝐼-𝑉 curves of the ITO/p-GaN contact with Ar plasma
treatment on p-GaN surface and without the treatment.
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Figure 2:The current-voltage curves of LEDs with and without (i.e.
ICP plasma treatment LED ΙΙ and conventional LED I, resp.) Ar
plasma treatment under electrode p-pad.

The increase of the resistance of the ITO/p-GaN contact on
Ar plasma treatment p-GaN surface should be attributed to
the Ar plasma damage resulting in a decrease the carrier
concentration on the p-GaN surface. It should be noted that
high contact resistance of the Ar plasma-damaged p-GaN
surface could be served as the current deflection resistance
right under the electrode pads.

Figure 2 indicated the current-voltage (𝐼-𝑉) curve of
LEDswith andwithout (i.e., ICP plasma treatment LED: LED
ΙΙ and conventional LED: LED Ι, resp.) Ar plasma treatment
under the electrode pad. As shown in Figure 2, it was found
that the forward voltage, (𝑉

𝑓
) of conventional LED I and



Journal of Nanomaterials 3

0 40 80 120 160 200

0

5

10

15

20

25

30

35

40

Current (mA)

O
ut

pu
t p

ow
er

 (m
W

)

−5

LED I at 20mA-9.8mW
LED II at 20mA-11.08mW

Figure 3: The light output powers of GaN-based LED for conven-
tional and with ICP plasma treatment, respectively.

EL
 in

te
ns

ity
 (a

.u
.)

LED I
LED II

Wavelength (nm)
400 450 500 550

Figure 4:TheEL ofGaN-based LED for conventional andwith ICP-
plasma treatment, respectively.

Ar-plasma-treatment LED II at 20mA were approximately
3.31 and 3.39V, responsively. The lightly increase in 20mA-
𝑉
𝑓

results from the increase in current density for Ar-
plasma-treatment LED-II. The 20mA-𝑉

𝑓
results indicated

that the electrical characteristics of LEDs were not obviously
degraded by the Ar plasma treatment under the electrode pad
processes.

Figure 3 indicated the intensity-voltage (𝐿-𝐼) curves of
LEDs with and without Ar plasma treatment under the
electrode pad. Furthermore, it was found that output powers
of these two LEDs were increased as we increased the
injection current. Under the same injection current, it was
found that the output power observed from ICP-plasma
treatment LED II was always larger than the conventional

LED I. Figure 3 showed that the output powers were 9.8 and
11.08mW for conventional LED I and ICP-plasma treatment
LED II under 20 mA current injections, respectively. In other
words, we can increase the LED output power by 13% by
inserting the Ar plasma-damaged p-GaN surface under the
electrode pad. The enhancement of output power observed
from ICP-plasma treatment LED II should be attributed to
the improved current spreading of LEDs by high contact
resistance of the ITO/p-GaN under electrode pad. To further
investigate the effects of current distribution, we measured
near field optical images of the LEDs.

Figure 4 shows the EL spectra of a conventional LED I
and ICP-plasma-treatment LED II at an injection current of
20mA. No significant differences in the EL peak position at
446 nm were detected throughout the three types of LEDs.
However, the EL intensity of LED II was higher than that of
LED I.

Figure 5 shows the 3D images measured from the LED I
and LED II at 20mA DC injection current into the devices.
It can be seen clearly that the output light was emitted
uniformly across the chips since current spread uniformly in
LED II. In contrast, it was found that light output distribution
is nonuniform for the conventional LED I.The better current
spreading of LED II should be attributed to the high ITO/p-
GaN contact resistance under the electrode pad deflecting
the injection current away from pad and then increasing
the emission area of devices. In other words, the LED I
without high resistive Ar plasma-damaged p-GaN surface
under electrode pad would lead the most of injection current
to go into devices under the electrode pad. However, the light
emitted under the pad would be absorbed by the opaque
metal pad and then reduce the output power of LED. At
an injection current of 20mA, the light output power of
LEDs with Ar plasma treatment was 13% larger than that of
conventional LEDs. At an injection current of 100mA, the
temperature of the p-pad metal on LEDs with Ar plasma
treatment is 13∘C lower than that of the LEDs with a Ar-
plasma CBL. However, the output power of LEDs with Ar
plasma treatment is the lower due to the surface damage of
p-GaN under the p-pad electrode. Besides, the non-uniform
current distribution near the electrode pad might enhance
the current crowdingwhile driving at high current.Therefore,
it was found that the injection current to reache the highest
output power of conventional LED I is less than that of ICP-
plasma treatment LED II in Figure 2.

Figure 6 shows the reliability test of the LED Ι and ΙΙ
injection with 50mA at 80∘C. It was found that the decayed
intensities of LED I and LED II were about 49% and 55%
of the initial intensity, respectively, after aging 72 hours. It
should also be attributed to the better current spreading of
the LED II with high ITO/p-GaN contact resistance under
the electrode pad. The better current spreading could reduce
the current crowding under the pad at high current injection.
As a result, the intensity degradation of the LED II during
the high temperature and high injection current aging is
less than that of LED I. The decrease in optical power was
closely correlated to an increase in operating voltage due
to an increase in the parasitic series resistance during the
accelerated current aging test.
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(a) With Ar plasma treatment (b) Without Ar plasma treat-
ment

Figure 5: (a) and (b) show the 3D images measured from the LEDs with and without Ar plasma-damaged p-GaN surface under electrode
p-pad, respectively.
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Figure 6: Reliability tests of the LED Ι and ΙΙ injection with 50mA
at 80∘C.

4. Conclusion

In summary, we successfully demonstrated that the Ar
plasma-damaged p-GaN surface increased the resistance of
ITO/P-GaN contact serving as injection current deflection
layer under the electrode pad. It was found that the 𝑉

𝑓
of

both LEDs at 20mA were approximately 3.3 V. It was found
that output powers were 9.8 and 11.08mW for LED I and LED
II at 20mA, respectively. In other words, we can increase
the LED output power by 13% by inserting the Ar plasma-
damaged p-GaN surface under the electrode pad. It was also
found that the decayed intensities of LED I and LED II were
about 49% and 55% of the initial intensity, respectively, after
aging 72 hours. It was believed that high resistance ITO/P-
GaN contact with Ar plasma-damaged p-GaN surface under
pad would improve the injection current spreading to the
whole device. And better current spreading could lead to
improving the photoelectrical characteristics of LEDs.
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We reported the SiO
2
nanopillars on microscale roughened surface on GaN-based LED to enhance light-extraction efficiency.

