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Nanomaterial comprises several hundred atoms and mole-
cules, which a lot of complicated and interesting inter-
actions occur in it. Characteristics in nanoscale, such as
transmittance, electrical conductivity, thermal conductivity,
magnetic, corrosion, and other effects.

Furthermore, nanomaterial manufacturing technology
is applied on all kinds of nanomaterial devices, such as
photo device, FET, and biosensor, and enhances electronic,
optical, and mechanical properties. Most importantly, taking
advantage of nanotechnology, the cost of deviceswill go down
with better quality.

This special issue is about novel nanomaterials device
and applications and other related fields. This special issue
enables interdisciplinary collaboration between material sci-
ence and engineering technologists in the academic and
industrial fields. The paper describes sealed and non-
sealed InGaP/InGaAs/Ge triple-junction solar cell in a
complex high temperature and high humidity environ-
ment and investigated the electrical properties over time.
Another paper presents combined two-dimensional-three-
dimensional (2D-3D) ensemble Monte Carlo (EMC) model,
and the performance of a planar nanochannel device is stud-
ied at the terahertz (THz) region. Another paper is on Mo/Si
bilayer thin films which were grown bymagnetron sputtering
and applied to write-once blu-ray disc (BD-R). Another
paper studies the ZnS thin films which were prepared on
glass substrates by chemical bath deposition at various Zn/S
molar ratios from 1/50 to 1/150. Another paper describes
low-frequency noise characterizations in 28 nm high-k (HK)

pMOSFET with embedded SiGe source/drain (S/D) through
noise and random telegraph noise measurements simulta-
neously. Another paper adopts transparent electrodes of tin
dioxide (SnO

2
) on glasses which were further wet-etched

in the diluted HCl : Cr solution to obtain larger surface
roughness and better light-scattering characteristic for thin-
film solar cell applications.

The paper describes A 20 nm SiOx layer which is
deposited using radiofrequency sputtering to form the
resistive switching layer of a Cu/SiOx/Pt memory device.
Another paper proposes Mg

0.1
Zn
0.9
O films which were

grown using atomic layer deposition (ALD) system and
applied to metal-semiconductor-metal ultraviolet photode-
tectors (MSM-UPDs) as an active layer. Another paper
describes GaN-based flip-chip white light-emitting diodes
(FCWLEDs) with diffused ZnO nanorod reflector and with
ZnO nanorod antireflection layer which were fabricated.
Another paper proposes to use silicon nanoparticles doped
poly(3-hexylthiophene) and [6, 6]-phenyl C61-butyric acid
methyl ester blends (P3HT : PCBM : Si NP) which have been
produced as the photoactive layer of organic photovoltaic
devices (OPVs). Another paper of this special issue uses
magnesium-nickel (Mg-Ni) powders which are used as the
anode materials for secondary lithium (Li) ion batteries.
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We performed accelerated tests on sealed and nonsealed InGaP/InGaAs/Ge triple-junction (TJ) solar cells in a complex high
temperature and high humidity environment and investigated the electrical properties over time. The degradation of energy
conversion efficiency in nonsealed cells was found to bemore serious than that in sealed cells.The short-circuit current (𝐼SC), open-
circuit voltage (𝑉OC), and fill factor (FF) of sealed cells changed very slightly, though the conversion efficiency decreased 3.6% over
500 h of exposure. This decrease of conversion efficiency was suggested to be due to the deterioration of silicone encapsulant. The
𝐼SC,𝑉OC, and FF of nonsealed cells decreased with increasing exposure time. By EL and SEM analysis, the root causes of degradation
can be attributed to the damage and cracks near the edge of cells induced by the moisture ingress. It resulted in shunt paths that
lead to a deterioration of the conversion efficiency of solar cell by increasing the leakage current, as well as decreasing open-circuit
voltage and fill factor of nonsealed solar cells.

1. Introduction

TJ solar cells are fabricated using organometallic vapor phase
epitaxy (OMVPE) to deposit subcells of GaInP and GaInAs
on Ge substrate [1]. A TJ solar cell consists of three individual
subcells that are stacked on top of each other to form a
series connection. The individual subcells are connected to
each other through very thin tunnel junction film of several
nanometers. These tunnel junctions are typically very thin
to allow the tunneling mechanism to dominate the majority
carrier transport [2]. Among solar technologies, TJ solar cells
have attracted increasing attention owing to their very high
conversion efficiencies [3, 4] as well as long term stability
[5–7]. TJ solar cells based on III–V semiconductors are
being evaluated globally in concentrator photovoltaic (CPV)
systems designed to supplement electricity generation for
utility companies. III–V TJ solar cells, with demonstrated
efficiency over 40% since 2007 [8], strongly reduce the cost
of CPV systems and make III–V multijunction concentrator

cells the technology of choice for most concentrator systems
today. The world’s highest energy conversion efficiency solar
cells with 44.7% have been demonstrated on June 2013 [9].
In fact, the III–V TJ solar cells have nanoscale thin films
which can take good advantage of solar light from 300 nm
to 1800 nm.

In recent years, there have been many research groups
that reported the improvements of III–V triple-junction
concentration solar cells using different approaches [10–13].
In addition to pursuing high efficiency for III–V concentra-
tion solar cells, one should also understand the degradation
mechanism of these devices to maintain their reliability.
The reliability of III–V single-junction, dual-junction, and
multijunction concentration solar cells has been analyzed by
some research groups using different methods and strate-
gies. However, so far, the studies about the reliability on
GaInP/GaInAs/Ge concentration solar cells were rather rare
and almost focused on clarifying the degradation induced by
thermal stress [14–17]. It is believed that the understanding
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of mechanism of degradation caused by moisture will favor
the upgrading qualities of III–V triple-junction concentra-
tion solar cells. Once the reliability of III–V triple-junction
concentration solar receivers is realized, the prospect of the
HCPV systems will be more clearly demonstrated.

The aim of this study is to examine the degradationmech-
anism of GaInP/GaInAs/Ge triple-junction solar receivers by
accelerated damp-heat environment test. These results are
considered to be helpful for researchers to understand the
causes of degradation and improve the efficiency and stability
of TJ solar cells.

2. Samples Preparation and Test Description

IEC62108 standard is the most commonly used test method
for concentrator solar receivers. In this study, III–V
InGaP/InGaAs/Ge concentrator solar cells were exposed
to 85∘C and 85% relative humidity without electrical bias
according to IEC 62108 standard. A photograph of typical
concentrator solar receiver used in this study is shown in
Figure 1, including concentrator solar cell, protection silicone
layer, bypass diode, ceramic substrate, and heat sink. The
cells with active area of 0.3025 (0.55×0.55) cm2 were glued to
aluminum plates using an adhesive. The schematic structure
of the GaInP/GaInAs/Ge triple-junction concentrator solar
cell is shown in Figure 2, and the schematic graph of cross-
section of silicone sealed cell is shown in Figure 3. Those
concentration solar cells are divided into two groups. One
is denoted as test 𝐴 with 20 pieces of cells protected with
optical silicone layer. The other is denoted as test 𝐵 with
20 cells without any protection layer. Test 𝐵 is designed to
provide a contrast to test 𝐴, which is favorable for analyzing
the predominant factor in degradation of solar cells. The
experimental time sequence of accelerated degradation test
for tests 𝐴 and 𝐵 is the same.

Finally, we have performed both dark current versus
voltage (DIV) and light current versus voltage (LIV) tests
for all solar cells to analyze the variation of their electrical
characteristics. We have also visually inspected samples
before humidity exposure and after 100, 200, 300, 400, and
500 h of exposure. According to IEC62108 standard, samples
should be tested over 2000 h; however, we have observed
apparent degradation in nonsealed cells after 500 h of damp-
heat exposure. We therefore report these results in advance.
A solar simulator (WACOM WXS-155S-L2) was used to
measure the LIV. In themeanwhile, scanning electronmicro-
graphic (SEM) and electroluminescent (EL) examinations
were applied to understand the root cause of degradation in
this investigation.

3. Results and Discussion

The collected average performance data of sealed and bare
solar cells are shown in Table 1. It can be seen that the energy
conversion efficiency of sealed cells degraded by 3∼4% after
500 h exposure. However,𝑉oc and FF except 𝐼sc changed only
very slightly in sealed cells. On the surface of the sealed
cells, no significant morphological change was observable.

Heat sink
Insulation coating
Solar cell chip
Optical encapsulant

Bypass diode

Wire

Insulation coating

Figure 1: Picture of concentrator solar receiver used in this study.

Back surface field 50nm
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Bottom cell

Contac
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Contac
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Figure 2: Schematic structure of GaInP/GaInAs/Ge triple-junction
solar cell.

Table 1: Performance of sealed and bare solar cells after damp-heat
test.

Type Δ𝐼SC/𝐼SC(initial) Δ𝑉OC/𝑉OC(initial) ΔFF/FF(initial) Δ𝜂/𝜂(initial)
Sealed −0.978% −0.071% −0.013% −3.59%
Bare −1.098% −0.102% −1.531% −5.55%

Figure 4 shows the typical dark 𝐼-𝑉 curves of solar cells which
were measured sequentially after each 100 h time interval. In
general, the dark current of III–V solar cells as a function of
bias voltage can be formulated by double exponential terms
[18] as described in

𝐼dark (𝑉) = 𝐼diff (𝑉) + 𝐼scr (𝑉) . (1)
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III–V TJ solar cell 

Heat sink (Al plate) 

Solder 
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Figure 3: Schematic graph of cross-section of concentrator solar receiver.
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Figure 4: Typical dark 𝐼-𝑉 curves of sealed cells measured sequentially after each step of damp-heat exposures.

Here, 𝐼diff(𝑉) denotes the diffusion current in the neutral
region and 𝐼scr(𝑉) is related to the generation-recombination
current in the depletion region. In general, the dark current
is dominated by recombination current at low voltage and
by diffusion current at high voltage. Since the decrease of
FF was very small, this implied that both shunt and series
resistances did not change apparently. From Figure 4, it is
noteworthy that almost all sealed cells showed similar dark
𝐼-𝑉 characteristics. No obvious difference can be recognized
between these 𝐼-𝑉 curves implying that both 𝐼diff and 𝐼scr
did not change even after 500 h of exposure. In other
words, there were no significant defects generated, which
would increase the recombination current [19]. We believe
that there is no deterioration of electrical characteristics
in sealed cells. Hence, the losses of conversion efficiency
were suggested to be due to encapsulant material. These
results are similar to that reported previously by McIntosh
et al. [20]. They reported that water moisture can diffuse
into silicone materials, then the water molecules will scatter
incident light and decrease the transmission coefficient of
siliconematerials, thus decrease the short-circuit current and
conversion efficiency.

As for bare solar cells, the average energy conversion
efficiency of 20 cells after 500 h of exposure degraded by
5∼6%, which is higher than the data of sealed cells. It is
worth mentioning that there are two cells that are denoted
as S1 and S2 and degraded over 10% on energy conversion
efficiency. The light 𝐼-𝑉 and dark 𝐼-𝑉 curves of S1 are shown
in Figures 5(a) and 5(b), respectively. The variation of 𝐼SC
was not apparent over the damp-heat test.The degradation of
𝑉OC was also not apparent before 400 h exposure; however,
𝑉OC decreased significantly after 500 h of exposure. From the
EL images of 400 h and 500 h exposed samples, as shown
in Figure 6, some different color zones near the edge of
cells can be observed. It reveals that some defects were
generated after 500 h of damp-heat test. Evidently, these
defects increase 𝐼scr(𝑉), therefore, result in the elevation of
𝐼dark and a significant decrease in 𝑉OC.

Figures 7(a) and 7(b) show the light 𝐼-𝑉 curves and
dark 𝐼-𝑉 curves of S2 cell before and after 100, 200, 300,
400, and 500 h of exposure in damp-heat environment,
respectively. It exhibits a linear (ohmic) behavior after 500 h
of exposure. It is well known that a lot of commercially
produced silicon solar cells have a problem caused by local



4 Journal of Nanomaterials

DH exposure time
Initial
100h
200h

300h
400h
500h

1.0

2.0

3.0

4.0
×10−3

0.0
0.0 0.5 1.0 1.5 2.0 2.5

Cu
rr

en
t (

A
)

Voltage (V)

(a)

DH exposure time
Initial
100h
200h

300h
400h
500h

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Voltage (V)

10−1

100

10−2

10−3

10−4

10−5

10−6

10−7

10−8

10−9

10−10

Cu
rr

en
t (

A
)

(b)

Figure 5: (a) Light 𝐼-𝑉 and (b) dark 𝐼-𝑉 curves of bare cell S1 measured sequentially after each step of damp-heat exposures.

(a) (b)

Figure 6: EL images of sample S1 after 400 h (a) and 500 h (b) of exposure.

short circuits called shunts [21]. These shunts may lead to
a deterioration of the conversion efficiency of solar cells by
increasing the leakage current and decreasing both the open-
circuit voltage and the fill factor of the solar cells. Shunts
in solar cells often localized at the cell edges. Some of these
edge shunts have a linear 𝐼-𝑉 (ohmic) behavior and some
of them have a nonlinear 𝐼-𝑉 (diode-like). To analyze the
cause of the sudden degradation after 500 h of exposure,
we performed SEM and EDX examination for S2. Figure 8
shows the EL images of S2 after 400 h and 500 h of exposures.
No obvious damage was found in the EL image of 400 h
exposed sample; however bright zones, as marked by dashed-
rectangle, appeared in the 500 h of exposed sample. We
inspected the bright zone with SEM and found that a particle
existed in the zone, whichwas furthermore identified by EDX
to be a segregated particle composedmainly of Au.Therefore,
the bright zone exhibited low resistance, and leakage current
resulted in shunts. The SEM micrograph of Figure 9 also

shows a crack at the edge, as marked by a circle. Figure 10
shows an enlarged SEM micrograph of crack region. We
furthermore performed EDX analysis and found that region
a is the Ge substrate, regions b and c are GeOx, and region
d is the epitaxial layer. The crack initiated in the nanoscaled
epilayer, possibly induced by in-diffused moisture and part
of Ge was oxidized into GeOx. Both the EL and SEM analysis
suggested that the shunt and leakage paths occurred in the
edge of cells and resulted in the degradation.

4. Conclusions

We performed accelerated tests on both sealed and bare TJ
concentrator solar cells in a damp-heat environment and
investigated the degradation of electrical characteristics over
time. Our results indicated that silicone encapsulant really
protects solar receiver and resists moisture ingress; therefore,
the performance of sealed cells is much better than unsealed
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Figure 7: (a) Light 𝐼-𝑉 and (b) dark 𝐼-𝑉 curves of bare cell S2 measured sequentially after each step of damp-heat exposures.
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Figure 8: EL images of sample S2 after 400 h (a) and 500 h (b) of exposure.

Busbar of cell

Ceramic substrate

Edge of cell
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Figure 9: Cross-sectional SEM micrograph shows the crack and the Au particle in the edge of nonsealed solar cell.
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a
bc

d

Figure 10: Cross-sectional SEM micrograph shows partial crack in
the edge of nonsealed solar cell. Region a is the Ge substrate, regions
b and c are GeOx, and region d is the epitaxial layer as analyzed by
EDX.

cells. However, careful selection of siliconematerial should be
adopted to avoid the deterioration of silicone from moisture
attack and to preserve the reliability. For bare cells, we found
that 𝐼sc, 𝑉oc, and FF and conversion efficiency degraded after
long time exposure to damp-heat environment. Both EL
and SEM analysis indicated that the causes of degradation
can be attributed to the damage and cracks in the edge of
cells. The damage and cracks resulted in the leakage paths
and increased recombination current. In the near future, we
will investigate solar cells with different silicone materials
and increase the damp-heat test time in order to clarify the
degradation mechanism of silicone-sealed solar cells and to
understand the lifetime under the influence of damp-heat
environment.
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GaInP/GaInAs/Ge triple-junction solar cells with ≫ 41%
efficiency,” in Proceedings of the 34th IEEE Photovoltaic
Specialists Conference (PVSC ’09), pp. 001038–001042,
Philadelphia, Pa, USA, June 2009.

[12] W. Guter, J. Schöne, S. P. Philipps et al., “Current-matched
triple-junction solar cell reaching 41.1% conversion efficiency
under concentrated sunlight,” Applied Physics Letters, vol. 94,
no. 22, Article ID 223504, 3 pages, 2009.

[13] G. S. Kinsey, P. Pien, P. Hebert, and R. A. Sherif, “Operating
characteristics of multijunction solar cells,” Solar Energy Mate-
rials and Solar Cells, vol. 93, no. 6-7, pp. 950–951, 2009.

[14] I. Rey-Stolle and C. Algora, “High-irradiance degradation tests
on concentrator GaAs solar cells,” Progress in Photovoltaics, vol.
11, no. 4, pp. 249–254, 2003.

[15] P. Espinet, C. Algora, J. R. González, N.Núnez, andM.Vázquez,
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Using a combined two-dimensional-three-dimensional (2D-3D) ensembleMonte Carlo (EMC)model, the performance of a planar
nanochannel device is studied at the terahertz (THz) region. The device is based on a GaN/AlGaN heterostructure in which
a two-dimensional electron gas (2DEG) forms at the interface. Simulation results reveal that, at low working frequencies, the
performance of the device is almost frequency independent. However, when the working frequency is higher than 0.5 THz, obvious
enhancements in the device performance have been observed. The enhancements are characterized by two resonant peaks at
frequencies of about 4 THz and 8THz. Also, the frequency-dependent performance exhibits nonmonotonicity. Further studies
show that the performance enhancements can be attributed to the excitations of 2D plasma waves in the device, with the emergence
of the above resonant peaks corresponding to the formation of standing plasma waves. Moreover, simulation results show that the
device performance increases monotonically with signal amplitude, when the device is unbiased. However, when a DC bias is
applied, the performance remains almost unchanged for large signals but is significantly enhanced for small signals. Therefore, the
device performance shows a strong nonmonotonic dependence on signal amplitude, and its minimal value occurs when the signal
amplitude is only about√2 times the DC bias.

1. Introduction

In the past few decades, continuous miniaturization of
semiconductor devices has led to high-speed operations and
large-scale integration of electronics. A single silicon chip
can now contain more than a billion transistors and operate
at frequencies higher than 1GHz. The operation frequency
can be further increased by utilizing a planar architecture.
In planar devices, electrodes are connected to the sides of
the active semiconductor layer, rather than being placed on
its top and bottom surface, as in conventional multilayered
vertical-structured devices. As a result, very low parasitic
capacitances are obtainable, leading to very high operating
speeds. Planar nanodevices based on 2DEGs in semiconduc-
tor heterostructures have been demonstrated to operate at
tens ofGHz ormore [1–3]. In particular, self-switching diodes
(SSDs) have been shown to possess zero threshold voltages
and be able to work as high-frequency detectors. At room

temperature, they can operate at frequencies up to 1.5 THz [4]
at room temperature and up to 2.5 THz [5] at a temperature
of 150K.

Apart from improving the operational frequency of the
devices, planar architecture can also lead to some additional
mechanisms. It has been shown that when the thickness
of the conducting layer is lower than 10 nm, 2D plasmonic
noise is dominant, resulting in a geometric dependence of
noise characteristics [6]. Moreover, it has been proved that
in a submicron field-effect transistor (FET) with asymmetric
boundary conditions, 2D plasma waves can be excited simply
by a DC current [7]. This discovery has prompted intensive
investigations of nanometer FETs as THz sources and detec-
tors, resulting in substantial progress in this field [8–13].

The physics of plasma wave based collective electron
transport is vastly different from conventional individual
(uncorrelated) electron transport. However, the studies so
far have been mostly limited to plasma waves occurring
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in submicron FET structures. In this study, based on a
combined 2D-3D EMC model [14], we will focus on the role
of 2D plasma waves in improving the THz performance of
a two-terminal nanometer device. The paper is structured
as follows. In Section 2, the structure of the device is first
introduced and then the combined 2D-3D EMC model is
concisely described. In Section 3, the frequency-dependent
performance of the device is studied under various condi-
tions, and the plasma related features are analysed in detail.
In Section 4, the conclusions of this work are presented.

2. Device Structure and Numerical Model

Figures 1(a) and 1(b) schematically show the top view and
cross section of a nanochannel device.The device is based on
a GaN/AlGaN heterostructure, in which a 2DEG is formed
at the GaN/AlGaN interface with a carrier concentration of
8.0×10

12 cm−2 [15].The two insulating trenches (rectangular
grey areas in Figure 1(a)) are created by etching through the
2DEG layer. Therefore, electrons have to pass through the
narrow channel between the two trenches in order to conduct
current from the left electron reservoir to the right one. It is
evident that while the device performance at low frequencies
might be trivial, at the THz region, it would be quite complex
because additional phenomena, such as plasma waves, would
be dominant.

In this work, we employed a combined 2D-3D EMC
model based on a semiclassical 2D EMC method self-
consistently coupled with 3D Poisson equations. This com-
bined model is developed from our entirely 2Dmodel, which
has been successfully applied in earlier studies [16, 17]. It is
noteworthy that a fully 3D EMC model has been developed
to study three-terminal T-branch junctions (TBJs) with a
top gate terminal [18, 19]. Despite minimizing the need for
parameter fitting and including the effect of electron transfers
from the channel to other layers, the 3D model leads to
almost the same results as those obtained from an entirely
2Dmodel for GaAs-based devices [20].There are two reasons
for the above agreement between an entirely 2D model and a
3D model. The first is that the operating properties of TBJs
are mainly determined by the 2DEG layer, which can be
well described by an entirely 2D model. The other is that
an artificially introduced side gate in the 2DEG layer can
serve the function of TBJs’ top gate. If the top gate cannot be
modelled as a side gate, at least a combined 2D-3D model is
needed.

