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Theuse of nanostructurematerials for optoelectronic devices,
including light-emitting diodes (LEDs), laser diodes, pho-
todetectors, and solar cells, has recently attracted consider-
able attention due to their unique geometry. Nanostructures
in small dimensions can be perfectly integrated into a
variety of technological platforms, offering novel physical and
chemical properties for the high performance optoelectronic
devices. The exploitation of new nanostructures and their
optical and electrical properties is necessary for their emerg-
ing practical device applications.

This special issue contains six papers, presenting some
recent advances in the theoretical calculation, synthesis, char-
acterization, and application of such novel nanostructures.

Recently, natural dyes have been widely studied as poten-
tial sensitizers for dye-sensitized solar cells (DSSCs) due
to their cost efficiency, nontoxicity, and complete biodegra-
dation. In “Photoactive Layer of DSSCs Based on Natural
Dyes: A Study of Experiment and Theory,” Y. Li et al.
investigated, both theoretically and experimentally, three
natural dyes for DSSCs which were extracted from natural
plants, including Forsythia suspensa, Herba Violae, and Corn
leaf. The authors reported that such natural dyes exhibit
wide absorption regionwhich covers almost the whole visible
spectrum. The highest photoelectronic conversion efficiency
for these natural dyes was recorded to be 0.96% with open
circuit voltage of 0.66V and short circuit current density of
1.97mAcm−2 which is promising for future biophotovoltaics
applications.

Among these novel nanostructures, recent rapid advances
in research involving two-dimensional (2D) layered nanoma-
terials andnanoplasmonics could pave theway for developing

next-generation optoelectronic and photonic devices. Fur-
thermore, the use of such 2D materials as a buffer layer for
the growth of light-emitting III-V compound semiconductors
by the so-called van der Waals epitaxy method has opened
up a new route of heteroepitaxy, mitigating a lot of growth-
related technological challenges. As an effort, this special
issue features a theoretical paper relating to emerging 2D
materials. X. Hu and F. Meng in “First-Principle Study on
the Interaction between Fe and Trivacancy in Graphene”
have reported the interaction between iron metal and mono-
layer graphene. In fact, this study has described a detailed
investigation on the structural and electronic properties of
graphene with vacancies as well as the advantages offered by
having these vacancies on the graphene surface.These results
certainly provide insights to engineer the electrical properties
of graphene through defect addition andmanipulation, being
useful for industrial semiconductor applications such as the
photocatalytic technology and graphene-based electronics.

In another paper, W. Sukkabot theoretically studied the
impact of structure shapes on the electron-hole exchange
interaction in core/shell nanostructure semiconductors. The
study focused on the electron-hole exchange interaction in
the morphological transformation of CdSe/ZnS core/shell
nanodisk to CdSe/ZnS core/shell nanorod using atomistic
tight-binding theory and a configuration interaction descrip-
tion. The aspect ratios were successfully used to study the
structural and optical properties of such nanostructures.
The single-particle and excitonic gaps are believed to be
decreased by changing from disk to rod shapes. The authors
concluded that light hole is suggested to be used for quantum
information instead of a heavy hole. This study contributes
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important information to the design of high performance
II-VI semiconductor nanocrystals for optoelectronic applica-
tions.

Y. J. Park et al. reported their study on the enhanced
light extraction efficiency of LEDs by employing two ZnO
nanostructures. The experiments were performed on two
types of nanostructures including one-dimensional nanorods
and two-dimensional nanosheets which were grown directly
on top of LEDs. The formation of surface texturing on LEDs
with ZnO nanorods offers increased escape cone and surface
scattering, resulting in the enhancement of light output
power of 30% compared to conventional LEDs without using
ZnO nanostructures. However, due to the increased internal
reflection and light absorption in ZnO nanosheets, LEDs
using nanosheet structures have lower light output efficiency
compared to the conventional one. The employment of ZnO
nanorods shows promising approach for the enhanced output
power of LEDs. More importantly, LED devices are not
severely suffering fromdegradation of electrical properties by
using ZnO nanorods.

In the paper “A Method to Control Dynamic Errors
of the Stylus-Based Probing System for the Surface Form
Measurement of Microstructures,” H. Fang et al. proposed
a simple and cost-effective method to control dynamic
errors of the stylus-based probing system on measuring the
surface form of microstructures. The dynamic errors were
numerically simulated and suggested that the scanning speed
and initial position of the measured specimen directly affect
the dynamic errors. The authors proposed a solution to
enhance the form measurement accuracy of microstructures
by using kinematical models to predict the influence of the
measurement setup on dynamic performance. The dynamic
errors, therefore, can be controlled by properly choosing
the optimal scanning speed and the initial position of the
measured samples.

V. R. Balaji et al. presented a novel design of twelve-
channel Dense Wavelength Division Multiplexing (DWDM)
demultiplexer using the two-dimensional photonic crystal
(2D PC) square resonant cavity. The rod radius and wave-
length were optimized by linear regression analysis. The
authors claimed that their DWDM exhibits high accuracy of
95%with an average quality factor close to 8000. Importantly,
the proposed PC based demultiplexer has small figure size
and is perfectly applied in integrated optics.
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We propose a novel twelve-channel DenseWavelength Division Multiplexing (DWDM) demultiplexer, using the two-dimensional
photonic crystal (2D PC) with square resonant cavity (SRC) of ITU-T G.694.1 standard. The DWDM demultiplexer consists of an
input waveguide, SRC, and output waveguide.The SRC in the proposed demultiplexer consists of square resonator andmicrocavity.
The microcavity center rod radius (𝑅

𝑚
) is proportional to refractive index. The refractive index property of the rods filters the

wavelengths of odd and even channels. The proposed microcavity can filter twelve ITU-T G.694.1 standard wavelengths with
0.2 nm/25GHz channel spacing between the wavelengths. From the simulation, we optimize the rod radius and wavelength with
linear regression analysis. From the regression analysis, we can achieve 95% of accuracy with an average quality factor of 7890, the
uniform spectral line-width of 0.2 nm, the transmission efficiency of 90%, crosstalk of −42 dB, and footprint of about 784 𝜇m2.

1. Introduction

Fiber cable transfers the data for the long distance without
loss, when compared to the coaxial transmission. However,
individual fiber connectivity to single consumer needs robust
and expensive routing system. To overcome the high-priced
routing SMF connectivity to each consumer is the solution.

The single-mode optical fiber (SMF) works with wave-
length division multiplexing (WDM) and DWDM tech-
niques, for transferring multiple light waves with precise
wavelengths inside the fiber. The SMF DWDM system in de-
multiplexer at the consumer end separates the multiple light
wavelengths [1]. The demultiplexers are classified as passive
and active demultiplexers. The passive demultiplexers design
consists of frequency filters [2], prisms [3], and diffraction
gratings [2]. The active demultiplexer comprises passive
components and tunable detectors [4]. The disadvantages of
active and passive demultiplexers are as follows: low normal-
ized transmission power, high crosstalk, low-quality factor,

and scale of centimetres.The disadvantages of demultiplexers
are overcome by replacing them with Photonics Integrated
Circuits (PICs).

PICs consist of photonic crystals (PCs) which can main-
tain hundreds of channels through micro dimension scale.
The growth of PCs in PIC drastically increases in the field of
fiber optics. Photonic crystals are low loss periodic dielectric
electromagnetic medium, with Photonic Band Gaps (PBGs).
The PCs control the propagation of light with PBG.The PBG
structure does not allow the light with different wavelengths
in any direction [5, 6]. By introducing defects in the periodic
structures the PBG is entirely broken which allows the
different wavelength inside the structure. Typically, there are
two kinds of defects reported, namely, line defects and point
defects. The removal/change of structural parameters of the
rods in a row or column is denoted as line defect; however,
the change/removal of structural parameters of single rods
are termed point defects. The structural parameters are the
radius of the rod, the refractive index, and the lattice constant.
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The line and point defects are very important to realize PC
based optical devices. The PCs with defects can apply in
designing various devices such as wavelength demultiplexers
[7], beam splitters [8], optical logical encoder [9], ring
resonators [10], and photonic sensors [11].

In WDM wavelength demultiplexers play a vital role
for point-to-point networks, which are classified as coarse
wavelength division multiplexing (CWDM) and DWDM.
The CWDM comprises the ITU-T G.694.2 standard of
eight wavelengths with 20 nm channel spacing. The DWDM
consists of ITU-T G.694.1 criterion of 0.1, 0.2, 0.4, and
0.8 nm channel dispersing with 512 distinct wavelengths. The
channel-dispersing feature of the DWDM standard attracts
many researchers to improve the DWDMcriterion. However,
DWDM technology in fiber optics provides low attenuation
and the dynamic usage of bandwidth for SMF.The SMF with
DWDMtechnology usesmultiplewavelengths as carriers and
concedes them to transmit in the fiber concurrently to the
consumer end.

From the literature survey, it is deemed that the 2D PC
based demultiplexer for CWDM and the DWDM system is
reported using line defects [12–17], ring resonant cavity [18,
19], and so forth, for introducing the line and point defects. As
the ITU-T G.694.1 DWDM system has many benefits, which
are very relevant, the authors have considered the DWDM
system and presented the research results here. The DWDM
demultiplexer using 2DPChas a T-shaped structure with line
defects resonant cavity [12–14] and P-shaped single resonant
cavity with different rod radius to drop different wavelengths
[20] and, hence, the multi-T-shaped structure with line/point
defects [15–17], X-ring cavity [18], and resonant cavity/line
defects [19]. From the literature survey, it is identified that
the demultiplexer is designed using different shapes of the
cavity. However, the transmission efficiency, crosstalk, and 𝑄

factor need improvement to meet the future requirements.
Hence, in this paper, a new square ring resonant cavity/point
defects based demultiplexer has been proposed and designed
to work with constructive interferences that result in high
transmission efficiency.

The DWDM demultiplexer is of two and four channels.
The drawbacks of the earlier works are less channel number,
nonuniform spectral line-width for dropped channels, low 𝑄

factor, and low transmission efficiency [12–19]. The DWDM
of six and eight channels to improve the aforementioned
parameters with novel demultiplexer structure is formed.
The increasing channels in DWDM reduce the cost, and
best optimization is obtained since the number of users
increased with the number of channels. The proposed 12-
channelDWDMhas odd and even distinct colorwavelengths.
The demultiplexer is formed with the combination of square
ring resonator, a waveguide, and microcavity rods in a 2D
photonic crystal. In the demultiplexer for developing 12-
channel DWDM,we design a filter in a position to drop high-
intensity resonant wavelength on the influence ofmicrocavity
inner rod (𝑅

𝑚
). The radius of the rod (𝑅

𝑚
) is 100% reflection

situation.
This paper is prepared as follows: Section 2 discusses the

band diagram for 50 ∗ 50 PC structures earlier than inducing
the defects. Section 3 describes the design of microcavity and
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Figure 1: Band diagram for 50 ∗ 50 PC structures before inducing
the defects.

its features. The novel design for 12-channel demultiplexer
is proposed in Section 4. The simulations outcome and
discussion are analyzed in Section 5. Section 6 discusses the
regression evaluation to optimize the radius of rods with
wavelength. Subsequently, Section 7 concludes the paper.

2. Photonic Crystal Geometry

The proposed DWDM demultiplexer uses the 2-dimensional
photonic crystal square lattice, and it will be better to attain
horizontal confinement of light by the use of square lattice
structure. The filter is developed with 50 × 50 rods in the
𝑋 and 𝑍 direction for higher coupling of modes. The high
refractive index Si rods and background air are 3.48 and 1;
each rod has a radius 𝑅 = 110 nm, where the lattice constant
𝑎 = 560 nm and silicon permittivity (𝜀) = 11.9.

The analysis of PC band structure is studied by the
Plane Wave Expansion (PWE) method. The PWE method
calculates PBG in propagation modes for the periodic and
nonperiodic structures [21]. The electromagnetic wave prop-
agation modes in photonic crystal analysis follow Maxwell’s
equations:

∇ × (
1

𝜀 (𝑟)
∇ × 𝐸 (𝑟)) =

𝜔
2

𝑐2
𝐸 (𝑟) , (1)

where 𝜀(𝑟) represents the dielectric function, “𝜔” is the angu-
lar frequency, 𝐸(𝑟) represents the electric field of periodic
structure, and “𝑐” is the speed of the light. From (1), the 2D
PC band structure is determined.

The photonic crystal realizes the fields in two polariza-
tions: TE polarization where the electrical field is polarized in
𝑋𝑌 plane, that is, magnetic field in direction of propagation
(𝑍), and TM polarization, the place the magnetic field is
parallel to the interface and electric field is within the
propagation direction (𝑍).

The proposed band structure before introducing the
defects is shown in Figure 1, which has three TM PBGs and
two TE PBGs in the band diagram as shown in Figure 1. The
normalized frequency and its wavelength range are listed in
Table 1. In the table, first TM PBG wavelength lies between
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Microcavity 1
Input waveguide

Output waveguide

Microcavity 2
Square resonator

Rm (inner rod)

Figure 2: A single resonant cavity with two microcavities.

Table 1: Photonic band gap and normalized frequency and its
corresponding wavelength of the proposed structure.

S.
number PBG Normalized frequency (𝑎/𝜆) Wavelength (nm)

1 TM PBG
0.31–0.445 1258–1806

0.588–0.6455 867–952
0.768–0.778 729–719

2 TE PBG 0.923–0.934 599–606
0.825–0.835 670–678

1258 nm and 1806 nm for low loss communication, since the
frequency lies in the third window of optical communication
in proposed work. All the simulation performs with TM
mode where the electric field is perpendicular to the rod
axis. The proposed band structure design uses a 12-channel
DWDM filter. Finite Difference Time Domain (FDTD) is
utilized to analyze the transmission and reflection spectrum
of the photonic device including photonic crystals. The
FDTDmethod simulates the propagation of electromagnetic
waves inside the PCs [22].