ZnO nanoparticles were deposited on SiO
2
as an etching mask before ICP etching SiO

2
by successive ionic layer adsorption and

reaction method (SILAR), and the different heights of SiO
2
nanopillars on microroughened ITO/GaN were obtained after etching.

Compared to a regular (flat surface) GaN-based LED, the light output power for a LED with microroughening was increased by
33%. Furthermore, the proposed LEDs with SiO

2
nanopillars on microroughened surface show the enhancement in light output

power by 42.7%–49.1% at 20mA.The increase in light output power is mostly attributed to reduction in Fresnel reflection by rough
surface.The height of SiO

2
nanopillars was increasing cause resulting inmore rough on themicroscale surface of GaN-based LEDs.

1. Introduction

GaN-based materials and its related ternary compounds
such as AlGaN and InGaN have attracted much attention.
In the past decades, high-brightness GaN-based LEDs have
penetrated the markets of displays, traffic signals, and even
solid-state lighting [1–3]. It is required to further extend the
application arm of GaN-based LED to projectors automobile
headlight and even general lighting; further improvement
on optical power and light-extraction efficiency are eagerly
required. The reflective index of GaN film is higher than
that of air-caused Fresnel reflection. Because of total internal
reflection, most of the generated lights in the active layer are
absorbed by the electrode at each reflection and gradually
disappear. Rough surface is a simple technique and has
been used to reduce the Fresnel reflection. Several previous
studies that one can increase the light extraction efficiency
of GaN-based LEDs by roughening the sample surface have
been reported [4, 5], and using ZnO nanopillars to roughen
the LED surface retains simplicity and cost effectiveness
[6, 7]. Recently, Chang et al. showed that low-temperature
(LT) growth conditions could result in many pits on the
p-GaN surface to enhance the light-extraction efficiency

[8–11]. The LEDs roughness on the surface showed more
enhancements in the EQE than those without roughness
on surface. Furthermore, a wide range of chemical and
physical deposition techniques have been used to fabricate
ZnO films, including reactive and nonreactive sputtering [9],
chemical vapor deposition [10], pulse laser ablation [11], sol-
gel [12], spray pyrolysis [13], chemical bath deposition [14],
and SILAR [15]. Among these, the solution approach based on
soft chemical technique has attracted increasing attention in
recent years [16], due to its high reliability, low cost, and large-
area deposition compared with other methods. In addition,
the resulting light output power efficiency of these LEDs is
significantly higher than that of conventional LEDs. In this
paper, we reported the SiO

2
nanopillars on roughened surface

on GaN-based LEDs to enhance light extraction efficiency.
The SiO

2
film was prepared and controls the thickness by

using plasma-enhanced vapor-phase epitaxy (PECVD), and
ZnO nanoparticles which we can control the density is
prepared as amask by SILAR [17].Then, SiO

2
layerwas etched

by ICP to get the different height of SiO
2
nanopillars on the

ITO surface. As a result, the light output power efficiency of
LED with SiO

2
nanopillars was significantly higher than that

of a conventional LED.
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2. Experimental

The GaN-based LED structure was grown on c-axis sapphire
substrates by using low-pressure metal-organic chemical-
vapor deposition. N-type GaN epitaxial layers, which were
including a 1𝜇m thick undoped GaN layer and a 2𝜇m thick
Si-doped n-GaN layer, were fabricated on sapphire substrates
as templates for the subsequent regrowth process, before
the growth of LED structures. The five periods InGaN/GaN
multiple quantum well (MQW) with emission wavelength
in the blue region, a 50 nm thick Mg-doped p-AlGaN
electron blocking layer, and a 0.2 𝜇m thick Mg-doped p-
GaN cladding layer were grown at 1050∘C. After these grown
layers, the 500 nm thickness of low-temperature Mg-doped
p-GaN cap layer was grown at 770∘C. Finally, a heavy 5 nm
thick Si-doped n+-GaN tunnel layer was grown on the low-
temperature p-GaN cap layer to make the ohmic contact
with the ITO transparent contact layer (TCL) [18]. The LEDs
had a mesa structure with an area of 300 × 300 𝜇m2. Before
fabricating the LEDswith SiO

2
, a 3200 nm thick ITO filmwas

deposited on the top of GaN-based LEDs by radio frequency
magnetron sputtering, and then we roughed the surface by
dipping ITO etchants for several seconds. Cr/Au layers as
the p- and n-contact electrodes were fabricated. A different
thickness 200 nm–600 nm of SiO

2
film was deposited on

an ITO layer by PECVD. The photoresist layer covered the
metal contacts by photolithography in order to prevent the
SiO
2
growing on the ohmic contact electrodes. The ZnO

nanoparticles were grown on the top of SiO
2
film as the

etching mask in 6 cycles by SILAR. The detailed procedures
of ZnO nanoparticles in one cycle are shown in Figure 1 and
described as follows.

The rinsing procedure by SILAR method:

(a) dipping glass substrates in the zinc complex [Zn
(NH
3
)
4
]2+ solution for 20 s,

(b) Zn(OH)
2
precipitation is formed on the substrates by

dipping in unheated DI water for 20 s,
(c) dipping glass substrates in ultrasonic-assisted DI

water for 30 s to remove counterion Cl− and loosely
attached Zn(OH)

2
grains,

(d) dipping glass substrates in 95∘C DI water : ethylene
glycol = 1 : 4 for 20 s to form ZnO nanoparticles,

(e) keeping substrates in ultrasonic-assisted DI water
for 30 s to remove the loosely attached ZnO and
unreacted Zn(OH)

2
grains.

The relative reactions were shown as the following equa-
tions:

Zn2+ + 4NH
4
OH → [Zn(NH

3
)
4
]
2+
+ 4H
2
O (1)

[Zn(NH
3
)
4
]
2+
+ 4H
2
O → Zn2+ + 4NH4+ + 4OH− (2)

Zn2+ + 2OH− → Zn(OH)2 (s) (3)

Zn(OH)
2
→ ZnO (s) +H

2
O (4)

After the deposition of ZnO nanoparticles on SiO
2

layer, we sequentially etched SiO
2
by using ICP with ZnO

nanoparticles as the etching nanomasks. We then get the
different heights of SiO

2
nanopillars on an ITO film. Finally,

we removed the ZnO nanoparticles and photoresist by HCL
and acetone. A schematic diagram of GaN-based LED with
SiO
2
nanopillars is shown in Figure 2. The characteristics

of current-voltage (𝐼-𝑉) and current-power were measured
at room temperature using Keithley 2430 source meter
combined with an integrating sphere and a spectrum meter.