As in an entirely 2D model, all the electrons in the com-
bined model are assumed to be confined within the 2DEG
layer. This means that the effect of electron transfers from
the channel to other layers is ignored. As such, the 2D EMC
method is sufficient to describe the microscopic behaviour
of electrons in devices. However, the main advantage of the
combined model lies in upgrading the 2D Poisson solver in
the entirely 2D model to a 3D Poisson solver. This would
enable the proper inclusion of electric-field couplings beyond
the 2DEG layer, which can lead to the appearance of 2D
plasma waves. In order to sufficiently include the 3D electric-
field couplings, Poisson equations should be solved in a
domain beyond the device’s realistic structure. As shown

in Figure 1(b), the GaN substrate and a region (air) above
the device surface, both of height 1 𝜇m, were included in
the simulations. Insulating trenches were assumed to have
vertical sidewalls. Moreover, the depth of all the insulting
trenches was assumed to be 1030 nm. This uniform-depth
treatment can avoid the trench-depth effect [14]. Dielectric
constants used in the simulations for Air, AlGaN, and GaN
were 1, 8.5, and 8.9, respectively. For convenience, the effect of
surface states at the semiconductor-air interface was included
by a simple constant charge model with negative charge
density, 𝑁

𝑆
= −0.8 × 10

12 cm−2 [21]. Of course, the use of
an advanced surface chargemodel, such as the self-consistent
charge model, would result in more accurate results, but it is
time consuming, and the results have no qualitative difference
[22]. Geometric parameters used in the simulations can be
found in Figure 1(a). All simulations were performed at room
temperature with the left terminal grounded. The Poisson
equations were solved in 5 nm×5 nmmeshes with a time step
of 1 fs.More information about themodel can be found in our
recent work [14, 23].

3. Simulation Results and Analysis

Figure 2 shows the frequency-dependent performance of
the device shown in Figure 1. In the simulations, the right
terminal was biased with different DC voltages of 𝑉DC =
2.0V (red curve), 1.5 V (green curve), 1.0 V (navy blue curve),
0.5 V (pink curve), and 0.0V (powder-blue curve). Then, a
sinusoidal signal with an amplitude of 𝑉AC = 0.5V was also
applied, and the AC current 𝐼AC through the nanochannel
was recorded. For ease of comparison, all the data were
normalized to those obtained at the lowest simulated fre-
quency, that is, 0.1 THz. We find that the performance of
the device biased with a voltage of 1.0 V remains unchanged
at low frequency, while showing obvious enhancement (i.e.,
the normalized amplitude of 𝐼AC is larger than 1) when the
frequency is higher than 0.5 THz. The normalized amplitude
increases with frequency and reaches its first maximal value
at a frequency of about 4 THz. Subsequently, it dramatically
reduces to a minimum at a frequency of about 6.7 THz and
then increases again to reach the second maximal value at
a frequency of about 8 THz. Similar trends are observed for
devices with higher DC bias (i.e., 𝑉DC = 1.5V and 2.0V).
Moreover, results show that the enhancement is higher when
a higher DC bias is applied. For example, the performance
of the device at a DC bias of 2.0 V can be enhanced to
more than 2.5 times that at low frequencies (see the red
curve in Figure 2). This happens at a frequency of about
4 THz, at which a maximum power of about 10 𝜇W can
be reached. However, for the device with smaller DC bias
(i.e., 𝑉DC = 0.5V and 0.0V), no enhancement is observed,
and the normalized amplitude monotonically reduces with
frequency, as shown by the pink and powder-blue curves in
Figure 2.

In order to identify the origin of the above performance
enhancements, efforts are devoted to compare nonenhanced
results obtained at a low frequency of 0.1 THz with the
enhanced ones obtained at a high frequency of 4.0 THz. Dur-
ing simulations, the time-dependent 2D-current-distribution
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Figure 2: Frequency-dependent output-signal amplitude of the
nanochannel device shown in Figure 1 when different DC voltages
are applied (during all simulations, the input-signal amplitude was
set to 0.5 V).

𝐼(𝑡, 𝑋, 𝑌) in the entire device (including the channel and the
two reservoirs) was recorded. Then, the recorded currents
were summed along the 𝑌 direction to obtain a time-
dependent 1D-current-distribution 𝐼(𝑡, 𝑋) in the𝑋 direction.
Here, 𝑡 is the time, the 𝑋 direction is parallel to the channel,
and the 𝑌 direction is perpendicular to the channel, as
shown in Figure 1. Results obtained at 0.1 THz and at 4.0 THz
are shown in Figures 3(a) and 3(b), respectively. We find
from Figure 3(a) that the low-frequency current distribu-
tion along the 𝑋 direction is uniform during the entire
working period (i.e., the period of the applied signal) and
synchronously changes with the applied signal. In contrast,
the high-frequency results are quite nonuniform, because
standing waves have formed in both reservoirs, as shown in

Figure 3(b). The emergence of standing waves in the device
strongly suggests a possibility of plasma-wave excitations.The
dispersion relations for 2D plasma waves are given by [6]

𝑓 =
1

2𝜋

√
𝑒
2

𝑛
2D
𝑘

2𝑚
0
𝑚𝜀
0
𝜀eff
, (1)

where 𝑓 and 𝑘 are the frequency and wave vector, respec-
tively; 𝑒 is the electron charge; 𝑛2D = 8 × 1012 cm−2 is the
2D carrier concentration;𝑚

0
and𝑚 are the free and effective

electron masses; 𝜀
0
is the vacuum dielectric permittivity; and

𝜀eff is the effective dielectric constant, which is defined as [24]

𝜀eff =
1

2
[𝜀
2
+ 𝜀
1

1 + 𝜀
1
tanh (𝑘𝑑)

𝜀
1
+ tanh (𝑘𝑑)

] . (2)

In our case, 𝜀
1
= 8.5 is the dielectric constant of AlGaN,

𝜀
2
= 8.9 is the dielectric constant of GaN, and 𝑑 = 30 nm

is the thickness of the AlGaN layer. The standing wave
conditions in the reservoirs are given by

𝑘 =
𝜋 (2𝑛 − 1)

2𝐿
, (3)

where 𝑛 = 1, 2, 3 . . . and 𝐿 = 200 nm is the length
of reservoirs. Substituting (2) and (3) into (1) and using
the parameters provided above, one can observe that the
frequency of standing waves is 4.5 THz, 7.1 THz, and 8.5 THz
for 𝑛 = 1, 2, and 3, respectively. Since damping effects (e.g.,
phonon scatterings) are not included in (1), analytic results
obtained from (1)–(3) are expected to be higher than those
obtained from the simulation. By making a comparison, one
can find that each analytically obtained frequency is only a
little higher than the frequency at special points A, B, and
C shown in Figure 2. This confirms that the enhancement
of device performance in the THz region is because of the
excitations of 2D plasma waves. Moreover, the formation
of standing plasma waves in the reservoirs is attributed to
the performance peaks (special points A and C) shown in
Figure 2. However, according to the analytic results, a peak,
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Figure 3: Time-dependent current distributions along the𝑋 direction (defined in Figure 1(a)) for the device operating at the frequencies of
0.1 THz (a) and 4.0 THz (b).

rather than a valley, should emerge at point B. To ascertain the
reason for this anomaly, (1) was utilized to calculate the phase
delay occurring in the plasma waves as they passed through
the nanochannel. Considering that the electron density in the
nanochannel is reduced by the surface states to about 75%
of that in the reservoirs, a phase delay of 𝜋 can be obtained.
Because of this 𝜋-phase delay, the standing waves in the two
reservoirs have opposite effects on the device performance.
As a result, the resonant peak at point B disappears. From this
calculation, we also find that the power-delay product for the
device is frequency dependent.

It is well known that the length of electron reservoirs
has negligible influence on the performance of traditional
devices. However, as we have shown above, this is not true for
nanodevices operating at the THz region, especially when the
electron reservoir is low dimensional. Fortunately, the length
of electron reservoirs can nowbe precisely defined bymodern
methods used in nanotechnology [25].

To further understand the influence of plasma waves on
the device performance, signals with the same frequency
of 4.0 THz but with different amplitudes were applied on
the device under different DC biases. Simulation results
are shown in Figure 4. We find that when the device is
unbiased, the device performance shows a nearly linear
increase with the amplitude of the applied signals. When
DC bias is applied, the device performance for small signals
is significantly enhanced, but that for large signals is nearly
constant. The performance reduces with the amplitude of
the applied signals and then reaches a minimal value before
increasing in a manner similar to the unbiased case. The
performance enhancement induced by the DC bias implies
that plasma waves are easier to be excited on a DC flow.
Furthermore, we can find from Figure 4 that the applied
signal’s amplitudes (DC biases) at the minimal performance
points are about 0.4V (0.3 V), 0.7 V (0.5 V), 1.1 V (0.8 V), and
1.4 V (1.0 V). It is interesting to see that, at these minimal
points, the amplitude of each applied signal is only about√2
times the corresponding DC bias. Because the amplitude of
a sinusoidal signal is also √2 times its time-averaged value
over every semiperiod, one can expect that the time-averaged
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Figure 4: Current response of the nanochannel versus the ampli-
tude of applied signal with a frequency of 4.0 THz, under different
DC voltages of 1.0 V (red curve), 0.8 V (green curve), 0.5 V (navy
blue curve), 0.3 V (pink curve), and 0.0V (powder-blue curve).

electric-field should be zero in the device at the negative
semiperiod of applied signals.Thismeans that the effect of the
DC bias is cancelled when the amplitude of the applied signal
is larger than √2 times the DC bias; therefore, the device
functions as one without any DC bias.

4. Conclusion

In this paper, we have employed a combined 2D-3D EMC
model to analyse the THz performances of a GaN-based
planar nanochannel device under different conditions. We
observed that the performance of the device at frequencies
higher than 0.5 THz is strongly enhanced by 2D plasma
waves.The resonances of the 2Dplasmawaveswith the device
structure result in two performance peaks at frequencies of
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about 4 THz and 8THz, respectively. This resonant feature
may be applied for frequency selection in RF circuits or
THz systems. Moreover, the application of a DC bias allows
for small signals to excite 2D plasma waves easier, resulting
in a significant enhancement of the device performance.
However, when the applied-signal amplitude is larger than
√2 times the DC bias, the device operates as one without any
DC bias.
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Mo/Si bilayer thin films were grown by magnetron sputtering and applied to write-once blu-ray disc (BD-R). The microstructures
and optical storage properties of Mo/Si bilayer were investigated. From the temperature dependence of reflectivity measurement, it
was revealed that a phase change occurred in the range of 255–425∘C. Transmission electron microscopy analysis showed that the
as-deposited film possessed Mo polycrystalline phase. The hexagonal MoSi

2

and cubic Mo
3

Si phases appeared after annealing at
300 and 450∘C, respectively. By measuring the optical reflectivity at a wavelength of 405 nm, the optical contrast of Mo/Si bilayer
between as-deposited and 450∘C-annealed stateswas evaluated to 25.8%.Theoptimum jitter value of 6.8%was obtained at 10.65mW
for 4× recording speed. The dynamic tests show that the Mo/Si bilayer has high potential in BD-R applications.

1. Introduction

For write-once blu-ray disc (BD-R), amorphous silicon (a-
Si) was used as a recording layer due to its advantages of
low cost and easy fabrication process. However, the high
crystallization temperature of 700∘C for a-Si is a serious
shortcoming, leading to a highwriting power in the recording
characteristics. It is well known that metal induced crystal-
lization (MIC) can be applied to decrease the crystallization
temperature of a-Si by introducing various metals [1–5].
Therefore, several metal/a-Si bilayer structures such as Cu/Si
[6], Al/Si [7], Ni/Si [8], and Cu-Al/Si [9] have been proposed
as the recording films of BD-R.

It has been reported that the crystallization temperature
of a-Si in Mo/Si multilayer films was ranging from 200
to 400∘C [10], indicating that the Mo/Si based films could
be suitable for BD-R. Actually, Mo/Si structured mirrors
have been widely studied for applications in extreme ultra-
violet lithography because of their high normal incidence
reflectance [11–15]. Nevertheless, it has not been found that
the Mo/Si based thin films were applied to optical recording

media. In this study, we presented the Mo (7 nm)/Si (7 nm)
bilayer as the recording film of BD-R. The crystallization
temperature, microstructures, and recording characteristics
of this bilayer were analyzed and discussed.

2. Experimental Procedure

The Mo (7 nm)/Si (7 nm) bilayer was grown on nature
oxidized Si wafers and polycarbonate (PC) substrates at room
temperature by magnetron sputtering using the Mo and Si
targets. In order to apply the Mo/Si bilayer to write-once
optical recording media, the multilayer of Ag reflective layer
(95 nm)/ZnS-SiO

2
(35 nm)/Mo (7 nm)/Si (7 nm)/ZnS-SiO

2

(24 nm) was fabricated on 1.1mm-thick PC substrate which
has a track pitch of 0.32 𝜇m. Afterwards, a PC transparent
cover layer with 0.1mm thickness was covered on the top of
these layers by spin-coating. The crystallization temperature
of as-deposited specimen was measured by a home-made
reflectivity-temperature analyzer. The microstructures and
crystal orientations of the samples before and after annealing
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Table 1: Dynamic test conditions.

User capacity 25GB
Thickness of substrate 1.1mm
Wavelength 405 nm
Numerical aperture (N.A.) 0.85
Modulation code (1, 7) RLL
Track pitch 0.32 𝜇m
Linear velocity 4.92m/s (1×), 19.68m/s (4×)
Recording format On groove

were characterized by transmission electron microscopy
(TEM). Relationship between reflectivity and wavelength
was measured by means of a UV-VIS-NIR spectrophotome-
ter (Perkin-Elmer Lambda 900). To study the diffusion
characteristic of Mo/Si bilayer, the element concentration
depth profiles of the as-deposited and annealed samples
were analyzed using Auger electron spectrometer (AES).
The recording characteristics of the discs were evaluated by
a dynamic tester (ODU-1000, PULSTEC), and the testing
conditions were shown in Table 1.The wavelength of the laser
beam is 405 nm and the numerical aperture (N.A.) of the
objective lens is 0.85. The modulation code is (1, 7) RLL. The
linear velocities of 1× and 4× recording speeds are 4.92 and
19.68m/s, respectively.

3. Results and Discussion

Figure 1 exhibits the reflectivity changes as a function of
temperature for the Mo/Si bilayer at a heating rate of
20∘C/min. The measured temperature was increased from
room temperature to 550∘C using a resistive heater. It can be
found that the reflectivity has a decrease as the temperature
heated from 255 to 425∘C. According to previous research,
as the films undergo a structural transition, it could lead to
the change of optical reflectivity [16]. Therefore, we choose
the temperatures of 300 and 450∘C to perform the annealing
experiments and examine the microstructures of these films.

The TEM bright field image and electron diffraction pat-
tern of the as-deposited Mo/Si bilayer are shown in Figure 2.
It reveals that the as-deposited film has Mo polycrystalline
phase with the grain size of 5 nm, and the diffraction pattern
rings are identified to Mo (110), Mo (200), and Mo (211).
After annealing at 300∘C for 15min, the grain size of Mo/Si
bilayer was enlarged and the hexagonal MoSi

2
phase (h-

MoSi
2
) appeared, as shown in Figure 3. It is noted that the

formation of Mo silicide in Mo/Si multilayers is attributed to
the interdiffusion of Mo and Si atoms [17]. As the annealing
temperature was increased to 450∘C for 15min, we found
that the grains can be divided into two parts, that is, the
smaller grains (red circle) and larger grains with the size
about 100–300 nm, as shown in Figure 4(a). The analysis of
electron diffraction pattern also indicated that two phases
existed in the film, one was h-MoSi

2
and the other was

determined to be Mo
3
Si phase. The h-MoSi

2
phase with

continuous and clear diffraction rings were contributed from
the small grains. On the other hand, the discontinuous rings
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Figure 1: Relationship between the reflectivity and temperature of
the as-deposited Mo/Si bilayer at a heating rate of 20∘C/min.

corresponding to Mo
3
Si phase could result from the large

grains. Mo
3
Si phase has the cubic A15 structure such as 𝛽-W

and Cr
3
Si [18]. This structure consists of Si atoms occupied

the body centered cubic (bcc) positions in the unit cell and
the Mo atoms form three orthogonal chains located in the
[100] directions on the cube faces. To check the structure
of the large grains precisely, the grain which was marked by
red arrow was selected to examine by selected area electron
diffraction (SAED) pattern. It shows that the large grain has
Mo
3
Si phase with [011] zone axis, as shown in Figure 4(b).

Some reports indicated that the crystallization Si formed in
the Mo/Si multilayer after annealing. However, there is no
formation of crystallization Si in our results. Murarka et al.
[19] have shown the relationship between Mo/Si atomic ratio
and the formation in Mo-Si thin films. While the Mo/Si
atomic ratio in the film was greater than 0.5, it revealed that
only the Mo silicide including MoSi

2
, Mo
3
Si, and Mo

3
Si
2

can be observed after annealing. On the contrary, both the
Mo silicide and Si crystallization appeared after annealing as
the Mo/Si atomic ratio was less than 0.5. Consequently, the
atomic ratio of Mo to Si in the interdiffused region of our
annealed Mo/Si bilayer was probably greater than 0.5. As we
calculated, the number ofMo atoms in theMo/Si bilayer with
the thickness ratio of 1 : 1 was about ten times larger than
that of Si atoms. As a result, no crystallized Si formed in the
annealed film could be ascribed to the excessive Mo atoms in
the Mo/Si bilayer. It suggested that the thickness of Mo layer
should be reduced, and the Si crystallization could appear
after annealing. Interestingly, we found that the large grains
with Mo

3
Si phase had radial distribution in the film as the

TEM magnification was decreased, as shown in Figure 4(c).
As mentioned above, the Mo silicide consisting of MoSi

2
,

Mo
3
Si, andMo

3
Si
2
could appear in this study. However, there

was no formation of Mo
3
Si
2
phase in the annealed sample.

In previous researches [20, 21], the activation energies of
MoSi
2
and Mo

3
Si were estimated to be 204 and 223 kJ/mol,

respectively, which were close to each other. Thus, in this
study, MoSi

2
and Mo

3
Si phases were formed sequentially.
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Figure 2: TEM bright field image and electron diffraction pattern of the as-deposited Mo/Si bilayer.
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Figure 3: TEM bright field image and electron diffraction pattern of the 300∘C-annealed Mo/Si bilayer.

Besides, the melting temperatures of MoSi
2
and Mo

3
Si
2
were

1870 and 2190∘C, respectively [22]. Commonly, the higher
melting temperature ofmaterial would lead to a slower rate of
formation. It can be speculated that the formation of Mo

3
Si
2

is more difficult than MoSi
2
. This could be the reason why

Mo
3
Si
2
phase did not appear in this study. Based on previous

research [16], the difference in reflectivity resulted from the
materials with different complex dielectric functions. In other
words, the reflectivity of material can be changed via the
phase transition process. Consequently, the decreased reflec-
tivity of our sample (shown in Figure 1) with increasing the
temperature from 255 to 425∘C can be ascribed to the transi-
tion fromMo phase to h-MoSi

2
andMo

3
Si phases. Moreover,

in this study, there is another factor to affect the sample
reflectivity, that is, the grain feature of the sample. In Figure 2,
the small and uniform grain size of as-deposited film can
result in the reduction of optical anisotropy and lead to high
reflectivity. However, as the Mo/Si bilayer was annealed at
450∘C (Figure 4), the nonuniform grain size would induce
optical anisotropy, which caused the lower reflectivity of the
annealed films. Actually, the optical isotropy and anisotropy
of materials are also related to the crystal structures. This
implies that h-MoSi

2
andMo

3
Si structures could both possess

optical anisotropy, leading to the decreased reflectivity.

The reflectivity spectra in the wavelength ranging from
350 to 1000 nm for as-deposited, 300∘C-annealed and 450∘C-
annealed ZnS-SiO

2
/Mo/Si/ZnS-SiO

2
samples are presented

in Figure 5. For as-deposited sample, the reflectivity at a
wavelength of 405 nm was measured to be 50.7%. After
annealing at 300 and 450∘C for 15min, the reflectivities (at
the wavelength of 405 nm) of these samples were decreased to
46.2% and 37.6%, respectively. The optical contrast is defined
as ((𝑅

1
− 𝑅
2
)/𝑅
1
) × 100 %, where 𝑅

1
is the reflectivity of as-

deposited state and𝑅
2
is the reflectivity of annealed state.The

optical contrast (at the wavelength of 405 nm) between as-
deposited and 450∘C-annealed Mo/Si films can be evaluated
to 25.8%. It indicates that Mo/Si bilayer is suitable for BD-R
application.

Figures 6(a) and 6(b) show the depth profiles measured
by AES for as-deposited and 450∘C-annealed Mo/Si films,
respectively. Unlike the other annealing time of 15min, the
sample for AES measurement was only annealed for 3min.
In Figure 6(a), it was found that the film was composed by
two layers, which were Mo layer and Si layer. After annealing
at 450∘C, the film was divided into three layers, that is, Mo
layer, Mo-Si mixing layer, and Si layer. According to TEM
observations, it can be confirmed that the Mo-Si mixing
layer included the h-MoSi

2
and Mo

3
Si phases. Additionally,
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Figure 4: (a) TEM bright field image and electron diffraction pattern of the 450∘C-annealed Mo/Si bilayer, (b) the SAED pattern of larger
grain marked by an arrow in (a), and (c) TEM image with lower magnification.
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the AES results revealed that the Mo silicide was formed by
the interdiffusion of Mo and Si atoms, which was in good
agreement with Holloway et al. research [17].

Figure 7 exhibits the dynamic test results that the jitter
values and modulations vary with writing powers at 1× and
4× recording speeds. The suggested modulation and jitter
value for BD-R should be larger than 0.4 and lower than
7%, respectively. As we can see, all measured modulations
are larger than 0.4. From TEM results, the changes of
structural phase and grain size uniformity in the as-deposited
and annealed states would lead to high optical contrast. It
probably results in enough modulation of the disc sample
before and after laser writing. Experimental results show that
the minimum jitter values are obtained to be 6.5% at 7.4mW
and 6.8% at 10.65mW, respectively, for 1× and 4× recording
speeds. It indicates that the Mo/Si bilayer has great potential
in BD-R.

