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Research Progress of Single Photon
Avalanche Diode with Low Dark Count
Rate

Tong Chu, Guilan Feng, Tianqi Zhao, and Chunlan Lin

Abstract Single photon avalanche diode (SPAD) in Geiger mode is a kind of
detector which can detect extremely faint signal, and has been greatly developed
in recent years due to the single photon sensitivity, time resolution on the order
of picoseconds and high photon-detection efficiency. The device has been widely
applied in time-resolved spectrum measurement, quantum imaging and quantum
cryptography. The dark count rate (DCR) is one of the key parameters to judge the
performance of the device. However, high DCR is a common problem in the world,
especially for the device with large sensitive area. In recent years, the research of
the device with low DCR is in-depth, and some remarkable achievements have been
made, including the establishment of the physical simulationmodel and the optimiza-
tion of structure. In this paper, based on the previous research results, we analyze the
physical mechanism of the generation of DCR, including Shockley ReadHall (SRH),
Trap-Assisted Tunneling (TAT), and Band to Band Tunneling (BTBT), and describe
the method of physical model simulation using Technology Computer-Aided Design
(TCAD) software. On the other hand, we have studied the structure of the device
with low DCR and summarize their advantages, respectively. It is hoped that through
in-depth research on the physical model and structure design theory, we can find a
way to reduce the DCR of the device, so as to improve its performance.

Keywords SPAD · Dark count rate · TCAD simulation

1 Introduction

Silicon single photon avalanche diodes (Si-SPADs), fabricated in planar technology
compatible with CMOS circuits, are the mainstream single photon detector, due to
its high performance of high photon detection efficiency (PDE), low dark count rate

T. Chu · G. Feng · T. Zhao (B) · C. Lin
College of Optical and Electronic Technology, China Jiliang University, Hangzhou 310018, China
e-mail: 183416992@qq.com
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(DCR) and fast timing response [1]. The Si-SPADs have been widely applied in
fluorescence lifetime imaging [2], 3-D imaging [3], and quantum key distribution
[4], radar ranging [5] and so on. Combined with thermoelectric cooling, the DCR
of the device can be suppressed to <10 Hz. However, the ideal DCR level even
in the room temperature is dramatically needed for the application in the quantum
integrated optics, such as the quantum computing and SPAD arrays camera. This
challenge drives the further research and the improvement of manufacturing process
of Si-SPADs in recent years. Thanks to the development of semiconductor process
simulation and device simulation tools, the research of semiconductor device is
simpler, faster and accuracy. Silvaco Technology Computer-Aided Design (TCAD)
provides Athena and Atlas to users which can accurately simulate the process and
device characteristics based on physical model, and output some internal parameters
such as junction depth, electric filed distribution, avalanche breakdown probability
and so on.

We will discuss the situation and prospect of process based on the previous
research results in this paper. The generation mechanism and the physical model
of DCR will be analyzed in Sect. 2. We will introduce the TCAD simulation soft-
ware for the Si-SPADs in Sect. 3. In Sect. 4, several device structures with low DCR
will be discussed, and their advantages are summarized, respectively. Conclusions
will be drawn in Sect. 5.

2 Physical Model of DCR

SPADoperated at excess bias voltage, i.e., the calledGeigermode,where reverse bias
voltage is higher than the breakdown voltage. DCR is the frequency of avalanche
events that triggered by the electron-hole pairs caused by thermal generation or
tunneling effects in depletion layer,when there is no incident photons. There aremany
factors contributing to the DCR, such as the defects and impurities in crystals and
thermal generation. The research on physical model of avalanche diode backtracks to
1960s, including electron (hole) avalanche probability model, Shockley Read Hall
(SRH) generation (recombination) model, Trap-Assisted Tunneling (TAT) model,
Band to Band Tunneling (BTBT) model and so on, and a set of mature theories has
been presented.

There are five DCR generation mechanisms in SPAD which was proposed by
Xu et al. [6]. Three among them are dominant, which are trap assisted thermal
generation, trap assisted tunneling generation and band to band tunneling generation,
respectively. In low electric field, SRH is the dominant source of DCR without
tunneling. The SRH model is calculated as following [7]:

GSRH = pn − n2i
τn[p + ni exp(

−(Et−Ei )

kT )] + τp[n + ni exp(
(Et−Ei )

kT )] (1)
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where, ni is the intrinsic carrier concentration. n and p are the non-equilibrium elec-
tron and hole concentrations, respectively. τn and τp are the lifetimes of electrons
and holes, respectively. Ei and Et are defined as intrinsic Fermi energy level and
recombination center energy level, respectively. k is the Boltzmann constant and T
is the absolute temperature.