3. Results and Discussion

Figure 3 shows the tiled-view and cross-section SEM images
of the microrough surface and after SiO

2
etching by ICP

in different height of SiO
2
nanopillars on rough p-GaN

surface: Figure 3(a) showed the image of surface of ITO on
microrough p-GaN and named LED II; Figures 3(b) and 3(e)
showed the images of 200 nm SiO

2
nanopillars on ITO, and

named LED III; Figures 3(c) and 3(f) showed the images
of 400 nm SiO

2
nanopillars on ITO and named LED IV;

Figures 3(d) and 3(g) showed the images of 600 nm SiO
2

nanopillars on ITO and named LED V. The conventional
GaN-based LED with flat surface was named LED I. After
the ZnO nanoparticles were deposited at 95∘C in the solution
with ratio of DI water : ethylene glycol = 1 : 4 and SiO

2
by

etching by ICP, Figure 3(b) shows that SiO
2
columns were

from 180 to 250 nm and the spacings were approximately
100 nm to 200 nm. Figure 3(c) shows that SiO

2
columns were

from 150 to 200 nm, and the spacing was approximately
100 nm to 200 nm. Figure 3(d) shows that SiO

2
columns

were from 100 to 150 nm, and the spacing was approximately
100 nm to 200 nm.The diameter of SiO

2
columns reduced as

the etching time longer because of side-etching by ICP.
Figure 4 shows the current-voltage (𝐼-𝑉) characteristics

of GaN-based LEDs with and without SiO
2
nanopillars. At a

current of 20mA injection, it was found that forward voltages
were 3.19, 3.22, 3.21, 3.22, and 3.22 for LED I, LED II, LED
III, LED IV, and LED V, respectively. It showed that the
forward voltages of GaN-based LEDs plane and microrough
surface with and without SiO

2
nanopillars were very similar

𝐼-𝑉 characteristics. This result indicates that the electrical
properties of the ITO film and MQWs do not degrade the
electrical properties after etching SiO

2
process, because of

using low ICP power.
Figure 5 demonstrates light output power of GaN-based

LEDs with and without SiO
2
nanopillars at a driving current

of 20mA.The output intensities of these LEDs increased with
injection current when the injection current was small can be
seen. Furthermore, it was found that output powers observed
from the four LEDs with SiO

2
nanopillars were all larger

than that observed from the conventional LED again. With
20mA injection current, it was found that output powers of
these LEDs were 6.36, 8.45, 9.08, 9.35, and 9.48mW for the
LED I, LED II, LED III, LED IV, and LED V, respectively. It
was shown that smaller output power of LED I is attributed
to Fresnel reflection. In other words, we can enhance the
light output power at 20mA by 33% by roughened p-GaN
attributed to low-temperature growth for LED II. Further-
more, we can enhance the light output power at 20mA by
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Figure 2: Schematic diagram of GaN-based LEDs with different heights of SiO
2
nanopillars: (a) without SO

2
nanopillars; (b) 200 nm; (c)

400 nm; and (d) 600 nm.
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Figure 3: Tilted-view and cross-sectional SEM images of the surface after etching SiO
2
by ICP in various heights of SiO

2
nanopillars: (a)

roughened surface of ITO on p-GaN; (b) and (e) 200 nm SiO
2
nanopillars: LED II; (c) and (f) 400 nm SiO

2
nanopillars: LED III; and (d) and

(g) 600 nm SiO
2
nanopillars: LED IV.
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nanopillars.

7.5%, 10.6%, and 11.2% with different height SiO
2
nanopillars

structure for LED III-LED IV, respectively, compared with
LED II; that is, the proposed LEDs with SiO

2
nanopillars

on microroughened surface show the enhancement in light
output power by 42.7–49.1% at 20mA. The increase of light
output power of microrough surface and SiO

2
nanopillars

structure suggests that the reduction of Fresnel reflection on
the surface is a major cause of the increase in light extraction
efficiency. It is attributed to more SiO

2
nanopillars increasing

cause higher light scattering effect by the SiO
2
nanopillars

on the ITO surface. It also found that the light-extraction
efficiency was increased slowly when the height of SiO

2

nanopillars increasing due to the occupancy area ratio of SiO
2

LED I
LED II
LED III

LED IV
LED V

Wavelength (nm)
400 450 500 550

El
 in

te
ns

ity
 (a

.u
.)

Figure 6: EL spectra of GaN-based LEDs with and without SiO
2

nanopillars.

nanopillars onmicrorough surface of ITOwas decreased.The
diameter of SiO

2
nanopillars gets smaller after ICP etching.

Figure 6 presents the room-temperature electrolumines-
cence (EL) spectra of the flat-surface LED and LEDs with
SiO
2
nanopillars at a driving current of 20mA. The GaN-

basedMQWemission peaks of the five devices were observed
at 475 nm. The EL intensity of conventional LED I was the
lowest, while the intensities of LED II to LED V were notice-
ably higher. These results may be attributed to superior light
extraction efficiency resulting from the nanopillars structure,
which was further improved by roughening the surface of the
LEDs. It was also found that EL intensities observed from
the LEDs with SiO

2
nanopillars on the surface were all larger

than those observed from the conventional LEDs.This could
be attributed to the enhanced light extraction efficiency of
the textured surface by SiO

2
nanopillars. Additionally, it was

found that EL intensity increased with increasing the density
of SiO

2
nanopillars. Such a result suggests that nanosized

SiO
2
nanopillars did scatter and enhance the light output

more effectively.

4. Conclusion

In summary, we have successfully demonstrated a feasible
method to enhance light extraction by producing SiO

2

nanopillars on LED surfaces by solution method. By using
ZnO nanoparticles as a dry etching mask on SiO

2
film before

SiO
2
etching by ICP. By this method, we can control the

density and diameter of ZnO nanoparticles. The enhance-
ment of light output power of the GaN-based LEDs with
SiO
2
nanopillars is achieved up to 42.7%–49.1% compared to

that of the conventional LED at injection current of 20mA.
The enhancement is attributed to the reduction of Fresnel
reflection. The height of SiO

2
nanopillars was increased due
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to more roughened surface and optical scattering effects on
the proposed GaN-based LEDs.
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We reported the various nanopillars on GaN-based LED to enhance light-extraction efficiency prepared by successive ionic layer
adsorption and reaction method (SILAR). Indium tin oxide (ITO) with thickness of 1𝜇m as transparent contact layer was grown
to improve the electrical characteristics of the LEDs, including series resistance and operating voltage. SILAR-deposition ZnO
nanoparticles on SiO

2
were used as etching nanomasks. Multiple nanopillars were simultaneously formed on overall surfaces of

ITO p- and n-GaN by ICP etching. The proposed GaN-based LEDs with nanopillars increase light output power by 7%–20.3% (at
20mA) over that of regular GaN-based LEDs.The difference in light output power can be attributed to differences in materials and
shapes of nanopillars, resulting in a reduction in Fresnel reflection by the roughened surface of GaN-based LEDs.