4. Conclusion

In summary, we have proposed a newBD-R containingMo/Si
recording layer.Thermal analysis shows that theMo/Si bilayer
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has a reflectivity change with the temperature ranging from
255 to 425∘C.TheMo phase with grain size of 5 nmwas found
in the as-deposited film.After annealing at 300 and 450∘C, the
h-MoSi

2
and Mo

3
Si were sequentially appeared. Due to the

thickerMo layer, therewas no Si crystallization forming in the
annealed film. The AES result confirmed that the formation
ofMo silicide after annealing resulted from the interdiffusion
of Mo and Si atoms. For 1× and 4× recording speeds, the
optimum jitter values of 6.5% and 6.8% can be achieved
at the recording powers of 7.4 and 10.65mW, respectively.
Obviously, the Mo/Si bilayer has great feasibility for write-
once blue laser optical recording.
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In this study, ZnS thin films were prepared on glass substrates by chemical bath deposition at various Zn/S molar ratios from
1/50 to 1/150. The effects of Zn/S molar ratio in precursor on the characteristics of ZnS films were demonstrated by X-ray
diffraction, scanning electronmicroscopy, optical transmittance, X-ray photoelectron spectroscopy, and Fourier transform infrared
spectrometry. It was found that more voids were formed in the ZnS film prepared using the precursor with Zn/S molar ratio of
1/50, and the other ZnS films showed the denser structure as the molar ratio was decreased from 1/75 to 1/150. From the analyses
of chemical bonding states, the ZnS phase was indeed formed in these films. Moreover, the ZnO and Zn(OH)

2

also appeared due
to the water absorption on film surface during deposition. This would be helpful to the junction in cell device. With changing the
Zn/S molar ratio from 1/75 to 1/150, the ZnS films demonstrate high transmittance of 75–88% in the visible region, indicating the
films are potentially useful in photovoltaic applications.

1. Introduction

Zinc sulfide (ZnS) is a II-VI compound semiconductor with
a wide direct band gap (𝐸

𝑔
= 3.6∼3.8 eV). Moreover, ZnS has

the high refractive index (2.35 at 632 nm) and high dielectric
constant (9 at 1MHz) [1]. As a result, it can be widely applied
in the optoelectronic applications consisting of light emitting
diodes with short wavelength, electroluminescent devices,
and solar cells. For the photovoltaic applications, ZnS thin
film is also transparent in all wavelengths of solar spectrum
and has high absorption for the wavelength below 520 nm
as compared to CdS. Many techniques including sputtering
[2], molecular beam epitaxy [3], pulsed laser deposition [4],
chemical vapor deposition [5], successive ionic layer adsorp-
tion and reaction [6], spray pyrolysis [7], and chemical bath
deposition (CBD) [1, 8] have been proposed to fabricate the
ZnS thin films. Among thesemethods, CBD ismost attractive
because it can be employed as the large-area growth without

vapor deposition related to physical techniques and free of
some inherent problems associated with high temperature
fabrication [9].

For the ZnS growth by CBD process, a soluble salt of
Zn ion and nonmetallic S source compound dissolved in
an aqueous solution is required, reacting by the following
equation: Zn2+ + S2− → ZnS, 𝐾sp = 10

−24.7 [10]. Owing
to the low solubility product of Zn2+ and S2−, ZnS pre-
cipitation will take place rapidly at very low concentration
(homogeneous process), which results in the loose structure
and poor transmittance in the thin film. However, the ZnS
thin film with good uniformity and high transmittance can
be achieved using the complex agents, such as trisodium
citrate, ethylenediamine, and nitrilotriacetate (heterogeneous
process). With the assistance of complex agents, the metal
ions and negative ions were released slowly and then reacted
to form the compound. The process is used to avoid the fast
precipitation of the compound in the solution [11]. Moreover,
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the use of hydrazine hydrate as second ligand in the process
can also enhance the homogeneity and adhesion of the film
and increase the growth rate [9].

Up to now, the CBD-ZnS films are always formed by
using Zn-contained and S-contained solutions, which have
the similar molar concentration to each other. For example,
as the concentration of Zn-contained solution was fixed, the
same or 2–10 times concentration of S-contained solution
was used in the CBD process. However, there are very few
researches on the CBD-ZnS films by these two solutions with
large difference in concentration.

In this study, the CBD technique was performed to
prepare the ZnS films. By modifying the Zn/S molar ratio
from 1/50 to 1/150, the S-contained solutions with much
higher concentrations than that of Zn-contained solution
were employed to form the ZnS films.This could be expected
thatmore nucleation sites will appear during theCBDprocess
for the formation of ZnS clusters. As a result, the quality of
ZnS film will be better and the growth rate can be increased.
Themorphology, chemical bonding states, and structural and
optical properties of these ZnS films have been investigated in
detail.

2. Experimental Procedure

In our work, ZnS thin films were prepared on the glass and
Si substrates by CBD method. The substrates were cleaned
ultrasonically by detergent solution, acetone, and deionized
water, respectively, to ensure the complete cleanness. For the
CBD process, the aqueous solutions of zinc sulfate (ZnSO

4
)

and thiourea (SC(NH
2
)
2
) were used to grow the ZnS films.

The concentration of ZnSO
4
solution was fixed at 1.4 ×

10−3M, and the concentration of SC(NH
2
)
2
solution was

increased from 0.07 to 0.21M, leading to the precursors with
various Zn/S molar ratios from 1/50 to 1/150 in the mixed
solution. The ZnS films prepared using the precursors with
various Zn/S molar ratios of 1/50, 1/75, 1/100, 1/125, and 1/150
are denoted as samplesA, B, C,D, and E, corresponding to the
used SC(NH

2
)
2
concentrations of 0.07, 0.105, 0.14, 0.175, and

0.21M, respectively. Firstly, the 100mL of 1.4 × 10−3MZnSO
4

and 26mL of 28%–30%NH
4
OHweremixed in a glass beaker

by stirring for 10min to form a stable complex with zinc ions.
Next, the SC(NH

2
)
2
with desired concentration was added to

a 6mL 98+% hydrazine hydrate in another beaker by stirring
for 10min.Then, these two solutions were poured into a glass
tank and placed on a hotplate stirrer. For the films growth, the
substrates were vertically immersed in the solution, and the
reaction temperature was maintained at 85∘C. The substrates
were taken out after 2 hours and followed by cleaning them
with deionized water.

The crystal structures of ZnS films were examined by
X-ray diffraction (XRD, PANalytical, X’Pert Pro MRD) and
transmission electron microscopy (TEM, JEOL JEM-2100F).
The CuK

𝛼
line (𝜆 = 1.541874 Å) was applied for the source

and Ge (220) was employed as the monochromator for
XRD. The films morphology was investigated by a scanning
electron microscopy (SEM, JEOL JSM-6700F).The transmit-
tance spectra of the films were determined by the UV-Vis
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Figure 1: XRD patterns of samples A–E on glass substrates.

spectroscopy (UV-3101PC, Shimadzu). X-ray photoelectron
spectroscopy (XPS, ULVAC-PHIPHI 5000) was used to
analyze the film composition. Moreover, the existences of
oxygen and carbon formed in the CBD process were also
detected by XPS.The Al K

𝛼
(1486.7 eV) radiation was applied

for the excitation source. The chemical bonding states of
ZnS films were characterized by Fourier transform infrared
spectrometry (FTIR, DA8.3, Bomem Inc.) using grazing
incident angle reflectance method.

3. Results and Discussion

Generally, the crystal structures of ZnS exist in two forms,
that is, the cubic (zincblende) and hexagonal (wurtzite)
phases. The cubic ZnS is stable at room temperature, while
the hexagonal ZnS is formed as the temperature is above
1020∘C [12]. Figure 1 shows the results of XRD 𝜃-2𝜃 scan for
samples A–E with increasing 2𝜃 from 20∘ to 60∘. As the ZnS
films deposited using the precursors with Zn/S molar ratio
of 1/100–1/150 (samples C, D and E), no obvious diffraction
peak can be found except for a broad hump appeared in
the 2𝜃 range of 20–35∘, indicating the amorphous phase was
formed in these films. For the CBD process at Zn/S molar
ratio of 1/50–1/75, only one diffraction peak around 2𝜃 = 28.5∘
with low intensity appeared in these two spectra, which can
be related to the cubic ZnS with (111) plane. Some reports
have been proposed to demonstrate the ZnS grown by CBD
method using ZnSO

4
or ZnCl

2
as precursors possessed the

cubic structure [13, 14]. As a result, the peak appeared in
our result ought to belong to the cubic structure because of
the low temperature process and the ZnSO

4
precursor used

in the chemical reaction. As well known, the film thickness
is an important factor for the determination of crystalline
structure in the film. According to our SEM results (as shown
in below), the samples A and B both possessed a very thin
thickness less than 70 nm. As a result, there is no diffraction
peak indexed to cubic or hexagonal ZnS phase in these
two films except for the (111) plane. Although the hexagonal
ZnS could present the better optical and electrical properties
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Figure 2: (a) High-resolution TEM bright field photograph and (b) electron diffraction pattern of sample B.

than those of cubic ZnS, the hexagonal ZnS is relatively
difficult to prepare. According to Gilbert et al. research [12],
the high temperature (above 1020∘C) process was performed
to fabricate the hexagonal ZnS bulk material. In fact, the
CBD-ZnS films were usually prepared at low temperature
(from room temperature to 90∘C). It indicates that the high
temperature process is unsuitable for the preparation of ZnS
filmby usingCBDmethod.Additionally, the hexagonal phase
may be formed by performing the postannealing process
to ZnS sample at high temperature. Nevertheless, based on
previous research [15], the annealing process would induce
the significant reduction in the optical transmittance of
CBD-ZnS film, lowering the feasibility for the photovoltaic
applications. On the other hand, although no characteristic
peaks induced by the Zn(OH)

2
or ZnO phase were detected

in our result, these compounds were formed in the films
by analyzing the bonding states in XPS measurements, as
exhibited in the following discussion.

Figure 2(a) displays the high-resolution TEM image of
sample B to check the formation of crystalline structure in
ZnS films. It can be seen that there were some grains with
uniform spherical shape in the image (marked by the blue
arrows), and the size was measured to be about 8–10 nm.This
indicates the nanocrystalline structure was indeed existed
in the film. In addition, the presence of nanocrystal grains
without aggregation supported the XRD peak with low
intensity presented in Figure 1. Moreover, we observed the d-
spacing clearly appeared in the grains. From our calculation,
these grains all have the similar d-spacing value about 3.14 Å,
which can be indexed to the (111) plane of cubic ZnS. It is in
good agreement with the XRD result. Except for the XRD and
high-resolution TEMmeasurements, the electron diffraction
pattern was also used to further analyze the phase of ZnS film
(sample B). As shown in Figure 2(b), it indicates that the ZnS
film possesses polycrystalline nature with the cubic phase,
and the diffraction pattern rings are identified to ZnS (111)
and ZnS (220).

Figures 3(a)–3(e) show the plain-view SEM images of
ZnS films with various reaction conditions (samples A–
E). It was found that there were many voids in sample A,
and the voids were reduced with increasing the SC(NH

2
)
2

concentration, indicating that a denser structure on surface
appeared in the ZnS films prepared using the precursors with

Zn/S molar ratio of 1/75–1/150. These surface states strongly
influence the optical properties of ZnS film consisting of
transmittance, absorbance, and reflection. Moreover, it is
worth mentioning that the discontinuous film was emerged
in sample A, revealing the aggregation of grains did not form
the film in such reaction condition. This could lead to a
leakage current as the ZnS film is used as the buffer layer for
cell device. Except for sample A, the coalescence of grains was
improved in the other samples (B–E), and the good adhesion
of these films to the glass substrates was also observed. Cross-
sectional SEM images indicate that the thicknesses of sample
A, B, C, D, and E are measured to be 92, 63, 60, 61, and
59 nm, respectively, as shown in Figures 3(f)–3(j). Obviously,
at Zn/S molar ratio of 1/50 in the CBD process, the ZnS
film has higher growth rate than the others. Besides, at Zn/S
molar ratio of 1/75–1/150, the ZnS films have the similar
growth rate to each other. This is because the ZnS films with
Zn/S molar ratio of 1/75∼1/150 all possess the dense structure
(observed by SEM). The adhesion of CBD-ZnS film to the
substrate is also an important factor for the photovoltaic
applications. Based on our results, the adhesion of CBD-ZnS
film to the substrate becameworse as theZn/Smolar ratiowas
decreased. Actually, in this study, the adhesions of these ZnS
films are good enough to use in the photovoltaic applications,
even for the ZnS film with a lower Zn/S molar ratio of 1/150.
However, further decreasing the Zn/S molar ratio to 1/200
and 1/300, these two ZnS films possessed very poor adhesion,
which were unsuitable for the fabrication of optoelectronic
devices. Besides, as the Zn/Smolar ratio was reduced to 1/200
and 1/300, it would result in a lot of Zn(OH)

2
formation in the

ZnS sample. The excessive Zn(OH)
2
formation can decrease

the optical transmittance of ZnSfilm, causing the degradation
in the device performance.

Figure 4(a) shows the transmittance spectra of samples
A–E recorded in a wavelength range of 200–1000 nm.We can
observe that the sample A has a lower transmittance than
that of samples B–E in the spectral range of 350–1000 nm.
For the ZnS films deposited using the precursors with Zn/S
molar ratio of 1/75–1/150 (samples B–E), it can be found that
the transmittance is higher than 75% when the wavelength is
larger than 360 nm and reaches at a maximum value about
88%. According to the results of film adhesion and optical
transmittance, it indicates that the ZnS film with Zn/S molar
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Figure 3: ((a)–(e)) Plane-view SEM images and ((f)–(j)) cross-sectional SEM images of samples A–E.

ratio of 1/75 is most suitable for use in the buffer layer
of solar energy device. On the other hand, all ZnS films
exhibit the clear absorption edges near 310–320 nm. From the
Beer-Lambert law [16], the absorption coefficient (𝛼) can be
obtained by the following equation:

𝛼 =
1

𝑡
ln( 1
𝑇
) , (1)

where t is the film thickness and T the optical transmittance.
Because ZnS belongs to the direct band gap semiconductor,

the relationship between 𝛼 and incident photon energy (ℎV)
is represented as [17]

𝛼ℎV = 𝐴(ℎV − 𝐸
𝑔
)
1/2

, (2)

where A is the constant and Eg the band gap of semiconduc-
tor. In the curve of 𝛼2 versus ℎV, the band gap is determined
by extrapolating the linear region near the onset, as shown in
Figure 4(b). The band gaps of these samples are about 3.85–
3.86 eV, which agree well with that of ZnS single crystal.

During the growth process of CBD-ZnS, not only the
Zn and S were found in the film, but also the elements of
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Figure 4: (a) Transmittance spectra with the measured wavelength ranging from 200 to 1000 nm and (b) the plots of (𝛼hv)2 versus photon
energy for samples A–E.

O and C appeared. Actually, there were probably a lot of
oxygen existed in the ZnS layer via the formations of ZnO
and Zn(OH)

2
by the following chemical reactions:

Zn2+ + 2OH− ⇐⇒ Zn(OH)
2

(3)

Zn(OH)
2
⇐⇒ ZnO +H

2
O (4)

On the other hand, the carbon in ZnS films could be resulted
from the initial precursor of thiourea. According to the past
research [18], it demonstrated that some amount of ZnO
and Zn(OH)

2
in the ZnS buffer was required, which can

provide a good junction to the cell and create an efficient
device. As a result, the XPS measurements were performed
to check the existence of ZnO or Zn(OH)

2
in these ZnS films

prepared using the precursors with various Zn/Smolar ratios.
Figures 5(a)–5(e) display theXPS results ofO1s spectra for the
samples A–E. All XPS spectra of the ZnS films were fitted well
with Gaussian functions. The fitting results revealed that the
O1s peaks centered at 531.3–531.8 eV, which was deconvoluted
into three Gaussian peaks centered at 530.3 eV (Zn(OH)

2
),

531.4 eV (ZnO), and 533.3 eV (C-O bond), respectively. Based
on the quantitative analyses, we found only very few C-O
bonds were formed in the ZnS films. It proved that the main
formations of ZnS, Zn(OH)

2
, andZnOwere included in these

films, leading to the assistance for cell device performance.
On the other hand, it can be observed that the peak positions
of O1s were 531.8, 531.5, 531.4, 531.3, and 531.3 eV, respectively,
as theZnSfilmswere prepared using the precursorswithZn/S
molar ratios of 1/50, 1/75, 1/100, 1/125, and 1/150. It is well
known that the peak position of O1s can be used to determine
the amount of oxygen atoms in the film. From our results,
a shift of O1s binding energy in the direction toward lower
energy side was found with decreasing the Zn/S molar ratio
in the precursor, which indicated that the number of oxygen

atom in the ZnS film was decreased. Obviously, the lower the
Zn/S molar ratio in precursor, the more the ZnS nucleation
could be. This will induce the less Zn atoms provided for
oxygen atoms to form the ZnO compound, resulting in the
reduction of oxygen content in the ZnS film.

To investigate the chemical bonding states of these films,
the FTIR analyses in a transmittance mode were applied for
ZnS films grown on the Si substrates with high resistance.
Figure 6 shows the FTIR spectra measured for samples A–
E. The absorption band located at 615 cm−1 can be attributed
to the formation of ZnS phase [19]. Due to the choice of
Si substrate, it caused the weak peak at 799.5 cm−1related to
the Si-O bond. The absorption band appeared at 1086 cm−1
was resulted from the Zn-OH vibrations. The band at
1600 cm−1and broad peak in the region of 3000–3600 cm−1
were induced by the stretching and bending vibrations of
hydroxyl groups, respectively, indicating that the ZnS could
absorb the water on the film surface during the CBD process
[20]. Moreover, the band at 2926 cm−1 can be ascribed to
the C–H stretching vibrations [21]. Because the corresponded
wavenumber of Zn-O bond is outside the measured range,
there is no Zn-O peak formed in the FTIR spectra. Based on
the FTIR results, it proves the ZnS phase is certainly formed
in these films. Furthermore, the oxygen and carbon are also
found in these films by FTIR measurement. This agrees with
the result from XPS spectra, as displayed in Figure 5.

4. Conclusion

In summary, the technique of chemical bah deposition was
performed to grow theZnS thin films. As the concentration of
ZnSO

4
solution was fixed, the Zn/S molar ratio of precursor

was varied from 1/50 to 1/150 by changing the concentration
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Figure 5: ((a)–(e)) XPS spectra of O1s core level for samples A–E.
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Figure 6: FTIR spectra using a transmittance mode for samples A–E.
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of SC(NH
2
)
2
solution. The ZnS, ZnO, and Zn(OH)

2
were all

found in these films. Because of the surface absorption of
water in the films growth, it leaded to the formations of ZnO
and Zn(OH)

2
. At the Zn/S molar ratio of 1/75–1/150, the ZnS

films presented a high transmittance of 75–88% in the range
of visible wavelength (360–1000 nm), and their optical band
gaps were measured to be about 3.85–3.86 eV. Based on the
results of film adhesion and optical transmittance, it reveals
that the ZnS filmwith Zn/Smolar ratio of 1/75 ismost suitable
as the buffer layers in the photovoltaic device.
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We have studied the low-frequency noise characterizations in 28-nm high-k (HK) pMOSFET with embedded SiGe source/drain
(S/D) through 1/𝑓 noise and random telegraph noise measurements simultaneously. It is found that uniaxial compressive strain
really existed in HK pMOSFETwith embedded SiGe S/D.The compressive strain induced the decrease in the tunneling attenuation
length reflecting in the oxide trap depth from Si/SiO

2

interface to the HK layer, so that the oxide traps at a distance from
insulator/semiconductor interface cannot capture carrier in the channel. Consequently, lower 1/𝑓 noise level inHKpMOSFETwith
embedded SiGe S/D is observed, thanks to the less carrier fluctuations from trapping/detrapping behaviors. This result represents
an intrinsic benefit of HK pMOSFET using embedded SiGe S/D in low-frequency noise characteristics.

1. Introduction

Low-frequency noise is an important issue for analog, digital,
mixed signal, and RF application. Nowadays, complemen-
tary metal-oxide-semiconductor (CMOS) technology has
intruded into RF and/or analog circuits, and hence the
excessive low-frequency noise will lead to a limitation of
the functionality for related circuits [1, 2]. Low-frequency
noise, including flicker (1/𝑓) noise and random telegraph
noise (RTN), is increasingly attracting much interest in the
CMOS device and technology community. In metal-oxide-
semiconductor field-effect transistor (MOSFET) devices, the
origin of 1/𝑓 noise and RTN is considered stemming from the
carrier behaviors related to the oxide traps. 1/𝑓 noise is most
often due to fluctuations in carrier number and/or carrier
scattering [3, 4]. RTN is another special kind of noise, which

also appears in a low-frequency spectrumandoriginates from
the trapping/detrapping behavior of a single or few traps
[5, 6].

On the other hand, the continued shrinking of conven-
tional CMOS to enhance device performance has revealed
limitations. The mobility enhancement has emerged as a
key technology for improving drive current [7]. Ways of
optimizing channel mobility had been proposed to overcome
the limitations on the scaling down of devices and to further
improve the speed of CMOS circuits. The introduction of
channel strain engineering in the state-of-the-art CMOS
technology is recognized as an indispensable performance
booster in producing next generation CMOS devices [8, 9].
For p-type MOSFET (pMOSFET), using embedded SiGe
in the recessed source/drain (S/D) region can efficiently
provide uniaxial compressive strain in the channel and
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improve hole mobility, bringing the enhancement of device
performance [10–12]. In addition, high-k (HK) materials
are also adopted into advanced CMOS process for solving
the increased gate leakage current. This is because HK
dielectrics are the promising candidate for gate insulator
to achieve low equivalent oxide thickness as required for
the advanced CMOS technology nodes [13]. However, a
fabricated pMOSFET with SiGe S/D is possibly accompanied
by the extra amount of process-induced defects, and a gate
insulator that is replaced from conventional SiO

2
to HK

materials usually causes the changes of trap properties in
MOSFET, resulting in the influence on low-frequency noise
characterizations. Though low-frequency noise characteri-
zations in pMOSFET with SiGe S/D had been reported
[12, 14], low-frequency noise in HK pMOSFET with SiGe
S/D is still unclear and needs to be addressed to improve
the understanding. In this study, the low-frequency noise
characterizations of HK pMOSFETwith embedded SiGe S/D
are investigated through 1/𝑓 noise and RTN measurements
simultaneously.