3. Microcavity Design

Figure 2 shows the single resonant cavity with twomicrocavi-
ties.Themicrocavitywith point defect shown is separated and
magnified, in Figure 2. The microcavity with point defects
is introduced. The point defect is created by altering the
shape, size, and dielectric constant of the rods. The sizes of
the rods increase with the change of refractive index; so, the
desired wavelength is tuned. The SRC has a square resonator
and microcavity. The microcavity consists of one center rod
surrounded by 8 reflecting rods.The 8 rods are used to control
the width of the resonant frequency in the band gap. The
center rod (𝑅

𝑚
) is used to tune the desired wavelength with

high intensity. The square resonator is used to localize the
photon inside the region. Once the distinct photons couple
with the microcavity, it tunes the coupled wavelength with
the high resonant frequency with the presence of the rod
(𝑅
𝑚
). The high resonant frequency for 1554.9 nm is shown in

Figure 3 after simulation.
The microcavity performance is analyzed with 𝑄 fac-

tor. Typically, the 𝑄 factor determines the selectivity of

the demultiplexer and the 𝑄 factor is calculated separately for
all the channels using the following formula:

𝑄 ≡ 𝜔
𝑂

𝜏
𝑝ℎ

≡
𝜆
𝑟

Δ𝜆
, (2)

where 𝜆
𝑟
is resonant wavelength of the desired channel and

Δ𝜆 represents the Full Width at Half Maximum point for the
desired channel. In the proposed DWDMmodel, the micro-
cavity increases the 𝑄 factor and shows better performance
when compared to the existing DWDM demultiplexer.

4. Multichannel Filter Design

Figure 4 shows the twelve-channel DWDM demultiplexer
schematic.The proposed DWDMdemultiplexer utilizes 50 ×

50 rods, with the 784𝜇m2 lattice structure, which can acquire
narrower spectral line-width. The DWDM also filters precise
color wavelength through the constitution of the resonant
cavity.The square resonant cavity filter consists of square ring
resonator and microcavity rods. The square ring resonator
straps the photons in the cavity when low resistance with
specific color wavelength occurs and the color wavelength
couples to microcavity cells. In this novel design, microcavity
cells work as wavelength selective filter to drop the desired
wavelengths. The rods in microcavity cells work to separate
the even and odd color wavelengths by adjusting the radius
of microcavity inner rods (𝑅

𝑚
).The radius of the microcavity

interior rod (𝑅
𝑚
) increases due to the high-intensity resonant

wavelength. As soon as the radius of the 𝑅
𝑚
increases, the

refractive index in rods increases due to the fact that the
resonant wavelength also shifts with 0.2 nm channel spacing.
The rods around the microcavity control the width of the
channel spacing of desired color wavelengths. Figure 2 shows
the base of the single resonant cavity designed to 12-channel
DWDM demultiplexer. The 12-channel DWDM demulti-
plexer design has six resonant cavities, where each cavity is to
drop two distinct color wavelengths.The six resonant cavities
are positioned between the input bus waveguide and the
output drop waveguide. The input bus waveguide is designed
by eliminating 47 rods in the lattice. Likewise output drop
waveguide works with removing 16 rods in each channel.The
15 rods are left for designing the square resonant cavity. The
distance between waveguide and the cavity is deemed to be
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Resonant peak at 1554.9nm

Drop wavelength
(1554.9nm)

Figure 3: Electric field distribution of a single resonant cavity for color wavelength 1554.9 nm.
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Gaussian input

Multiplexed input 𝜆1 · · · 𝜆12

Figure 4: Schematic diagram of the proposed twelve-channel demultiplexer using PC square resonant cavity.

good with two rows of rods in order to reduce the coupling
loss and the back reflection loss.

The novel resonant cavity works with two microcavities,
one microcavity positioned at the higher end of the cavity
and the other microcavity placed below the cavity. The
microcavity is partitioned into eight rods and core rod radius
named 𝑅

𝑚
. The radius of rods (𝑅

𝑚
) increases for every

microcavity to filter the desired color wavelength.
The walls of the cavity are used to control the width

of a resonant frequency. To design a 12-channel DWDM
demultiplexer, we include six resonant cavities. Each cavity
design has two branches with distinct defects in its dimen-
sion. The two channel branches from the single resonant
cavity with a separation of seven rows of rods are shown
in Figure 4. The proposed design exhibits more quantity of

channels with the small footprint. As we stated previously
with increasing microcavity core rods (𝑅

𝑚
) are able to shift

the resonant wavelength on the higher side which controls
the channel spacing (0.2 nm) through the surrounding rods
of the microcavity. We added point defects (𝑅

𝑚
) with 12

different sizes to drop 12 channels. The radius (𝑅
𝑚
, 𝑚 =

1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12) is given as 𝑅
1

= 41.5 nm, 𝑅
2

=

41.95 nm, 𝑅
3

= 42.4 nm, 𝑅
4

= 42.85 nm, 𝑅
5

= 43.3 nm, 𝑅
6

=

43.75 nm, 𝑅
7

= 44.20 nm, 𝑅
8

= 44.65 nm, 𝑅
9

= 45.10 nm,
𝑅
10

= 45.55 nm, 𝑅
11

= 46 nm, and 𝑅
12

= 46.45 nm.
The desired wavelengths are the drop with a radius of

the microcavity inner rods (𝑅
𝑚
) due to the filter. Other

parameters are constant such as nondefected rods, lattice con-
stant, and refractive index.The channels are designed to drop
the desired wavelength with high transmission efficiency,
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Figure 5: 3D view of the proposed twelve-channel demultiplexer.

high 𝑄, and narrow line-width. The designed demultiplexer
selects the radius of the microcavity inner rods (𝑅

𝑚
) with

optimized simulation under different conditions, like char-
acteristics of rods, the lattice constant, and refractive index.
The demultiplexer is designed with twelve ports to drop the
twelve desired wavelengths.The 3D view of proposed twelve-
channel demultiplexer is depicted in Figure 5. The size of the
demultiplexer is 28𝜇m × 28𝜇m, which is very small; hence,
it could be easily deployed in PICs.

5. Simulation Results and Discussion

The proposed DWDM demultiplexer is simulated using
FDTD with PML ABC. The proposed crystal structure
utilizes PML ABC (PML Absorbing Boundary Conditions)
to optimize the boundary region without reflection of elec-
tromagnetic waves. To observe boundary conditions without
any reflection of electromagnetic waves for all the frequency
and angle of incidence with PML layer, formulate Maxwell’s
equations [23].

The absorption rate is higher in the PML ABC structure,
whereas other boundary conditions show more reflections
during simulations. The proposed model utilizes PML width
and reflection as 500 nm, PML, and 10−8, respectively. The
FDTD grid size in the simulation at 28 nm (𝑥/20 = 0.05𝑎)
works significantly in DWDM environment. The proposed
12-channel DWDMdemultiplexer makes use of spatial Gaus-
sian pulse within the input waveguide. The power monitor
is placed on the end of the waveguide with the intention of
receiving the normalized output transmission. The output
transmission spectrum is acquired using Fourier transform
of the electric field using the monitor. The normalized
transmission is calculated with

𝑇 (𝑓) =

1/2 ∫ real (𝑝 (𝑓)
monitor

) ⋅ 𝑑𝑆

SourcePower
, (3)

where 𝑇(𝑓) denotes normalized transmission about the
frequency, 𝑝(𝑓) denotes the pointing vector, and 𝑑𝑆 denotes
surface normal preserving right time step in the FDTD
simulation having an effect on DWDM environment. The
time step should follow this rule in the filter:

Δ𝑡 ≤
1

𝑐√1/Δ𝑋2 + 1/Δ𝑌2
, (4)

where Δ𝑡 represents the step time and 𝑐 represents the speed
of light in free space.The filter is simulated with an increment
of 0.0001 nm for a 4476min runtime formemory structure of
53.6MB to get high 𝑄 factor output. The size of the structure
in 𝑋 and 𝑍 direction is 28𝜇m and 28𝜇m, so the footprint
proposed demultiplexer is 784𝜇m2.

In the previous work on the DWDMdemultiplexer, more
focus was on four channels and less focus was on eight
channels.The increasing channels inDWDMreduce the cost,
and the best optimization is obtained since number of users
increased with number of channels. The paper shows the
results with 12-channel DWDMdemultiplexer.The proposed
design utilized the benefits of both square resonator andnovel
microcavity. The square resonator straps the modes within
the cavity with the sustained time and microcavity tuned
to couple the distinct color wavelength with high resonant
frequency simply with point defects. The resonant cavity is
designed with the novel microcavity. The novel microcavity
can filter the distinct DWDM wavelengths with the change
in inner rods. The radius of inner rods is optimized for
simulation under different conditions (characteristics of rods,
a lattice constant, and refractive index) to separate odd and
even distinct wavelengths. This approach drastically reduces
the crosstalk between neighbour channels in practical.

The output spectra of proposed twelve-channel demulti-
plexer for odd channels and even channels are as shown in
Figures 6 and 7. The wavelengths in Figures 6, 7, and 8 attain
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Table 2: The summary of various parameters of the twelve-channel DWDM demultiplexer for odd channels.

DWDM
channel/wavelength
𝜆
𝑟
(nm)

Defect rod (𝑅
𝑚
) (nm) Spectral linewidth (Δ𝜆) in (nm) 𝑄 factor Efficiency (%)

𝜆
1
-1554.5 nm 41.5 0.2 7772.5 90

𝜆
3
-1554.9 nm 42.4 0.2 7774.5 94

𝜆
5
-1555.3 nm 43.3 0.2 7776.5 98

𝜆
7
-1555.7 nm 44.20 0.2 7778.5 93

𝜆
9
-1556.1 nm 45.10 0.2 7780.5 99

𝜆
11
-1556.5 nm 46 0.2 7782.5 92

Table 3: The summary of various parameters of the twelve-channel DWDM demultiplexer for even channels.

DWDM
channel/wavelength
𝜆
𝑟
(nm)

Defect rod (𝑅
𝑚
) (nm) Spectral linewidth (Δ𝜆) in (nm) 𝑄 factor Efficiency (%)

𝜆
2
-1554.7 nm 41.95 0.2 7773.5 99.4

𝜆
4
-1555.1 nm 42.85 0.2 7775.5 95.3

𝜆
6
-1555.5 nm 43.75 0.2 7777.5 100

𝜆
8
-1555.9 nm 44.65 0.2 7779.5 94

𝜆
10
-1556.3 nm 45.55 0.2 7781.5 91.3

𝜆
12
-1556.7 nm 46.45 0.2 7783.5 99
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Figure 6: Normalized output spectra of twelve-channel DWDM
demultiplexer for the odd channel.

ITU-T G.694.1 DWDM system and the output spectra of
twelve-channel DWDMdemultiplexer are shown in Figure 8.

The resonant wavelengths of the DWDM system
observed at 1554.5 nm, 1554.9 nm, 1555.3 nm, 1555.7 nm,
1556.1 nm, 1556.5 nm, 1554.7 nm, 1555.1 nm, 1555.5 nm,
1555.9 nm, 1556.3 nm, and 1556.7 nm lie in 𝐶 band of the
optical window. The 𝐶 band window widely prefers the
network due to low loss communication. The complete
specifications of the twelve-channel DWDM demultiplexer
for odd and even channels are listed in Tables 2 and 3.

In this paper, authors designed 2D PC based 12-channel
demultiplexer for DWDM ITU-T G.694.1 standard system.
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Figure 7: Normalized output spectra of twelve-channel DWDM
demultiplexer for even channel.

Hence we have considered that the wavelength range lies
between 1554.5 nm and 1556.7 nm with 0.2 nm channel spac-
ing. In order to attain the normalized output spectra which
are shown in Figures 6–9, authors considered the wave-
length increment (resolution) as 0.0001 nm from 1550 nm
to 1560 nm (i.e., the total simulation period (time) is about
4476 minutes). The quality factor is calculated from (2);
for example, the resonant wavelength and Full Width at
Half Maximum of channel 1 are 1554.5 nm and 0.2 nm,
respectively. From the above value, authors attained the 𝑄

factor value of 7772.5. Similarly, the 𝑄 factors calculated for
all the other channels are listed in Tables 2 and 3.
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Figure 8: Normalized output spectra of twelve-channel DWDM demultiplexer with uniform spectral line-width 0.2 nm.

Wavelength (𝜇m)
1.5601.5591.5581.5571.5561.5551.5541.5531.5521.5511.550

CH1
CH2
CH3
CH4
CH5
CH6

CH7
CH8
CH9
CH10
CH11
CH12

N
or

m
al

iz
ed

 tr
an

sm
iss

io
n 

(d
B)

0

−10

−20

−30

−40

−50

Figure 9: The spectral output of the twelve-channel DWDM demultiplexer in dB scale.

There are several microfabrication methods available for
fabricating 2D PC. They are optical UV lithography, direct
UV laser writing, electron-beam lithography, focused ion
beam, and multiexposure holography. Above all, electron-
beam lithography and dry-etching techniques offer remark-
able resolution of fabrication of PC based devices [24, 25].
In addition, technology could support fabricating the device
with nm resolution. In addition, there are several attempts
already made with less than 0.45 nm [14–17]. Hence our
proposed work could be realized in near future.

The biggest challenge in designingDWDMdemultiplexer
is to obtain low crosstalk. The demultiplexer design is the
focus to improve low crosstalk with proposed SRC cavity.
The spectral response of demultiplexer in dB scale is seen
in Figure 9 and is used to calculate the crosstalk among the
channels (𝐶

𝑖𝑗
). From Figure 9, we observe that the crosstalk

of the channels varied over the range from −30 dB to −42 dB,
which produces much small crosstalk, compared to the
previous results.The crosstalk between channels is 𝐶

𝑖𝑗
, where

𝑖 and 𝑗 denote the channel number. For example, 𝐶
23

gives
the crosstalk between channel 2 and channel 3. The crosstalk
among the channels is listed in Table 4.