1. Introduction

GaN-based materials and their related ternary compounds
such as AlGaN and InGaN have attracted much attention.
In the past decades, high-brightness GaN-based LEDs have
penetrated the markets of displays, traffic signals, and even
solid-state lighting [1]. It is required to further extend the
application arm of GaN-based LED to projectors automobile
headlight and even general lighting and further improvement
on optical power and light-extraction efficiency are eagerly
required. Several methods, including surface roughening
techniques [2–5], inclined sidewall etching [6], patterned
sapphire substrates [7, 8], and the incorporation of highly
reflective omnidirectional reflectors (ODRs) [9], have been
shown to effectively improve the light-extraction efficiency.
Among these methods, surface roughening is one of the
most efficient to provide an enhancement factor for the
extraction efficiency due to increased random scattering
events that occur at the roughened surfaces. However, the
etching techniques have inherent limit to the thickness of p-
GaN layer, which is ∼300 nm [10–12]. Therefore, the etching
process must be precisely controlled to avoid deterioration
of electrical properties. Moreover, although other approaches
involving the synthesis of ZnO nanorods and the spin coating

of polystyrene nanospheres have been developed for GaN-
based LEDs, separate process steps and foreign materials are
unavoidable [13–15]. On the other hand, indium tin oxide
(ITO) has been widely used in GaN-based LEDs as trans-
parent conductive layer (TCL) to improve current spreading
in p-GaN layer. Popular-use thickness of ITO on p-GaN is
about 200–245 nm. However, the thickness is too thin to
etch due to influence of the current spreading of GaN-based
LEDs. In this paper, we proposed the highly thick ITO as the
TCL of GaN LEDs. Because both LED operation voltage and
series resistance could be reduced due to the reduction in
current crowding, on the other hand, the thickness provides
the enough depth for the roughening surface on ITOwithout
any damages in electrical properties. In order to produce
nanoscale patterns on the surface of GaN-based LEDs, so
far, few researches report chemical and physical deposition
techniques on the fabricating of ZnO nanoparticles. As our
previous report [16], SILAR-deposition ZnO nanoparticles
were used to produce the SiN

𝑥
nanopillars on the surface

of GaN-based LEDs. The SILAR method approaches based
on the soft chemical technique have attracted increasing
attention [17], due to its high reliability, low cost, and large-
area deposition compared with other methods. In this paper,
high-thickness ITO was used as the transparent contact
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layer of GaN LEDs, and different densities of self-assembly
ZnO nanomasks and etching time were used to produce the
roughened surface including the ITO surface, p-GaN layer
around the edge of the mesa, the sidewall, and the n-GaN
layer on GaN-based LEDs. In addition, the resulting light
output power efficiency of LEDs with roughness surfaces is
significantly higher than that of a conventional LED.

2. Experimental

TheGaN-based LEDwas grown on 𝑐-axis sapphire substrates
by using low-pressure metal-organic chemical-vapor depo-
sition. N-type GaN epitaxial layers, which included a 1 𝜇m
thick undoped GaN layer and a 2𝜇m thick Si-doped n-GaN
layer, were fabricated on sapphire substrates as templates for
the subsequent regrowth process, before the growth of LED
structures. The five periods InGaN/GaN multiple quantum
well (MQW)with emissionwavelength in the blue region and
a 150 nm p-GaN layer were fabricated. The LEDs had a mesa
structure with an area of 300 × 300 𝜇m2. Before fabricating
the LEDs using SiO

2
, a 1 𝜇m thick ITO film was deposited on

the top of GaN-based LEDs by radio frequency magnetron
sputtering, and we also prepared a 200 nm thickness of ITO
film LED to be compared. Cr/Au layers as the p- and n-
contact electrodes were fabricated. Figure 2 demonstrates
the schematic diagram of the pattern transfer procedure. A
300 nm thick SiO

2
film was deposited on an ITO layer by

PECVD as Figure 2(b).Themetal contacts were covered with
a photoresist layer by photolithography in order to prevent
the SiO

2
which was grown on the ohmic contact electrodes.

In Figure 2(c), the ZnO nanoparticles were grown on the
top of SiO

2
film as the etching mask by SILAR. The detailed

procedures of ZnO nanoparticles in one cycle are shown in
Figure 1 and described in our previous report [16]. In this
case, the samples were dipping in 95∘C DI water : ethylene
glycol = 1 : 1 for 20 s to form ZnO nanoparticles on SiO

2

film. Furthermore, we etched SiO
2
by using ICP to get the

SiO
2
nanopillars on all the surfaces using a CF

4
gas in the

first case as shown in Figure 2(e). We removed the ZnO
nanoparticles and photoresist byHCL and acetone. As shown
in Figure 2(f), the second case, after etching SiO

2
, we inten-

tionally fabricated nanostructures on both ITO and GaN
simultaneously using a Cl

2
–Ar gas mixture. In the third case,

after the second case, we removed the SiO
2
nanoparticles and

photoresist by BOE and acetone as shown in Figure 2(g). The
characteristics of current-voltage (I-V) and current-power
were measured at room temperature using Keithley 2430
source meter combined with an integrating sphere and a
spectrum meter.

3. Results and Discussion

Figure 3 shows the four cases of the 30∘ tile-view SEM
images of the surface on GaN-based LEDs at ratio of DI
water : ethylene glycol = 1 : 1; (a) conventional LED I (with
240 nm thick ITO) and LED II (with 1000 nm thick ITO); (b)
LED III (with 1000 nm thick ITO) with SiO

2
nanopillars; (c)

LED IV (with 1000 nm thick ITO) with SiO
2
/ITO, SiO

2
/p-

GaN, and SiO
2
/n-GaN nanopillars; (d) LEDV (with 1000 nm

thick ITO) with ITO, p-GaN, and n-GaN by removing SiO
2
.