2. Experimental

Apart from the S/D engineering, a 28-nm HK first/meta gate
last technology was used to prepare the pMOSFET samples
for this work. The thickness of the SiO

2
interfacial layer

was approximately 1.0∼1.1 nm. A total of 20 atomic layer
deposition cycles for HfO

2
were deposited on the top of the

SiO
2
interfacial layer, and the thickness of all gate stacks was

approximately 1.6∼1.7 nm. A thin TiN layer was deposited
on HfO

2
layer as a capping layer for selective removal of

the dummy poly-Si gate [15]. After the S/D activation is
annealed, the dummy poly-Si gate was removed and then
other metals were deposited to tune the work function and
achieve the idea value (5.0∼5.2) [16]. The strained-Si HK
pMOSFET structure features improvement by optimizing
S/D recess shape following an epitaxially grown B-doped
SiGe film embedded in the S/D regions with about 30% Ge
concentration. Finally, the devices were completed with stan-
dard backend processes. The HK device without embedded
SiGe was also fabricated and called as control device for
comparison. The values of oxide capacitance derived from
the equivalent oxide thickness of the CVC program [17]
are 2.801 × 10−6 and 2.746 × 10−6 F/cm2 for the control
and the SiGe S/D devices, respectively. All the pMOSFETs
with the gate dimension of 0.25 𝜇m × 0.04 𝜇m (width ×

length) were used in this work. Prior to low-frequency noise
measurements, the dc characteristics were measured using
an Agilent B1500 semiconductor parameter analyzer. The
1/𝑓noise measurements were carried out using SR570 low-
noise current preamplifiers and an Agilent 35670A dynamic
signal analyzer. The pMOSFETs were biased in linear oper-
ation (𝑉

𝐷
= −50mV) while varying the gate overdrive

voltage (𝑉
𝐺
− 𝑉
𝑇
) from the subthreshold regime (0.2 V)

to the inversion regime (−0.3 V). The RTN measurements
were made by waveform generator/fast measurement unit
modules based on Agilent B1500 semiconductor parameter
analyzer.
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characteristics for HK pMOSFET with and
without embedded SiGe S/D.

3. Results and Discussion

Figure 1 shows the drain current (𝐼
𝐷
) as a function of the

drain voltage (𝑉
𝐷
) for both pMOSFETs. Around 18% 𝐼

𝐷

enhancement for SiGe S/D device is observed as compared
to the control device at the same, 𝑉

𝐺
− 𝑉
𝑇
= −0.8V and

𝑉
𝐷
= −1.0V, which clearly indicates that the embedded SiGe

S/D process can efficiently induce compressive strain in the
channel. Figure 2 presents the drain current noise spectral
density (𝑆ID) versus the frequency for both pMOSFETs taken
from the average of six devices biased at different 𝑉

𝐺
− 𝑉
𝑇
.

Both devices show typical 1/𝑓
𝛾
noise types with the frequency

exponent (𝛾) close to unity. It means that the fluctuations of
1/𝑓 noise can be attributed to the carrier-number, mobility,
or source-drain series-resistance fluctuations. In our devices,
the 𝑆ID was found to be independent of the 𝑉

𝐷
, indicating

that the 1/𝑓 noise source is not due to the contact or source-
drain series resistance. The normalized drain current noise
spectral density (LSID/𝐼

2

𝐷
) and the transconductance to the

drain current squared ((𝑔
𝑚
/𝐼
𝐷
)
2) as functions of the 𝐼

𝐷
are

plotted in Figure 3.The LSID/𝐼
2

𝐷
curves of both devices show

fairly good proportionality with (𝑔
𝑚
/𝐼
𝐷
)
2 at the low 𝐼

𝐷
level,

indicating that the carrier number fluctuation dominates
the 1/𝑓noise, which caused by trapping and releasing of the
carrier in the gate stacks [4, 5]. However, the LSID/𝐼

2

𝐷
curves

cannot follow this trend at the high 𝐼
𝐷
level, which implies a

correlated mobility fluctuation was involved [6, 18]. In order
to further evaluate the dominant mechanism and parameters
of the 1/𝑓noisemodel for both devices, the normalized input-
referred voltage noise spectral density (LSVG) as a function
of (𝑉
𝐺
− 𝑉
𝑇
) is shown in Figure 4. Both devices show two

distinct regions in the associated LSVG. In region I (𝑉
𝐺
−

𝑉
𝑇
≤ −0.1V), LSVG is independent of (𝑉

𝐺
− 𝑉
𝑇
), which

indicates a signature of umber fluctuations. In region II (𝑉
𝐺
−

𝑉
𝑇
> −0.1V), a parabolic dependence of LSVG on (𝑉

𝐺
−

𝑉
𝑇
) is observed, further confirming that correlated mobility
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(LSID/𝐼

2

𝐷

) and the transconductance to the drain current squared
((𝑔
𝑚

/𝐼
𝐷

)
2) as functions of drain current for HK pMOSFET with

and without embedded SiGe S/D.

fluctuations was involved. These results mean that the main
source of 1/𝑓 noise for both devices can be ascribed to the
unified model, which incorporates both the carrier number
and the correlated mobility fluctuations. Furthermore, the
LSVG can be expressed as [19]

LSVG =
𝑞
2

𝐾𝑇

𝑊𝐶
2

ox𝑓
𝑟

𝜆𝑁
𝑡
[1 + 𝛼𝜇

0
𝐶ox (𝑉𝐺 − 𝑉𝑇)]

2

, (1)

where 𝜆 is the tunneling attenuation length for channel
carriers penetrating into the gate dielectric, 𝑁

𝑡
is the oxide

trap density, 𝛼 is a scattering coefficient, and 𝜇
0
is the low field

mobility. The first term in the parentheses in (1) determines
the base LSVG level in our region I and can be described
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Figure 4: Normalized input-referred voltage noise spectral density
(LSVG) versus gate overdrive for HK pMOSFET with and without
embedded SiGe S/D.

by number fluctuations, in which the LSVG is independent
on 𝑉
𝐺
− 𝑉
𝑇
. The 𝜆𝑁

𝑡
product is an important parameter

related to the base LSVG level. The second term presents
the curvature of LSVG versus 𝑉

𝐺
− 𝑉
𝑇
in region II and

can be described by correlated mobility fluctuations. The
curvature of parabola is determined by the 𝛼𝜇

0
product. First,

as compared with control device, the reduced LSVG level of
the embedded SiGe S/D device implies the reduction of 𝜆 or
𝑁
𝑡
. However, previous literature had reported that SiGe S/D

process may lead higher 𝑁
𝑡
[20, 21]. In other words, it can

only be assumed that the reduced 𝜆mainly contributed to the
decreased LSVG of SiGe S/D device. The possible mechanism
of reduced 𝜆 of SiGe S/D device is explained as follows. The
uniaxial compressive stress-induced valence band offset and
more holes tend to exist in top band. Therefore, the out-of-
plane effective mass (𝑚∗

𝑍

) and tunneling barrier height for
holes (𝜑

𝐵
) of SiGe S/D device are both larger than those of

control one. As shown in Figure 5, an observed smaller gate
current density (𝐽

𝑔
) in SiGe S/D device confirmed the strain-

induced increased𝑚∗
𝑍

and 𝜑
𝐵
[22].The 𝜆 is also related to𝑚∗

𝑍

and 𝜑
𝐵
by [19, 20]

𝜆 = √
ℎ
2

2𝑚
∗

𝑍

𝜑
𝐵

, (2)

where ℎ is reduced Planck’s constant. It suggests that strain-
increased𝑚∗

𝑍

and𝜑
𝐵
bring a smaller𝜆 in SiGe S/Ddevice.The

relation between the trap depth (𝑋
𝑇
) in insulator and𝜆 can be

revealed according to an equation as𝑋
𝑇
= 𝜆 ln(1/2𝜋𝑓𝜏

0
) [23].

The RTN measurement is a useful tool for probing the trap
location in MOSFET [24–26]. It will be applied to confirm
our observation and assumption of reduced LSVG in the
1/𝑓 noise measurement. The 𝐼

𝐷
RTN characteristics of both

devices as a function of the time show themselves in the form



4 Journal of Nanomaterials

Figure 5: The gate current density (𝐽
𝑔

) versus gate voltage for HK
pMOSFET with and without embedded SiGe S/D.

of switching events between two states (not shown here).
These switching events are attributed to trapping/detrapping
caused by an individual interface defect. The times in the
high- and low-current states correspond to carrier capture
and emission, respectively. The extracted mean capture time
(𝜏
𝑐
) and mean emission time constant (𝜏

𝑒
) versus (𝑉

𝐺
− 𝑉
𝑇
)

are both presented in Figure 6. It can be found that the
SiGe S/D device has the lower values of 𝜏

𝑐
and 𝜏

𝑒
and the

weak dependence of 𝜏
𝑒
on 𝑉
𝐺
− 𝑉
𝑇
, indicating that the trap

position is closer to the insulator/semiconductor interface.
Figure 7 shows the dependence of 𝜏

𝑐
/𝜏
𝑒
on (𝑉
𝐺
−𝑉
𝑇
) for both

devices. From the data obtained for ln(𝜏
𝑐
/𝜏
𝑒
) dependence on

gate voltage, the position of the trap into the oxide (𝑋
𝑇
) is

determined using (3) as follows [14, 25]:

𝜕 ln (𝜏
𝑐
/𝜏
𝑒
)

𝜕𝑉GS
=

𝑞

𝐾𝑇
(
𝑋
𝑇

𝑡ox
)[1 −

𝐾𝑇

𝑞

𝐺
𝑚

𝐼DS


] , (3)

where 𝑡ox is the oxide thickness, and𝐾 is the Boltzmann con-
stant. As expectation, the extracted𝑋

𝑇
is 1.68 nm and 1.14 nm

for the control device and the SiGe S/D device, respectively.
The reduced 𝑋

𝑇
in SiGe S/D device is in well agreement on

the analysis of 1/𝑓 noise (i.e., reduced 𝜆) and can be ascribed
to the strain-induced higher 𝜑

𝐵
for hole. Therefore, though

the gate dielectric quality may be degraded by the SiGe S/D
process, the traps far away from insulator/semiconductor
interface cannot act for capturing carriers, thanks to the
reduced 𝜆, which stemmed from uniaxial compressive strain
increasing 𝑚∗

𝑍

and 𝜑
𝐵
. Consequently, the improvement of

LSVG level was observed. On the other hand, in region II,
the smaller curvature of LSVG of SiGe S/D device indicates
the product of 𝛼𝜇

0
is smaller than that of control device,

which can be attributed to the strain-induced lower carrier
scattering and higher hole mobility at the same time [27, 28].
However, it should be noted that the 1/𝑓 performance of our
HK pMOSFETs will be probably worse than counterparts
with traditional SiO

2
insulator [14]. This is owing to the

Figure 6: Comparison of the capture time (solid) and emission time
(open) for HK pMOSFET with and without embedded SiGe S/D.

Figure 7: Plot of capture time (𝜏
𝑐

) over emission time (𝜏
𝑒

) versus
gate overdrive for HK pMOSFET with and without embedded SiGe
S/D.

complexity of HK process that led to the higher volume trap
densities in gate stacks [29].

4. Conclusions

In this paper, we have investigated the effect of compressive
strain on low-frequency noise in HK pMOSFET. Through
RTN measurement, we found that the HK pMOSFET with
the embedded SiGe S/D has a shorter distance of the oxide
trap position from the insulator/semiconductor interface.
This is ascribed to the higher 𝜑

𝐵
and smaller 𝜆 for hole

stemmed from uniaxial compressive strain-induced bandgap
offset. As a result, the improvement of 1/𝑓 noise is observed.
It is clear that the better performance of low-frequency noise
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in HK MOSFET device with strain technologies can be
expected.
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Transparent electrodes of tin dioxide (SnO
2

) on glasses were further wet-etched in the diluted HCl:Cr solution to obtain larger
surface roughness and better light-scattering characteristic for thin-film solar cell applications. The process parameters in terms of
HCl/Cr mixture ratio, etching temperature, and etching time have been investigated. After etching process, the surface roughness,
transmission haze, and sheet resistance of SnO

2

glasses were measured. It was found that the etching rate was increased with the
additions in etchant concentration of Cr and etching temperature. The optimum texture-etching parameters were 0.15 wt.% Cr in
49%HCl, temperature of 90∘C, and time of 30 sec. Moreover, silicon thin-film solar cells with the p-i-n structure were fabricated on
the textured SnO

2

glasses using hot-wire chemical vapor deposition. By optimizing the texture-etching process, the cell efficiency
was increased from 4.04% to 4.39%, resulting from the increment of short-circuit current density from 14.14 to 15.58mA/cm2. This
improvement in cell performances can be ascribed to the light-scattering effect induced by surface texturization of SnO

2

.

1. Introduction

Owing to the advantages consisting of low cost, easy fab-
rication, and environmental friendliness, silicon (Si) is a
very promising material for the photovoltaic applications
[1, 2]. Thin-film solar cells based on amorphous silicon (a-
Si) or microcrystalline silicon (𝜇c-Si) are the most popular
products applied to the building-integrated photovoltaics and
consumer electronics. Transparent conductive oxide (TCO)
films are usually used as the front electrode of thin-film
solar cells. For a transparent electrode, the requirements of
TCO films are a low sheet resistance (𝑅sheet) to minimize the
current loss, a low contact resistance to semiconductor layers,
and a high transmission of incident light. To completely uti-
lize the incident light, an important technique of the so-called
light trapping has been developed using a TCO with suitable
surface texture. Schematic diagrams of the light-scattering
effects in roughened and smooth TCO glasses are shown in
Figure 1. It was indicated that a specific design of TCO films
plays an important role in enhancing the performances of

thin-film solar cells. A surface-textured TCO can scatter the
light greatly and increase the effective optical path length
within the active layers [3–6]. A rough TCO film also ensures
that the roughness is copied by the filmdeposited on it, so that
the back metal electrode produces an increased scattering
of reflected light. Therefore, this would improve both the
optical absorption and current density in thin-film solar cells.
After that, various randomly textured TCO substrates have
been proposed to increase the light scattering. As-deposited
and postchemical textured TCOs are both useful to achieve
the rough substrates. The common TCO materials applied
to thin-film solar cells consist of tin dioxide (SnO

2
) [6]

and zinc oxide (ZnO) [7, 8]. The great majority of glass-
based Si thin-film modules are prepared on the fluorine-
doped SnO

2
(SnO
2
:F) glasses due to their intrinsic rough

surface [4, 5]. Moreover, the directly deposited or texture-
etched ZnO is another attractive method for the fabrication
of rough TCO substrate [9–12]. By using the texture-etched
ZnO, the quantum efficiency of thin-film solar cells over
the whole spectral range can be increased [11, 12]. A further
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Figure 1: Schematic diagrams of the light-scattering effects in
roughened and smooth TCO glasses.

improvement in the reduction of free carrier absorption
losses in the red/IR and absorption around the optical edge
of ZnO in the blue/UV region can be achieved [13].

SnO
2
, one of the most common TCO films, is usually

prepared by atmospheric pressure chemical vapor deposition
(APCVD) with a natively textured surface [14]. Asahi type-
U glass is a worldwide TCO substrate for thin-film solar cell
industry, which is a natively textured SnO

2
glass with the

great light scattering of 10% in transmission haze ratio. A
method to create a pattern or to remove the SnO

2
layer by wet

etching has been reported [15]. The etchant of this method
includes 3 liters of 50% HCl and 20 g of chromium metal
(Cr). The mixture is heated to 90∘C with constant stirring to
dissolve the Cr. The overall reaction sequence of the etching
treatment is given by the following equation:

2Cr++ + Sn++++ → 2Cr+++ + Sn++, (1)

where the SnO
2
is stannic oxide (Sn++++) and is transferred

to stannous oxide (Sn++) after the etching reaction. The
stannous oxide can be soluble in the acid solution to complete
the etching reaction.

In this study, we choose the mass-produced SnO
2
soda

glasses as substrates whichwere usually used for the building-
integrated photovoltaic applications. Then the wet chemical
texturization was performed by using the diluted HCl:Cr
solution to reach larger surface roughness and better light-
scattering properties for thin-film solar cell applications. The
etching parameters, such as etchant concentration, etching
temperature, and etching time (𝑡etch), were investigated.
Moreover, Si thin-film solar cells with p-i-n structure on
various textured SnO

2
glasses were fabricated and their

characteristics were also studied.

2. Experimental Procedure

The3-mm thick soda glasses withAPCVD-deposited 600 nm
thick SnO

2
films were chosen as the substrates. These SnO

2

glasses showed the high conductivity of 12–14Ω/◻ and high
transparency of >85% in the 400–800 nm wavelength range.

The roughness and transmission haze of SnO
2
films were

about 260 nm and 7%, respectively. To obtain the textured
surface, the SnO

2
glasses were etched in a SnO

2
etchant.

Various Cr concentrations from 0.05 to 1 wt.% were mixed
into the diluted HCl (49%) to prepare the SnO

2
etchants.The

etching temperature was varied from room temperature to
100∘C. Moreover, the 𝑡etch was increased from 1 to 300 sec. By
changing these parameters, the effects of etching conditions
on the optoelectronic performances of SnO

2
films were

investigated in detail.The ability of the textured SnO
2
films to

scatter light can be expressed by the transmission haze ratio
(𝐻
𝑡
):

Transmission haze (𝐻
𝑡
) =

Diffuse transmittance
Total transmittance

, (2)

where the transmission haze is defined as the percentage
of transmitted light deviated from the incident beam by
more than 2.5∘ from the normal incident beam. In this
study, the total transmittance was measured by using an
integrating sphere. The diffuse transmittance was calculated
by the difference between the total and direct transmittance.
Considering the rough surface of SnO

2
, the etching depth

was measured repeatedly by an 𝛼-step surface profiler to
determine the average etching rate. Field-emission scanning
electronmicroscope (FE-SEM, JEOL JSM-6700F)was used to
observe the SnO

2
morphology. An atomic force microscopy

(AFM, Agilent 5400) was applied for the measurement of
surface roughness. The 𝑅sheet of textured SnO

2
film was

investigated by using the four-point probe method.
Subsequently, Si thin-film solar cells were fabricated on

the textured SnO
2
films. The fabrication process can be

divided into three main steps: SnO
2
texture etching, deposi-

tion of the Si p-i-n structure, and formation of the back elec-
trode. The p-type, intrinsic and n-type Si layers in this study
were prepared in a single chamber hot-wire chemical vapor
deposition (HWCVD) system. The HWCVD technique is
widely employed as the fabrication of Si-based thin films
consisting of a-Si [16], 𝜇c-Si [17], doped Si [18], and silicon
carbide (SiC) [19]. Due to the unique advantages including
crystalline film deposition at low substrate temperature, high
deposition rate, and high gas utilization in HWCVD [20],
it has attracted great attention for its potential applications
in thin-film solar cells [21, 22] and transistors [23, 24]. In
our previous studies, HWCVD was used to deposit the Si-
based films for various purposes, such as aluminum induced
crystallization [25], n-type 𝜇c-Si [26], p-type window layers
(nanocrystalline Si [27] and SiC [28]), and heterojunction
solar cells [29]. Before loading the SnO

2
substrate into

HWCVD system, the chamber was firstly treated using the
atomic H generated from H

2
gas [30]. Table 1 summarizes

the process parameters of HWCVD-deposited p-, i-, and
n-type Si and buffer layers. The key parameters of Si film
deposition include a wire temperature of 1700∘C, a substrate
temperature of 300∘C, and the working pressure of 100mTorr.
Silane (SiH

4
) was applied to the source gas with flow rate

(ΦSiH
4

) of 2 sccm. Phosphine (PH
3
, 1% in H

2
) and diborane

(B
2
H
6
, 1% inH

2
) were used as the dopant gaseswith flow rates

(Φdopant) of 18 and 20 sccm, respectively, to prepare n-type
and p-type microcrystalline Si layers, which were reported
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Table 1: Deposition parameters and properties of p-, i-, n-type Si and buffer layers by HWCVD.

Film Unit p-layer Buffer i-layer n-layer
Filament temperature ∘C 1700 1700 1700 1700
Substrate temperature ∘C 300 300 300 300
Pressure mTorr 100 100 100 100

Gas flow rate (Φ) sccm ΦSiH4 = 2

ΦB2H6 = 20

ΦSiH4 = 1

ΦCH4 = 1

ΦB2H6 = 3

ΦH2 = 20

ΦSiH4 = 2
ΦSiH4 = 2

ΦPH3 = 18

Energy gap eV 1.97 2.18 1.68 1.78
Crystalline fraction % 67 59 Amorphous 57
Deposition rate nm/sec 0.201 0.208 0.262 0.213
Hall concentration cm−3 1 × 10

20

5 × 10
19 — 4 × 1019

elsewhere [25, 27–29]. Some characteristics consisting of
energy gap (by Tauc plot), crystalline fraction (by Raman
spectroscopy), deposition rate (by profilometer), and Hall
concentration (by Hall measurement) of these films were also
exhibited in Table 1. The detailed experimental procedures
and similar discussions in these films characteristics were
presented in our previous works [25, 27–29]. Between the
p- and i-layers, a 10 nm thick p-type microcrystalline SiC
buffer layer with energy gap of 2.18 eV was deposited for
better band structure. The main benefit of this buffer layer
originated from its effect on the electric field distribution,
which minimized the recombination near the p/i interface
[31]. Compared to the literatures [32, 33], the energy gap of
our buffer was in good agreement with that of crystalline
cubic silicon carbide (3C-SiC). Details of the HWCVD-
deposited SiC were reported in our previous work [28]. The
thicknesses of p-, i-, and n-layers were 30, 500, and 50 nm,
respectively. Such an insufficient i-layer thickness of 500 nm
was used to induce an incomplete absorption. It can provide
an investigation of the light-scattering and absorption effects
in a limited thickness of absorber layer. After depositing
the p-i-n structure, the 500 nm thick Ag and 1-𝜇m thick
Al layers were grown sequentially as the back electrode by
electron-beam evaporation and then annealed at 500∘C to
achieve an ohmic contact. Finally, Si thin-film solar cells
were fabricated with the structure of glass/textured SnO

2
/p-

i-n Si layers/Ag-Al and the cell size was 5 × 5mm2. Device
performances consisting of current density voltage (𝐽-𝑉)
and external quantum efficiency (EQE) of solar cells were
measured by Keithley 2400 SourceMeter (Sciencetech, model
SS150W) with a one-sun AM1.5G light source (100mW/cm2)
at room temperature.