The functional characteristics of the proposed twelve-
channel DWDMdemultiplexer are compared to the reported
DWDM demultiplexers, which are listed in Table 5. From
Table 5, it is proved that the proposed square resonant
cavity based demultiplexer works better than the existing
DWDMdesign. From the simulation of various wavelengths,
we achieved functional parameters such as a quality factor
of 8000, the spectral line-width of 0.2 nm, a transmission
efficiency of 90–100%, crosstalk of −42 dB, and device size of
about 784𝜇m2. From the results, the existing DWDM system
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Table 4: Crosstalk values (𝐶
𝑖𝑗
) of proposed twelve-channel PC based demultiplexer (dB).

Channels (𝐶
𝑖𝑗
) 𝜆

1
𝜆
2

𝜆
3

𝜆
4

𝜆
5

𝜆
6

𝜆
7

𝜆
8

𝜆
9

𝜆
10

𝜆
11

𝜆
12

𝜆
1

NA −30.7 −41.5 −41.5 −39.1 −30.1 −33.2 −33.4 −33.4 −33.4 −33.3 −39
𝜆
2

−31 NA −32 −37 −30 −30 −33.3 −33.4 −33.2 −33.3 −33.4 −39.6
𝜆
3

−33 −34.2 NA −31 −41.6 −41.6 −41.6 −41.6 −41.6 −41.6 −41.6 −41.6
𝜆
4

−34 −34 −31 NA −32 −40.1 −40.1 −40.1 −40.1 −40.1 −33 −33
𝜆
5

−35 −41 −41 −33 NA −37 −41.1 −41.1 −41.1 −41.1 −41.1 −41.1
𝜆
6

−35 −35 −35 −35 −37 NA −41 −41 −41 −41 −41 −41
𝜆
7

−31.1 −34.8 −34.6 −41.1 −41.7 −37.1 NA −37.3 −42.2 −42.4 −42.6 −42.8
𝜆
8

−34.5 −34.7 −34.8 −41.9 −41.6 41.5 −37.2 NA −37.7 −41.9 −41.6 −41.3
𝜆
9

−34.5 −34.7 −34.9 −41.5 −41.6 −41.7 −41.8 −36.9 NA −37.3 −41.7 −41.6
𝜆
10

−34.7 −34.7 −34.6 −41.5 −41.6 −41.6 −41.6 −41.6 −37.2 NA −38 −41.9
𝜆
11

−34.8 −35 −34 −41.8 −41.8 −41.5 −41.5 −41.6 −41.6 −37.9 NA −38.7
𝜆
12

−34 −34 −34 −30 −30 −33.4 −33.4 −33.4 −33.4 −33.3 −35.8 NA

Table 5: Comparison of the proposed and existing DWDM system.

Authors, year, and
reference number

Number of
output ports

Coupling efficiency (%) 𝑄 factor Crosstalk (dB) Footprint
(𝜇m)2

Spectral
line-width (nm)Min Max Min Min Max

Rostami et al. 2010
[12]

4 42.5 86.5 3006 −30.00 −14.2 536 0.4
NUSL∗

Liu et al. 2012 [13] 4 99 99.5 90 — — — 20
NUSL∗

Alipour-Banaei et
al. 2013 [18]

4 45 63 561 −23.70 −7.5 422.4 2.8
NUSL∗

Gupta and Janyani
2014 [14]

4 40 80 7795 — — — 0.2
USL∗

Kuo et al. 2007 [15] 6 25 60 416 −27 −17 — 3.2
NUSL∗

Rakhshani et al.
2013 [16]

6 81 100 2319 −35 −23 —
NUSL∗

Tian et al. 2013 [19] 8 65 90 1969 −18 −15 882 0.8
NUSL∗

Mehdizadeh and
Soroosh 2016 [17] 8 94 98 1723 −40 −11.2 495 1

NUSL∗

Proposed design 12 90 99 7783.5 −42 −30 784 0.2
USL∗

∗USL: uniform spectral linewidth for dropped wavelengths.
NUSL: nonuniform spectral linewidth for dropped wavelengths.

with nonuniform spectral line-width for drop wavelengths is
replaced with a uniform spectral line-width one. The func-
tional parameters are significantly enhancedwith smaller size
and the higher number of channels and hence the proposed
demultiplexer can be implemented in the Photonic Integrated
Circuits.

6. Optimization of Rods and
Wavelengths in DWDM

The novel DWDM demultiplexer tunes the rods and wave-
length of different sizes and wavelengths. The size of the rods

ranging from 41.5 nm to 46.45 nm shows the better perfor-
mance compared to the below 40 nm rod size. The corre-
sponding wavelength at 1554.5 nm and below the rod size of
40 nm shows more distortions.The maximum size of the rod
without distortion has been observed at 65 nm.The rods and
wavelength are optimized with regression analysis [26, 27]
only for 12-channel DWDM. For the proposed 12-channel
DWDM demultiplexer, it works better for the Si rods and
background air with the refractive indexes of 3.48 and 1.0,
respectively, and each rod has a radius 𝑅 = 110 nm, where
lattice constant 𝑎 = 560 nm and silicon permittivity 𝜀(Si) =
11.9.
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Figure 10: Effect of rods radius with the odd wavelength (a) and even wavelength (b).

The rods of different size (𝑥) taken as 𝑛 data points with
respect to wavelength (𝑦) and data point are {(𝑥

𝑖
, 𝑦
𝑖
), 𝑖 =

1, . . . , 𝑛}.
The straight line equation for data points is describedwith

𝑥 as rod size and 𝑦 as wavelength:

𝑦
𝑖

= 𝛼 + 𝛽𝑥
𝑖
. (5)

In (5), 𝛼 is the interrupt for wavelength and 𝛽 is the slope.
We can provide the best fit for rod size and wavelength, the
best fit derived with the least square approach, which reduces
the sum of square residual of linear regression model.

By solving linear regression equations, we find the value
optimization of rods and wavelength:

𝑦 = 0.444 (𝑥) + 1533.5. (6)

From the above regression model we derived

Wavelength = 0.444 (rods size)

+ interrupt for wavelength,

(7)

where 𝑦 is the wavelength, 𝑥 is the different rod size, and 𝛼 is
the interrupt for wavelength.

In the proposed demultiplexer, radius of inner micro-
cavity rod (𝑅

𝑚
) is the important parameter for filtering

the specific desired wavelengths. To demultiplex the desired
wavelength, the radius of the rod (𝑅

𝑚
) changes the odd res-

onant wavelength and the even resonant wavelength changes
due to the change of refractive index as shown in Figure 10.

7. Summary

The proposed twelve-channel Dense Wavelength Division
Multiplexing demultiplexer with the two-dimensional pho-
tonic crystal square resonant cavity fulfils the ITU-T rec-
ommendation of G.694.1 DWDM systems. The novelty in

proposed DWDM system drops the desired wavelength
tuned with the radius of the inner rod (𝑅

𝑚
), which is

positioned in the microcavity. The spectral response of the
proposed DWDM performs with an average of about 96%
of transmission efficiency, −42 dB crosstalk with the quality
factor of 8000. Further, the channel spacing and spectral
line-width between the channels are 0.2 nm/25GHz and
0.2 nm, respectively. The proposed PC based demultiplexer
is excellent in fulfilling the requirements of ITU-T G.694.1
DWDMsystem and size is very small, about 784 𝜇m2; it could
be integrated for the integrated optics. From the results, the
existingDWDMsystemwith nonuniform spectral line-width
for drop wavelengths is replaced with a uniform spectral line-
width one. The crosstalk of proposed DWDM demultiplexer
improves about −42 dB compared to previous works.
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Dynamic errors of the stylus-based probing system seriously affect the measurement accuracy in surface quality detection on
microstructures. A method, which is focused on measuring the surface form of microgears, microholes on the injector nozzle, and
so forth, is proposed to control dynamic errors of the stylus-based probing system. Firstly, two kinematical models were built to
systematically investigate the dynamic performance of the stylus-based probing system, and the relationship between themeasuring
force, scanning speed, fidelity, and dynamic errors was described. Then, numerical simulations of the surface form measurement,
in which a sine-shaped microstructure was taken as a target surface, were carried out. Results of the numerical simulations reveal
that the dynamic errors were affected by the scanning speed and the initial position of the measured specimen. Lastly, a method
to control dynamic errors by properly setting up the scanning speed and the initial position of the specimen was proposed for the
surface form measurement of microstructures.

1. Introduction

Microstructures, such as microgears and microholes, are
widely used in precision industries [1–3]. The working
performance of microstructure-based systems and devices
is primarily determined by the geometric accuracy of the
employed microstructures [4]. It is, therefore, important
to carry out high-accuracy surface form measurement of
microstructures so that the form accuracy of microstructures
can be improved and guaranteed in the manufacturing
process.However, due to the fact thatmany of themicrostruc-
tures have the characteristics of high-aspect-rations and steep
surface slopes, it is difficult to carry out high-accuracy surface
form measurement on microstructures [5–7].

The stylus-based probing system is an important tech-
nique for measuring the surface form of microstructures
because of the advantages of convenient utilization, insensi-
tivity to surface contaminants, and high measurement accu-
racy [8–10]. In the authors’ previous study, two types of stylus-
based profiling systems, one of which has an elastic element
and the other onewithout it, were used tomeasure the surface

form of gear-shaped microstructures [2, 11]. Measurement
results show that it had an obvious form distortion on the
top of the measured microstructures and the measurement
repeatability got worse on the side flanks. The stylus-based
probing system employs a stylus to trace the surface of the
target surface, and the spatial position of the stylus tip is
recorded and employed to reconstruct the surface form of
the target surface. However, the trace of the stylus tip cannot
always follow the surface variation of themeasurement target,
because the motion of the stylus tip is affected by the kinetics
of the stylus-based probing system. For instance, the stylus
tip separates from the measured surface during scanning
process, which is referred to as stylus flight phenomenon.

Over the years, work has been conducted to resolve the
issue of stylus flight. Damir proposed a method to choose
the suitable spring stiffness of a stylus-based profiling system
[12]. Liu et al. developed an active damping control method
to modify a stylus instrument and confirmed that the stylus
instrument could get better working performance while the
damping factor was in the region between 0.5 and 0.7 [8],
which meets the research results of Whitehouse [13, 14].
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McCool pointed out that the reconstructed profile deduced
from the stylus profile traces was distorted by the nonlinear
filtering effect of the finite stylus tip and by the failure at
high enough tracing speeds of the stylus to maintain contact
with the profile being traced [15]. Pawlus et al. discussed the
influence of the stylus flight on change of surface topography
parameters [10, 16]. Liu and Tian et al. built dynamic models,
which took the Hertzian contact and nonlinear damping
forces into consideration, to analyse the stylus flight phe-
nomenon [9, 17, 18]. The above approaches focused on the
modification of hardware of the stylus instrument, such as
modifications of the damping factor, spring stiffness, and
the mass of a stylus. The modification of hardware would
cause high costs in economy and technology. Therefore, a
simple and cost-effective method to depress the stylus flight
is desired in precision engineering.

This paper presents a method to control dynamic errors
of the stylus-based probing system for the surface form
measurement of microstructures. Firstly, two kinematical
models were built to systematically investigate the dynamic
performance of the stylus-based probing system, and relevant
theoretical work was given in detail.Then, numerical simula-
tions of the surface formmeasurement were carried out while
taking a sine-shapedmicrostructure as a target surface. Lastly,
a method was proposed to control the dynamic errors on the
surface form measurement of microstructures.

2. Kinematical Model of the Stylus-Based
Probing System

The stylus-based probing system employs a stylus to tra-
verse the target surface. The vertical position of the stylus
changes following the variation of the target surface, and
it is measured by a displacement sensor. The output of the
displacement sensor, the position variation of the stylus in
vertical direction, is employed to reconstruct the surface
form for the measurement specimen. However, the vertical
position of the stylus cannot always exactly follow the varia-
tion of the measured surface in the region with steep slopes
and huge slope variations, which results in form distortion
and is known as the stylus flight phenomenon as shown in
Figure 1(a).

Typical stylus-based probing systems have the types of
lever mechanism, flexure hinge mechanism, and the air-
baring mechanism according to how the stylus is supported
[2, 9] and can be generally modelled by a second-order
kinematical system as shown in Figure 1(b). In this kine-
matical system, the vertical position of the stylus is denoted
by 𝑦, which is subjected to the measured surface form 𝑦

𝑠

and crucial parameters of the stylus-based probing system.
Neglecting the friction force between the stylus tip and the
measured surface for clarity, the equation of the stylusmotion
can be expressed as follows:

−𝑚𝑔 − 𝑚�̈� − 𝑘𝑦 − 𝑐�̇� + 𝐹 = 0, (1)

where 𝑚 is the equivalent mass of the stylus-based probing
system, 𝑔 is the gravitational acceleration, 𝑘 is the spring
stiffness, 𝑐 is the damping coefficient, �̇� and �̈� are the velocity

and acceleration of the stylus motion along the 𝑌-direction,
and 𝐹 is the measuring force, namely, the interaction force
between the stylus tip and the measured surface. The surface
scanning is carried out along the𝑋-direction with a speed V.
The 𝑌-direction is aligned to the direction of the gravity, and
the origin 𝑂 of 𝑌 coordinate is the position of the stylus tip
while the spring is not stretched. The position 𝐴 is assumed
to be the position where the spring is stretched by its gravity
and the zero point of the probe sensing. The distance of the
average height of themeasured surface to the zero point of the
probe sensing, position𝐴, is defined to be the initial position
of the measured surface.