In strong electric field, electrons can tunnel through the band gap via trap states.
The TAT model was analyzed by Hurkx et al. [8, 9], and is described by modifying
the SRH mode as following.

GSRH,T AT = pn − n2i
τn

1+Γn
[p + ni exp(

−(Et−Ei )

kT )] + τp
1+Γp

[n + ni exp(
(Et−Ei )

kT )] (2)

where, Γ n and Γ p are the electron and hole enhancement term for Dirac wells,
respectively. We suppose Γ n= Γ p= Γ , when the electric field strength applied is
not more than 9 × 105 V/cm. Γ can be calculated by:

Γ = 2
√
3
|E(x)|

ΓF
exp((

|E(x)|
ΓF

)2) (3)

ΓF =
√
24m∗

t (kT )3

q�
(4)

where E(x) is the local electric field strength at depth position x. m*
t is the effective

mass of the tunneling electrons for silicon. q is the electron charge, and è is the
reduce Dirac constant.

If the electric field in avalanche region of the device is more than 7 × 105 V/cm,
theBTBT contribution is found to be important at room temperature. Rigorous theory
and simplified model of the BTBT in silicon was proposed by Schenk and Hurkx
et al. [10], and the formula is as following:

GBT BT (x) = D · BB.A · |E(x)|BB,GMMA · exp(−BB.B

E(x)
) (5)

where D is statistics factor, whose value is set to 1. BB.A, BB.B and BB.GMMA is
prefactor, which have two sets of values with direct transition and indirect transition,
respectively. The values are set as follows: BB.A = 9.6615 × 1018 cm−1 V-2 s−1,
BB.B = 3×107 V/cm, BB.GMMA = 2, and BB.A = 4×1014 cm−1/2 V−5/2 s−1,
BB.B = 1.9 × 107 V/cm, BB.GMMA = 2.5. The latter is chosen in this paper.

In the depletion layer, electron-hole pair will generate an avalanche event
according to a certain probability, when the electric field is strong enough. Avalanche
probability model was proposed by Oldham and Mcintype et al. [11, 12]:
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dPe
dx

= (1 − Pe)αe[Pe + Ph − PePh] (6)

dPh
dx

= −(1 − Ph)αh[Pe + Ph − PePh] (7)

Ppair = Pe + Ph − PePh (8)

where, Pe and Ph are the probability of an avalanche event generated by the electron
and hole, respectively, and Ppair is the joint probability of electron and hole. αe and
αh are the electron and hole ionization rates, respectively.

The DCR model was proposed by Xu et al. [13] with above mentioned physical
models and can be written as:

DCR = S ·
w2∫

w1

Ppair(x) · (GSRH,T AT + GBT BT )dx (9)

where S is depletion layer area, w1 and w2 are upper and lower boundaries of the
depletion layer.

As shown in current results, rigorous theory and formula is proposed so that we
can calculate the DCR of SPAD accurately.

3 TCAD Simulation

TCAD has become an vital technology for the development of semiconductor
industry. A long cycle and expensive cost is often required if the experimental wafer
is used for the research and development of SPAD. While the cost in research and
development can be reduced through TCAD simulation. Now we tend to design the
device structure and predict the performance with TCAD first. Then, if the perfor-
mance of devicemeets the requirement,wewill fabricated the device and characterize
it.

SILVACO TCAD has become one of the main products in the field of semicon-
ductor process and device simulation, including Athena that provides process simu-
lation, Devedit that provides device editing tools, and Atlas that provides general
capabilities for physically-based simulation of semiconductor devices. TCAD simu-
lation takes fully into account the various physical mechanisms including defects
and impurities of materials so that it can complete accurate simulation of device
characteristics. At present, our research is based on it.
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4 Device Structure: Evolution

The structure of SPAD mainly includes a p-n junction in which a avalanche event
happened and a guard ring used to avoid premature edge breakdown. First structure of
SPADwas introduced by Shockley Laboratory in the early 1960s [14], for the studies
of the avalanche multiplication. It’s n +/p junction surrounded by a deeply diffused
n-type guard ring in p-type substrate, as shown in Fig. 1. This simple structure is
operated at low voltage (about 30 V) and fabricated in an ordinary silicon wafer with
a planar technology. Nevertheless, it didn’t develop due to the limits of monolithic
integration technology and silicon foundry services. The epitaxial device with the
structure as shown in Fig. 2,was first applied as an efficient photon detectors in [15]. It
was fabricated in a p-type epitaxial layer grown on an n-type silicon substrate, which
provides a remarkable advantage that a higher quality silicon is used in avalanche
region compared with a ordinary silicon substrate.