3. Results and Discussion

This study investigated the improvement in optical charac-
terization of SnO

2
films with the optimized textured surface

to enhance the spectral response and efficiency of thin-film
solar cells. In order to control the etching rate, various SnO

2

etchants and etching temperatures were used. As mentioned
above, the etchants with various Cr concentrations from 0.05
to 1 wt.% were employed to etch the SnO

2
films. When the

Cr concentration was less than 0.15 wt.%, a poor etching rate
approaching to no etching was found on the film surface.
On the other hand, the etching reaction was violent for
the Cr concentration more than 0.45wt.%, leading to a low
reproduction in the textured surface. The stable and high
reproducible etching reactions have taken place by using the
etchants with Cr concentration of 0.15–0.45wt.%. Therefore,
the etchants with Cr concentrations of 0.15, 0.3, and 0.45wt.%
denoted as etchants A, B, and C, respectively, were chosen to
further etch the SnO

2
films with various etching conditions

(temperature and time). Figure 2 shows the average etching
rates of these etchants at various etching temperatures. It
was found that the etching reaction appeared when the
process temperature was higher than 60∘C. Etching rates of
these three etchants were all increased with increasing the
temperature. As the temperature was increased from 60 to
100∘C, the etching rates of etchants A, B, and C rose from 31.4,
74.5, and 89.2 to 121, 158, and 188.6 nm/min, respectively. The
higher Cr concentration and temperature would result in a
higher etching rate.

Various temperatures and 𝑡etch were carried out for
etchants A, B, and C to optimize the roughness and 𝐻

𝑡

properties of SnO
2
films. After comparing all etching results,

the higher root-mean-square (RMS) roughnesses and 𝐻
𝑡

valueswere observed at 90, 80, and 80∘C for etchantsA, B, and
C, respectively. The RMS roughnesses of SnO

2
films etched

in these three etchants with their optimum temperatures at
various 𝑡etch were shown in Figure 3. Several 𝑡etch of 1, 5, 15,
30, 60, 120, and 300 sec were used in the etching treatments.
From the results, the RMS roughness of SnO

2
with these three

etchants showed the similar trend to each other. In the range
of 1–120 sec, the RMS roughness of SnO

2
was firstly increased

and then decreased. Because the etching reaction was started
at the grain boundaries of film, it induced an increment in
RMS in the beginning. The following decrease in RMS with
increasing the 𝑡etch to 120 sec was probably ascribed to the
isotropic etching in some sharp regions of the grains, causing
a smoother surface. After etching for 300 sec, we found that
the RMS was increased again. It could result from the severe
damage on SnO

2
surface during long-time etching. For the

changes in surface morphology mentioned above, it will be
displayed later in SEM images. The highest roughness value
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etchants A, B, and C with their optimum temperatures as a function
of etching time.

of 286.3 nm was obtained using the etchant A for 30 sec.
For etchants B and C, the highest roughness values of 263.3
and 274.7 nm were found after etching for 30 and 15 sec,
respectively.

The average𝐻
𝑡
values (@ 550 nm) of SnO

2
glasses etched

by various etchants as a function of 𝑡etch were shown in
Figure 4. It was found that the𝐻

𝑡
curves exhibited the similar

trends to the results of RMS roughness displayed in Figure 3.
In the case of sample treated with etchant A, the𝐻

𝑡
increased

with an increment of 𝑡etch from 1 to 30 sec. Further, increasing
the 𝑡etch from 30 to 300 sec, the𝐻

𝑡
firstly decreased and then

increased. Two relatively high 𝐻
𝑡
values of 8.38% and 9.13%
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Figure 4: Transmission haze (@ 550 nm) of etched SnO
2

glasses in
etchants A, B, and C as a function of etching time.

were observed at the 𝑡etch of 30 and 300 sec, respectively.
Moreover, for the uses of etchants B and C to our samples,
the results demonstrated the similar tendency to each other.
The highest𝐻

𝑡
of samples treated with etchants B and C were

7.55 and 8.1% after etching for 30 and 15 sec, respectively.
The etched SnO

2
surface was visualized by the FE-SEM

and AFM. Figures 5(a), 5(b), 5(c), and 5(d) showed the
SEM images of SnO

2
etched in the etchant A at 90∘C for

0, 30, 120, and 300 sec, respectively. The AFM images of
same samples were shown in Figures 6(a)–6(d). The RMS
and 𝑅sheet of original SnO2 are measured to be 260 nm and
13.2Ω/◻, respectively. As displayed in Figures 5(c) and 6(c),
some small holes appeared in the SnO

2
grains as the 𝑡etch

was increased to 120 sec. For the 300 sec etching sample,
the size of holes was grown up to several hundreds of
nanometers as shown in Figures 5(d) and 6(d). In comparison
to the nonetching sample, the grain shapes of SnO

2
with

etching for 30 sec were clearer because the etching usually
started at the grain boundaries. After etching for 120 sec, the
grains became smoother owing to the isotropic nature of wet
etching. Nevertheless, with increasing the 𝑡etch to 300 sec, the
formation of voids can be observed. This indicated that the
SnO
2
suffered long-time damage by wet chemical etching.

These voids may lead to more large-angle scattering light.
This could be the reason why these samples with the 𝑡etch
of 300 sec exhibited a larger increment in 𝐻

𝑡
than that in

RMS roughness. These surface morphologies of SnO
2
films

with the 𝑡etch from 0 to 300 sec can reflect the various degrees
of surface roughness, which is in good agreement with the
results shown in Figure 3.The𝑅sheet values of SnO2 etched for
30, 120, and 300 sec were 13.9, 15.1, and 27.6Ω/◻, respectively.
Apparently, the 𝑅sheet increased with increasing the 𝑡etch and
hence induced a detrimental effect on the application of thin-
film solar cells. As the etching process was performed for
300 sec, there existed a rapid increase in 𝑅sheet due to the
chemical damages caused by the long-time etching, as shown



Journal of Nanomaterials 5

Table 2: Light 𝐽-𝑉 parameters of silicon p-i-n thin-film solar cells deposited on texture-etched SnO2 with various 𝑡etch.

𝑡etch (s) 𝐻
𝑡550

(%) 𝑅sheet(Ω/◻) 𝜂 (%) 𝑉oc (V) 𝐽sc (mA/cm2) FF (%) 𝑅
𝑠

(Ω)
Original 6.9 13.2 4.04 0.52 14.14 54.94 11.06
30 8.38 13.9 4.39 0.52 15.58 54.24 10.88
120 5.53 15.1 4.04 0.50 16.22 49.78 11.76
300 9.13 27.6 3.48 0.49 14.99 47.41 17.66

(a) (b)

(c)

Voids

500nm

(d)

Figure 5: FE-SEM images of SnO
2

etched in the etchant A at 90∘C for (a) 0, (b) 30, (c) 120, and (d) 300 sec.

in Figures 5(d) and 6(d). Based on the𝐻
𝑡
, 𝑅sheet, and surface

roughness of etched SnO
2
, the 𝑡etch of 30 sec could be an

optimum condition in this study.
In order to investigate the improvement in light scat-

tering, the 500 nm thick a-Si films were deposited upon
SnO
2
glasses with and without texture etching. For the

measurements of total transmittance (𝑇) and total reflectance
(𝑅) by the integrating sphere, the samples were illuminated
from the glass side. A calculated value of 1-𝑅-𝑇 represented
the absorbance of this SnO

2
glass with a 500 nm thick a-Si

layer.The value indicated the real quantity of light trapping or
light harvesting ability for 500 nm thick a-Si on a rough SnO

2

substrate. It also revealed that the effect of light scattering
was modified by wet texturization. The 1-𝑅-𝑇 and 𝐻

𝑡
values

of original and etched SnO
2
glasses were shown in Figure 7.

We found that both 1-𝑅-𝑇 and 𝐻
𝑡
of etched SnO

2
for 30 sec

were higher than those of the other samples in the visible
range of 400–800 nm. It proved that there was an increment
in diffuse transmittance for surface-roughened SnO

2
glass. In

addition, the absorbance of 500 nm thick a-Si for incident
light was improved via the scattering effect. The effects of
texturization on optical characteristics were similar to the
results of previous research [34]. From our observation, the
sample which used etched SnO

2
with etchant A at 90∘C for

30 sec has higher 1-𝑅-𝑇 value than that of the others. Thus,
we chose the etchant Awith the optimum conditions (etching
temperature of 90∘C and 𝑡etch of 30 sec) as the standard
texture-etching process.

To demonstrate the suitability of textured SnO
2
glasses for

thin-film solar cell applications, p-i-n solar cells have been
fabricated by HWCVD on original and etched SnO

2
glasses

with a 500 nm thick intrinsic absorber layer. Table 2 sum-
marizes the performances of the p-i-n solar cells deposited
on SnO

2
glasses etched with various 𝑡etch. From the measure-

ments shown in Table 2, there existed an increment in 𝑅sheet
of TCO from 13.2 to 27.6Ω/◻ as the 𝑡etch was increased from
0 to 300 sec. It can be expected that the series resistance of
cell would increase with increasing the 𝑅sheet of TCO, further
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Figure 6: AFM images of SnO
2

etched in the etchant A at 90∘C for (a) 0, (b) 30, (c) 120, and (d) 300 sec.
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leading to the decreases in fill factor (FF) and conversion
efficiency (𝜂). In fact, the cell performances in our work
are mainly influenced by both 𝑅sheet and roughness of TCO.
Generally, the short-circuit current density (𝐽sc) of cell can
be enhanced by using textured TCO substrate because of the

light scattering generated from the rough surface. However, it
also results in the deteriorations in open-circuit voltage (𝑉oc)
and FF of cell [35]. Therefore, it is important to control an
acceptable degree of substrate texturization, which can both
improve the 𝐽sc and induce the minimum deteriorations in
𝑉oc and FF of cell. As shown in Table 2, the 𝑉oc and FF values
of cell with substrate etching for 30 sec were similar to those
with nonetched substrate. Nevertheless, with the assistance
of etching process for 30 sec to the SnO

2
substrate, the 𝐽sc was

increased from 14.14 to 15.58mA/cm2, while the cell efficiency
was increased from 4.04% to 4.39%. It confirmed that the 𝑡etch
of 30 sec was indeed the optimum parameter for substrate
texturization in our study. On the other hand, although the
𝐽sc of the samples with substrate etching for 30 and 120 sec
were close to each other, there was a considerable difference
in their FF values. It can be seen that the cell using long-
time (120 sec) etched substrate had the worse FF value of
49.78% than that with substrate etching for 30 sec (54.24%).
Thedeteriorated FF value in the samplewith substrate etching
for 120 sec could be attributed to the higher 𝑅sheet and lower
surface roughness of TCO. This revealed that the better light
trapping which resulted from the rougher SnO

2
surface (wet

etching for 30 sec) can lead to the highest current density
of cell device. Moreover, the series resistances (𝑅

𝑠
) of 11.06,

10.88, 11.76, and 17.66 Ω were also given in Table 2 for the
samples with non-, 30 sec, 120 sec, and 300 sec etched SnO

2

substrates, respectively. It was obvious that the much higher
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𝑅
𝑠
in the sample with the 𝑡etch of 300 sec was attributed to the

long-time etching, resulting in more severe damage on SnO
2

surface.
Figure 8 shows the EQE characteristics of solar cells

deposited on the original and textured SnO
2
glasses. As

compared with the solar cell on original SnO
2
glass, the

device prepared on the 30 sec etched SnO
2
exhibited an

increase in EQE for almost full range from 300 to 1100 nm.
As can be known, the elevation in EQE can enhance the 𝐽sc
performance directly. An enlarged view of Figure 8 focused
on the measured wavelength region of 500–700 nm was
displayed in the inset. We can find that the cell with 30 sec
etched substrate presented a higher EQE value in almost full
wavelength ranging from 300 to 900 nm. However, based
on the previous study, a-Si solar cell has a low absorption
around the wavelength of 800 nm [36]. Therefore, it can be
assumed that the main contribution in EQE for texturized
cell happened from near-ultraviolet region to red region
(300–750 nm), which was in good agreement with previous
research [37]. This appearance was similar to the 1-𝑅-𝑇 value
shown in Figure 7. This proved again that the enhancement
in 𝐽sc mainly resulted from the light-scattering effect inside
of absorber layer by using the textured SnO

2
substrate.

Furthermore, the 𝜂 of cell devices can be improved from
4.04% to 4.39% as the 𝑡etch was increased from 0 to 30 sec.

4. Conclusion

A wet chemical etching technique using a diluted HCl:Cr
mixture was applied to the surface texturization of SnO

2

glass to enhance the light scattering. It was found that
the etchant concentration, etching temperature, and etching
time can influence the optoelectronic properties of SnO

2

films. From our measurement, the etching rate was increased
with increasing the etchant concentration of Cr and etching
temperature. The etchant with appropriate Cr concentration
and etching parameters would lead to the good textured
surface and optical characterization. The optimum etching
parameters in this work were 0.15 wt.% Cr in 49% HCl,
temperature of 90∘C, and time of 30 sec. With increasing
the etching time, the resistance of SnO

2
was increased

because of the excessive damage to film surface. Moreover,
as the optimum etching parameters were used for the surface
texturization, the SnO

2
glass showed a better transmission

haze of 8.38% as compared to that of original SnO
2
(7%).

Meanwhile, by employing the optimum textured surface, the
𝐽sc of 15.58mA/cm2, the 𝑉oc of 0.52V, the FF of 54.24%,
and the 𝜂 of 4.39% can be obtained in the thin-film solar
cell with a 500 nm thick absorber. It presented about 8.7%
increment in cell efficiency as compared with that using
the original SnO

2
glass (𝜂 = 4.04%). According to the

EQE result, this improvement was mainly due to the light
absorption in red and infrared regions. It was confirmed
that the roughness of APCVD-deposited-SnO

2
surface can

be moderately increased using wet chemical etching in a
HCl : Cr solution. Additionally, with the employment of
optimum textured parameters to SnO

2
surface, there is a

positive influence on the light scattering. This can lead to the
enhancements in current density and conversion efficiency of
thin-film solar cell.
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[34] J. I. Owen, J. Hüpkes, H. Zhu, E. Bunte, and S. E. Pust,
“Novel etch process to tune crater size on magnetron sputtered
ZnO:Al,” Physica Status Solidi (A) Applications and Materials
Science, vol. 208, no. 1, pp. 109–113, 2011.

[35] H. Sai, H. Fujiwara,M.Kondo, andY. Kanamori, “Enhancement
of light trapping in thin-film hydrogenated microcrystalline Si
solar cells using back reflectors with self-ordered dimple pat-
tern,” Applied Physics Letters, vol. 93, no. 14, Article ID 143501,
2008.



Journal of Nanomaterials 9

[36] A. V. Shah, H. Schade, M. Vanecek et al., “Thin-film silicon
solar cell technology,” Progress in Photovoltaics: Research and
Applications, vol. 12, no. 2-3, pp. 113–142, 2004.

[37] M. L. Addonizio and A. Antonaia, “Surface morphology and
light scattering properties of plasma etched ZnO:B films grown
by LP-MOCVD for silicon thin film solar cells,”ThinSolid Films,
vol. 518, no. 4, pp. 1026–1031, 2009.



Research Article
Resistive Switching Characteristics of a SiOx Layer with CF4
Plasma Treatment

Chih-Yi Liu,1 Yueh-Ying Tsai,1 Wen-Tsung Fang,2 and Hung-Yu Wang1

1 Department of Electronic Engineering, National Kaohsiung University of Applied Sciences, Kaohsiung 807, Taiwan
2Department of Physics, National Kaohsiung Normal University, Kaohsiung 824, Taiwan

Correspondence should be addressed to Chih-Yi Liu; cyliu@cc.kuas.edu.tw

Received 9 December 2013; Revised 8 February 2014; Accepted 8 February 2014; Published 11 March 2014

Academic Editor: Sheng-Po Chang

Copyright © 2014 Chih-Yi Liu 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.

A 20 nm SiO
𝑥

layer is deposited using radio-frequency sputtering to form the resistive switching layer of a Cu/SiO
𝑥

/Pt memory
device. The SiO

𝑥

-based device demonstrates the resistive switching characteristics with an electrochemical reaction. CF
4

plasma
treatment was used to modify the SiO

𝑥

layer and incorporate fluorine atoms into the SiO
𝑥

layer. The bombardment damage
and fluorine incorporation caused the SiO

𝑥

film to form a stack-like structure. This reduced the operating voltage and improved
switching dispersion. The fluorine repaired the Cu/SiO

𝑥

interface, thus increasing the barrier height of the Cu/SiO
𝑥

interface and
the resistance of the high resistance state. A statistical analysis of the conducting filament formation was performed in order to
evaluate the number of formation/rupture sites. The resistive switching of the CF

4

-treated sample had higher possibility to use the
same filament sites; thus, the CF

4

-treated sample had stable resistive switching behavior.

1. Introduction

Recently, nonvolatile memory (NVM) has become an impor-
tant device for portable products. Several novel technologies
have been proposed to develop an advanced device as the
next generation of NVM. Resistive random access memory
(RRAM) has attracted significant interest due to its simple
structure, high switching speed, and low operating voltage
[1]. RRAM devices can be reversibly switched between a high
resistance state (HRS) and a low resistance state (LRS) by
DC voltages or voltage pulses. The resistance change can be
used to store information for NVMapplications.The resistive
switching behavior is primarily influenced by the material
groups [2, 3], electrodes [4], and interface status [5, 6]. In
general, the switching mechanisms of these resistive switch-
ing behaviors can be divided into three groups: thermo-
chemical reactions [7], electrochemical reactions [8–10], and
the valence change effect [11]. However, a detailed switching
mechanism is still lacking. Several studies [12–14] proposed
the surface effect on the resistive switching behaviors, which
indicated that oxygen or humidity may influence the redox
reaction in the interface or resistive layer. Although a RRAM

device has many promising advantages, the resistive switch-
ing behavior is unstable and may cause operation failure.
Therefore, several methods such as nanoparticle [15], stacked
layers [16], and process optimization [17] have been proposed
to improve the switching dispersion. Plasma treatments have
also been proposed to improve switching dispersion [18, 19].
Wang et al. proposed the CF

4
plasma treatment to improve

the resistive switching properties with the valence change
effect [19]. The CF

4
plasma treatment changed the Schottky

barrier height to reduce the operating voltages. However,
the effect of plasma treatment on an electrochemical-based
RRAM has not been studied.

This study adopted Cu and SiO
𝑥
materials to fabricate

a RRAM device in order to integrate them with the com-
plementary metal-oxide-semiconductor (CMOS) process. In
this study, a Cu/SiO

𝑥
/Pt structure was fabricated to inves-

tigate the resistive switching behavior of an electrochemical
RRAM device. CF

4
is a common molecule used in the

CMOS etching process. CF
4
plasma treatment has been

used previously to improve the Si/SiO
2
interface of a MOS

structure [20]. In this study we adopted the CF
4
plasma

treatment to modify the SiO
𝑥
layer and investigated its effect
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Figure 1: (a) The XPS results of the control and CF
4

-treated films and (b) the measurement configuration of the conducting filament
formation.

on the resistive switching behavior of a Cu/SiO
𝑥
/Pt device.

The CF
4
plasma treatment reduces the operating voltage

and improves the switching dispersion. The bombardment
damage and fluorine incorporation should be responsible for
the switching dispersion improvement.

2. Experimental Procedure

A 20 nm SiO
𝑥
film was deposited on a Pt-coated substrate

(Pt/Ti/SiO
2
/Si) in a pure Ar ambient using a radio-frequency

sputter at room temperature. The related information of the
SiO
𝑥
film can be found in our previous study [21]. A 200 nm

Cu top electrode was deposited using a thermal evaporation
technique to form a Cu/SiO

𝑥
/Pt structure (control sample).

The top electrode area, as defined by the metal mask, was
5 × 10

−5 cm2. A 30 nm SiO
𝑥
film was also deposited on

a Pt-coated substrate. CF
4
plasma treatment of 25W was

used to etch the SiO
𝑥
film back to a 20 nm SiO

𝑥
film and

incorporate fluorine atoms into the SiO
𝑥
film. Next, a 200 nm

Cu film was deposited to form the Cu/CF
4
-treated SiO

𝑥
/Pt

structure (CF
4
-treated sample). As shown in Figure 1(a), the

result of X-ray photoelectron spectroscopy (XPS, JAMP-
9500F, JEOL) spectra of the CF

4
-treated SiO

𝑥
film indicates

that fluorine atomswere incorporated into the SiO
𝑥
layer.The

electrical measurements were performed using an HP 4155B
semiconductor parameter analyzer and an Agilent E5250A
low-leakage switch mainframe at room temperature. The
bias voltage was applied on the Cu top electrode of a single
device and the bottom electrode was grounded in order to
measure the current-voltage characteristics. To prevent the
influence of surface effect, all electrical measurements were
performed in the air ambient with 60% relative humidity. In
Figure 1(b) themeasurement configuration of the conducting
filament formation is shown. Two devices were connected
in parallel forming a single pair and were stimulated by the
same electrical signal at the same time. A small read voltage
(0.05V) was used to measure each device’s resistance. The
formation statistics and reuse probability were calculated

with 10 pairs, with each pair having 100 successive switching
cycles.

3. Results and Discussion

In Figure 2(a) 30 successive resistive switching cycles of
the control sample are shown. The device current abruptly
increases by a forming process in the positive polarity stage.
The device current is abruptly decreased by a RESET voltage
when the polarity is negative and increases again by a
SET voltage in the positive polarity. The device current can
reversibly switch between a HRS and a LRS by DC voltages
in various polarities. A compliance current of 1mA was used
to prevent permanent damage during the forming and SET
processes. The current-voltage characteristics were unstable
during the voltage sweeping. The resistance states and the
operating voltages showed a large dispersion. Figure 2(b)
shows 30 successive resistive switching cycles of the CF

4
-

treated sample. Its resistive switching was more stable than
that of the control sample. Comparedwith the control sample,
the SET and RESET voltages of the CF

4
-treated sample were

almost identical. According to the switching mechanism
of the conducting filament model with the electrochemical
reaction, a positive voltage is applied to the Cu electrode
during the SET process. The Cu metal is dissolved into Cu
ions, and then Cu ions drift across the SiO

𝑥
film to the Pt

electrode. Then, the Cu ions reduce and electrodeposit on
the Pt electrode. Next, a Cu conducting filament grows to
connect the Cu and Pt electrodes, and thus the resistive state
is switched to the LRS. A negative voltage is applied to the
Cu electrode during the RESET process, and the part of the
conducting filament near the Cu/SiO

𝑥
interface is dissolved

to rupture the conducting filament and thus the resistive state
is switched to the HRS. Fitting curves of ohmic conduction
for the LRS current-voltage characteristics of the control
sample and the CF

4
-treated sample indicate that the LRS

exhibited linearly ohmic behaviors with slopes of 0.982 and
0.981, respectively [22]. The LRS conduction mechanisms of
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Table 1: The statistical results of the conducting filament formation for the control and CF4-treated samples.