Figure 3(a) shows the first case, LED I and LED II, and
Figures 3(a1) and 3(a2) display the magnified images of the
flat surface ITO, p-GaN, and n-GaN regions, respectively.
After the ZnO nanoparticles were deposited at 95∘C DI
water : ethylene glycol = 1 : 1 and etching, Figure 3(b) (LED II)
shows that the diameter and height of SiO

2
nanopillars were

from 100 to 450 nm and 300 nm, respectively, and the spacing
was approximately 1 𝜇m. Figures 3(b1) and 3(b2) show the
magnified images of SiO

2
nanopillars on the surfaces of ITO,

p-GaN, and n-GaN, respectively. Subsequently, we inten-
tionally fabricated nanostructures on both ITO and GaN
simultaneously using a Cl

2
-Ar gas mixture and Figure 3(c)

(LED III) shows that diameter and height of nanopillars were
from 100 to 350 nm and 250 nm, respectively.The spacingwas
also approximately 800𝜇m. Figures 3(c1) and 3(c2) display
the magnified images of SiO

2
/ITO, SiO

2
/p-GaN, and SiO

2
/n-

GaN nanopillars on surface, respectively. Furthermore, we
removed the SiO

2
by BOE from top of surface of GaN-based

LEDwhich was shown in Figure 3(d) (LED IV). Figures 3(c1)
and 3(c2) display the magnified images of the ITO, p-GaN,
and n-GaN nanopillars on surface, respectively. The average
depth of the ITO pattern is around 200 nm.We can figure out
from Figures 3(c1) and 3(d1) that after removing SiO

2
, the

shape of patterns would become ladder-shaped and we will
analyze the effect of this situation in detail later.

Figure 4(a) shows the current-voltage (I-V) characteris-
tics of thinness of conventional LED and thickness of ITO
of conventional LED with and without nanostructures. At a
current of 20mA injection, it was found that forward voltages
were 3.5, 3.22, 3.28, 3.27, and 3.27V for LED I, LED II, LED
III, LED IV, and LED V, respectively. It showed that both
of the forward voltages and series resistance of thickness of
ITO of conventional LED are lower than thinness of conven-
tional LED because much more effectiveness for the current
crowding reduction is increasing the electron concentration
in the contact layer of the LED, and it also found that the
I-V characteristics of GaN-based LEDs with and without
nanopillars were very similar. The slightly higher forward
voltages could result from that lone time dry etching damage
to ITOfilm,which affects the sheet resistance [18] and current
spreading and even GaN film. Figure 4(b) demonstrates light
output power of thinness of conventional LED and thickness
of ITO of conventional LED with and without nanopillars
at 20mA driving current. The output intensities of these
LEDs increased with injection current when the injection
current was small and can be seen. Furthermore, it was found
that output powers observed from the three cases of LEDs
with nanopillars were all larger than that observed from the
conventional LED again.With 20mA injection current, it was
found that output powers of these LEDs were 6.61, 6.48, 6.96,
7.73, and 7.12mW for the LED I, LED II, LED III, LED IV,
and LED V, respectively. It showed that light output power of
thickness of ITO of conventional LED is lower than thinness
of conventional LED about 2% due to free carrier absorption
of emitted light in the ITOfilm. It was also shown that smaller
output power of LED I and LED II is attributed to Fresnel
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Figure 2: Schematic diagram of the pattern transfer procedure of nanostructure LED: (a) conventional LED (LED-II); (b) deposited 300 nm
SiO
2
on the surface by PECVD; (c) deposition of ZnO nanoparticles on the surface by SILAR; (d) ICP etching; (e) LED with SiO

2
nanopillars

(LED-III); (f) LED with SiO
2
, ITO, and GaN nanopillars (LED-IV); (g) LED with ITO and GaN nanostructure (LED-V).

reflection. In other words, we can enhance the light output
power at 20mA by 7%, 20.3%, and 9.1% with nanostructures
for LED III–LED V, respectively, compared with LED II. The
increase of light output power of nanostructure suggests that
the reduction of Fresnel reflection on the surface is a major
cause of an increased light-extraction efficiency. It also found
that the light-extraction efficiency was increased following
the higher density of nanostructure. It is attributed to more
nanopillars increasing cause of higher light scattering effect
by the nanopillars on the ITO and GaN surfaces.

Figure 5 shows the schematic cross-section diagrams of
the LEDs in conventional LED and LED with nanopillars,
respectively. As Figure 5(a), most of the light generated in
the MQWs active layers is trapped inside the device because
of the refractive index difference between the semiconductor
and the surrounding medium. For nano tructures LEDs, the
surfaces of ITO, p-GaN, and n-GaN were all nanopatterned.
The trapped guidedmodes couldmultiply scattering and find
more chances for radiation out from the device and they

suggest that the reduction of Fresnel reflection on the surface
is a major cause of increased light-extraction efficiency.

Figure 6 shows the schematic cross-section diagrams of
the LEDs. In Figure 6(a), it shows thatmost of the light gener-
ated in theMQWs active layer is trapped inside the device due
to the refractive index difference between the semiconductor
and the surroundingmedium.TheSiO

2
nanopillars are useful

for light extraction, since more surfaces of the nanopillars
can provide more opportunities for light escaping and reduce
Fresnel refraction because SiO

2
refractive index was lower

than ITO as shown in Figure 6(b), but partial plane ITO of
surface can cause Fresnel refraction. In Figure 6(c), it shows
more enhancing of light output power by further etching of
ITO because ITO became rough resulting in reducing Fresnel
refraction. Furthermore, we removed the SiO

2
nanopillars

by BOE and got the ladder-shaped ITO patterned. It was
found that light output power reduced because the surface
of the ladder-shaped ITO was plane and caused the Fresnel
reflection again.
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Figure 3: SEM images of the surface: (a) flat surface: LED I and LED II without nanopatterns, (b) LED III with SiO
2
nanopillars, (c) LED IV

with SiO
2
/ITO, SiO

2
/p-GaN, and SiO

2
/n-GaN nanopillars, and (d) LED V with ITO, p-GaN, and n-GaN nanopillars by removing SiO
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Figure 5: Schematic diagrams of (a) conventional GaN-based LED and (b) GaN-based LED with nanopillars.
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Figure 6: Schematic diagrams of the difference of material and shape of nanostructures: (a) LED with flat surface ITO, (b) LED with SiO
2

nanopillars, (c) LED with SiO
2
/ITO nanopillars, and (d) LED with ITO nanopillars.