Fig. 1 Cross section of the
first structure by Haitz et al.
[14]

Fig. 2 Cross section of the epitaxial device structure by Lacaita et al. [15]
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A new pattern of SPAD doping was proposed by Rochas et al. [16] with the
development of high-voltage CMOS technology which provided up to 50 V isolation
from the substrate with a low-doped deep n-well. The device consist of a shallow p+
and deep n-well junction surrounded by a p-tub guard ring used to avoid premature
edge breakdown, as shown in Fig. 3. This structure provided a low DCR and shorter
diffusion tail. But a significant shortcoming of HV CMOS SPAD is that depletion
layer of junctionmostly located in n-well, resulting avalanche event mainly triggered
by holes. In silicon, however, holes have a lower probability of avalanche initiation
than electrons.

CMOS technology with deep sub-micron (DSM) resolution is mandatory for the
fabrication of the SPADarrays applied in various fields. However, a challenging basic
issue must be faced due to the inherent defects of DSM CMOS technologies, such
as higher doping concentration in DSM CMOS technology which results BTBT
tunneling. A number of structure of SPAD with DSM CMOS technologies have
been proposed in recent years [17, 18]. The state-of-the-art SPAD was proposed by
Bronzi et al. [19] in 0.35 μm CMOS custom technology where the p-n junction
was fabricated through a deep low-doped n-type implant and a shallow high-doped
p-type implant. The structure of the device is shown in Fig. 4a. The DCR was below
to 0.05 Hz/μm2 at 6 V excess bias voltage and room temperature. Figure 4b shows
the DCR decrease significantly with the work temperature dropping from 50 to −
30 °C, due to the suppression of thermal generation.

Fig. 3 Cross section of HV CMOS SPAD by Rochas et al. [16]

Fig. 4 a Cross section of the SPAD by Bronzi et al. b DCR of the SPADs, with different area and
shapes, as a function of the temperature [19]
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Fig. 5 a Corss section of the SPAD by Veerappan et al. b DCR of the device performed at various
temperature for different excess bias voltages [21]

A virtual guard ring was used all this time until a SiO2 shallow-trench isolation
(STI) guard ring proposed by Finkelstein et al. [20] in DSM CMOS technologies.
The new guard ring can be used to withstand the higher electric field and realize a
more compactly uniform electric field. A high performance SPAD was proposed by
Veerappan et al. with this guard ring [21]. It was fabricated with a p-i-n junction,
as shown in Fig. 5a, which resulted in a low electric field strength so that band to
band tunneling effect was suppressed. The DCR was below to 1.5 Hz/μm2 at 11 V
excess bias voltage and room temperature. Figure 5b shows minimal growth when
the excess bias voltages was limited below 8 V, but significant growth when bias
voltages was higher. So it is advisable that the operating bias voltage of the device
had better to be less than 8 V.

In order to meet the requirements of the accuracy of the single photon devices, the
research of a higher performance SPAD with low DCR must be done. The thermal
generation or tunneling effects should be kindly addressed, so that an ideal DCR
level can be achieved even at higher excess bias voltage and room temperature.