After forming process SET process
Type Percentage Multiple filament Reuse difference Reuse sum

Control sample
Single 50% 1.5% 94.8% 97.7%
Multiple 50% 7.9% 49.3% 88.9%
Total 100% 4.7% 72.0% 93.3%

CF4-treated sample Single 100% 0.4% 95.4% 96.8%
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Figure 2: (a) Resistive switching behaviors of the control sample and (b) resistive switching behavior of the CF
4

-treated sample. Numbers
and arrows denote the sequence.

the two samples were consistent with the conducting filament
model.

In Figure 3(a), the statistical analysis of the operating
voltages of the two samples is shown. The magnitudes of the
operating voltages of the CF

4
-treated sample were smaller

than those of the control sample. In addition, the CF
4
-treated

sample had smaller voltage dispersion than the control sam-
ple. This improvement in voltage dispersion can simplify cir-
cuit design and prevent operation failure. Figure 3(b) shows
the statistical results of the device resistance of the control and
CF
4
-treated samples. The LRS resistance of the two samples

was almost identical due to the same compliance current [23].
The XPS result from Figure 1(a) indicates that fluorine atoms
were incorporated into the SiO

𝑥
film. Fluorine can repair

the dangling bonds within the SiO
𝑥
film; thus, the Cu/SiO

𝑥

interface status improves. To prevent the disturbance of Cu
dissolution into the SiO

𝑥
layer, the current-voltage charac-

teristics of the HRS were measured at negative polarity. The
formula of the Schottky emission [21] can be expressed as

𝐽 = 𝐴
∗

∗ 𝑇
2

∗ exp(
𝑞√𝑞𝐸/4𝜋𝜀

𝑖

𝑘𝑇
−
𝑞Φ
𝐵

𝑘𝑇
) , (1)

where 𝐽 is the current density, 𝐴∗ is the effective Richardson
constant, 𝑇 is the temperature, 𝑞 is the elementary charge, 𝑘

is the Boltzmann constant, 𝐸 is the electric field, Φ
𝐵
is the

barrier height, and 𝜀
𝑖
is the insulator dynamic permittivity.

According to the fitting results, the HRS conduction mech-
anism of the two samples was dominated by the Schottky
emission. The Schottky barriers of the control and CF

4
-

treated samples were 0.77 eV and 0.81 eV, respectively. Hence,
the HRS resistance of the CF

4
-treated sample was larger than

that of the control sample. In addition, the HRS of the CF
4
-

treated sample had smaller dispersion than that of the control
sample.Therefore, the CF

4
-treated sample had amuch higher

switching margin than the control sample. Figure 4 shows
the endurance characteristics of the two samples.The control
sample showed large switching dispersion. Many soft errors
could be found during successive switching cycles. The
endurance cycle of the control sample was less than 1000,
while the CF

4
-treated sample showed stable switching cycles

and an endurance cycle of over 2500.
To further understand the formation of conducting fil-

aments within the SiO
𝑥
film, two devices had the same

sweep voltage applied at the same time (Figure 1(b)), while
their resistance was recorded. Table 1 shows the statisti-
cal results of the conducting filament formation. In some
situations, the conducting filament can be found in only
one device, which is known as single-filament switching.
In another case, the conducting filament can be found in
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Figure 3: (a) The operating voltage of the control and CF
4

-treated samples and (b) the device resistances of the control and CF
4

-treated
samples.
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Figure 4: The endurance characteristics of the control and CF
4

-treated samples.

both devices at the same time. Based on logical reasoning,
there should be more than two conducting filaments in this
pair, which was called multiple-filament switching. After the
forming process, the control sample had 50% single-filament
and 50% multiple-filament cases. In comparison, the CF

4
-

treated sample had 100% single-filament cases. Multiple-
filament switching means that the device may switch via
different conducting filaments. The control sample had 4.7%
multiple-filament switching during the successive switching
cycles, which indicated that multiple conducting filaments
existed, which could cause complex formation/rupture of
conducting filaments. In comparison, the CF

4
-treated sample

only had 0.4% multiple-filament switching, which showed
a more stable switching behavior. The definition of reuse is
the conducting filament formed in the same device as the
previous cycle. The reuse difference is the difference of the
reuse in the two devices. The reuse sum is the total reuse in
the pair.The CF

4
-treated sample had a larger reuse difference

and reuse sum than the control sample, which indicated that
the conducting filaments within the CF

4
-treated sample had

higher possibility to be formed at the same sites. Therefore,

the CF
4
-treated sample displayed a more stable resistive

switching behavior.
The CF

4
-treated SiO

𝑥
film was bombarded with ions,

which may cause more traps in the near-surface of the
SiO
𝑥
film than in the lower region [24]. The traps within

the SiO
𝑥
layer would increase the Cu diffusion coefficient.

In Figure 1(a) it can be seen that the fluorine atoms were
incorporated into the SiO

𝑥
film. Fluorine incorporation

could decrease the dielectric constant of the SiO
2
layer [20].

Therefore, the dielectric constant of the near surface was
smaller than that of the lower region. According toGauss’ law,
the electrical field in the near surface was larger than that in
the lower region. Therefore, the formation/rupture of the Cu
filament would be confined within the near surface, which
decreased the operating voltage and improved the switching
dispersion. In addition, the HRS and LRS retention times
of the CF

4
-treated sample were more than 104 s at room

temperature. The CF
4
-treated sample had a small operating

voltage, stable resistive switching, high resistance ratio, high
endurance, and long retention time. These factors mean that
the device is an ideal candidate for the next-generation of
NVM.
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4. Conclusions

The influence of CF
4
plasma treatment on the resistive switc-

hing behavior of a Cu/SiO
𝑥
/Pt structure was investigated.

The ion bombardment and fluorine incorporation in the
near-surface of the SiO

𝑥
film caused the SiO

𝑥
film to bec-

ome a stack-like structure, which confines the formation/ru-
pture in the near surface.Therefore, theCF

4
plasma treatment

decreased the operating voltage and improved the switch-
ing dispersion. A statistical analysis of conducting filament
formation was calculated to explain the resistive switching
behavior using single-filament or multiple-filament switch-
ing. The CF

4
-treated sample had a larger probability of sin-

gle-filament switching than the control sample. Therefore,
resistive switching of the CF

4
-treated sample almost always

occurred through the same filament, giving rise to the smaller
switching dispersion.
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The Mg
0.1

Zn
0.9

O films were grown using atomic layer deposition (ALD) system and applied to metal-semiconductor-metal
ultraviolet photodetectors (MSM-UPDs) as an active layer. To suppress the dangling bonds on the Mg

0.1

Zn
0.9

O surface, the
photoelectrochemical (PEC) treatment was used to passivate the Mg

0.1

Zn
0.9

O surface, which could reduce the dark current of
the MSM-UPDs about one order. Beside, to increase more incident light into the Mg

0.1

Zn
0.9

O active layer of the MSM-UPDs,
the 500-nm-diameter silica nanospheres were spin-coated on the Mg

0.1

Zn
0.9

O active layer to improve the antireflection capability
at the wavelength of 340 nm. The reflectivity of the Mg

0.1

Zn
0.9

O films with silica nanospheres antireflection layer decreased about
7.0% in comparison with theMg

0.1

Zn
0.9

Ofilms without silica nanospheres.The photocurrent and UV-visible ratio of the passivated
Mg
0.1

Zn
0.9

OMSM-UPDs with antireflection layer were enhanced to 5.85 𝜇A and 1.44 × 104, respectively, at the bias voltage of 5V.
Moreover, the noise equivalent power and the specific detectivity of the passivated Mg

0.1

Zn
0.9

O MSM-UPDs with antireflection
layer were decreased to 2.60 × 10−13W and increased to 1.21 × 1012 cmHz1/2W−1, respectively, at the bias voltage of 5V. According
to the above mentions, the PEC treatment and silica nanospheres antireflection layer could effectively enhance the performance of
Mg
0.1

Zn
0.9

OMSM-UPDs.

1. Introduction

Ultraviolet (UV) photodetectors have received more atten-
tion due to their wide applications, such as flame detec-
tion, chemical agent detection, space communications, and
solar astronomy [1–3]. Different kinds of UV photodetectors
have been developed to fit the requirements for various
applications. To fabricate UV and deep UV photodetectors,
the ternary magnesium zinc oxide (Mg

𝑥

Zn
1−𝑥

O) with the
wide bandgap is a promising candidate. Owing to the fact
that the ionic radius of Mg2+ (0.57 Å) is very close to that
of Zn2+ (0.6 Å), the Mg

𝑥

Zn
1−𝑥

O alloy with Mg content
𝑥 = 0.36 remains a single phase wurtzite structure [4].
Recently, several researches reported that Mg

𝑥

Zn
1−𝑥

O films
were prepared by various techniques, such as molecular
beam epitaxy (MBE) [5, 6], metal organic chemical vapor
deposition (MOCVD) [7, 8], magnetron radio frequency
(RF) sputtering [9, 10], vapor cooling condensation system

[11], and pulsed laser deposition (PLD) [12, 13]. In this
work, the high quality Mg

0.1
Zn
0.9
O films were deposited

using an atomic layer deposition (ALD) and applied in
the metal-semiconductor-metal ultraviolet photodetectors
(MSM-UPDs). Since the surface states on the Mg

𝑥

Zn
1−𝑥

O
surface seriously affected the performance of the MSM-
UPDs, how to improve the surface states was the primary
issue. There were some methods, such as hydrogen peroxide
treatment [14], (NH

4
)
2

S
𝑥
treatment [15], and photoelectro-

chemical (PEC) treatment [16] that were used to passivate
the Mg

𝑥

Zn
1−𝑥

O surface. In this work, the PEC treatment
was used to passivate the Mg

0.1
Zn
0.9
O surface to decrease

the dangling bond on the Mg
0.1
Zn
0.9
O surface, which could

reduce the surface states and improve the performance of the
MSM-UPDs. Moreover, to further enhance the performance
of the detectors, the antireflection technique was applied to
increase the amount of light incident into the active layer
of the MSM-UPDs. Many approaches were used to deposit
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Figure 1: The schematic configuration of Mg
0.1

Zn
0.9

OMSM-UPDs
with silica nanospheres antireflection layer.

the antireflection layers, such as magnetron RF sputtering
[17], electron-beam evaporator [18], lithography technologies
[19], phase-separation [20], and self-assembled technology
[21]. Among these, the self-assembled technology had some
advantages: low cost, easier preparation, and low deposition
temperature. In this work, the self-assembled technology was
used to form a self-assembled silica nanosphere layer as an
antireflection layer for the Mg

0.1
Zn
0.9
O MSM-UPDs. The

performance enhancement of the Mg
0.1
Zn
0.9
O MSM-UPDs

using PEC treatment and an antireflection nanosphere layer
was investigated.

2. Experimental Procedures

Figure 1 shows the schematic configuration of the
Mg
0.1
Zn
0.9
O MSM-UPDs with silica nanospheres

antireflection layer.The 100 nm-thickMg
0.1
Zn
0.9
Ofilmswere

deposited on the quartz substrates using an ALD system.
The precursors of diethylzinc (DEZn), bis (cyclopentadienyl)
magnesium (Cp

2

Mg), and water (H
2
O) were used as zinc

(Zn),magnesium (Mg), and oxygen (O) sources, respectively.
The chamber pressure and the substrate temperature were
fixed at 0.6 torr and 100∘C, respectively. The pulse time of
DEZn, Cp

2

Mg, and H
2
O was 0.5 s, 2 s, and 1 s, respectively.

After each step of reactant, argon (Ar) gas was utilized as
the carrier gas for 3 s. In the ALD system, the Mg content
of the Mg

𝑥

Zn
1−𝑥

O film was varied by changing the cycle
ratio of ZnO to MgO. In this work, the Mg

0.1
Zn
0.9
O film

was repeatedly deposited by stacking nine ZnO cycles and
one MgO cycle. In the deposited procedure, the ZnO cycle
was the end cycle. The composition of Mg

𝑥

Zn
1−𝑥

O film
was measured by the energy dispersive spectrometer (EDS),
and the content (x) of Mg was estimated to be 0.1. The
optical energy bandgap of the resultantMg

0.1
Zn
0.9
Ofilmwas

estimated to be 3.65 eV using the transmission spectrum. To
fabricate MSM-UPDs, the active region of 100 × 100 𝜇m2
was defined by conventional photolithography and lift-off
technique, and then a 100 nm-thick SiO

𝑥
isolation layer

was deposited by a magnetron RF sputtering. Prior to the
interdigital metal deposition, the surface of active region
was passivated using the PEC treatment to decrease surface
states and dangling bonds. In the PEC treatment processes,
the MSM-UPDs were dipped in the ammonia (NH

4
OH)

electrolytic solution with a pH value of 8.6 and illuminated

1𝜇m

Figure 2: The surface morphology of the 500 nm-diameter silica
nanospheres antireflection layer.

by He-Cd laser with the wavelength of 325 nm and power
density of 10mW/cm2 for 90 s. The interdigital Schottky
metals Ni/Au (20 nm/100 nm) were immediately deposited
on the Mg

0.1
Zn
0.9
O active layer with PEC treatment using

an electron-beam evaporator. Both the width and spacing of
the metal fingers were 2𝜇m. Finally, the silica nanospheres
with 500 nm diameter were coated on the surface of MSM-
UPDs as the antireflection layer using a self-assembled
technology. The coating procedure of silica nanospheres
included that the rotational speed was 300 rpm for 60 s and
then the rotational speed immediately increased to 3000 rpm
for 30 s. The surface morphology of the 500 nm-diameter
silica nanospheres coated layer on Mg

0.1
Zn
0.9
O films

deposited on the quartz substrates was observed by scanning
electron microscopy (SEM) and is shown in Figure 2. It
can be seen that the silica nanoparticles coated layer was
a uniform single layer. The electrical characteristics of the
Mg
0.1
Zn
0.9
OMSM-UPDs were characterized by Agilent 4156

C semiconductor parameter analyzer. The photoresponsivity
spectra of the Mg

0.1
Zn
0.9
O MSM-UPDs were measured

using a monochromator and an Xe lamp source.

3. Results and Discussion

To understand the function of the PEC treatment, the
current-voltage (I-V) characteristic of the Mg

0.1
Zn
0.9
O

MSM-UPDs with and without PEC treatment was measured
and is shown in Figure 3. At bias voltage of 5V, the dark
current of the resultant MSM-UPDs with and without PEC
treatment was 0.15 nA and 1.66 nA, respectively. The dark
current of the passivatedMg

0.1
Zn
0.9
OMSM-UPDswas lower

than that of the unpassivated Mg
0.1
Zn
0.9
O MSM-UPDs for

all applied voltages. In general, the dark current was probably
influenced by the surface condition. Since the Mg

0.1
Zn
0.9
O

film deposited using ALD system, some dangling bonds
remained on theMg

0.1
Zn
0.9
Osurface. In the previous publish

[22], the PEC treatment technique have used to treat the
ZnO surface, which could form the Zn(OH)

2
thin film on

the ZnO surface.Therefore, the reduction of dark current was
attributed to the fact that the PEC treatment could effectively
diminish the number of dangling bonds on the Mg

0.1
Zn
0.9
O

surface. The photocurrent of the Mg
0.1
Zn
0.9
O MSM-UPDs
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Figure 3: The current-voltage characteristics of the Mg
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MSM-UPDs with and without PEC treatment.

with and without PEC treatment illuminated by a UV light
with a wavelength of 340 nmwas alsomeasured and is shown
in Figure 3 was also measured and is shown in Figure 3. The
photocurrent of the unpassivated Mg

0.1
Zn
0.9
O MSM-UPDs

was larger than the passivated Mg
0.1
Zn
0.9
O MSM-UPDs for

all applied voltages. The photoinduced holes were trapped
and accumulated between the active layer and cathode of
the photodetectors due to the presence of defects on the
active layer surface [23, 24]. Therefore, the internal gain
of the unpassivated Mg

0.1
Zn
0.9
O MSM-UPDs was caused

by photoinduced holes accumulation, which reduced the
Schottky barrier height betweenmetal andMg

0.1
Zn
0.9
O film.

Consequently, the higher photocurrent was attributed to the
internal gain caused in the unpassivated Mg

0.1
Zn
0.9
OMSM-

UPDs.
To enhance the amount of incident light upon the

Mg
0.1
Zn
0.9
O MSM-UPDs, the 500 nm-diameter silica

nanospheres were spin-coated to form a single layer as the
antireflection layer on the Mg

0.1
Zn
0.9
O MSM-UPDs. The

optimal effective refractive index of the antireflection layer
(𝑛AR) was estimated by the formula 𝑛AR = √𝑛air × 𝑛Mg

0.1
Zn
0.9
O,

where 𝑛air of 1.00 and 𝑛Mg
0.1
Zn
0.9
O of 2.30 were the refractive

indices of air and Mg
0.1
Zn
0.9
O at wavelength of 340 nm,

respectively. The solution of the optimal effective refractive
index of the antireflection layer was 1.51. In this work, the
effective refractive index of the silica nanospheres was
measured by an ellipsometer and the value was about 1.48
which was similar to the optimal effective refractive index
of the antireflection layer. Figure 4 shows the reflectivity of
the Mg

0.1
Zn
0.9
O films with and without silica nanospheres

antireflection layer. As shown in Figure 4, the reflectivity of
the Mg

0.1
Zn
0.9
O films without and with silica nanospheres

was 9.9% and 2.9% at the wavelength of 340 nm, respectively.
Therefore, it was confirmed that the silica nanosphere
was suitable to be used to form antireflection layer in the

200 300 400 500 600 700 800
0

5

10

15

20

25

30

35

40

Re
fle

ct
iv

ity
 (%

)

Wavelength (nm)

Mg0.1Zn0.9 O film
Mg0.1Zn0.9 O film 500nm-diameter of silica nanospheres

Figure 4: Reflectivity spectra of the Mg
0.1

Zn
0.9

O films with and
without 500 nm-diameter silica nanospheres.

Mg
0.1
Zn
0.9
O MSM-UPDs, which leaded more UV light to

incident into the Mg
0.1
Zn
0.9
OMSM-UPDs.

To exhibit the effect of the silica nanospheres antireflec-
tion layer on the photoresponsivity of the MSM-UPDs, the
spectral photoresponsivity of passivated Mg

0.1
Zn
0.9
O MSM-

UPDs without and with antireflection layer is shown in
Figures 5(a) and 5(b), respectively. The I-V characteristics
of passivated Mg

0.1
Zn
0.9
O MSM-UPDs without and with

antireflection layer are shown in the inset of Figures 5(a) and
5(b), respectively. At bias voltage of 5V, the photocurrent
of passivated Mg

0.1
Zn
0.9
O MSM-UPDs with antireflection

layer illuminated by the UV light (wavelength = 340 nm
and power = 40 𝜇W) increased from 3.37𝜇A to 5.85 𝜇A
in comparison with passivated Mg

0.1
Zn
0.9
O MSM-UPDs

without antireflection layer. Besides, the UV-visible rejection
ratio (𝑅

340
/𝑅
450

) of passivatedMg
0.1
Zn
0.9
OMSM-UPDswith

antireflection layer was increased from 5.50 × 103 to 1.44 ×
10
4. The enhancements in the photocurrent and the UV-

visible rejection ratio of the MSM-UPDs were attributed to
that the amount of the incident light was enhanced by the
antireflection layer, which could induce more electron-hole
pairs in the active layer.