4. Conclusion

In summary, it was found that thick ITO as TCL can
reduce current crowding and series resistance. By using
ZnO nanoparticles as dry etching nanomasks on SiO

2
film

before SiO
2
etching by ICP, and then further etching ITO

and GaN. In addition, we have successfully demonstrated
a feasible method to enhance light extraction by producing
nanostructures on overall GaN-based LED surfaces by low-
temperature SILAR method. The optimal enhancement of
light output power of the GaN-based LEDs with nanostruc-
tures is achieved up to 20.3% compared to that of the condi-
tional LED at injection current of 20mA.The enhancement is
attributed to the reduction of Fresnel reflection and scattering
effects by nanopillars on the whole surface of the LED.
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Gallium-doped zinc oxide (GZO) thin filmswere deposited on glass, and the process parameters are RF power of 50W andworking
pressure of 5mTorr, and the substrate temperature was changed from room temperature to 300∘C. At first, the thickness was around
300 nm by controlling the deposition time. The effects of substrate temperature on the crystallinity, lattice constant (c), carrier
mobility, carrier concentration, resistivity, and optical transmission rate of the GZO thin films were studied. The 200∘C-deposited
GZO thin films had the best crystallinity, the larger carrier concentration and carriermobility, and the lowest resistivity. For that, the
thickness of the GZO thin films was extended to around 1000 nm. Hydrochloric (HCl) acid solutions with different concentrations
(0.1%, 0.2%, and 0.5%) were used to etch the surfaces of the GZO thin films, which were then used as the substrate electrodes to
fabricate the p-i-n 𝛼-Si:H thin-film solar cells. The haze ratio of the GZO thin films increased with increasing HCl concentration,
and that would effectively enhance light trapping inside the absorber material of solar cells and then improve the efficiency of the
fabricated thin-film solar cells.

1. Introduction

Transparent conducting oxides (TCOs) are electrical con-
ductive materials with a comparably low absorption of light.
They are usually prepared with thin film technologies and
widely used in the applications of the various optoelectrical
devices such as solar cells, flat panel displays (FPDs), opto-
electrical interfaces, and circuitries [1]. The TCOs also show
a good combination of electrical conductivity at ambient
temperature and optical transparency in a visible region.
Thus, as n-type TCOs are of special importance for thin
film solar cell production, indium-tin oxide (ITO) [2] and
the reasonably priced aluminum-doped zinc oxide (ZnO:Al)
thin films [3] are discussed with view on preparation,
characterization, and special occurrences. ITO thin films
exhibit disadvantages including toxicity, instability of hydro-
gen plasma, and increasing price due to the global indium

shortage. Accordingly indium-free TCO thin-film materi-
als have attracted considerable attention. Although the Al-
doped ZnO thin films present favorable electrical properties,
aluminum exhibits significantly high reactivity to oxygen,
which will lead to the oxidation during film growth and then
result in the degradation of electrical properties. Because the
gallium is less reactive to oxidation, Ga-doped ZnO (GZO)
TCO materials have been reported to have better stability
[4, 5].

In the past, many methods were investigated to improve
the efficiency of the 𝛼-Si:H thin-film solar cells. Ferry et al.
utilized nanoimprint lithography to pattern the back contact
of an n-i-p 𝛼-Si:H solar cell, and the optimized shape of the
nanopatterned back reflector could improve the absorption of
red part of the spectrum (600–800 nm) [6]. Lare et al. printed
periodic Ag nanoparticle arrays onto a completed thin-film
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𝛼-Si:H solar cell, which formed a effective mode coupling
to decrease light scattering and enhance the photocurrent
[7]. Rough interfaces are usually introduced into solar cells
by using substrates with textured surface [8]. For solar
cells in a superstrate configuration, a glass plate covered
with textured transparent conductive oxide (TCO) film is
usually used. The TCO layer forms the front contact of the
superstrate solar cells and has to exhibit good electrical (high
conductivity) and optical (high transmittance) properties.
Because a suitable textured surface is very important to
scatter an incident light, particularly the long wavelength
light (red and near-infrared), to extend the effective path
length within the active silicon layer and subsequent light
trapping inside the absorber material of the solar cell [9, 10],
wet chemical etching of the AZO thin films has been adopted
to develop the textured surface for enhancing the efficiency
of solar cells [11]. In this study, diluted hydrochloric acid
(HCl) etching of the GZO thin films has been carried out
at room temperature to develop the textured surface, and we
will prove that this structure can enhance the efficiency of the
n-i-p 𝛼-Si:H solar cells.

In this work, the properties of the GZO thin films
grown on glass substrates by RF sputtering process under
different substrate temperatures (room temperature (RT),
100∘C, 200∘C, and 300∘C, resp.) were first studied. X-ray
diffraction (XRD) pattern, surface morphology observation,
hall measurement, and optical transmittance ratio were used
to monitor the changes in the structural, optical, and elec-
trical properties. Thin film Si solar cells using hydrogenated
amorphous Si (𝛼-Si:H) and nanocrystalline Si (nc-Si:H)
are among the most well-developed thin film photovoltaic
materials. After the optimal substrate temperature was found,
the GZO thin films with thickness of 1000 nmwere deposited
at that parameter. Finally, the GZO thin films were etched
by HCl solution with different concentrations, and then they
were used as the electrodes to fabricate the 𝛼-Si:H thin-film
solar cells. The current-voltage properties of the fabricated
thin-film solar cells were also investigated to prove that the
textured structure formed by etching process could improve
the efficiency of the fabricated thin-film solar cells.

2. Experimental Details

In this work, RF (13.56MHz) magnetron sputtering process
was used, and ZnO (97wt%, 5N) doped with Ga

2
O
3
(3 wt%,

5N) was mixed, ground, calcined at 1000∘C for 5 h, and
sintered at 1400∘C to form the ceramic targets with 2 inch in
diameter. The used substrates were 33mm × 33mm × 2mm
glass. Before the deposition process was started, the base
chamber pressure of sputtering system was pumped to less
than 1 × 10−6 Torr, and then the deposition parameters were
controlled at different pressures and powers. The optimal
deposition parameters were RF power of 50W and working
pressure of 5 × 10−3 Torr because the deposited GZO thin
films had themost flat surface and acceptable deposition rate.
The GZO thin films were also deposited at different substrate
temperatures, where room temperatures (RT); 100∘C, 200∘C,
and 300∘C were used.