5 Conclusion

In this paper, physical mechanism of the generation of DCR has been analyzed and
TCADsimulation softwarewas briefly introduced. Then,we introduced the evolution
of SPAD devices. Two state-of-the-art SPAD devices in different CMOS technolo-
gies was analyzed. The SPADs have great development in decades driven by the
application of various fields related to single photon detection, such as fluorescence
lifetime imaging, 3-D imaging, quantum key distribution and so on. Now, the SPADs
with better device performance are highly required, especially for the cutting-edge
applications related to the quantum integrated optics, such as the quantum computing
and SPAD arrays camera. This article could give some benefits to those who are new
in this field.
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Effects of Temperature
on the Performance
of Pentcene/SnNc/C60 Planar
Heterojunction Based Organic
Phototransistors

Chengyu Lu, Wenli Lv, and Sunan Xu

Abstract A bottom-gate top-contact OPT based on Pentance/SnNc/C60 planar
heterojuction was fabricated. The device was characterized at different ambient
temperature (Ta) (−40 ~ 110 °C). The dependence of drain current, threshold voltage
and field-effect mobi0.lity both in the dark and under illumination on the ambient
temperature were revealed. As rising Ta, the drain current increase, and the value of
the field-effect mobility (µ) increase first, and then tend to saturate. We suggest that
the performance dependence on ambient temperature can be attributed to thermally
activated small polaron hopping which facilitate the carrier transport in the enlarged
film grains.

Keywords Organic phototransistors · SnNc · Ambient temperature · Field-effect
mobility

1 Introduction

In recent years, organic field-effect transistors (OFETs) have received considerable
attention because of their applications in the defense construction and civil industry
[1, 2]. Among various OFETs, the organic phototransistors (OPTs), which play an
important role of photodetectors, have attracted scientists’ interests [3].The structure
of traditional OFETs were adopted in OPTs, which uses high sensitivity organic
materials generally as the active layer. The source, drain, and gate electrodes were
optically controlled by light which play a role as an additional terminal [4, 5]. We
noticed that nearly all efforts focus on ameliorate high-performance organic elec-
tronic devices by searching new materials, developing novel process, and advances
in microeconomic theory. In 2006, Takeo Minari et al. have researched a pentacene
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single grain-based OFET about the temperature and electric dependence, they found
that the device exhibits a nonmonotonic temperature dependence of the field-effect
mobility at 300 to 5.8 K [6]. After that, Joseph A. Letizia et al. [7] reported that
the temperature dependence of FET mobility is researched for different channel (p,
n-channel), and organic materials based FETs fabricated with varied semiconductor
structural in 2010.They found that the carriermobility of devices are negatively corre-
lated with 1000/T. In this paper, we report the ambient temperature dependence of
the electrical performance of OPT based on pentacene/SnNc/C60 planar heterojunc-
tion. The electrical performance of the device was characterized at different ambient
temperature. When the temperature = 80 °C, the drain current and the effect-field
mobility reach maximum respectively.

2 Experimental

Pentacene was purchased from Acros Co., SnNc was purchased from sigma-Aldrich
Co. andC60 fromLuminescence Technology Co.. As shown fromFig. 1a, the Si/SiO2

substrates (gate electrode/gate dielectric)were used for fabricatingOPTswith bottom
gate and top contact structure. The substrates were cleaned by an Ultrasonic Cleaner
in acetone, ethanol and de-ionized water stepwise. And then blow-dried with high
pressure N2 gas and desiccated in a vacuum drying oven (60 °C). For the device
fabrication, 50-nm-thick pentacene and SnNc (15 nm)/C60 (15 nm) planar hetero-
junction (PHJ) were deposited stepwise on top of SiO2. During the whole experiment
process, the chamber pressure was kept at 4 × 10−4 Pa and the deposition rate was
kept constant at 0.20–0.30 Å/s. Subsequently, Au electrodes (source and drain) were
thermally deposited through a shadow mask to control the length and width of the
channel (25-µm length (L) and a 2-mm width (W )).

A TU-1901 UV-Vis spectrometer was used for absorption spectra measurements.
An organic semiconductor measuring system in a vacuum chamber was used for the
measurement of photoelectric properties of devices. The ambient temperature (Ta)
was changed in the range from −40 to 110 °C and conducted with a temperature
step of 10 °C. In the measurement, first, the Ta reduces from room temperature to −
40 °C, and then rises to 110 °C. A 100 mW/cm2 laser diode with 850 nm wavelength
was used for top illumination.