To investigate the detectivity performance of the
Mg
0.1
Zn
0.9
OMSM-UPDs without and with PEC passivation

and antireflection layer, the noise power density of
Mg
0.1
Zn
0.9
OMSM-UPDs without and with PEC passivation

and antireflection layer as a function of frequency is shown
in Figures 6(a) and 6(b), respectively. The frequency range
is from 1Hz to 1000Hz. Obviously, the fitting curve of noise
power density spectra for both MSM-UPDs was similar to
1/𝑓2, as shown in Figures 6(a) and 6(b). This result indicated
that the dominant noise of the Mg

0.1
Zn
0.9
O MSM-UPDs

was the generation-recombination noise, which implied that
the presence of generation-recombination centers is caused
by the carrier trapping in the device [25]. Consequently,
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Figure 5: Photoresponsivity spectra of passivatedMg
0.1

Zn
0.9

OMSM-UPDs (a) without and (b) with antireflection layer under various biases.
The inset shows dark current and photocurrent versus bias voltage.
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Figure 6: Noise power densities of the Mg
0.1

Zn
0.9

O MSM-UPDs (a) without and (b) with PEC passivation and antireflection layer as a
function of frequency for various bias voltages.

there was some generation-recombination centers existed
in the Mg

0.1
Zn
0.9
O films deposited by ALD system. In

general, the noise equivalent power (NEP) and detectivity
are commonly used to characterize the performance of the
photodetector. The NEP was determined by the formula
of NEP = √⟨𝐼2

𝑛

⟩/𝑅, where ⟨𝐼2
𝑛

⟩ is the mean square noise
current and R is the photoresponsivity of MSM-UPDs. The

specific detectivity (𝐷∗) is defined as 𝐷∗ = √𝐴Δ𝑓/NEP,
where A is the optical sensitive area of the photodetectors
and Δ𝑓 is the bandwidth of 1000Hz [25]. As shown in
Figures 6(a) and 6(b), at bias voltage of 5V, the NEP of the
Mg
0.1
Zn
0.9
OMSM-UPDs without and with PEC passivation

and antireflection layer was 6.18×10−13Wand 2.60×10−13W
and the corresponding 𝐷∗ was 5.11 × 1011 cmHz1/2W−1
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and 1.21 × 1012 cmHz1/2W−1, respectively. These results
mentioned above confirmed that the PEC treatment and
antireflection layer improved the performances of the
Mg
0.1
Zn
0.9
O MSM-UPDs. The improvement mechanism

can be attributed to the excellent antireflection capability
and effective passivation of dangling bonds on the surface of
the Mg

0.1
Zn
0.9
O films.

4. Conclusions

In this work, the PEC treatment and the antireflection layer
were applied in the Mg

0.1
Zn
0.9
O MSM-UPDs to enhance

the performance. Since some dangling bonds remained on
the Mg

0.1
Zn
0.9
O surface after the ALD deposited process,

the PEC treatment would passivate the Mg
0.1
Zn
0.9
O surface

by forming a Zn(OH)
2
thin film and the dark current

of the passivted Mg
0.1
Zn
0.9
O MSM-UPDs decreased about

one order in comparison with unpassivated Mg
0.1
Zn
0.9
O

MSM-UPDs. In addition, the antireflection layer was con-
structed by coating 500 nm-diameter silica nanospheres on
the Mg

0.1
Zn
0.9
O films. The reflectivity of the Mg

0.1
Zn
0.9
O

film with silica nanospheres antireflection layer decreased to
about 7.0% at the wavelength of 340 nm. Besides, the passi-
vatedMg

0.1
Zn
0.9
OMSM-UPDswith antireflection layerwere

fabricated and characterized. Compared with the passivated
Mg
0.1
Zn
0.9
O MSM-UPDs without antireflection layer, the

photocurrent and UV-visible ratio of passivatedMg
0.1
Zn
0.9
O

MSM-UPDs with antireflection layer were enhanced to
5.85 𝜇A and 1.44 × 104, respectively. The enhancements in
the photocurrent and the UV-visible rejection ratio were
attributed to the presence of the antireflection layer which
effectively leadmoreUV light to incident into the active layer.
Finally, the noise equivalent power of 2.60 × 10−13W and the
specific detectivity of 1.21 × 1012 cmHz1/2W−1 for the passi-
vated Mg

0.1
Zn
0.9
OMSM-UPDs with antireflection layer had

improved under a bias voltage of 5V.ThePECpassivation and
silica nanospheres antireflection layer effectively enhanced
the detectivity performance ofMg

0.1
Zn
0.9
OMSM-UPDs, and

it is promising the future application of UV photodetector.
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and V. Baier, “High temperature resistant antireflective moth-
eye structures for infrared radiation sensors,” Microsystem
Technologies, vol. 11, no. 2-3, pp. 86–90, 2005.

[20] M. Ibn-Elhaj and M. Schadt, “Optical polymer thin films with
isotropic and anisotropic nano-corrugated surface topologies,”
Nature, vol. 410, no. 6830, pp. 796–799, 2001.

[21] B. T. Liu and W. D. Yeh, “Antireflective surface fabricated from
colloidal silica nanoparticles,” Colloids and Surfaces A, vol. 356,
no. 1–3, pp. 145–149, 2010.

[22] H. Y. Lee, C. T. Lee, and J. T. Yan, “Emission mechanisms
of passivated single n-ZnO:In/i-ZnO/p-GaN- heterostructured
nanorod light-emitting diodes,” Applied Physics Letters, vol. 97,
no. 11, Article ID 111111, pp. 111111-1–111111-3, 2010.

[23] M.Klingenstein, J. Schneider, C.Moglestue et al., “Photocurrent
gain mechanisms in metal-semiconductor-metal photodetec-
tors,” Solid-State Electronics, vol. 37, no. 2, pp. 333–340, 1994.

[24] H. Jiang, N. Nakata, G. Y. Zhao et al., “Back-illuminated
GaN metal-semiconductor-metal UV photodetector with high
internal gain,” Japanese Journal of Applied Physics 2, vol. 40, no.
5, pp. L505–L507, 2001.

[25] C. H. Chen and C. T. Lee, “High detectivity mechanism of
ZnO-based nanorod ultraviolet photodetectors,” IEEE Photon-
ics Technology Letters, vol. 25, no. 4, pp. 348–351, 2013.



Research Article
Performance Improvement of GaN-Based Flip-Chip White
Light-Emitting Diodes with Diffused Nanorod Reflector and
with ZnO Nanorod Antireflection Layer

Hsin-Ying Lee,1 Yu-Chang Lin,1 Yu-Ting Su,1 Chia-Hsin Chao,2 and Véronique Bardinal3,4

1 Department of Photonics, Advanced Optoelectronic Technology Center, National Cheng Kung University, Tainan 701, Taiwan
2 Electronics and Optoelectronics Research Laboratories, Industrial Technology Research Institute, Hsinchu 300, Taiwan
3 CNRS, LAAS, 7 avenue du Colonel Roche, 31077 Toulouse, France
4University of Toulouse, UPS, INSA, INP, ISAE, LAAS, 31077 Toulouse, France

Correspondence should be addressed to Hsin-Ying Lee; hylee@ee.ncku.edu.tw

Received 23 November 2013; Accepted 31 December 2013; Published 12 February 2014

Academic Editor: Sheng-Po Chang

Copyright © 2014 Hsin-Ying Lee 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.

The GaN-based flip-chip white light-emitting diodes (FCWLEDs) with diffused ZnO nanorod reflector and with ZnO nanorod
antireflection layer were fabricated. The ZnO nanorod array grown using an aqueous solution method was combined with Al
metal to form the diffused ZnO nanorod reflector. It could avoid the blue light emitted out from the Mg-doped GaN layer of
the FCWLEDs, which caused more blue light emitted out from the sapphire substrate to pump the phosphor. Moreover, the ZnO
nanorod array was utilized as the antireflection layer of the FCWLEDs to reduce the total reflection loss.The light output power and
the phosphor conversion efficiency of the FCWLEDs with diffused nanorod reflector and 250 nm long ZnO nanorod antireflection
layer were improved from21.15mWto 23.90mWand from77.6% to 80.1% in comparisonwith the FCWLEDswith diffused nanorod
reflector and without ZnO nanorod antireflection layer, respectively.

1. Introduction

Recently, people have paid more and more attention to the
problems of energy shortage and environment problems.
Many research teams actively investigated how to improve
energy saving and how to produce renewable energy. The
white light-emitting diodes (WLEDs) are expected to be
the promising green lighting sources and have been widely
used in solid-state lighting and taken as the next generation
lighting sources to replace the compact fluorescent lamp
(CFL) and incandescent light. The WLEDs exhibit many
superior advantages such as the long lifetime, high luminous
intensity, energy saving, fast response, low heat dissipation,
and high reliability. In general, there are three approaches
that can be used to fabricateWLEDs: (1) using the blue light-
emitting diodes (LEDs) to excite the yellow phosphor [1, 2],
(2) using an ultraviolet (UV) LEDs to excite red, green, and
blue phosphors [3, 4], and (3) mixing three primary colors
of red, green, and blue LEDs [5]. The commercial WLEDs

were commonly integrated by the GaN-based blue LEDs
with yellow phosphor (Y

3
Al
5
O
12
: Ce
3

+ or YAG : Ce
3

+) layer.
To augment the application of WLEDs, the development
of high performance WLEDs is immediately needed. Since
the properties of the GaN-based blue LEDs seriously affect
the performances of WLEDs, how to improve the internal
quantum efficiency and external quantum efficiency of the
blue LEDs is a primary issue. In view of the significant
progress of GaN-based epitaxial technology, the internal
quantum efficiency of the GaN-based blue LEDs achieved
the theoretical limit of 90%. However, the large difference
of refractive index between the GaN-based semiconductor
(𝑛GaN = 2.4) and the air (𝑛air = 1) led to the increase
of total internal reflection and the Fresnel loss. Generally,
several methods, such as die shape [6, 7], surface roughness
[8, 9], photonic crystal [10, 11], reflector [12, 13], and antire-
flection coating layer [14], have been reported previously
to overcome the undesired total internal reflection and
Fresnel loss. Among these methods, the reflector exhibits
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Figure 1: The schematic configuration of the GaN-based FCWLEDs with diffused nanorod reflector and with ZnO nanorod antireflection
layer. The inset figure shows the morphology of diffused nanorod reflector.

several advantages including simple fabrication, low cost,
and outstanding light extraction improvement of LEDs.
In this work, to improve the light extraction efficiency of
WLEDs, the designed diffused nanorod reflector constructed
with the 700 nm thick Al metal and ZnO nanorod array
with optimal rod length of 500 nm was used in the flip-
chip white light-emitting diodes (FCWLEDs). The detail,
investigation of diffused nanorod reflector was shown in
previous published paper [15].The diffused nanorod reflector
could effectively increase the reflection angle and enhance the
light escaping probability from the semiconductor compared
with the traditional flat reflector. Furthermore, to further
improve the light extraction from the light-emitted side of
the FCWLEDs, the ZnO nanorod arrays were also used as
the antireflection layer. Finally, the yellow phosphor layer
was coated on the ZnO nanorod antireflection layer by using
the remote phosphor coating technique which possessed the
uniformity and high color conversion efficiency.

2. Experiment Procedure

Figure 1 shows the schematic configuration of the GaN-
based FCWLEDs with diffused nanorod reflector and with
ZnO nanorod antireflection layer. A metal organic chemical
vapor deposition (MOCVD) system was used to grow the
epitaxial layers of the GaN-based blue LEDs. A 2.8 𝜇m
thick GaN buffer layer, a 4 𝜇m thick Si-doped GaN layer
(𝑛 = 3 × 1017 cm−3), an undoped InGaN/GaNmultiple quan-
tum well (MQW) active layer, a 33 nm thick Mg-doped
Al
0.2
Ga
0.8
N layer (𝑝 = 1× 1017 cm−3), and a 150 nm thick

Mg-doped GaN layer (𝑝 = 3× 1017 cm−3) were sequentially
grown on the c-plane sapphire substrates. The InGaN/GaN
MQW active layer was consisted of twelve pairs of 3 nm

thick In
0.2
Ga
0.8
N well layer and 12.7 nm thick GaN barrier

layer. The fabrication processes of the conventional GaN-
based LEDs are as follows. The epitaxial layer with mesa
(300 × 300𝜇m2) pattern protected by a 300 nm thick Ni
metal mask was etched down to the Si-doped GaN layer by a
reactive ion etching (RIE) system. After themesa etching, the
remaining Ni metal mask was removed using aqua regia.The
n-electrode Ti/Al/Ti/Au (25/100/50/150 nm) was deposited
using an electron-beam evaporator. Moreover, the n-electron
was treated by a rapid thermal annealing (RTA) system with
850∘C for 2min in a pure N

2
ambient for obtaining the good

ohmic contact performance [16]. Thin Ni/Au (2.5/2.5 nm)
and thick Ni/Au (20/100 nm) metal contacts were deposited
onMg-doped GaN layer as the current spreading layer (CSL)
and the p-electrode, respectively. Prior to thin Ni/Au metal
deposition, a surface sulfurization treatment was performed
to improve the contact performance between the thin Ni/Au
metals and the Mg-doped GaN mesa region [17]. The p-
type ohmic contact formation was carried out in an air
ambient at 500∘C for 10min by a RTA system. When the
conventional GaN-based LEDs were fabricated, and then
the diffused nanorod reflector was sequentially fabricated. A
50 nm thick Al-doped ZnO (AZO) seed layer was deposited
on the Ni/Au current spreading layer using a magnetron
radio frequency sputtering system. A 500 nm long ZnO
nanorod array was grown on the AZO seed layer using an
aqueous solution method at 90∘C. The chemical solution
was mixed by 0.025M zinc nitrate hexahydrate (Zn(NO

3
)
2
-

6H
2
O) and 0.025M hexamethylenetetramine (C

6
H
12
N
4
). A

700 nm thick Al metal was then deposited on the top of the
ZnO nanorod array using an electron-beam evaporator. The
morphology of diffused nanorod reflector was carried out
using scanning electron microscope (SEM) and is shown in
the inset of Figure 1. Then a 50 nm thick AZO seed layer and
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Figure 2: The light output power-current curves of the GaN-based
FCLEDs with diffused nanorod reflector and with ZnO nanorod
antireflection layers of various rod lengths.

ZnO nanorod arrays were sequentially deposited on the sap-
phire surface of theGaN-based FCLEDswith diffuse nanorod
reflector. To find the optimal rod length of the ZnO nanorod
in the array as the antireflection layer, the ZnO nanorods
with various rod lengths of 0, 100, 250, 500, and 700 nm
were grown. Finally, the remote phosphor coating technique
was used to form the GaN-based FCWLEDs. A silicone layer
was spread on the 250 nm long ZnO nanorod antireflection
layer and a yellow phosphor layer was covered on the silicone
layer to complete the fabrication process of the FCWLEDs
with diffused nanorod reflector and with ZnO nanorod
antireflection layer. The FCWLEDs with diffused nanorod
reflector and 250 nm long ZnO nanorod antireflection layer
were named FCWLED A, hereafter. The FCWLEDs with
diffused nanorod reflector and without 250 nm long ZnO
nanorod antireflection layer (named FCWLED B, hereafter)
were also fabricated for comparison.

3. Result and Discussion

To find the optimal rod length of the ZnO nanorod in
the antireflection layer, the performances of the GaN-based
FCLEDs with diffused nanorod reflector and with 0, 100, 250,
500, and 750 nm long ZnO nanorod arrays were firstly inves-
tigated. Figure 2 shows the light output power-current (L-
I) curves of the GaN-based FCLEDs with diffused nanorod
reflector and with ZnO nanorod arrays of various rod lengths
measured using an integrating sphere. As shown in Figure 2,
the light output power of the FCLEDs with diffused nanorod
reflector and with 250 nm long ZnO nanorod array was
improved from 30.85mW to 34.99mW, compared with the
FCLEDs with diffused nanorod reflector and without ZnO
nanorod (i.e., 0 nm long ZnO nanorod) antireflection layer
at an injection current of 280mA. However, when the rod
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Figure 3: The simulating results and experimental results of the
enhancement in the illumination efficiency and light output power
for the resulting FCLEDs and FCWLEDs with ZnO nanorod
antireflection layers of various rod lengths, in comparison with the
resulting FCLEDs and FCWLEDs without ZnO nanorod antireflec-
tion layer, respectively.

length of the ZnO nanorod array was longer than 250 nm,
the light output power decreased owing to the absorption of
the ZnO nanorod array. To confirm the optimal rod length
of the ZnO nanorod antireflection layer on the output side
of the FCLEDs with diffused nanorod reflector, the standard
optical software TracePro was also used to simulate the
light propagated within the ZnO nanorod arrays of various
rod lengths. Figure 3 shows the simulating results of an
enhancement in the illumination efficiency for the FCLEDs
with diffused nanorod reflector and with ZnO nanorod
antireflection layer of various rod lengths, in comparison
with the FCLEDs with diffused ZnO nanorod reflector and
without ZnO nanorod antireflection layer. The illumination
efficiency of the FCLEDs with diffused nanorod reflector and
with 100, 250, 500, and 750 nm long ZnO nanorod antireflec-
tion layer showed an increase of 10.47%, 11.97%, 9.32%, and
8.33%, respectively.The experimental results of the enhanced
proportion of the light output power for the resulted FCLEDs
are also shown in Figure 3. The experimental results and
the simulation results the similar tendency. In addition, the
optimal effective refractive index of the antireflection layer
can be determined by the formula of (𝑛air × 𝑛GaN)

1/2, where
𝑛air of 1.00 and 𝑛GaN of 2.40 were the refractive indexes of air
and n-GaN, respectively.The solution of the optimal effective
refractive index of the antireflection layer was 1.55. In this
work, the effective refractive index of the 250 nm long ZnO
nanorod antireflection layer wasmeasured by an ellipsometer
and the value was about 1.57 which was similar to the optimal
effective refractive index of the antireflection layer.Therefore,
the rod length of 250 nm in the ZnO nanorod antireflection
layer was the optimal length for the FCLEDs.

Figure 4 shows the electroluminescence (EL) spectra of
the FCWLEDs with diffused nanorod reflector and with
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Figure 4:The electroluminescence spectra of the resulting FCWLEDs andFCLEDswith andwithout 250 nm longZnOnanorod antireflection
layer at an injection current of 20mA.

and without 250 nm long ZnO nanorod antireflection layer
(FCWLED A and FCWLED B) at an injection current of
20mA. The EL spectra of the blue FCLEDs with diffused
nanorod reflector and with 250 nm long ZnO nanorod
antireflection layer (named FCLEDC, hereafter) and the blue
FCLEDs with diffused nanorod reflector and without 250 nm
long ZnO nanorod antireflection layer (named FCLED D,
hereafter) are also shown in Figure 4. As shown in Figure 4,
the light-emission intensity of FCWLED A was larger than
that of FCWLED B at the wavelength range from 400 nm
to 700 nm. The light emission intensity of FCLED C and
FCLED D had the same situation. The improvement of
the light-emission intensity was attributed to the fact that
the 250 nm long ZnO nanorod antireflection layer could
effectively reduce the total reflection loss. The phosphor
conversion efficiency 𝜂 of the FCWLEDs was defined as

𝜂 =

𝑃phosphor

𝑃
𝑝
− 𝑃phosphor

, (1)

where 𝑃
𝑝
is the optical power emitted from the blue FCLEDs

without phosphor layer and 𝑃phosphor is the optical power
converted from the phosphor layer. Compared with the
FCWLEDB, the phosphor conversion efficiency of FCWLED
A operated at an injection current of 20mA was improved
from 77.6% to 80.1%.The improvement was attributed to that
the ZnO nanorod antireflection layer could reduce the light
total reflection at the sapphire surface, which could guide
more blue light to pump the phosphor layer. Generally, the
phosphor conversion efficiency was varied by the injection
current of the LEDs. Consequently, the EL spectra of the
FCLED C and FCWLEDA at various injection currents were
measured and are shown in Figures 5(a) and 5(b), respec-
tively. Figure 6 shows the phosphor conversion efficiency of
FCWLED A at various injection currents which estimated
by (1). The phosphor conversion efficiency of FCWLED A
was enhanced with an increase of the injection current;

a maximum value of 92.5% was obtained as the FCWLED
A operated at a current of 80mA. This phenomenon was
attributed to that the phosphor conversion efficiency reached
saturation at an injection current of 80mA. Therefore, when
the injection current was more than 80mA, the phosphor
conversion efficiency decreased owing to the excess blue light
directly emitted out the FCWLEDs or the excess photons
multi scattered with the phosphor and were absorbed inside
the FCWLEDs.The L-I curves of FCWLED A and FCWLED
B were also measured using an integrating sphere system.
The light output power of FCWLED A and FCWLED B was
23.90mW and 21.15mW, respectively, at an injection current
of 280mA.

Figure 7 shows the chromaticity diagram of FCWLED A
and FCWLED B at an injection current of 80mA. As shown
in Figure 7, the chromaticity coordinate of the emission of the
corresponding LEDs exhibited the same coordinates of 0.335
and 0.333, which demonstrated that the emitted light was a
white light.

4. Conclusions

The light output power and phosphor conversion efficiency
of the FCWLEDs were successfully improved by using the
diffused nanorod reflector and the ZnO nanorod antireflec-
tion layer. The diffused nanorod reflector constructed by the
500 nm long ZnO nanorod arrays and the high reflective
Al metal could effectively enhance the probability of light
reflectivity from the bottom of the FCWLEDs. Moreover,
according to the experimental results and the simulation
results, the optimal 250 nm long ZnO nanorods grown on
the output side of the LEDs as the antireflection layer could
guide more blue light and could excite more phosphor to
enhance the phosphor conversion efficiency.The light output
power of the FCWLEDs with diffused nanorod reflector and
with ZnO nanorod antireflection layer was enhanced 13.0%
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Figure 5: The electroluminescence spectra of (a) FCLED C and (b) FCWLED A at various injection currents.
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Figure 6: The phosphor conversion efficiency of FCWLED A at
various injection currents.

in comparison with the FCWLEDs with diffused nanorod
reflector and without with ZnO nanorod antireflection layer
at injection current of 280mA. The phosphor conversion
efficiency was also improved by 2.5%.
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Silicon nanoparticles doped poly(3-hexylthiophene) and [6,6]-phenyl C61-butyric acid methyl ester blends (P3HT:PCBM: Si NP)
have been produced as the photoactive layer of organic photovoltaic devices (OPVs). The silicon nanoparticles’ size is between
80 and 100 nm checked by transmission electron microscope (TEM). The 0.35wt% Si NP doping OPVs exhibit higher power
conversion efficiency (PCE) than other OPVs. The PCE of the OPVs increases from 3.01% to 3.38% mainly due to increasing
short-circuit current density from 8.38 to 9.48mA/cm2, while the open-circuit voltage remains the same. The Si NP can provide
extra exciton separation and electron pathways in hybrid solar cells.

1. Introduction

Solar energy has been greatly cared as a renewable energy
source. Organic photovoltaic devices are attractive low-cost
alternative compared with thin-film solar cells (single-poly-
crystalline and amorphous thin films) and compound-based
solar cells (copper indiumgallium (di)selenide (CIGS), GaAs,
CdTe). They are easily produced and large-area modules can
be made with roll-to-roll process.

The PCE of OPVs with poly(3-hexylthiophene) (P3HT)
and [6,6]-phenyl C61-butyric acid methyl ester (PCBM)
blend as the photoactive layer is high compared with that of
other OPVs so far. The P3HT provides the pi-orbit electron
excitation during the photovoltaic process [1]. The PCBM
usually acts an electron transport material in polymer solar
cells.

The PCE of OPVs under AM 1.5 conditions has exceeded
7.4% [2]. The PCE of OPVs can be improved by doping
nanomaterials like single-walled carbon nanotubes [3], mul-
tiwalled carbon nanotubes [4], nanodiamond [5], Fe

3
O
4

magnetic nanoparticles [6], and ZnO nanorods [7]. Nano-
materials, which can be used to make superstrong metals
[8], have become popular as semiconductor nanocrystals and
solar cell materials due to their high surface to volume ratio,

quantum confinement [9], quantum size [10], and small size
effect [5].