In the surface scanning process, the stylus tip always
contacts with the measured surface while the stylus flight
phenomenon does not occur. Under this condition, the
measuring force should be greater than zero. Therefore, the
measuring force 𝐹 is an important parameter to represent the
dynamic behavior of the stylus-based probing system. Then,
(1) is rearranged as

𝐹 = 𝑚�̈� + 𝑐�̇� + 𝑘𝑦 + 𝑚𝑔. (2)

In the case that the stylus flight phenomenon does not
occur, which means that the stylus tip is contacting with
the measured surface, the stylus motion follows the variation
of the measured surface. Therefore, the velocity and the
acceleration of the stylus motion are equal to those of the
variation of the measured surface, which are expressed by the
following equation:

�̇� = �̇�
𝑠

�̈� = �̈�
𝑠
,

(3)

where 𝑦
𝑠
is the measured surface. Assuming the measured

surface is of a form of 𝑦
𝑠
= 𝑓(𝑥), (3) becomes

�̇� = �̇�𝑓


(𝑥)

�̈� = (�̇�)
2

𝑓


(𝑥) ,

(4)

where �̇� is equal to the scanning speed V, 𝑓(𝑥) is the slope
𝜌 of the measured surface, and 𝑓(𝑥) is the variation of the
surface slope and is denoted by �̇�. Therefore, the measuring
force expressed by (2) is rewritten as

𝐹 = 𝑚V2�̇� + 𝑐V𝜌 + 𝑘𝑓 (𝑥) + 𝑚𝑔. (5)

While the stylus tip contacts with the measured surface,
𝐹 should be greater than zero, which is expressed as

𝐹 = V2�̇� + 2𝜉𝜔V𝜌 + 𝜔𝑓 (𝑥) + 𝑔 > 0, (6)

where 𝜉 = 𝑐/2√𝑘𝑚 is the damping ration and 𝜔 = √𝑘/𝑚 is
the resonant frequency of the stylus-based probing system.
In order to guarantee that the measuring force is greater
than zero, the general solutions are to improve the resonant
frequency 𝜔, adjust the damping ration 𝜉, and reduce the
scanning speed V.

Themethods to improve the resonant frequency𝜔 are the
increase of spring stiffness 𝑘 and the reduction of equivalent
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Figure 1: (a) Schematic of the stylus flight. (b) Kinematical model of the stylus-based probing system.

mass𝑚. The increase of the spring stiffness 𝑘 would increase
the measuring force 𝐹, which possibly results in the damage
of the measured surface. On the other hand, the equivalent
mass 𝑚 also cannot be reduced without limitation, because
the geometric parameters of the stylus should meet the
requirement of functional requirements. As shown in (6),
the effect on the measuring force 𝐹 is relevant to the surface
slope 𝜌. If the surface slope 𝜌 is positive, it is better that the
damping ration 𝜉 be greater; otherwise, it should be smaller. It
should bementioned that the slope 𝜌 of themeasured surface
has the potential to be distributed from negative to positive.
Therefore, it is hard to realize an appropriate adjustment of
the damping ration 𝜉, or the appropriate adjustment would
result in the increase of costs in economy and technology.The
effect of the scanning speed V to the measuring force 𝐹 is the
function of the surface slope𝜌 and its variation �̇�. Generally, it
is believed that a bettermeasurement result can be obtained at
a slower scanning speed. However, the slower scanning speed
would lead to the reduction of work efficiency.

In this case the stylus flight phenomenon occurs, which
means the stylus tip is out of contact with the measured
surface. In this condition, the measuring force is reduced to
zero and the stylus motion is free oscillation. Figure 2 illu-
minates the kinematical model of the stylus flight. Assuming
that the stylus separates from the measured surface on the
point 𝑃

0
(𝑥
𝑃0
,𝑦
𝑃0
) with a vertical speed V

𝑃0
, the time on this

moment is set to zero for clarity. The vertical position 𝑦
𝑃𝑡
of

the stylus is a time-varying quantity and it is the solution of
(7), which is derived from (2). Consider

�̈� +
𝑐

𝑚
�̇� +

𝑘

𝑚
𝑦 = −𝑔. (7)

Equation (7) is linear and of second order with a constant
coefficient. The general solution is

𝑦 = 𝑒
𝛼𝑡

[𝐶
1
cos𝛽𝑡 + 𝐶

2
sin𝛽𝑡] , (8)

where 𝛼 = −𝑐/2𝑚 and 𝛽 = √4𝑘𝑚 − 𝑐2/2𝑚. To (8), the
characteristic equation is expressed as

𝑟
2

+
𝑐
2

𝑚2
𝑟 +

𝑘

𝑚
= 0. (9)

Due to 𝑐 < 2√𝑘𝑚, the solution to this characteristic equation
is

𝑟
1,2

= −
𝑐

2𝑚
± 𝑖 ∗

√4𝑘𝑚 − 𝑐2

2𝑚
. (10)

To (8), the general solution can be expressed as follows:

𝑦
1
= 𝑒
−(𝑐/2𝑚)𝑡

[𝐶
1
cos

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡

+ 𝐶
2
sin

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡] .

(11)

To (8), the particular solution is

𝑦
2
= −

𝑚𝑔

𝑘
. (12)

The solution to (8) can be derived from (11) and (12) and
expressed as follows:

𝑦 = 𝑒
−(𝑐/2𝑚)𝑡

[𝐶
1
cos

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡

+ 𝐶
2
sin

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡] −

𝑚𝑔

𝑘
.

(13)

The initial condition of (13) is that 𝑦 = 𝑦
𝑃0
and 𝑑𝑦/𝑑𝑡 =

V
𝑃0
while 𝑡 = 0. Substituting this initial condition into (13),

the parameters 𝐶
1
and 𝐶

2
can be found. Consider

𝐶
1
=
𝑚𝑔

𝑘
+ 𝑦
𝑃0

𝐶
2
=
2𝑚V
𝑃0
+ 𝑚𝑔𝑐/𝑘 + 𝑐𝑦

𝑃0

√4𝑘𝑚 − 𝑐2
.

(14)
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Figure 2: Kinematical model of the stylus flight.

Then, (13) can be rewritten as

𝑦 = 𝑒
−(𝑐/2𝑚)𝑡

[(
𝑚𝑔

𝑘
+ 𝑦
𝑃0
) × cos

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡

+ (
2𝑚V
𝑃0
+ 𝑚𝑔𝑐/𝑘 + 𝑐𝑦

𝑃0

√4𝑘𝑚 − 𝑐2
) sin

√4𝑘𝑚 − 𝑐2

2𝑚
𝑡]

−
𝑚𝑔

𝑘
.

(15)

Equation (15) gives out the motion of the stylus while the
stylus flight occurs.

3. Numerical Simulation and Analysis of
Dynamic Performance

3.1. Effect of Measurement Setup on Dynamic Performance.
The parameters of the stylus-based probing system and the
measurement setup affect the dynamic performance (e.g.,
fidelity, measuring force, and dynamic errors), which were
analysed by numerical simulations based on the kinematical
model expressed by (1). In the numerical simulations, the
parameters of a practical stylus-based probing system were
employed and given as 𝑚 = 3.5 g, 𝑘 = 2.7N/m, and 𝑐 =
0.00144Nsm−1 [19]. A sine-shaped microstructure expressed
by (16) with amplitude of 200𝜇m and period of 100 𝜇m
was used as the measurement specimen. The interval of the
measured surface discretization was set to 0.1 𝜇m, and the
scanning interval was set to 1𝜇m. Consider

𝑦
𝑠
= 200 × cos(𝑥 × 𝜋

50
) − 𝑏, (16)
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Figure 3: Measured surface form and the measuring force.

in which the unit is micrometer and the parameter 𝑏 is used
to simulate the initial setup of the specimen’s position. The
stylus tip is stretched 12.7mm below the 𝑥-axis by its gravity,
where it was assumed to be the zero point of the displacement
sensing of the stylus-based probing system. If the parameter
𝑏 is 12 × 103, the distance of the measured form to the zero
point of the displacement sensing is 0.7mm.

Firstly, the fidelity of form measurement, which means
howmuch of themeasured surface could be exactlymeasured
without the stylus flight phenomenon, was investigated by
the numerical simulation. The scanning speed 𝑐 was set to
1mm/s and the initial position of the measured surface was
set to 0.7mm.The kinematical model expressed by (6) about
the measuring force was utilized to detect whether the stylus
flight phenomenon occurred or not. Figure 3 shows the
simulation results. The curve of the measuring force, which
is plotted by the raw output of (6), presents a sine shape
and has a phase difference of 𝜋 to the measured surface
form. The values of the measuring force distribute from
−0.32mN to 4.12mN. In practice, themeasuring force cannot
be smaller than zero.The regionmarked by red blocks, where
the measuring force is negative, indicates that the stylus flight
occurred in the region near the peak of the measured form.
In this case, 82.79% of the measured surface can be exactly
measured.

The influence of the surface geometrical characteristic
to the stylus flight was analysed in Figure 4. In this figure,
the surface slope and the rate of slope variation were drawn
according to their𝑋 coordinates, and the region of the stylus
flight was covered by red blocks. It can be found that the
rate of slope variation has a strong impact on the stylus flight
compared to the surface slope, whichmeans that the stylus tip
usually lost contact in the region with a huge slope variation.

The effect of the scanning speed on the measuring force
and the fidelity was investigated by changing the speed from
0.01mm/s to 4mm/s, of which the result was shown in
Figure 5. In this figure, the black curve is plotted by the
maximum value of the measuring force at each scanning
speed, and the red one is plotted by the fidelity at each
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scanning speed. The results show that while the scanning
speed exceeded 0.94mm/s, the fidelity would be rapidly
falling and the measuring force would be rising up very fast.

The initial position of the measured specimen is another
crucial factor to affect the dynamic performance. Therefore,
the distance of the measured specimen to the zero point of
displacement sensingwas set from0.2mm to 0.7mmandwas
used as a variable in the numerical simulation. The relation
of the specimen’s initial position with the measuring force
and the fidelity is shown in Figure 6. As shown in the figure,
while the initial position is increasing, both the measuring
force and the fidelity are increasing. However, it should be
known that the measuring force is generally expected to be in
the region of few micronewtons.

3.2. Effect of Measurement Setup on Dynamic Error. Higher
scanning speed and lower measuring force are desired in
practical measurement tasks. However, both the increase
of scanning speed and the reduction of the measuring
force could potentially result in stylus flight, which would
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introduce dynamic errors into measurement results. The
above numerical simulation method was also used to analyse
the effect of measurement setup on dynamic errors. There
is only one difference, which is that the motion trace of
stylus tip was computed by (15), and the initial condition
was obtained from (5). The motion trace of the stylus tip in
whole scanning process was the measurement results, which
was used to reconstruct the surface form for the measured
profile. The difference of the reconstructed profile and the
measured profile was seen as the dynamic errors introduced
by the stylus flight.

Figure 5 indicates that while the scanning speed exceeded
0.94mm/s, the stylus flight would occur. Therefore, the
scanning speed was set from 0.94mm/s to 1.00mm/s with an
interval of 0.01mm/s, and the initial position of themeasured
specimen was set to 0.7mm. The results of the numerical
simulation are shown in Figure 7. The reconstructed profiles
at each scanning speed and the measured profile are covered
with each other due to their small differences. The dynamic
errors increase from smaller than 1 𝜇m to about 15 𝜇m. The
increase ratio is approximately 3 𝜇m per 0.01mm/s. The
region marked by a red block in this figure indicates that the
position with the maximum dynamic errors is not exactly on
the peaks of the measured microstructures. In this case, the
position with the maximum dynamic errors slightly passed
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over the peaks. The other feature that should be mentioned
is that the dynamic errors present periodic features expect in
the first period of the measured surface. This is because the
initial condition of the stylus flight is different; namely, the
separation position and the vertical speed of stylus tip differ.

The effect of the scanning speed on the dynamic errors
was studied on a larger scale, 1.00mm/s to 2.00mm/s, and
the results are shown in Figure 8.The dynamic errors sharply
increased from 15 𝜇m to about 650 𝜇m, which would be out
of the acceptable error range. The feature of the dynamic
errors on the third period of the measured surface does
not completely repeat with it on the second period. This is
because the separation position of the stylus tip changed after
a serious stylus flight. But this feature is repeated over two
periods of the measured profile.

The initial position of the measured specimen is also very
important and seriously affects the dynamic errors. In the
numerical simulation, the initial position of the measured
specimen was set from 0.1mm to 0.6mm while the scan-
ning speed remained 1mm/s. The measurement results and
corresponding dynamic errors at different initial position are
shown in Figure 9. While the initial position was increasing,
the dynamic errors obviously reduced from about 250𝜇m to
smaller than 1 𝜇m. Comparing the results shown in Figures
7–9, the curve shape of dynamic errors presents a subtle
asymmetry that the dynamic errors on the flank side against
the stylus scanning motion are obviously greater than on
another side.

4. Control Method of Dynamic Errors

The above numerical simulation and analysis reveals that the
measurement setup (i.e., scanning speed and the initial posi-
tion of the specimen) should be properly chosen. Otherwise,
excessive measuring force would make the stylus damage the
measured surface, and unacceptable dynamic errors would
reduce the reliability of themeasurement results.Themethod
to control the dynamic errors into the acceptable range was
proposed based on the prediction of dynamic errors and the
measuring force. Firstly, the surface scanning is simulated
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by the method introduced in Section 3.2, and the measuring
force is analysed by themethod introduced in Section 3.1.The
maximum values of the dynamic errors and the measuring
force are recorded as a set of data. Then change the values of
the scanning speed and the initial position of the specimen;
step 1 is repeated and more sets of data are acquired. All the
obtained sets of data present the relationship graph between
the dynamic performance and themeasurement setup. Lastly,
the optimized selections of the scanning speed and the
initial position of the specimen can be carried out from the
relationship graph according to the requirements about the
dynamic errors and the measuring force of a measurement
task.

The sine-shaped microstructure with steep slopes
expressed by (16) was employed by the numerical simulation
to verify the proposed method. The scanning speed was
set from 0.93mm/s to 2.00mm/s, and the initial position
of the specimen was set from 0.3mm to 0.9mm. The
relationship graph between the dynamic performance and
the measurement setup was plotted in Figure 10. Assume
that the measurement task requires that the dynamic errors
should be smaller than 10 𝜇mand themeasuring force should
be smaller than 5mN. Then, Figure 10 was reprocessed with
a limitation of the 10 𝜇m dynamic errors and was shown
in Figure 11. The scale of the colour bar was redefined to
easily get more details of the measuring force. The regions of
the scanning speed and the initial position of the specimen
would be the choice which would make the measurement
result meet the requirements of the measurement task. In
addition, the best measurement setup would be 1.1mm/s
scanning speed and 0.9mm initial position for higher
measurement efficiency.