3 Results and Discussion

The UV-Vis absorption spectrum of pentacene, SnNc and C60 films on quartz glass
are illustrated in Fig. 1b, respectively. One can see that SnNc thin film exhibit strong
absorption at the wavelength around 800 ~ 900 nm, while, C60 and Pentacene exhibit
insignificant ignorable absorption at the same region. As a result, the absorption of
Pentance/SnNc/C60 PHJ in NIR region originates mainly from SnNc molecule. The
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Fig. 1 a Schematic structure
of pentacene/SnNc/C60
OPTs, b absorption spectra
of SnNc (black line),
pentacene (red line) and C60
(blue line) thin films

output characteristics of the device in the dark and under illumination at gate voltage
(Vg) of−50V are shown in Figs. 2a and b, typical p-channel operation characteristics
are observed. As we can see, the drain current (Id) of the device decreased with the
temperature decreased from 10 to −40 °C in the dark. As the temperature increases
from 20 to 110 °C, the current gradually increases. Almost the same phenomenon
occurs under illuminationwith the temperature lowering.However, it can be observed
in Fig. 2b that with Ta increasing, the value of saturated zone Id increases at first, and
then decreases after achieving a peak (Ta = 80 °C). This is because, as Ta rises for Ta

≤ 80 °C, the carrier transportwas increased by amplified filmparticles. Subsequently,
a decline in Id with rising Ta for Ta > 80 °C is observed. When the temperature over
80 °C, the excessive ambient temperature damages the film’s microstructure, result
in a poor carrier transport capacity.

For a OPT, the field-effect mobility (µ) and threshold voltage (VT ) at saturation
zone are two key performance parameters, and they can be extracted from
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Fig. 2 Output
characteristics of the device
in the dark (a) and under
illumination (b)

Id = w/2L Ciµ(VG − VT )
2 (1)

where Id is the drain current, Ci the gate dielectric capacitance, Vg the gate voltage,
and Vd the drain voltage.

The dependence of VT on the ambient temperature is described in Fig. 3, as
Ta increases, the VT gradually decreases both in dark and under illumination. As
Ta decreases, threshold voltage shifts remarkably to the higher potentials. Letizia’s
theory surmised that the charge between the surface of semiconductor and dielectric
is trapped, which shields the gate field [7]. This is similar to our experimental results.

The dependence of field-effect mobility on the ambient temperature is shown
in Fig. 4, as we expected, the field-effect mobility curves with a saturation when
the ambient temperature increases positively whether in dark or under illumination.
According to the Nelson’s theory, the increased mobility with Ta can be attributed to
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Fig. 3 The dependence of
the threshold voltage on the
rises ambient temperature
from 20 to 110 °C in the dark
(filled symbol) and under
illumination (empty symbol).
The insert displays the trend
of threshold voltage with Ta
from 10 to −40 °C

Fig. 4 The dependence of
the field-effect mobility (µ)
on the ambient temperature
in the dark (filled symbol)
and under illumination
(empty symbol)

the thermally activated small polaron hopping which promotes the motion of carriers
through the organic crystal.

4 Conclusion

In this paper, pentacene/SnNc/C60 PHJ OPT was fabricated and characterized at
different ambient temperature. As Ta rises, the value of VT and µ of the above-
mentioned device increases both in two conditions (dark, illumination). As far as
the result concerned, we suggest that the thermally activated small polaron hopping
which facilitate the carrier transport in the enlarged film grains.
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A Simple Character Recognition
Algorithm on the Image Based on FPGA

Jiayu Song, Peng Wang, Yingquan Peng, and Guipeng Liu

Abstract As we know, the characters recognition uses neural network algorithms
typically. However, calculation of neural network algorithms is complex. This paper
proposes a new threading algorithm which is suitable for FPGA implementation for
the character recognition on an image. The algorithm can identify the characters
on an image quickly and accurately. The algorithm selects six lines of image data
located the region on the image where the character is located after the image is
binarized, and counts the number of “1”s therein, then compares with the parameters
gotten by software to obtain the determination result. The accuracy of this algorithm
is close to 100%. The algorithm is written on Quartus II software (Version 15.0) of
Intel company and implemented on Terasic DE1_SOC. It has the advantages of high
reliability and high speed through board level verification and signaltap verification.

Keywords FPGA · Character recognition · Threading algorithm
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1 Introduction

At present, printed character recognition is closely related to our life and used in
various fields [1] widely. Researchers are working to find recognition algorithms that
are more accurate and faster. In recent years, a large number of character recognition
algorithms have been proposed (e.g. [2–8]). These algorithms mainly include neural
network algorithms, patternmatching and threadingmethod.Neural network is a very
important identificationmethod, but the programmed is complex and the computation
amount is large [9–12], so it is suitable for objects that are difficult to identify. The
template matching method is not only computationally intensive, but also has poor
anti-interference ability [13]. Thus, in this paper threading method is mainly focuses
on the printed character recognition algorithm and the threading method is more
suitable for implementation on FPGA [14].