Silicon, which has been successfully applied in solar cell
and microelectronics industry, is a potential candidate for
polymer-nanomaterials solar cells owing to its abundance,
nontoxicity, and strong ultraviolet absorption. Doping Si
NP into polymer materials acting as the photoactive layer
of OPVs may increase the electron collection rate in the
mixture. This work investigates the effect of employing
P3HT:PCBM:Si NP as photoactive layer in OPVs on their
electrical and optical properties.

2. Experimental Procedure

Organic photovoltaic devices were fabricated on indium tin
oxide (ITO) coated glass substrates. The ITO glass substrate
was ultrasonic cleaned in acetone, isopropanol, and deionized
water in sequence to remove contaminants, then dried by
nitrogen. After that, the ITO glass substrates were oxygen
plasma cleaned by an inductively coupled plasma system
to make the ITO surface hydrophilic. A 40-nm-thick layer
of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS, Baytron P 4083) was spin-coated onto the ITO
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glass substrate with 2600 rpm spin speed and then baked at
120∘C for 30 minutes.

The photoactive layer was made of P3HT:PCBM:Si NP
dissolved in 1,2-dichlorobenzene. The P3HT (FEM. Inc.)
and PCBM (Nano-C) were 10 : 8 wt% in proportion. The
Si NP (ITRI Taiwan) of size 80–100 nm prepared by the
vibrating milled solid-state reaction was used. Various con-
centration of Si NP was processed in P3HT:PCBM:Si NP.
The P3HT:PCBM:Si NP blend film was spin-coated on ITO
glass substrate with 1500 rpm spin speed in a glove box.
The P3HT:PCBM:Si NP blend film was then annealed at
120∘C for 10min to reduce contact resistance of electrodes.
Finally, a 120-nm-thick Ca/Al electrode was deposited onto
the P3HT:PCBM:Si NP blend film through a shadowmask by
thermal evaporation. The devices were sealed by a glass slide
coated with UV glue after UV light irradiation. The device
area was about 0.04 cm2. Subsequently, the P3HT:PCBM:Si
NP blend film was measured with TEM.The current density-
voltage measurements were obtained by using a source meter
(Keithley, 2410) and a solar simulator (TELTEC) with an AM
1.5 illumination and intensity of 100mWcm−2. For external
quantum efficiency (EQE) measurements, a xenon lamp
(Oriel, 66150, 75W) was used as the light source, and a
chopper and lock-in amplifier were used for phase-sensitive
detection. Absorption spectra were measured by an optical
spectrometer (Hitachi, U-4100).

3. Results and Discussion

Figure 1 shows the device structure of the produced OPVs,
in which P3HT:PCBM:Si NP is the photoactive layer of the
device. Calciumwas added to themetal electrodes to improve
the fill factor (FF) and the open-circuit voltage (𝑉oc) [11].
The organic layer of anhydrous molecular residues must be
controlled because of calcium oxidizes if it is exposed to
oxygen and moisture [12]. The spherical morphology of Si
NP was clearly observed, as evidenced from TEM images
in Figure 2. It possesses a uniform dispersion with average
diameter about 80∼100 nm.

A previous study found that the crystallization, inter-
chain interaction, and phase separation of photoactive layers
depend on the composite mixture and its doping con-
centration of nanomaterials. Similar results were obtained
for P3HT:PCBM:nanodiamond layers with various nanodi-
amond concentrations [5]. Phase segregation increases with
increasing contact area between aggregated particles. There-
fore, doping Si nanoparticlesmay cause phase separationwith
high roughness for theOPVs.The SiNP plays an active role in
exciton dissociation due to its greater surface-area-to-volume
ratio and wider band gap [13]. Furthermore, short-circuit
current density (𝐽sc) increases with concentration of Si NP.
However, the current could be limited by a bottleneck in the
hole transport material, P3HT, or the efficiency of exciton
dissociation could decrease rapidly when the concentration
of Si NP reaches a certain limit.

The photovoltaic characteristics, namely, 𝑉oc, 𝐽sc, fill fac-
tor (FF), and PCE, for OPVs with different concentration of

Al

Ca

Doping Si NP 

PEDOT:PSS

ITO

Glass

P3HT : PCBM

Figure 1: The structure of the P3HT:PCBM:Si NP organic photo-
voltaic device.

Si NP

100nm

Figure 2: TEMmicrograph of P3HT:PCBM:0.35 wt %Si NP.

Table 1: The photovoltaic characteristics, namely 𝑉oc, 𝐽sc, FF, and
PCE, for P3HT:PCBM:Si NP OPVs with various Si NP concentra-
tion.

Concentration
of Si NP (wt%) 𝑉oc (V) 𝐽sc (mA/cm2) FF PCE (%)

0 0.599 8.38 60.12 3.01
0.07 0.599 8.54 61.08 3.12
0.35 0.599 9.48 60.42 3.38
0.70 0.649 6.56 53.17 2.27

doping Si NP, are given in Table 1. Figure 3 shows the current-
voltage (I-V) characteristics of OPVs measured under an
illumination intensity of 100Mw cm−2. The 𝐽sc and PCE in
OPVs rise with Si NP doping concentration till 0.35 wt%.The
0.35wt% Si NP doping into the photoactive layer results in an
increment in 𝐽sc from 8.38 to 9.48mA cm−2. The PCE of the
OPVs grows from 3.01 to 3.38%. The Si NP doping increases
the donor/acceptor interface area for charge separation and
shortens the electron transfer path in P3HT:PCBM, which
improves the 𝐽sc and PCE. However, the PCE decreases when
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the concentration of Si NP exceeds 0.35 wt%, probably due to
rising leakage current [14].

The EQE spectra for OPVs with different concentration
of doping Si NP are shown in Figure 4. Although all EQE
spectra are similar in shape, the value of EQE spectra for
the OPVs containing 0.35 wt% Si NP is the highest among
those of all OPVs. For example, the EQE maximum for
the OPVs containing 0.35 wt% Si NP is 44.5% at 500 nm
whereas that containing 0.7 wt% Si NP is 35.4% at the same
wavelength. The difference is due to an increased rate of
electron collection in the OPVs. No obvious change in
optical absorption spectra was observed when the active

layer was blended with P3HT:PCBM:Si NP. However, the
peak wavelengths at approximately 340 nm may attribute to
the PCBM band and those at approximately 400–650 nm
attribute to the pristine P3HT band in the absorption spectra
[15].

4. Conclusion

The OPVs with P3HT:PCBM:Si NP as the photoactive layer
have been produced. The Si NP is well dispersed into the
P3HT:PCBM polymer matrix. Doping Si NP increases the 𝐽sc
in OPVs, thus increasing PCE via faster electron collection
rate. The highest measured PCE is 3.38%, corresponding to
OPVs containing 0.35 wt% Si NP among those of all OPVs.
The Si NP can provide extra exciton separation and electron
pathways in OPVs, which increases the 𝐽sc and PCE.
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Magnesium-nickel (Mg-Ni) powders are used as the anode materials for secondary lithium (Li) ion batteries. Mg-Ni powders with
ratios of 1 : 1 (Mg :Ni) are prepared and their structure and electrochemical behavior at room temperature and 55∘C are investigated.
The results show that adding Ni powders to Mg powders can reduce the charge-discharge capacities and improve cycling life. In
charge-discharge cycle testing at 55∘C, the Li ion concentration gradually increased with increasing the duration of electrochemical
reactions, indicating that the charge-discharge capacities increase with increment of cycling number. The formation of a solid
electrolyte interface (SEI) layer restrains Mg ions from dissolving into the electrolyte and thus improves the charge-discharge
capacities at high temperature.

1. Introduction

Magnesium (Mg) was used as a negative electrode in lithium
(Li) ion secondary batteries due to its high theoretic capacity
[1]. However, pure metal electrodes have a serious problem
of volume expansion during cycling that resulted in poor
cycling life. Adding poor-activity elements into a pure metal
matrix reduces the volume expansion of an electrode. Studies
on alloy electrode materials have focused on Sn- [2], Si-
[3], and Mg-based alloys [4, 5]. Of the electrodes based on
these alloys, Mg-based ones are one of the potential material
in Li-ion battery applications. Many studies have indicated
that Mg-based alloy electrode, such as Mg-Li, Mg-C, and
Mg-Ni alloys, can enhance battery performance via various
electrochemical mechanisms [4, 6–8]. Adding Li intoMg can
enhance the efficiency of lithiation and delithiation [9] and
Mg-C alloys can restrain the growth of the solid electrolyte
interface (SEI) layer [4]. In the present study, Mg-Ni powder
electrodes were fabricated to suppress the volume change of
the electrode and increase oxidation resistance.

Mg-Ni material is a typical active/nonactive alloy system
that can effectively suppress the volume expansion and
improve battery cycling life. Many researchers have prepared

Mg-Ni alloys using the mechanical grinding method [10, 11].
However, the proportion of Mg to Ni is not easy to control,
and Mg-Ni alloys with excessive Ni have reduced charge-
discharge capacity [12]. In addition, Mg easily oxidized to
formMgOphases duringmechanicalmilling [13].The forma-
tion of MgO phases may degrade the cycling performance of
batteries. In this study,Mg powderwas directlymixedwithNi
powder in a glove box. Because the particle size ofMg powder
and that ofNi powder is very different, alloying effect prevents
oxidation problems [14].

This method is simple and the composition ratio of
elements can be easily controlled. Portable electronic devices
generate heat during operation, which affects Li-ion battery
performance. Thus, the charge-discharge characteristics of
batteries at high temperature are an important issue. How-
ever, few studies have investigated the thermal effects on
the charge-discharge characteristics of Mg-Ni compound
electrodes.

This study synthesizes Mg-Ni powders and investigates
the structural and electrochemical characteristics of Mg-Ni
alloy electrodes at room temperature and 55∘C.The relations
of electrical resistance and electrochemical reaction cycles of
Mg-Ni electrodes at high temperature are derived. The metal
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Figure 1: The electrode of pure Mg powder: (a) charge-discharge curve of the first cycle and (b) surface characteristic.

ion content in the electrolyte is determined to understand the
influence of heat and clarify the contribution of Ni addition.

2. Experimental Procedures

An insufficient Ni powder concentration does not lead to the
generation of a sufficient passivation layer around the Mg
powder. An excess of Ni powder might cause more com-
pound phases, resulting in degraded deterioration of charge-
discharge capacities [6]. Therefore, magnesium-nickel (Mg-
Ni) compound powders were prepared by mixing of Mg (Φ
150∼180 𝜇m) and Ni (Φ 2∼5 𝜇m) powders in weight ratios
of Mg :Ni = 1 : 1 and then milled with a rotation rate of
600 rpm using a planetary micromill (FRITSCH GmbH,
PULVERISETTE 7) to acquire alloying effect.The compound
powders are designated according to the weight ratio of Mg
to Ni as MN11.

The Mg-Ni compound powders were uniformly stirred
with carbon black (15 wt.%) and polyvinylidene fluoride
(PVDF, 15 wt.%) and then coated on copper (Cu) foils. And
then, the electrodes were dried in an oven at 120∘C for 1 hour.
The Mg-Ni powder electrodes were cut into disks (13mm in
diameter and about 200 𝜇m in thickness) and Li foil was used
as a counter electrode (positive electrode). OneM LiPF6,
ethylene carbonate (EC) and, diethyl carbonate (DEC) were
used as an electrolyte and the volume ratio of EC to DEC
was 1.

This study measured the surface characteristics of
powder electrodes using high-resolution scanning electron
microscopy (HR-SEM, HITACHI/SU8000). The electro-
chemical testing was performedwith a lithium battery testing
(LBT) cell using the battery automatic tester (BAT-750B).
The cells were tested at a constant current of 20mA⋅g−1.
Cyclic voltammetry (CV) was used to investigate the cycling
efficacy with electrochemical impedance spectroscopy (EIS,

PARSTAT 2273). The electric potential was limited to the
range 0∼2V and the velocity of scanning was 0.05mV⋅s−1.
In addition, the resistances of powder electrodes after the
electrochemical testing weremeasured using a 4-point probe.
Finally, inductively coupled plasma-mass spectrometry (ICP-
MS, HEWLETT PACKARD 4500) was used to determine
the metal ion content in the electrolyte.

3. Results and Discussions

3.1. Charge-Discharge Characteristics of the Mg-Ni Electrodes
at Room Temperature. Figure 1(a) shows the voltage profile
for the first cycle of a pure Mg powder electrode at room
temperature. The charge-discharge curve has a plateau at a
voltage of 1.0∼0.75V, which is associated with the formation
of the SEI layer [6]. The initial discharge capacity of the
Mg powder electrode (151mAh⋅g−1) was much lower than
that of Mg film electrode (2644mAh⋅g−1) in our previous
experiment, which is due to the surface oxidization and loose-
ness of the Mg powder electrode. The surface characteristics
of Mg powder electrode before charging and discharging is
shown in Figure 1(b). Some cracks appear on the surface of
the electrode, which allowed the Li ions to react with the
Cu foil, resulting in degraded charge-discharge capacities.
Although the Mg film electrode has good charge-discharge
characteristics, the electrochemical reaction might be an
explosion hazard due to its activity [1]. Adding Ni powder
to Mg powder can promote structural compactness, which
may improve the charge-discharge characteristics of a battery.
Therefore, the Ni powder was mixed with Mg powder to
form a compound phase aroundMg powder to avoid intense
electrochemical reaction.

Figure 2(a) shows the initial charge-discharge profiles of
theMN11 powder electrodes at room temperature. Compared
to the initial discharge capacity of the pure Mg powder
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Figure 2: MN11 compound powders at room temperature: (a) charge-discharge curves of the first cycle and (b) charge-discharge capacities
as a function of cycle number.

electrode, that ofMN11 powder electrodes was low, indicating
that Mg activity was restrained by Ni [15]. Previous studies
[6, 16] have indicated that the Mg

2
Ni and MgNi

2
alloy

phases generated in the Mg-Ni alloy system can restrain
volume expansion and thus improve the cycling life of a
battery. There is a voltage plateau at 0.2∼0.5 V, indicating
that the Li ions became embedded in the positive electrode
(Li foil). The potential voltage of 0.5∼1.25V was associated
with some Li ions moving out from the electrode matrix.
The charge-discharge capacities as a function of cycle number
for the MN11 powder electrode at the room temperature are
shown in Figure 2(b). In addition to having higher initial dis-
charge capacity, MN11 electrode had stable charge-discharge
characteristics in the subsequent electrochemical reactions.
This result may attribute to the formation of the SEI layer
in the initial charge-discharge reaction [17]. Generally, the
charge-discharge characteristics of battery could gradually
deteriorate with cycling [18]. However, the proposed MN11
electrode still maintained stable charge-discharge capacities
due to alloying effect reduced oxidation problem.

3.2. High-Temperature Cycling Performance. In general, the
cycle life of a battery operated in a high-temperate envi-
ronment deteriorates quickly. In order to understand the
effects of heat treatment on the cycling performance of
batteries, the charge-discharge characteristics at 55∘C were
tested. The initial discharge curve of the MN11 electrode at
55∘Chas two plateaus, at voltages of 0.9 and 0.2V, respectively
(Figure 3(a)). The plateau at 0.9 V only appears in the initial
discharge curve, indicating that the SEI layer formed [17].
The voltage plateau at 0.2∼0V appears in every discharge
curve and is attributed to the potential of lithiation and
delithiation [8]. In a high temperature environment, the
voltage plateau at 0.2∼0V was longer compared to that of the
Mg-Ni electrode at room temperature. This result is due to
more Li ions becoming embedded into the electrode matrix

at 55∘C due to the high temperature increasing the kinetic
energy and chemical activity. Figure 3(b) clearly shows that
the cycling capacities of the battery increased with increasing
cycle number.This reveals that the Li foil (positive electrode)
could more easily react with the electrolyte to liberate more
Li ions in the cell at 55∘C. Also, the heat affected the diffusion
rate of Li ions in the cell. Although a high temperature
environment enhances capacity, the cycling performance of
the battery deteriorates more quickly. Nevertheless, the Mg-
Ni powder electrode had good high temperature cycling
characteristics. In fact, some Li ions did not participate in
the reaction at room temperature. At 55∘C, the heat enhanced
the kinetic energy and chemical activity, promoting more Li
ions to participate in the reaction and caused the diffusion
rate of Li ions to increase with increasing the duration of
electrochemical reactions.

To investigate the thermal effect on the electrochemical
reaction, the cyclic voltammetry (CV) of the MN11 electrode
at 55∘C is presented in Figure 4. There is a peak at 0.25V in
the charge curve, indicating that a large number of Li ions
inserted into the MN11 electrode. After the first cycle, the
irreversible reaction is associated with the formation of the
SEI layer [19]. With increasing the cycle number, the peak at
0.25V gradually increased, indicating that cycle performance
improved, which is consistent with Figure 3(b). In addition,
the potential voltage shifted, which is related to the variation
of the internal resistance of the powder electrode [20].

After 5 charge-discharge cycles, the surface character-
istics of the MN11 electrode at room temperature (MN11-
RT) and 55∘C (MN11-HT) were recorded to clarify the
growth behavior of the SEI layer (Figure 5). The surface
morphology of the MN11-RT powder electrode shows many
cracks (Figure 5(a)). The continuous lithiation and delithia-
tion reactions caused a volume expansion of the electrode,
resulting in the fracture of the SEI layer [21]. For the MN11-
HT electrode, the electrode surface has a dense SEI layer
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Figure 3: (a) Initial charge-discharge curves and (b) charge-discharge capacities as function of cycle number for MN11 compound electrode
at 55∘C.

0.0 0.5 1.0 1.5 2.0

MN11

Potential (V)

1st cycle 
3rd cycle 
5th cycle

−0.20

−0.15

−0.10

−0.05

0.00

0.05

0.10

0.15

Testing at 55∘C

Cu
rr

en
t (

m
A

/c
m

2
)

Figure 4: Cyclic voltammograms ofMN11 electrode with 55∘Cmea-
sured for 5 cycles at scan rate of 0.05mV s−1.

and fewer cracks (Figure 5(b)). The growth rate of the SEI
layer was faster in the high temperature environment [22];
the electrode surface was covered with thicker SEI layer. As a
result, the thicker SEI layer wasmore able to resist the volume
expansion of the electrode.

In addition, the SEI structure might decompose dur-
ing the electrochemical reaction at high temperature, as
its thickness did not continuously increase. This explains
the improved charge-discharge characteristics of the Mg-Ni
electrode at high temperature.The cracksmay affect the resis-
tance of the electrode. Therefore, the resistivity of MN11-RT

Table 1: The resistance value of the Mg-Ni electrode at room tem-
perature (RT) and 55∘C (HT) after different charge-discharge
cycling.

Sample Resistivity (Ω∗cm)
1st cycle 3rd cycle 5th cycle

MN11-RT 4.0 × 104 5.6 × 103 7.8 × 103

MN11-HT 2.1 × 104 2.2 × 103 1.7 × 103

Table 2: The dissolution of metal ions concentration in an elec-
trolyte for MN11 and pure Mg electrode.

Sample Ion concentration (𝜇g⋅mL−1)
Mg Ni

MN11 2.760 0.469
Mg 5.709 N/A

and MN11-HT electrodes at various charge-discharge cycles
were measured (Table 1). The resistance of the MN11-RT
electrode decreased from the first to the third cycles and
then increased.The main reason was that the intense volume
expansion of the electrode increased the number of cracks.
In contrast, the resistance of the MN11-HT electrode con-
tinuously decreased with increasing charge-discharge cycle.
This result might be associated with the thicker SEI layer
restraining the volume expansion, which is consistent with
the CV results (Figure 5(b)).

In order to clarify the thermal effects on ion libera-
tion behavior, the electrolyte was examined using ICP-MS
(Table 2). The electrolyte of the MN11-HT electrode had
fewer Mg ions (2.760𝜇g⋅mL−1) compared to the electrolyte
of the Mg electrode (5.709 𝜇g⋅mL−1). This result indicates
that adding Ni powder can reduce the liberation of Mg ions.
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Figure 5: The surface characteristics of the solid electrolyte interface layer of MN11 electrode with (a) room temperature and (b) 55∘C after
5 charge-discharge cycles.
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Figure 6: Schematic illustrations of pure Mg and the Mg-Ni electrode with the duration of the charge-discharge reactions.

In addition, theMg-Li compound phases formed at high tem-
perature, enhancing electrode’s ability to resist fracture [23].

Schematic illustration of pure Mg and the Mg-Ni elec-
trode with charge-discharge duration is shown in Figure 6.
For the pure Mg electrode at the room temperature, the SEI
layer was thinner and the volume expansion of the electrode
wasmore obvious, resulting in serious cracks after the charge-
discharge. In addition, Mg easily oxidized to form MgO
phases, which decreased the activity of Mg. The MgO phases
prevented Li ions to react with Mg and thus degraded the
charge-discharge efficiencies.Mg-Ni compoundphases could
restrain the activity of Mg and the volume expansion of
electrode during the charge-discharge processes. Notably, a
fewer MgO phases allowed Li ions to react with Mg more
easily. At 55∘C, the heat increased the kinetic energy and
chemical activity, making the Li ion concentration increase
with increasing charge-discharge cycles. In addition, the
growth rate of the SEI layer was faster, which reduced
the crack density. The high temperature also caused the
decomposition of the SEI layer, which prevented the SEI layer
from increasing without bound.TheMg-Ni electrode at 55∘C
has good charge-discharge capacities, making it suitable for
Li-ion battery operation at high temperature.

4. Conclusion

Ni powdersmixed withMg powders were found to effectively
suppress the activity of Mg and the volume expansion of the
electrode due to the formation of a passivation layer and
the existence of Mg-Ni (Mg

2
Ni and MgNi

2
) alloy phases.

Adding Ni powder reduced Mg dissolution without signifi-
cantly degrading. At high temperature of 55∘C, the charge-
discharge capacities and cycling performance of the Mg-Ni
alloy electrode were enhanced. The main reason was that the
high temperature increased the kinetic energy and chemical
activity, making the Li ion concentration increase with
electrochemical reaction time. Additionally, the electrode at
high temperature formed a thicker SEI layer, which resisted
the volume expansion of the electrode. The decomposition
of the SEI structure at high temperature caused the cycle life
of the battery. The Mg-Ni alloy electrode is thus suitable for
application in Li-ion batteries operated at high temperature.
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