5. Conclusion

In order to enhance the form measurement accuracy of
microstructures such as microgears and microholes on the
injector nozzle, research on the dynamic feature of stylus-
based probing systems has been carried out in this paper.
Results of numerical simulations reveal that the rate of the
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slope variation of the measured surface greatly affects the
dynamic performance of the stylus-based probing system.
Furthermore, it is hard to control the dynamic performance
by decreasing scanning speed and increasing spring stiffness
due to requirements on measurement efficiency and measur-
ing force. Afterwards, a simple and cost-effective method to
control the dynamic performance has been proposed without
changing the hardware of the stylus-based probing system.
Thismethod employs kinematicalmodels to predict the influ-
ence of themeasurement setup on dynamic performance, and
then the optimal scanning speed and the initial position of the
measured sample can be selected according to requirements
on measurement efficiency and measuring force.

It should be noted that the proposed method did not take
adhesion, friction, and elastic deformation into consideration
and the constructed dynamic model is two-dimensional.
These issues remain to be investigated by future work.
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The effect of ZnO nanostructures on the light output power of 375 nm near-ultraviolet light-emitting diodes (NUV-LEDs) was
investigated by comparing one-dimensional (1D) nanorods (NR-ZnO) with two-dimensional (2D) nanosheets (NS-ZnO). ZnO
nanostructures were grown on a planar indium tin oxide (ITO) by solution based method at low temperature of 90∘C without
degradation of the forward voltage. At an injection current of 100mA, the light output efficiency of NUV-LED with NR-ZnO was
enhanced by around 30% compared to the conventional NUV-LEDs without ZnO nanostructures. This improvement is due to
the formation of a surface texturing, resulting in a larger escape cone and a multiple scattering for the photons in the NUV-LED,
whereas the light output efficiency of NUV-LED with NS-ZnO was lower than that of the conventional NUV-LEDs due to the
internal reflection and light absorption in the defective sites of NS-ZnO.

1. Introduction

An attempt to improve the performance of AlGaN based
near-ultraviolet light-emitting diodes (NUV-LEDs) has
attracted much attention due to their great potential
for applications such as water purification, biochemical
detection, and being a source for white Hg-free lamps [1–3].
However,UV-LEDs have suffered from low external quantum
efficiency due to high electrical activation energy for Mg-
doped 𝑝-GaN, low optical transmittance of transparent
conductive layers, and low internal quantum efficiency.
Several studies have reported improving the crystal quality
of AlGaN by using AlN interlayer [4, 5] and AlN/AlGaN
superlattices to enhance the optoelectrical performance
of the NUV-LED, and using modified graphene [6, 7].
However, these researches only focused on the improvement
of the crystal quality and have a large turn-on voltage
with inefficient current spreading. An increase in the light
extraction efficiency of NUV-LED without degradation of
electrical properties is rarely discussed. One of the challenges

which need to be overcome is the low light extraction
efficiency, owing to the high internal reflection and narrow
escape cone (∼23.6∘) due to the large difference of refractive
indexes between nitride material (𝜂GaN = 2.5) and air
(𝜇air = 1). In the past decade, several methods have been
proposed for releasing the photons trapped inside the LEDs,
including flip-chip LEDs [8], photonic crystals [9], and
surface roughening [10, 11]. However, these methods involve
complex, costly, long fabrication and dry etching process
which may result in degradation of the electrical properties
due to surface damage [12]. Alternatively, our previous study
revealed that light extraction can be enhanced without
degradation of electrical properties by using an aqueous
solution method to grow ZnO nanostructures on top of
LEDs. The use of ZnO nanostructures not only significantly
increases the escape cones since the well-matched refractive
indexes between ZnO and GaN materials but also allows
emitted photons to escape through sidewall and rough
surface due to surface scattering at the interface. Although
aqueous solution is considered a facile, scalable, low
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Figure 1: Schematic diagram of the process flow: (a) mesa etching after the UVLED structure growth on sapphire substrate, (b) deposition
of bonding metal electrode after deposition of ITO layer onto 𝑝-GaN, (c) selective deposition of thin Al layer on the ITO area using a
photolithography, and (d) ZnO nanostructure growth by a hydrothermal method.

temperature, and cost effective method, difficulties in
controlling crystalline structure and morphology are the
main obstacles to realizing this approach. It is believed
that elucidating the effect of nanostructure morphology on
light extraction efficiency of LED devices is very important
for the development of NUV-LEDs with high luminance
efficiency. In this work, two different nanostructures of ZnO,
nanorods (NR) and nanosheets (NS), have been employed
to investigate their effect on light extraction efficiency of
NUV-LED devices.

2. Experimental

Figure 1 shows the schematic diagramof the processes for fab-
ricating the UVLED with ZnO nanostructures. ZnO nanos-
tructures were formed onto ITO films deposited on NUV-
LED structures. The NUV-LED structure was grown on a 2
in. diameter 𝑐-plane sapphire substrate using metal organic
chemical vapor deposition. Trimethylgallium (TMGa) and
trimethylaluminum (TMAl) were used as Ga and Al metal
organic precursors, and ammonia (NH

3
) was used as a

nitrogen source. Bis(cyclopentadienyl) magnesium (Cp
2
Mg)

and silane (SiH
4
) were employed for 𝑝-type and 𝑛-type

dopant sources, respectively. The device structure is 𝑝-
GaN (0.15𝜇m)/AlGaN electron blocking layer/a 5-period
InGaN/AlGaN multiple quantum wells (MQWs)/𝑛-GaN

(2 𝜇m)/undopedGaN/sapphire. Aftermesa etching, a 100 nm
ITO layer was deposited onto 𝑝-GaN by e-beam evapora-
tion and was annealed at 500∘C for 30 sec under N

2
: O
2

(8 : 2) mixed ambient. The bonding pad electrodes of Cr/Au
(30/250 nm) were deposited onto the top surface of the ITO
transparent electrode and 𝑛-type GaN by e-beam evapora-
tion. We fabricated InGaN/AlGaN MQW NUV-LEDs with
conventional planar ITO (C-LED), ZnO nanorod array/ITO
(NR-LED), and ZnO nanosheet array/ITO (NS-LED). To
realize ZnO nanomaterials on an ITO electrode, the ITO area
of the p-electrode was made open by a photoresist lift-off
process. NR- and NS-ZnO were formed by a hydrothermal
growth method. This method creates the nanostructures by
using an aqueous solution at 90∘C on the transparent contact
layer of ITO. The solution to grow the ZnO nanorods (NR-
ZnO) and ZnO nanosheets (NS-ZnO) is described in detail
elsewhere [13].

The morphologies and structures of the ZnO nano-
materials arrays were characterized via scanning electron
microscopy (SEM, S-4700, Hitachi, Japan). The optical prop-
erties were investigated using photoluminescence spectra
with a He-Cd excited source (325 nm), and light output
power measured as a function of applied current (𝐿-𝐼) was
carried out using an optical detector connected to a param-
eter analyzer. The current-voltage (𝐼-𝑉) characteristics were
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Figure 2: Top-view SEM images of ((a)-(b)) electrode pad configuration of NR-LED and NS-LED with two defined areas (c) and (d),
respectively.

measured using a semiconductor characterization system
(Keithley 4200-MSTech).

3. Results and Discussion

Figure 2 indicates that the ZnO nanostructures are well
defined and grown on top of NUV-LED structures via
hydrothermal growth method. In order to realize NR-ZnO
on the ITO layer selectively, a conventional photolithography
technique was performed to make the ITO layer open except
the electrodes. A synthesized Ga-doped ZnO (GZO) solution
[13] was spin-coated onto the substrate at 3000 rpm for 20 s
to form a GZO buffer layer. The GZO buffer layer coated
substrate was then annealed at 350∘C in air for 60min to form
a seed layer for NR-ZnO. To grow NS-ZnO, a 10 nm thick
Al was deposited onto ITO layer using e-beam evaporation.
The NR-ZnO on GZO seeds and the NS-ZnO on Al thin film
were grown by a dipping and holding process into a mixed
solution containingDIwater, 18mMzinc nitrate hexahydrate,
and 20mM hexamethylenetetramine for 90min at 90∘C.

Figures 2(a) and 2(b) show a plan-view optical micro-
graph of the NR- and NS-LED, respectively. The ZnO
nanostructures were selectively grown on ITO surface area as
shown in regions I and II. In addition, clear pattern of Cr/Au
electrode pad as well as ITO transparent conductive layer was

also observed. The distinct surface morphologies of NR and
NS are clearly exhibited in Figures 2(c) and 2(d). Figure 2(c)
shows the typical SEM image of single crystalline NR-ZnO
with orientation preferably vertical to the ITO surface. The
length and the diameter of the nanorods are in the range
of 40–50 and 200–250 nm, respectively. Figure 2(d) shows
the NS-ZnO structure on ITO layer. The nanosheets have a
length of about 500 nm.The two-dimensional growth of NS-
ZnO is formed as a result of the Al element. The Al film
deposited onto ITO layer had been incorporated into ZnO
during hydrothermal reaction process and suppressed the
growth along [001] direction. The primary reason is that the
Al atom inhibited the growth rate of the polar surface by
adsorbing; therefore, the growth rate of the nonpolar surface
is faster than that of the polar surface [14].

Figure 3(a) shows UV-Vis spectra of the ITO, NS-ZnO,
and NR-ZnO. The optical transmittance of LEDs devices in
visible range does not degrade after fabricating ZnO nanos-
tructures on top of the devices. The enhanced transmittance
of NS- and NR-ZnO is mainly due to the formation of the
nanotexturing surface. Rougher surface changed the light
trajectory in a chaotic fashion, and the optical phase-space
distribution turned into ergodic, resulting in improvement of
the light transmittance. These results are in good agreement
with previous study on textured ITO/ZnO surface [15]. It



4 Journal of Nanomaterials

300 350 400 450 500
0

20

40

60

80

100

ITO
NS-ZnO
NR-ZnO

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

(a)

300 400 500 600 700 800

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

NR-ZnO
NS-ZnO

(b)

Figure 3: (a) UV-Vis and (b) PL spectra of NR-ZnO and NS-ZnO.

should be noted that the transmittance of NR-ZnO is slightly
higher than that of NS-ZnO at NUV range (375 nm). On
the other hand, the lower transmittance of NS-ZnO as
compared to NR-ZnO has been attributed to the angular
randomization of photons inside the nanosheets. Moreover,
it is implicitly assumed that natural amorphous characteristic
of nanosheets with large amount of defects can further limit
the transmission.

Room temperature photoluminescence was measured
with He-Cd laser excitation at a wavelength of 325 nm to
evaluate the optical properties of NS-ZnO versus NR-ZnO,
as shown in Figure 3(b). A main peak around 384 nm refers
to the near band-edge emission. A broad low intensity
peak in the visible region is associated with the defect-level
emission, which is attributed to deep level defects, such
as oxygen vacancies and Zn interstitial defects. It revealed
that NR-ZnO shows better crystalline quality than NS-ZnO
because of higher near band-edge emission and lower defect-
level emission peak intensity. This result is an experimental
support for our suggestion that the low crystalline quality of
nanosheets is responsible for the low optical transmission of
nanosheets as compared to nanorods in the UV-Vis spectra.

Electrical characteristics of the C-LED,NS-LED, andNR-
LEDwere also studied from the current-voltage (𝐼-𝑉) curves.
Figure 4(a) shows that the turn-on voltages of all samples
were about 3.28V at an injection current of 20mA even
though the ZnO nanostructures were grown on ITO layer.
No significant difference in the 𝐼-𝑉 curves was observed at
an injection current up to 100mA. ZnOnanostructures based
LED devices exhibited a slight change in leakage current after
fabricating the NR-ZnO and NS-ZnO on top of the devices.
The leakage currents were also all around 1.3 𝜇A at −10V.
This small difference in leakage current at the reverse region
may originate from the fabrication process of ZnO nanos-
tructures. However, it would not lead to serious degradation

of the electrical properties. Figure 4(b) shows light output
power-current (𝐿-𝐼) characteristics of the C-LED, NS-LED,
and NR-LED. Compared to C-LED, the optical output power
of the NR-LED was dramatically increased with NR-ZnO
(47%) at an injection current of 100mA. The enhanced light
output power of NR-LED is primarily due to the scattering
effect by surface texturing of the NR-ZnO on ITO layer.
NR-ZnO structure has a large number of sidewalls and can
provide a larger escape cone for the photons in the NR-LED
than that in the C-LED. Moreover, the sample with ZnO
nanostructures on ITO layer had the more opportunity to
scatter the light at the ZnO nanostructures, which resulted
in an increase in light output power. On the other hand, the
light output power ofNS-LEDwas decreased by about 42%.A
possible explanation for this observation is that the NR-ZnO
possesses higher crystalline quality than that of NS-ZnO. It
is observed that the visible emission of NS-ZnO is enhanced
and the UV emission is greatly weakened compared to NR-
ZnO, as shown in Figure 3(b).This result may be due to more
defects originating from Al element doping. Consequently,
photons generated from the MQWs of NUV-LEDs can be
trapped in defected sites of NS-ZnO, resulting in a significant
decrease of the light output power.

Figure 5 shows themicrograph images of the C-LED, NS-
LED, and NR-LED device operating at an injection current
of 20 and 100mA, respectively. As shown in Figure 5, it is
clearly observed that higher intensity of light emission is
observed in the top emitting NR-LED due to the formation
of a large number of textured surfaces having a larger escape
cone. NR-ZnO can also enhance the escape probability. In
other words, the photons have multiple opportunities to
find the escape cone more easily. However, the light output
intensity ofNS-ZnO is decreased because the higher defective
NS-ZnO can trap or absorb the photon emitted from the
MQWs. We suggest that light extraction efficiency would be
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different depending on the forms of ZnO in the NUV-LEDs.
In summary, NR-ZnO structure is more effective on the light
extraction for the NUV-LED than NS-ZnO.