The threading method recognizes characters by extracting the features of the
image in the horizontal and vertical directions. Nan Dong uses the threading method
to identify the digits displayed on the seven-segment digital tubes on digital instru-
ments; this method is simple and accurate, with almost 100% accuracy [5]. SHEN
Xiaoyang obtains the characteristics of each number by selecting 3 vertical lines
and 6 horizontal lines in the area of the image where each number is located [15].
However, these threadingmethods are limited to identifying digits and require precise
marking, which places high demands on image positioning and character cutting.

To deal with these problems, this paper proposes an algorithm to extract six
region features of the target image to identify the digits and letters on the license
plate. The image data collected by the camera is transmitted to the FPGA by pixels.
This makes it easy to extract the features of the threading method on the FPGA. At
the same time, dividing the target image into six regions to select effective values will
improve the accuracy of recognition. All modules in this article were implemented
using verilog-2001 and verified on Terasic DE1_SOC.

The paper is organized as follows: Sect. 2 is the implementation principle of the
algorithm, while Sect. 3 describes the implementation process of the algorithm on
the FPGA, Sect. 4 analyze and demonstrate implementation results. Finally, Sect. 5
gives the conclusions.

2 Algorithm Principle

The character recognition algorithm in this work is called the threading method.
The key is to select four regions for the horizontal direction and two regions for
the vertical direction of the character image, as shown in Fig. 1, the four regions
in the horizontal direction are referred to as Reg_1, Reg_2, Reg_3 and Reg_4, the
two regions in the vertical direction are recorded as Reg_5 and Reg_6. The last five
characters of the image are the recognition objects (the recognition objects contain
digits 0–9 and 24 capital letters, not including the letters I and O). After binarizing
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Fig. 1 Locations of six regions on each character

the target image, the image data is only 0 and 1. Count the number of 1 in each row
or column in each effective region and use the maximum or minimum value in each
region as the effective value of the region. The maximum value of each region is
taken as the effective value, and the minimum value in Reg_4 is also taken as the
effective value, so each target image will get seven effective values, corresponding
to cnt_r1, cnt_r2, cnt_r3, cnt_r4_min, cnt_r4, cnt_r5 and cnt_r6. The next step is to
compare these values and their differences with the parameters obtained by software
statistics (parameters are expressed in param) to obtain the instruction (inst) for each
character.

As shown in Fig. 1, five typical characters those are ‘1’,‘T’, ‘8’, ‘7’, and ‘B’ are
present on the image, the wider the white part of each row or column in the effective
region, the larger the effective value will be. The inst of each character is 19 bit
(inst [18: 0]), which is obtained through 12 comparisons. The presence of specific
characters does not require certain judgments, so the specific bit in these characters
inst is marked with x to indicate that this judgment is not affect the result.

The judgment for every bit of inst is present in Fig. 2, when the image width is 806
pixels, the value of param_1 is 15, the value of param_2 is 56, the value of param_3
is 23, the value of param_4 is 5, the value of param_5 is 7, the value of param_6 is
21, the value of param_7 is 154 and the value of param_8 is 52. When the image
width changes, these parameters will also be adjusted in proportion.

Finally, the inst of digit ‘1’ are 0001_1010_0100_0xxx_xxx; 0001_1010_1100_
0xxx_xxx; 0001_1010_1000_0xxx_xxx; 0001_1011_1000_0xxx_xxx. The inst of
the letter ‘T’ is 1000_000x_xxxx_xxxx_x11. The inst of digit ‘8’ are 1101_1010_
111x_xxx1_1xx; 1101_0010_111x_xxx1_1xx; 1101_1010_101x_xxx1_1xx; 1101_
0010_101x_xxx1_1xx; 1101_1010_111x_xxx0_1xx; 1101_0010_111x_xxx0_
1xx; 1101_1010_101x. The inst of digit ‘7’ is 1000_000x_xxxx_xxxx_x01. The
inst of letter ‘B’ are 1101_1010_111x_xxx1_0xx; 1101_0010_111x_xxx1_0xx;
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Fig. 2 The code of verilog implements the recognition for each bit of inst

1101_1010_101x_xxx1_0xx; 1101_0010_101x_xxx1_0xx. Although the above-
mentioned characters corresponding instructions may be multiple, one instruction
corresponds to only one character, thereby ensuring the accuracy of the recognition
result.