Thickness of the GZO thin films was one of the most
important parameters to influence the characteristics of
the superstrate p-i-n 𝛼-Si:H thin film solar cells. For that,
thickness of the GZO thin films was measured using a Nano-
View SEMF-10 ellipsometer and confirmed by field emission
scanning electronmicroscopy (FESEM), and deposition rates
and film thickness of the GZO thin films were determined
by averaging five data obtained by FESEM. For compar-
ing the electrical and optical properties, the thicknesses of
the GZO thin films were controlled at about 300 nm by
controlling the deposition time. Calculating the observed
results, the deposition rate of the GZO thin films first
increased from 5.71 nm/min to 5.89 nm/min as the substrate
temperature raised from RT to 100∘C, reached the maximum
of 6.66 nm/min at 200∘C, and then decreased to 6.44 nm/min
as the substrate temperature was further increased to 300∘C.
As the substrate temperature increased from RT to 200∘C,
the GZO molecules have higher active energy for deposition
and the deposition rate increases. As substrate temperature is
300∘C, the GZO molecules will have too much active energy
and hit with each other; for that the deposition rate decreases.

Optical transmittances of the GZO thin films were mea-
sured by using a UV-VIS spectrophotometer. The electrical
properties of the GZO thin films were determined by a
Hall effect measurement. After the physical, optical, and
electrical properties of the GZO thin films were measured,
the thicknesses of the GZO thin films under the optimal
deposition temperature (200∘C) were extended to 1000 nm.
The surfaces of theGZO thin filmswere etched bywet etching
performed in diluted HCl solution with concentrations of
0.0% (as deposited), 0.1%, 0.2%, and 0.5% in H

2
O to acquire

the textured GZO thin films. The thickness of the etched
GZO thin films was around 660 nm, which was obtained by
controlling the etched time of the GZO thin films. The total,
normal, diffusion, and haze transmittance ratios of the GZO
thin films were measured by using Nippon Denshoku NDH-
2000.

Superstrate p-i-n 𝛼-Si:H thin film solar cells were fab-
ricated using a single-chamber PECVD unit at 200∘C on
the etched GZO/glass substrates, as Figure 1 shows. The
working pressure was 700 × 10−3 Torr and the deposition
powerwas 20W.Thep-type𝛼-Si (thickness was about 20 nm)
was deposited by controlling the gas flowing rates of H

2

= 100 sccm, SiH
4
= 20 sccm, CH

4
= 10 sccm, and B

2
H
6
=

40 sccm; the i-type 𝛼-Si (about 400 nm) was deposited by
controlling the gas flowing rates of H

2
= 100 sccm and SiH

4
=

10 sccm; the p-type 𝛼-Si (about 50 nm) was deposited by the
gas flowing rates of H

2
= 100 sccm, SiH

4
= 20 sccm, and PH

3

= 20 sccm, respectively. The thicknesses of the all thin films
were controlled by the deposition time. The current-voltage
characteristic of the fabricated solar cells wasmeasured under
an illumination intensity of 300mW/cm2 and an AM 1.5G
spectrum, and all measurements were performed at room
temperature.

3. Results and Discussion

Because the GZO thin films deposited at different substrate
temperatures had the different crystalline results, the XRD
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Figure 1: Structure configurations of the hydrogenated amorphous
silicon thin film solar cells.

patterns of the GZO thin films were investigated at substrate
temperatures of RT, 100∘C, 200∘C, and 300∘C. XRD patterns
of the GZO thin films are compared in Figure 2, and all the
GZO thin films exhibited the (002) peak. The diffraction
intensity of (002) peak critically increased as the deposition
temperature increased fromRT to 200∘Candhad amaximum
at 200∘C, and the (004) peak was only observed in 200∘C-
deposited GZO thin films. The (002) peaks of the GZO thin
films deposited at RT, 100∘C, 200∘C, and 300∘C were situated
at 2𝜃 = 33.98∘, 34.04∘, 34.11∘, and 34.18∘, respectively. The
lattice constant 𝑐 was calculated by using the 2𝜃 value, and
the calculated lattice constants (c) were 0.5273, 0.5264, 0.5254,
and 0.5245 for substrate temperatures that were RT, 100∘C,
200∘C, and 300∘C, respectively. All the calculated lattice
constant 𝑐 of the GZO thin films being smaller than those of
the ZnO thin films is considerable, because the radius of Ga3+
ions (62 pm) is smaller than that of Zn2+ ions (72 pm).

The transmission ratios of the GZO thin films under sub-
strate temperatures of RT∼300∘C plotted against wavelengths
in the region of 300–800 nm were measured with different
substrate temperatures as the parameters (not shown here),
and the optical transmission at visible region of 400–700 nm
was more than 83.5% and had a maximum of 86.2%. Those
results prove that the substrate temperature has no apparent
influence on the transmission ratio of the GZO thin films
on glass substrates. In the transmission spectra of the GZO
thin films, as the substrate temperature increased from RT to
200∘C, the optical band edge was shifted to lower wavelength.

Figure 3 shows the variations of the carrier concen-
tration, carrier mobility, and resistivity of the GZO thin
films deposited by rf magnetron sputtering under different
substrate temperatures. The carrier mobility and carrier
concentration of the GZO thin films also first increased
with raising substrate temperature, achieved the maximum
at 200∘C, and then decreased for further raising the sub-
strate temperature.The 200∘C-deposited GZO thin films had
the maximum carrier mobility (17.08 cm2/V⋅s) and carrier
concentration (6.97 × 1020 cm−3), respectively. When the
GZO thin films are deposited on the glass substrates by
using RF sputtering process, many defects result and inhibit
electron movement. As the different substrate temperatures
are used during the deposition process, the higher substrate
temperature enhances the densification and crystallization,
which will decrease the numbers of defects and pores in the
GZO thin films that will cause the increase in the inhibiting of
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Figure 2: XRD diffraction patterns of the GZO thin films deposited
on different substrates as a function of deposition temperature.

the barriers electron transportation [12]. The results in
Figure 3 prove that as the substrate temperature increases
fromRT to 200∘C, the increases of both the carrier concentra-
tion and carrier mobility with raising substrate temperature
are attributed to the enhancement in the crystallinity of the
GZO thin films.

Figure 3 also shows the dependence of resistivity of the
GZO thin films on substrate temperatures. In this study,
the carrier mobility and carrier concentration increased with
raising substrate temperature and reached a maximum at
200∘C. The resistivity of the GZO thin films is proportional
to the reciprocal of the product of carrier concentration 𝑁
and mobility 𝜇:

𝜌 =

1

𝑁𝑒𝜇

. (1)

As (1) shows, both the carrier concentration and the car-
rier mobility contribute to the conductivity. The minimum
resistivity of the GZO thin films at a substrate temperature
of 200∘C (5.25 ×10−4Ω⋅cm) is mainly caused by the carrier
concentration being at its maximum.