4. Conclusion

In conclusion, a facile method to enhance light extraction
efficiency of 375 nmNUV-LEDs by ZnO nanostructures on a
planar indium tin oxide (ITO) transparent electrode has been
reported. NR-ZnO was compared with NS-ZnO to elucidate
the effect of ZnO nanostructures on the light output power.
At an injection current of 100mA, the light output power of
the NR-LED was enhanced by around 47% as compared to
the C-LED. The increased light extraction by the NR-ZnO
is due to the formation of a surface texturing, resulting in
an enhancement of the escape probability and the multiple
scattering for the photons in the NUV-LED.The light output
efficiency of the NS-LED was decreased by 42% compared to
the C-LED due to an increase of the internal reflection and
light absorption in the defective NS-ZnO.
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Based on the atomistic tight-binding theory (TB) and a configuration interaction (CI) description, the electron-hole exchange
interaction in the morphological transformation of CdSe/ZnS core/shell nanodisk to CdSe/ZnS core/shell nanorod is described
with the aimof understanding the impact of the structural shapes on the change of the electron-hole exchange interaction.Normally,
the ground hole states confined in typical CdSe/ZnS core/shell nanocrystals are of heavy hole-like character. However, the atomistic
tight-binding theory shows that a transition of the ground hole states from heavy hole-like to light hole-like contribution with the
increasing aspect ratios of the CdSe/ZnS core/shell nanostructures is recognized. According to the change in the ground-state hole
characters, the electron-hole exchange interaction is also significantly altered. To do so, optical band gaps, ground-state electron
character, ground-state hole character, oscillation strengths, ground-state coulomb energies, ground-state exchange energies, and
dark-bright (DB) excitonic splitting (stoke shift) are numerically demonstrated. These atomistic computations obviously show the
sensitivity with the aspect ratios. Finally, the alteration in the hole character has a prominent effect on dark-bright (DB) excitonic
splitting.

1. Introduction

Because of the wealth in the improved photoluminescence
quantum yields, high photostability, and size-tunable emis-
sion properties, core/shell semiconductor nanocrystals are
exceptionally fascinating in the extensive applications such
as light-emitting diodes [1, 2], solar cells [3–6], lasers [7],
and biological imaging [8–11]. Indeed, they have already
demonstrated an excellentmaterial system for the single pho-
ton sources in quantum information processing. However,
the strong confinement of the charge carriers localized in
nanostructures essentially induces the intrinsic electron-hole
exchange interaction resulting in a complicated excitonic
band-edge fine structure that can destroy the polarization
entanglement of photon source. There are several reports
being concentrated on the electron-hole exchange interaction
of size-dependent II–VI semiconductor nanocrystals [12–
15]. Brovelli et al. [16] demonstrated that the electron-
hole exchange energies could be tuned by increasing CdS

shell thickness in CdSe/CdS core/shell nanocrystals. Bryant
et al. [17] implemented a nanomechanical strain to theo-
retically engineer the fine structure splitting of quantum
dots for quantum processing using the tight-binding theory.
Welander and Burkard [18] theoretically reported that a finite
applied electric field was used to suppress the fine structure
splitting in nonparabolic quantum dots. Sinito et al. [19]
demonstrated that it was possible to manipulate the fine
structure splitting using an external magnetic field which
could be used to tailor the properties of entangled photon
sources. Apart from the literature review, an innovative
improvement in chemical synthesis of the nanostructures
allows control of the material compositions and structural
shapes and the realization of high-quality heterostructures
in the atomic scale. Thus, Rainò et al. [20] informed about
the manipulation and the tunability of the excitonic fine
structure splitting in a core/shell nanorod consisting of a
CdSe spherical core and an asymmetric rod-like CdS shell.
A core/shell nanorod with small core and/or thick rod
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diameters could robustly decrease the fine structure splitting.
Exclusively, disk-type and rod-type core/shell nanostruc-
tures attracted the significant attention because they can
provide the new prospects for tailoring the structural and
optical properties. In the present study, the atomistic tight-
binding theory is implemented to theoretically analyze the
electron-hole exchange interaction in morphological evolu-
tion of CdSe/ZnS core/shell nanodisk to CdSe/ZnS core/shell
nanorod with the aim of offering a deep insight into the
knowledge of the shape. Undoubtedly, the atomistic tight-
binding model is proficient in affording quite accurately the
excitonic fine structure splitting in nanostructures [21–23].
The empirical tight-binding theory in the conjunction with
sp3s∗ orbitals [24], the first nearest-neighboring interaction,
spin-orbital interaction, and strain distribution is theoreti-
cally utilized as the computational tool. The strained atomic
positions of CdSe/ZnS disk-type and rod-type core/shell
nanostructures are optimized using the valence force field
theory [25, 26]. To obtain the excitonic states near the band
edges, the configuration interaction (CI) approach together
with 12 lowest electron and 12 highest hole states considering
the spin component is numerically implemented.

To study the electron-hole exchange interaction in mor-
phological transformation of CdSe/ZnS core/shell nanodisk
to CdSe/ZnS core/shell nanorod, the present paper is orga-
nized as follows. In Section 2, theory and methodology
are briefly described. In Section 3, the computations corre-
sponding to morphological evolution of CdSe/ZnS core/shell
nanodisk to CdSe/ZnS core/shell nanorod are discussed
with the aim of addressing the pronounced effect of the
change in hole states on the structural and optical properties
and electron-hole exchange interaction. To finish the task,
Section 4 demonstrates the core conclusion.

2. Theory and Methodology

The atomistic simulations consist of several major steps.
Firstly, a designation of wurtzite crystal structure with the
anion (Se) being in the center of CdSe/ZnS core/shell
nanostructures is declared. Secondly, because of the strain
distribution induced by the lattice mismatch between CdSe
and ZnS, the atomistic valence force field (VFF) method is
used to optimize the strained atomic positions as described
with more information in [25, 26] and also in my previous
papers [27, 28]. Subsequently, the atomic positions of the
optimized nanostructures are integrated into the empirical
tight-binding model. The single-particle states of the atom-
istic tight-binding theory are expanded in terms of a linear
combination of atomistic orbitals localized on each atom
given by

Ψ =

𝑁

∑

𝑅=1

10

∑

𝛼=1

𝐶
𝑅,𝛼
𝜑
𝛼
(
⇀
𝑟 −
⇀
𝑅) . (1)

𝛼 are the localized atomic orbitals on atom 𝑅 with the
position variable 𝑟 and the total number of atoms 𝑁 in the
system. sp3s∗ empirical tight-binding theory with the spin-
orbit interaction and the first nearest neighboring interaction
is utilized for the computations in the conjunction with

the parameterization [29] which is fitted to reproduce the
experimental bulk band structure, band gaps, and effective
masses. In addition, the valence-band offset of 𝐸VBO =
+0.60 eV [30] between CdSe and ZnS is incorporated into the
tight-binding calculations.

Finally, to theoretically investigate the electron-hole
exchange interaction in CdSe/ZnS core/shell nanostructures,
a configuration interaction technique (CI) [21–23, 31, 32]
is computationally applied. The two-body Hamiltonian of
single excitonic states constructed from the single-particle
states is given by
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(2)

The first two terms are the single-particle energies of elec-
tron and hole states, respectively.The third term describes the
electron-hole coulomb interactions. The final term presents
the electron-hole exchange interactions. The detailed calcu-
lations are numerically provided in the following.

3. Results and Discussions

To study the behavior of electron-hole exchange interaction
localized in the morphological transformation of CdSe/ZnS
disk-type to rod-type core/shell nanostructures, the struc-
tural parameters are assumed in the following. The CdSe
diameter is 4.30 nm with the hexagonal base in the 𝑥𝑦 plane.
The shape evolution from disk to rod is generated in the
growth direction (𝑧) defined as 𝑧 = 𝜎𝐷 where the aspect
ratios 𝜎 represent 𝐿/𝐷 with 𝐿 and 𝐷 being the lengths
and diameters of CdSe core, respectively. For all cases of
the calculations, ZnS shell thickness is kept fixed to be
0.765 nm. Using these structural parameters, the atomistic
tight-binding model (TB) and the configuration interaction
method (CI) theoretically analyzed the impact of aspect
ratios (𝜎) on the electron-hole exchange interaction. The
evolution of single-particle and excitonic gaps in CdSe/ZnS
disk-type to rod-type core/shell nanostructures as a function
of the aspect ratios is illustrated in Figure 1. The single-
particle and excitonic gaps are decreased with the increasing
aspect ratios because of the quantum confinement [33].
Next, the atomistic characters of the first electron and hole
states are discussed with the aim of understanding the shape
dependence on orbital localization in CdSe/ZnS disk-type to
rod-type core/shell nanostructures. In Figure 2, the ground
electron states display s-like character. The contribution of
the ground electron states is not perturbed by the sizes of
the aspect ratios. The ground-state hole character in Figure 3
varies from heavy hole-like (HH) to light hole-like (LH)
state with the increasing aspect ratios. In the beginning, the
ground hole states are heavy hole-like (HH). At 𝜎 ≈ 1.40,
the level crossing ensues.The ground hole states become light
hole-like (LH) character. This analogous crossover has been
theoretically reported in InAs/InP nanowire [33] and also my
previous paper [34].
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Figure 1: Single-particle and excitonic gaps as a function of aspect
ratios (𝜎).
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Figure 2: The first-electron character as a function of aspect ratios
(𝜎).

The change in the hole wave-function character has a
pronounced effect on the optical spectra. Figure 4 shows
the scattering plots of the oscillation strengths for four
nominated aspect ratios. The calculations of the oscillation
strengths are sensitive with the aspect ratios. The significant
change is probed in the level crossing of the ground-hole
character. For the disk shape, the transitions between electron
and hole states of the in-plane polarization ([110]) are much
more pronounced than ones of the out-of-plane direction
([001]). As can be described by the atomistic characters, the
dipole moment interactions between s-like ground electron
states and heavy hole-like ground hole states in the 𝑥𝑦 plane
are more prominent than those along the 𝑧 direction. With
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Figure 3: The first-hole character as a function of aspect ratios (𝜎).
HH and LH mean heavy hole-like and light hole-like contribution,
respectively.

the increasing aspect ratios, the situation changes because
of the level crossing in the ground hole states. For the rod
shape, the dominant contribution chiefly comes from the
out-of-plane polarization ([001]) because the dipole moment
interactions between s-like ground electron states and light
hole-like ground hole states along 𝑧 direction are stronger
than those in 𝑥𝑦 plane. These atomistic behaviours have
been theoretically reported in [33, 34]. Hence, the optical
properties are predominantly controlled by the structural
shapes of the CdSe/ZnS core/shell nanostructures.

In addition, Figures 5 and 6 show the ground-state
coulomb and exchange energies as a function of aspect ratios
(𝜎), respectively. The electron-hole interactions confined in
nanostructures are mainly improved by quantum confine-
ment.Therefore, the energies of coulomb and exchange inter-
actions are generally decreased with the increasing aspect
ratios.The information of the electron-hole coulomb interac-
tion demonstrates that electron and hole are weakly confined
in CdSe/ZnS core/shell nanorods. In case of the electron-hole
exchange interaction, the strong reduction of the ground-
state exchange energies is probed in CdSe/ZnS core/shell
nanorodswith the light hole-like character in the ground hole
states. It is expected that the atomisticmechanismof electron-
hole interactions is achieved by changing the aspect ratios and
associated hole characters.

In the last discussions, the dark-bright (DB) exci-
tonic splitting energies of CdSe/ZnS disk-type and rod-
type core/shell nanostructures as a function of the aspect
ratios are demonstrated in Figure 7. To obtain the excitonic
splitting energies, the configuration interaction description
(CI) considering coulomb and exchange effect is utilized
with inclusion of 12 electron and 12 hole levels each. The
dark-bright (DB) excitonic splitting energies, usually called
stoke shift, are calculated from the energy difference between
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Figure 4: Scattering plots of oscillation strengths for four selected aspect ratios (𝜎).

the lowest optically forbidden excitonic state and the lowest
optically allowed excitonic state. As can be seen, the reduction
of the DB excitonic splitting energies is observed with the
increasing aspect ratios. However, when ground-state holes
become light hole-like, DB excitonic splitting energies are
gradually increased. Therefore, excitonic splitting energies in
morphological evolution of CdSe/ZnS core/shell nanodisk to
CdSe/ZnS core/shell nanorod are considerably operated by
the dimension of aspect ratios in order to grasp the desired
hole characters.

4. Summary

The electron-hole exchange interaction in the morpholog-
ical transformation of CdSe/ZnS core/shell nanodisk to
CdSe/ZnS core/shell nanorod is theoretically studied by an

atomistic tight-binding theory (TB) and a configuration
interaction description (CI).The computations highlight that
the variation of the aspect ratios can be used to engineer the
structural and optical properties and to switch heavy hole to
light hole state. For the disk shape, the interband transitions
of the in-plane polarization ([110]) are more promoted than
those of the out-of-plane direction ([001]), while, for the rod
shape, the central contribution is mostly from the out-of-
plane polarization ([001]). In addition, the reduction in the
energies of coulomb and exchange interactions is reported
with the increasing aspect ratios. Changing from disk to rod,
the single-particle and excitonic gaps are decreased because
of the quantum confinement. The DB excitonic splitting
energies are decreased with the increasing aspect ratios when
the ground-state holes are heavy hole-like. Conversely, DB
excitonic splitting energies are gradually increased with the
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Figure 5: Ground-state coulomb energies as a function of aspect
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Figure 6: Ground-state exchange energies as a function of aspect
ratios (𝜎).

ground-state holes being light hole-like. Finally, the atomistic
computations of the electron-hole exchange interaction can
provide the useful recommendation in using a light hole
instead of a heavy hole for the quantum information.
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Ab initio calculations using density functional theory (DFT) have been performed in order to explore structure and energy
gap opening of graphene with bridged-trivacancy and single adsorbed with Fe atom. Compared to the previous reconstructed
trivacancy adsorbed with Fe atom with the energy gap of 0.10 eV, one interesting structure for the Fe-doped bridged-trivacancy
complex has been identified, with one Fe atom above the graphene plane, and possesses energy gap with the value of 0.32 eV in
the bridged circumstance. The band gap can be explained by the decrease of the free electrons. These results provide insights to
engineer graphene’s properties through defect addition and manipulation for industrial semiconductor applications such as the
photocatalytic technology and graphene based electronics.