3 Implementation on FPGA

The whole system is composed of three main modules. As shown in Fig. 3, Mod_1 is
an image acquisition module based on OV5640 camera. The function of this module
is to collect image data and send it to FPGA; Mod_2 is an algorithm implementation
module, the main function is image preprocessing and algorithm implementation.
Mod_3 is the image and result display module, which is composed of VGA display
and LCD1602 display screen. The function of this module is to verify the accuracy

Fig. 3 Hardware system connection diagram: Mod_1 is camera; Mod_2 is connection diagram of
each module in FPGA;Mod_3 are the displaying module
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Fig. 4 A typical image displays on VGA: a the original image; b the binarized image; c the digits
cut from binarized image; d all characters display on VGA

of the image acquisition and recognition results. As shown in Fig. 3, the entire circuit
has two paths, the first path is OV5640 to VGA, this way displays the acquisition
results; the second path is OV5640 to LCD1602, this way displays the recognition
results.

The processing of image is as follows: in the “preprocessing” module, the image
is grayed and binarized. Since the license plate characters are white and the rest
are blue, the red component data of the image data can be directly used as the gray
scale data, which makes it easier to select the binarized threshold. After binarization,
the blue background of the license plate becomes black, and the characters become
white. Because the upper part of the license plate has longer blue and white borders,
it can be used as a criterion for determining the location of the license plate and the
size of the license plate. This paper mainly discusses the recognition of 34 characters.
The binarized data is sent to the algorithm module through FIFO. Through the VGA
display, you can observe whether the original image collected by the camera, the
preprocessed binary image, and each character divided are correct. Each character
is displayed on VGA is shown in Fig. 4.

4 Discussion and Experimental Results

In the course of the experiment, we obtained the effective value of each character in
each effective region through signaltap on Quartus II software, which can effectively
verify whether the algorithm proposed mentioned above is correct. As shown in
Fig. 5, the effective values and inst of five characters are collected through signaltap,
and the effective values of each character are recorded in Table 1, and each value
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Fig. 5 The valid values and instructions of each character collected by signaltap

Table 1 Valid values of each character

cnt_r1 cnt_r2 cnt_r3 cnt_r4 cnt_r4_min cnt_r5 cnt_r6

1 25 24 25 25 23 0 171

T 100 25 26 25 24 21 172

8 79 40 69 72 40 79 54

7 91 23 23 21 20 18 112

B 82 44 84 100 81 170 61

is as expected. The inst collected by signaltap for digit ‘1’ is 0001_1010_1100_
0000_011; the inst for letter ‘T’ is 1000_0000_1100_0000_011; the inst for digit
‘8’ is 1101_1010_1011_1110_001; the inst for digit ‘7’ is 1000_0000_1100_0000_
001; the inst for letter ‘B’ is 1101_1010_1011_1111_001, which are the same as
the previous insts and as shown in Fig. 6. The recognition result displayed on the

Fig. 6 Displaying recognition results of the image on LCD1602
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LCD1602 is consistent with the characters on the image, indicating that the algorithm
is completely accurate on the FPGA and the desired result is achieved.

5 Conclusion

We propose a character recognition algorithm for the image. This algorithm can
extract the key features located in the six regions of the image in order to accu-
rately recognize characters, and successfully implemented on the FPGAdevelopment
board. The algorithm can recognize the results in real time during image acquisition.
In the experiment, the captured image size is 1024 * 720, so the time for recogni-
tion is 0.0176 s, which is mainly limited to the data collected by the camera and
transmitted to the FPGA, and the image data does not need to be cached. (The clock
frequency used by the OV5640 is 42 MHz, which is 1024 *720/(4.2* 107) s). There-
fore, when the image size remains constant, the recognition speed will increase with
the increase of the camera clock frequency, and the recognition accuracy reaches to
98%. The algorithm shows potential applications in number and letter recognition,
and we should expect to further improve the accuracy on either number or letter
recognition.
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Electromagnetic Line-Parameters
Extracted from Microstrip Lines
with Step Discontinuities

Zhen Xiao, Dan Zhang, and Weijie Xu

Abstract Microstrip discontinuities are themost fundamental component ofMMIC.
The study about the accurate modeling of Microstrip discontinuities using different
numerical approaches is the most important topics. The electromagnetic waves prop-
agating along microstrip lines with step discontinuities are analyzed using the FDTD
method. The results are used in model equations for inhomogeneous transmission
lines to extract the equivalent line parameters.