The 200∘C-deposited GZO thin films have the optimal
crystallinity and the smallest FWHM value (Figure 2), the
largest carrier concentration and carrier mobility and the
smallest resistivity (Figure 3), and acceptable transmittance
ratio. For that, the thickness of the 200∘C-deposited GZO
thin films is extended to around 1000 nm by controlling
the deposition time for further HCl-etched process and the
fabrication of the p-i-n 𝛼-Si:H thin-film solar cells. Figure 4
shows the surfacemorphologies of the etchedGZO thin films
as a function of HCl solution concentration, and the etched
time was about 30 s. The surface of the as-deposited GZO
thin film exhibited a relatively smooth granular structure, as
Figure 4(a) shows. Comparing the results shown in Figures
4(a), 4(b), 4(c), and 4(d), the surface roughness increased
significantly after HCl etching, and the etching process
caused the thin films’ surface to develop a crater-like surface
structure.

Lo et al. investigated monolayer structure that 500 nm-
diameter ZnO sphereswere grownonZnO thin-films’ surface
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Figure 4: Surface morphologies of the etched GZO thin films; (a) as deposited, (b) 0.1%, (c) 0.2%, and (d) 0.5%, respectively.

using sol-gel method. The monolayer-structure thin films
exhibit broad-band transparency and a high haze ratio, and
they can be used as a light-trapping structure in an ultrathin
solar cell [13]. In this study, the etched process is used to
increase the haze ratio. As the etched results of the GZO thin
films are compared, size surface crater-like caves increased
importantly with increasing HCl concentration. The haze
ratio of the films before and after HCl etching was measured

as a function of HCl concentration using a haze meter
(Nippon Denshoku, NDH 2000). However, the total, normal,
diffusion, and haze transmittance ratios of the GZO thin
films are measured from the results shown in Figure 5, and
the results are shown collected in Table 1. As Table 1 shows,
the total transmittance ratio had no apparent change; thus,
the normal transmittance ratio decreased, and the diffusion
and haze transmittance ratios increased with increasing HCl
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Figure 5: Haze transmittance of the HCl-etched GZO thin films.

Table 1: Total, normal, diffusion, and Haze transmittance ratios as
a function of etched HCl concentration.

Parameter As deposited 0.1% HCl 0.2% HCl 0.5% HCl
Total (%) 82.39 83.55 81.51 81.37
Normal (%) 81.24 80.88 74.36 65.40
Diffusion (%) 1.15 2.68 7.15 15.97
Haze (%) 1.44 3.21 8.87 19.60

concentration. Haze ratios of the as-deposited, 0.1% HCl-
etched, 0.2% HCl-etched, and 0.5% HCl-etched GZO thin
films, were 1.44%, 3.21%, 8.87%, and 19.6%, respectively,
revealing that the etched GZO thin films would effectively
scatter an incident light and enhance light trapping inside
the absorber material of thin film solar cells. From the HCl-
etched surfaces shown in Figure 4, the increases of roughness
and the sizes of caveswill cause the increase of light scattering.
That is believed to be the reason to cause the decrease
of the total transmittance ratio and the increase of haze
transmittance ratio.

Superstrate p-i-n hydrogenated amorphous silicon thin
film solar cells were fabricated using a single-chamber
PECVD unit at 200∘C, and the structures of the designed
solar cells are shown in Figure 1; no antireflective coatings
were deposited on the cells. Figure 6 shows the measured
current-voltage characteristics of the fabricated solar cells
(substrate size 3.3 × 3.3 cm2) under illumination. The values
of open-circuit voltage (𝑉oc), short-circuit current density
(𝐽sc), fill factor (FF), and efficiency (𝜂) are measured for the
devices using the deposited and with 0.2% HCl-etched and
0.5% HCl-etched GZO thin films as the front transparent
conductive thin films. For substrates of as deposited, 0.2%
HCl-etched and 0.5% HCl-etched GZO thin films were used,
and the 𝑉oc values of the solar cells were 0.0.837V, 0.790V,
and 0.791 V; the 𝐽sc values were 7.66mA/cm2, 8.71mA/cm2,
and 9.13mA/cm2; the FF values were 0.502, 0.525, and 0.545;
the efficiency values were 3.22 ± 0.12, 3.66 ± 0.09, and 4.02 ±
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Figure 6: Current-voltage characteristics of the p-i-n 𝛼-Si:H thin-
film solar cells under illumination.

0.13, respectively. As we know, the fill factor and efficiency of
the solar cells are listed below:

FF =
𝐼mp𝑉mp

𝐼sc𝑉oc
,

𝜂 =

𝑃max
𝑃in
× 100% = [

(FF) (𝐼
𝐿
) (𝑉oc)

𝑃in
] × 100%.

(2)

As (2) shows, 𝐼sc, (𝐽sc), and 𝑉oc are the important factors
to influence the efficiency of the fabricated solar cells. The
greater efficiency in using the 0.5% HCl-etched GZO thin
films is mainly ascribable to that the Haze ratio of the
GZO thin films increased with increasingHCl concentration,
and that would effectively enhance light trapping inside the
absorbermaterial of solar cells and then increase short-circuit
current density and improve the efficiency of the fabricated
thin-film solar cells.

4. Conclusions

In this study, the 200∘C-deposited GZO thin films had
the maximum carrier mobility and carrier concentration of
17.08 cm2/V⋅s and 6.97 × 1020 cm−3 and minimum resistivity
of 5.25 ×10−4Ω⋅cm, respectively. The haze ratios of the etched
200∘C-deposited GZO thin films increased from 1.44% to
19.6% as the concentration of HCl solution increased from
0.0% (nonetched) to 0.5%. As the concentration of the etched
HCl solution increased from 0% to 0.5%, even the 𝑉oc value
of the solar cells decreased from 0.0.837V to 0.791 V, thus the
𝐽sc value increased from 7.66mA/cm2 to 9.13mA/cm2, the
FF values increased from 0.502 to 0.545, and the efficiency
increased from 3.22 ± 0.12 to 4.02 ± 0.13, respectively. This
study proves that the etching process on the transparent
electrodes (GZO thin films) is good choice to improve the
efficiency of the fabricated amorphous silicon thin film solar
cells.
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