1. Introduction

Graphene is among the most potential utilized materials
currently studied [1–3]. It exhibits extraordinary properties in
electrology [4, 5], magnetism [6, 7], and dynamics [8], proved
by various theoretical and experimental studies. However,
graphene is a semimetal, which greatly limits the application
in the graphene-based electronic field [9–11]. Consequently,
in the recent decades,many approaches, such as by employing
a staggered AB sublattice potential [12], strain effect [13],
intrinsic spin-orbit coupling [14] in single-layer graphene,
functionalization with chemical groups [15–17], or applying
a perpendicular electric field in bilayer graphene [18], have
been explored to open the gap of graphene for designing
semiconductor device.

Chan et al. have studied the structures and magnetism
about pure graphene adsorbedwithmany elements such as Li,
Na, K, Ca, and Al [19]. However, precise and stable structures
of the transitionmetal (TM) adsorbed on graphene are hardly
obtained because TM adsorbents can move freely on the
surface of pristine graphene, which limits the use of surface
adatom as robust and reliable dopants for nanoelectronic
and magnetic applications [20]. Recently, it is forecasted that
attaching metal atoms to defected graphene is much firmer

than to pristine graphene by theoretical studies [21–25]. Kim
et al. have used X-ray magnetic circular dichroism (XMCD)
to study the electronic and magnetic properties of transition
metal (TM), for example, Fe, Co, and Ni clusters on mono-
layer graphene [26]. Also a very high magnetic anisotropy
energy (MAE) has been found in single-vacancy graphene
adsorbed with Ir dimer [27]. Dynamics of single Fe adatom
on graphene vacancies have been studied using focused elec-
tron beam irradiation [28]. Vacancy-assisted doping method
is one available technique for introducing dopants into
graphene.

As a matter of fact, iron in graphene nanostructures are
very common in experiment, such as Fe pairs doped in
graphene [20], single Fe atoms in graphene vacancies [29, 30],
and Fe

3
O
4
/graphene nanocomposites [31–34]. In previous

work, band gap of graphene could be opening via Fe atom
adsorption [11]. Recently, an interesting structure of graphene
trivacancy, which was achieved by using an electron beam to
bombard the graphene sheet, has been commonly observed
by Robertson et al. [35]. The new structure has a bridg-
ing atom (thereafter called bridged-trivacancy), significantly
different from the reconstructed trivacancy (r-trivacancy)
observed by Wang et al. [36]. Consequently, a combination
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(a) (b)

Figure 1: (a) Optimized 6 × 6 graphene supercell with r-trivacancy. (b) Optimized 6 × 6 graphene supercell with b-trivacancy.

of Fe adsorption and b-trivacancymight contribute to extend
the application of graphene by opening the band gap.

This work presents a detailed study of the structure and
electronic properties of graphene with r-trivacancy and b-
trivacancies trapping Fe atom, using the density functional
theory (DFT). Our studies may verify the feasibility of
improving graphene electrical properties by controlling TM
atom doping and vacancies.

2. Calculation Details

First-principles calculations based on the spin-polarized
density functional theory (DFT) were performed using the
projector augmented wave (PAW) [37], as implemented in
the Vienna Ab initio Simulation Package (VASP) program
[38]. The generalized gradient approximation in the Perdew-
Burke-Ernzerhof (PBE) [39] parameterization was employed
for the exchange-correlation functional. The plane-wave cut-
off energy was set to 500 eV. The geometry optimization and
total energy calculations were performed until the residual
force was within 0.01 eV/Å and the total energy converged to
10−5 eV.The 𝑘-pointmesh for sampling the Brillouin zonewas
generated including the gamma point. A 4 × 4 × 1 𝑘-point
mesh was used for geometry optimization, and a 6 × 6 × 1
𝑘-point mesh was used for total energy calculations.

We modeled the defect systems using supercells large
enough (5× 5 and 6× 6 supercells in the lateral directionwith
a 20 Å thick vacuum in the vertical direction) to minimize
boundary effects on the energetics of the systems. Graphene’s
lattice constant was calculated to be 2.470 Å, which is similar
to the calculated value (2.468 Å) by Dai et al. and the
experimental value of 2.46 Å [21].

3. Structures for System

Three kinds of trivacancies in graphene have been discovered
in previous research, the r-trivacancy observed by Wang in
2012 [35] and the b-trivacancy observed by Robertson in 2014
[36], and the optimized equilibrium configurations for the
r-trivacancy and b-trivacancy in our simulations using DFT
are shown in Figure 1. The b-trivacancy is not just stabilized
by simple bond reconstructions between undercoordinated
carbon atoms, as exhibited by r-trivacancy. Reconstructions
consist of undercoordinated bridging carbon atoms spanning

the vacancy to saturate edge atoms in b-trivacancy, which
matches well with the previous work [36].

All the systems with Fe adsorbate on perfect graphene
and defective graphene (containing a r-trivacancy or b-
trivacancy) are studied. Three possible adsorption sites of Fe
on the perfect graphene are labeled as follows: hollow (H), top
(T), and bridge (B). And the complexes of perfect graphene
adsorbed with Fe which locates in the three possible sites are
indicated as Fe@G(H), Fe@G(T), and Fe@G(B), respectively.
For adsorption on defect-free graphene, Fe@G(H) (on the
hollow site) is the most stable complex, which is in good
agreement with the previous theoretical results [5, 19]. In
the case of the adsorption of Fe on the defective graphene,
Fe is positioned at different hollow, top, and bridge sites
in the trivacancy region as the initial positions and then
fully relaxed. The configurations of the adsorption of Fe on
defective graphene are shown in Figure 2, in both top view
and side view. For convenience, the complex of Fe adsorbed
on the graphenewith a r-trivacancy is labeled as Fe@RTV, and
the one with b-trivacancy as Fe@BTV. From the side views, it
is obvious that Fe atom is above the plane of graphene with b-
trivacancy and the adatom-graphene distance 𝑑 (Å) is 1.38 Å.

The formation energy 𝐸
𝑓
of a trivacancy in graphene,

indicated by 𝐸
𝑓
, is defined as

𝐸
𝑓
= 𝐸
𝑠
−

𝑁 − 𝑛

𝑁

𝐸
𝑔
, (1)

where 𝑛 = 3 is the number of vacant C atoms in the system,
and𝑁 is the total number of C atoms in supercells of the per-
fect graphene.𝐸

𝑠
and𝐸

𝑔
are the energies of the graphenewith

r-trivacancy or b-trivacancy and the 5 × 5 or 6 × 6 graphene
supercells, respectively. The adsorption energy of Fe on the
perfect or defective graphene is defined as

Eads = E𝑠 − E𝑔 − EFe, (2)

where Es, E𝑔, and 𝐸Fe are the energies for the optimized
systems of Fe-graphene with or without trivacancy, the 5 × 5
or 6 × 6 graphene supercells with or without trivacancy, and
the isolated Fe atom, respectively.

Table 1 summarizes the energetic and structural prop-
erties of the 5 × 5 and 6 × 6 supercells of graphene with
trivacancy adsorbed with Fe. For comparison, the formation
energy of the trivacancy in graphene and the adsorption
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Table 1: Energetic and structural properties of Fe on the defect-free graphene and defective graphene with r-trivacancy and b-trivacancy.
The properties listed include the size of graphene supercells s, types of the Fe-graphene complex t, the Fe-graphene distance d (Å), formation
energy 𝐸

𝑓
(eV) of trivacancy in graphene, adsorption energies 𝐸ads (eV), bulk band gap Δ (eV), and the magnetization of the adatom 𝜇ag (𝜇B).

For comparison, the magnetization of the graphene with a trivacancy is included.

𝑠 𝑡 𝑑 (Å) 𝐸
𝑓
(eV) 𝐸ads (eV) Δ (eV) 𝜇ag (𝜇B)

5 × 5

Fe@RTV 0.00 — −6.35 0.13 2.00
Fe@BTV 1.24 — −6.90 0.32 0.00
Fe@G(H) 1.65 — −1.04 0.08 2.00
Fe@G(B) 2.23 — −0.28 0.00 4.10
Fe@G(T) 2.06 — −0.27 0.00 4.10

r-trivacancy — 11.68 0.00 1.05
b-trivacancy — 14.86 0.00 1.66

6 × 6

Fe@RTV 0.00 — −6.61 0.03 2.00
Fe@BTV 1.38 — −6.96 0.25 0.00
Fe@G(H) 1.50 — −1.13 0.07 2.00
Fe@G(B) 2.20 — −0.29 0.00 4.10
Fe@G(T) 2.12 — −0.28 0.00 4.10

r-trivacancy — 11.13 0.00 1.05
b-trivacancy — 14.27 0.00 1.66

(a)

C23

C25C31 Fe

(b)

Figure 2: The optimized configurations of Fe adsorbed on the 6 × 6 graphene supercell with a trivacancy in both top view and side view. (a)
Fe on the graphene with r-trivacancy (Fe@RTV) and (b) Fe on the graphene with b-trivacancy (Fe@BTV).

energy of Fe on the defect-free graphene are also included in
Table 1. The adsorption energy for Fe@G(H) complex is the
lowest, indicating that the stable position is the hollow site.
The adsorption energy of Fe adsorbed on defective graphene
with a trivacancy (Fe@TV) ismuch lower than that of adsorp-
tion on perfect graphene, indicating Fe@TV is more stable,
which conforms to the previous studies [22]. It means that
the introduction of a trivacancy on graphene will improve the
adsorption of Fe atom. The formation energy of r-trivacancy
is 11.68 eV, consistent with the result in [21], lower than that of
b-trivacancy (14.86 eV), indicating that the b-trivacancy is a
metastable structure. It is in good agreement with previous
studies [35]. From Table 1, we also notice that graphene
supercell with b-trivacancy adsorbed with Fe (Fe@BTV) has
a lower adsorption energy in comparison with r-trivacancy
adsorbed with Fe (Fe@RTV) in the same concentration,
which relates with a better incorporation of the adsorbate
into the graphene framework. It is worth noting that the band

gaps of Fe@BTV are 0.32 eV and 0.25 eV for 5 × 5 and 6 × 6
graphene supercells, respectively. By contrast, the band gaps
of Fe@RTV are 0.13 eV and 0.03 eV for 5 × 5 and 6 × 6 super-
cells, respectively. The system of Fe adsorbed on the perfect
graphene has the maximum band gaps of 0.08 eV, which is
similar to the result (100.8meV) in [11]. Fe@BTV systemmay
have a bearing on important applications such as graphene-
based electronic device.

4. DOS for Fe@BTV

The graphene with b-trivacancy and r-trivacancy is metallic,
as the existence of trivacancy in graphene will increase the
number of free electrons in the system. The partial densities
of states (PDOS) for spin-up and spin-down electrons of Fe
atom and adjacent C atoms and the total density of states
(TDOS) in 5 × 5 and 6 × 6 graphene are calculated as shown
in Figure 3. The indices of C atoms are labeled in Figure 2(b)
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Figure 3: Continued.
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Figure 3: The partial densities of states (PDOS) for spin-up and spin-down electrons for Fe atom and C atoms vicinity of adsorbed Fe and
the total density of states (TDOS) in 5 × 5 and 6 × 6 graphene: (a) 5 × 5 graphene, (b) 6 × 6 graphene.

and C
25
labels the bridge C atom. Obviously, for b-trivacancy,

the spin-up and spin-down DOS of C
25
, C
23
, C
31
, Fe,

and Fe@BTV is mirror symmetry, indicating no magnetic
moment. The PDOS of adjacent C atoms match well with Fe
3𝑑 orbitals. In 5 × 5 graphene all the PDOS locate at −2∼
−0.75 eV, −6∼0 eV, and 0.32∼0.7 eV. Similar conclusions can
be got in 6 × 6 graphene. In particular, the PDOS of C

25
2𝑝

orbitals match so consistently with Fe 3𝑑 orbitals. It suggests
that Fe atom has formed covalent bonds with adjacent C
atoms. Stronger Fe-C interaction was observed between Fe-
C
25
than that between Fe-C

23
and Fe-C

31
. The magnetization

of Fe in b-trivacancy is 0 𝜇B while the Fe atom in r-trivacancy
hasmagnetization of 2 𝜇B (Table 1).This is consistent with the
fact that there are enough ten electrons in the 3𝑑 orbitals of
Fe in b-trivacancy after two 4𝑠 electrons of Fe transferred into
3𝑑 orbitals and sharing two 2𝑝 electrons from neighbouring
C atoms.

Adsorbate opens the band gap of graphene with b-
trivacancy. Fe adatom has formed covalent bonds with

adjacent C atoms in the b-trivacancy region, and the number
of free electrons is reduced, resulting in the opening of the
energy gap.

The band structures for Fe@BTV are shown in Figure 4.
It could be found that an energy gap is opened by trapping Fe
to the b-trivacancy and the energy gap is larger in Figure 4(a)
than that in Figure 4(b). The value of energy gap is 0.32 and
0.25 for (a) and (b), respectively.

5. Conclusions

In conclusion, density functional theory calculations have
been performed to investigate the interaction of Fe adatom
with bridged-trivacancy in graphene. The graphene with b-
trivacancy trapping Fe atom has one stable structure, namely,
Fe@BTV.The adsorption of Fe atom can open a finite energy
gap in both r-trivacancy and b-trivacancy. The band gap of
Fe@BTV is 0.32 eV, larger than the value of Fe@RTV (0.1 eV),
which is close to the value for developing graphene-based
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Figure 4: Band structures of Fe@BTV complex. (a) Optimized 5 × 5 graphene supercell with b-trivacancy trapping Fe. (b) Optimized 6 × 6
graphene supercell with b-trivacancy trapping Fe.

electronics. Fe adatom has formed covalent bonds with
adjacent C atoms in the b-trivacancy region, and the number
of free electrons is reduced, resulting in the opening of the
energy gap. The findings might provide a promising scheme
for gap opening of graphene for industrial semiconductor
applications and the photocatalytic technology.
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R. M. Nieminen, and F. Banhart, “Migration and localization of
metal atoms on strained graphene,” Physical Review Letters, vol.
105, Article ID 196102, 2010.

[24] S. Haldar, B. S. Pujari, S. Bhandary et al., “Fe
𝑛
(𝑛 = 1 − 6)

clusters chemisorbed on vacancy defects in graphene: stability,
spin-dipolemoment, andmagnetic anisotropy,” Physical Review
B, vol. 89, no. 20, Article ID 205411, 2014.

[25] A. V. Krasheninnikov, P. O. Lehtinen, A. S. Foster, P. Pyykkö,
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Three natural dyes (Forsythia suspensa, Herba Violae, and Corn leaf) have been investigated as potential sensitizers for dye-
sensitized solar cells. UV-vis absorption spectra reveal that three natural dyes mainly contain the compound of pheophytin a.
Among three DSSCs, the highest photo electronic conversion efficiency 𝜂 is 0.96% with open circuit voltage (𝑉OC) of 0.66V, short
circuit current density (𝐼SC) of 1.97mA cm−2, and fill factor (ff) of 0.74. Theoretical time-dependent density functional theory and
charge difference density are used to explore the nature of excited states. Results demonstrate that the first state is an intramolecular
charge transfer (ICT) state, and electron injection could occur owing to the thermodynamically driving force.

1. Introduction

Since the initial report on dye-sensitized solar cells (DSSCs)
by Hagfeldt and Graetzel [1], much effort has been devoted
toward designing and synthesizing metal-free photosensitiz-
ers to improve sunlight harvesting efficiency and yield effi-
cient charge separation [2–5]. Most of the efficient DSSCs are
sensitized with the dyes having ruthenium based complexes
that have been shown to operate with power conversion
around 10% using nanoporous TiO

2

electrodes [6]. However,
due to the high cost of ruthenium complexes and the long
term unavailability of these noble metals [7], there is a need
to search for alternative photosensitizers for the use in TiO

2

-
based photovoltaic devices.

Recently, several studies have focused on the natural dyes
as DSSCs sensitizers [8–15] because the natural dyes could be
extracted from flowers, vegetables, wood, seed, fruits, and so
forth, by using minimal chemical procedures. Several natural
pigments such as anthocyanin [10–12], chlorophyll [13],
tannin [14], and carotene [15] have been used as sensitizer in
DSSCS, and the highest photoelectronic conversion efficiency
𝜂 based on natural dyes is around 2% [10, 11]. In this study, we
extract three dyes from natural plants of Forsythia syspensa,

Herba Violae, and Corn leaf to use as DSSCS and achieve the
highest efficiency 𝜂 = 0.96% with a good fill factor of 0.74
under AM 1.5 using a density of power 100mW/cm2.

2. Methods

Forsythia suspensa (Fs), Herba Violae (Hv), and Corn leaf
(Cl) were collected fresh and kept in a vacuum furnace by
controlling temperature at 70∘C to remove the moisture. The
dried samples were crushed in a mortar to make them into
powder, and then powdered samplesweremixed into ethanol,
and the concentration of three samples is 1 g/mL.After extrac-
tion for about a week under the opaque condition, further
purification of the extracts was avoided in order to achieve
efficient sensitization using simple extraction procedures.
The structure of DSSCs is mainly composed of electrode,
dyes, and electrolyte solution. The elaborated preparation
procedure is listed as follows: (a) the TiO

2

electrode was
prepared; add 10mL isopropyl titanate to water, and keep
hydrolysis for 3 h; then add HNO

3

and HAC to the solution,
under 80∘C; the mixed solution was stirred until it became
transparent clear blue; later, at 200∘C hydrothermal reaction
was carried on for 12 h. After cooling and spin steaming,
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centrifugal, terpineol ethyl, and cellulose were added to the
ball grinder; the paste was prepared completely by ball mill,
rotary steam, and three-rollmill. (b)The application of screen
printing technology was used, which printed the TiO

2

paste
to the clean surface of conductive glass, and the active area
of cell was 0.16 cm2; after ethanol bath and drying, the anode
electrodes were sintered, and then the anode electrodes were
treated in TiCl

4

solution. In the next process, the anode
electrodes were sintered as well, and after the processing, the
anode immediately was removed after the natural cooling to
80∘C, and the anode electrodes were soaked in the natural
dye without light for 24 h. (c) The anode electrode and the
platinum plating counter electrode were assembled into the
cell, in the middle of the two electrodes, and the electrolyte
solution was added (0.5mol/L LiI, 0.05mol/L I2 TBP, and
GUSCN were included). UV-vis spectra were measured
with TU-1900 spectrometer (Beijing, China), and the FT-IR
spectraweremeasuredwith FT-IR 360 spectrometer (Nicolet,
Madison, WI, USA). Solar energy conversion efficiency
measurements were done with a solar simulation instrument
(Pecell-15, Japan), and light intensity was adjusted via a
reference standard Si-solar solar cell at 1 sun light intensity
of 100mWcm−2.Theoretically, the ground state optimization
and absorption simulation were done with DFT/B3LYP [16–
19] and TD-DFT/CAM-B3LYP [20, 21] using same basis set
6-31G(d). For comparison, M062x function was also used.
All quantum chemical calculations were done with Gaussian
09 [22]. Quantum chemical calculations [23–27] and three-
dimensional (3D) real-space analyses [25, 26] were used to
study the relationship between structures and the optical
properties, which has been used to explain charge transfer
and excited states properties of organic system.

3. Results and Discussion

UV-vis absorption spectra of Forsythia suspensa (Fs), Herba
Violae (Hv), and Corn leaf (Cl) in ethanol were shown in
Figure 1(a), and for comparison, simulated absorption spec-
trum was shown in Figure 1(b), and the calculated data were
listed inTable 1. It is found that the absorption spectra of three
dyes cover the two absorption bands from 400 nm to 700 nm,
and they display a strongest absorption band (666–669 nm)
that corresponds to the red absorption band (666 nm) of
pheophytin a [28, 29]. The calculation reproduces the two
absorption spectra of dyes (see Figure 1(b)), and the first
absorption in ethanol is found to be 595.51 nm (𝑓 = 0.17)
by using TD-CAMB3LYP/6-31G(d)//B3LYP/6-31G(d), which
makes a red shift of 50 nm compared with the first absorption
peak with TD-M062x/6-31G(d)//B3LYP/6-31G(d) (𝜆max =
545 nm).

The transition energy and oscillator strength were listed
in Table 1. As shown in Table 1, it is found that the excited
state is composed of electron transition from HOMO to
LUMO with the weight of 0.62279. It is very important
for DSSCS to perform well with energy match; that is, the
HOMO energy level should be laid below the redox couple,
and LUMO energy level should be higher than that of TiO

2

semiconductor.Therefore, the energy levelmatch is necessary

Table 1: Calculated transition energies and oscillator strengths TE
(OS) and CI coefficients for the six excited states.

States TE (OS) CI coefficients Cal.[a]

1 595.51 (0.1700) (0.62279) H → L 545 nm
2 508.40 (0.0332) (0.58102) H − 1 → L
3 357.08 (0.8698) (0.54625) H → L + 1
4 352.01 (0.9375) (0.53325) H − 1 → L
5 335.49 (0.2486) (0.61823) H − 2 → L
6 316.61 (0.0088) (0.50112) H − 5 → L
[a]Data from TD-M062x/6-31G(d)//B3LYP/6-31G(d).

Table 2: Current-voltage characteristics of Forsythia suspensa (Fs),
Herba Violae (Hv), and Corn leaf (Cl).

𝑉OC (V) 𝐽SC (mA/cm) FF Eff./%
Fs 0.64 2.01 0.70 0.90
Hv 0.66 1.97 0.74 0.96
Cl 0.61 0.99 0.78 0.47

for the optical electronic transfer and electron recovery in
the system of solar cells. Comparison results show that the
HOMO energy level is found to be −5.21 eV, which is lower
than that of HOMO of the redox couple I−/I3− (−4.8 eV
[28, 29]), which means that excited dye can obtain electron
from the redox couple to recovery; and LUMO energy level
is −2.736 eV, which is above the conduction band of TiO

2

.
The energy gap is 2.474 eV, and exciton binding energy can
be obtained from the difference values between excitation
energy and energy gap, which are 0.392 eV and 0.199 eV
through the two functional evaluations of CamB3LYP and
M062x, respectively.

Fourier transform infrared spectrum of three dyes in the
range of 400–4000 cm−1 was measured experimentally, as
shown in Figure 2(a). For comparison, a simulated spectrum
in ethanol was also calculated theoretically (see Figure 2(b)).
Figure 2(a) shows that the three dyes have similar shape and
peak site of IR, and strong spectra of IR are found to be 3000–
4000 cm−1 and 1000–2000 cm−1, that is, 1107.15, 1398.74,
1634.78, 2359.23, 2924.52, and 3420.00 cm−1, respectively.
Figure 2(b) shows that there is a peak site of 3520 cm−1, and it
is a vibration of N-H, as supported by the vibration analysis
in Figure 3. From 3000 to 3200 cm−1 region, the vibration of
3072 cm−1 comes from the stretching vibration of C-H on
polyene hydrocarbon (see Figure 3).The stretching vibrations
of C=O on the thiophene units and carboxyl group are
1752 cm−1 and 1795 cm−1, respectively. The sharp and strong
absorption peaks for C=C stretching mode and the out of
plane of C-H bending mode were 1660 cm−1 and 952 cm−1,
respectively.

Current-voltage curves for Fs (black line), Hv (red line),
and Cl (blue line) were shown in Figure 4, respectively.
Table 2 shows 𝐼-𝑉 (current-voltage) characteristics of the
DSSCs sensitized with three dyes, which are composed of
short circuit current density (𝐼SC), open circuit voltage (𝑉OC),
fill factor (ff), and energy conversion efficiency (𝜂). The
DSSCs sensitized with Herba Violae dye showed conversion
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Figure 1: Absorption spectra of experiment (a) and simulation (b).
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Figure 2: Experimental and theoretical IR spectra (a) and (b).

efficiency (𝜂) of 0.96%, with open circuit voltage (𝑉OC) of
0.66V, short circuit current density (𝐼SC) of 1.97mA cm−2,
and fill factor (ff) of 0.74. The DSSCs sensitized with Fs
showed conversion efficiency (𝜂) of 0.90%, and the open
circuit voltage of Fs is smaller than that ofHv, but short circuit
current density of Fs is larger than that of Hv. For three solar
cells, the values of 𝑉OC and 𝐼SC for Cl are both smaller than
the two other cells, and its conversion efficiency (𝜂) is 0.47.

To better study the excited states properties of the dye,
the 3D real-space analysis is employed, which success-
fully explained the excited states properties of oligomers
and polymers [25–27]. The 3D real-space analysis was

shown in Figure 5, and density of molecular orbital for
HOMO and LUMO was shown in supporting materials
Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/139382. From Figure S1, it is
found that electron density distributions of the HOMO and
LUMO are mainly located on the pheophytin body and
there is no electron density under the polyene hydrocarbon,
which are supported by charge difference density (CDD)
analysis (see Figure 5). As shown, CDD shows that the excited
state only occurs on the pheophytin body (where red and
green represent the electron and hole, resp.). The state is an
intramolecular charge transfer state (ICT) because the holes
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are located on the central rings, and electron is transferred
into outside area. It is worth nothing that the red electrons
are located on the attaching group C=O of pheophytin,
and the increasing electron density upon the surface of
semiconductor should be an important condition for the
electron injection. The density of second state is similar to
the first excited state. S3 and S4 are located excited states,
and there is no electron upon attaching group. At the same
time, the S6 excited state is also a located excited state (which
is different with S3 and S4), and Figure 5 shows that excited

electron and hole pair almost only appear upon the attaching
group.

For DSSCs, excited electron should be quickly injected
from the discontinuous energy level of dyes into the CB of the
semiconductor titanium dioxide. Thermodynamically, driv-
ing force of the electron injection process can be described as
the difference between excited state oxidation potential 𝐸oxex
and CB edges. From Rehm andWeller equation [30], 𝐸oxex can
be calculated as follows:

𝐸
ox
ex = 𝐸

ox
gr − 𝐸00, (1)

where 𝐸oxex and 𝐸
ox
gr are the excited and ground state oxidation

potentials and 𝐸
00

is the electronic transition energy, and the
ground state oxidation potential 𝐸oxgr is computed from the
HOMO energy. The value of 𝐸oxex is calculated to be −0.82V
which ismore negative than theCB edge of TiO

2

(0.5 V versus
normal hydrogen electrode (NHE)) [31–33], and electron
injection is more easy to occur owing to the bigger difference
between the excited state oxidation potentials and CB edge.

4. Conclusions

Three DSSCs based on natural dyes extracted from Forsythia
suspensa, Herba Violae, and Corn leaf have been studied,
and optical electronic results show that the highest photo-
electronic conversion efficiency 𝜂 = 0.96% with open circuit
voltage (𝑉OC) of 0.66V, short circuit current density (𝐼SC) of
1.97mA cm−2, and fill factor (ff) of 0.74. TD-DFT calculations
show that the objected system has wide absorption region,
and charge difference density demonstrated that there is
an ICT state for the S1 state and provided the orientation
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Figure 5: Charge difference density for calculated states.

of charge transfer. Electron injection is thermodynamically
permitted.
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