Keywords Generalized transmission line equation · Microstrip line · Distributed
parameter

1 Introduction

Recently, the radio communication systems such as cellular phone, PHS, radio-LAN
and IC-card are spreading promptly. MMIC has been the center of attention in the
capacity of key technology for realizing low-priced and small-sized communica-
tion apparatuses. Microstrip discontinuities are the most fundamental component of
MMIC. The study about the accurate modeling of Microstrip discontinuities using
different numerical approaches is the most important topics. And several papers have
been announced in some magazines in the latest years [1–3].

The reason of the electromagnetic noise and the electromagnetic interference
according to an imported radio wave in the electronic apparatus could be considered
as combining the print-wiring electric signal with the electromagnetic wave [4], for
which the systematic description of the equations have not been found now. The
coupled problem based on electromagnetic theory could be formulated by taking
the current distribution to unknown functions for a simple-structural wiring. But
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when the construction became complicated, it cannot be applied easily. While the
uniform transmission line equations based on the circuit theory could be considered
perspicuity equations for the description that electric signal is transmitted on line
using voltage, current and per-unit length inductance (L), capacitance (C), resistance
(R) and conductance (G). But when the different constant lines connected, it would
be simply treated a connection of the lines which the characteristic impedance is
different. The effect and the frequency dependence are not considered that is gener-
ated by the high frequency and the non-uniform distributed line constant in the
connected segments. The new circuit equations have be constructed that the above-
mentioned electromagnetic phenomena on the discontinuities have been taken in
the parameters, according to the perspicuity of the distributed constant transmission
line equations. However we need to abstract the equation parameters by numerical
method, such as the finite difference time domain method (FDTD). In this paper a
uniform, step discontinuities parameters have been abstracted as examples [5].

2 Formulation of the Problem

A schematic of a lossless microstrip line considered here is shown in Fig. 1. The
microstrip is located on a substrate with a height h and a dielectric constant εr and
comprises a step discontinuity of a width ω2 and a length l flanked on each side
by a section of uniform lines with a width ω1. The line is excited by a dominant
mode of the uniform transmission line. The electric and magnetic fields propagating
along the line is first computed using the FDTD method [6]. To reduce the size of
the computational domain, a finite section of the non-uniform line is enclosed by a
rectangular parallelepiped space truncated by the PML as shown in Fig. 2, except for
the plane z = 0 where the condition of perfect electric conductor is implemented.
The calculated electric magnetic fields in the time domain is transformed into those
in the frequency domain using the discrete Frourier transform technique. Next, the
current and voltage along the line is defined by the following equations:

Fig. 1 Voltage and current
in strip-line

IC

VL

x y

z

0

h



Electromagnetic Line-Parameters Extracted … 27

Fig. 2 Step microstrip line
structure
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I (x, ω) =
∮
C
Ht (x, y, z, ω) · ds (1)

V (x, ω) = −
h∫

0

Ez(x, 0, z, ω)dz (2)

where Cs is a contour enclosing the microstrip on the y − z plane as shown in Fig. 2
and the line voltage is defined in terms of the vertical component of the electric
field underneath the microstrip. Since I (x, ω) is defined a half cell away from where
V (x, ω) is computed, an interpolation scheme is applied to obtain I (x, ω) at the
same nodal points as V (x, ω).

Finally, the calculated Ii (ω) = I (i�x, ω) and Vi (ω) = V (i�x, ω) at each
nodal point x = i�x are substituted into the transmission line equations to extract
the equivalent circuits parameters, where �x denotes the mesh step-size in the x
direction. Although different versions of transmission line equations may be tested,
we discuss here two models of the equations. One is the conventional non-uniform
transmission line equations given as follows:

∂

∂x
V (x, ω) = −iωL(x, ω)I (x, ω) − R(x, ω)I (x, ω) (3)

∂

∂x
I (x, ω) = −iωC(x, ω)V (x, ω) − G(x, ω)V (x, ω) (4)

where L(x, ω) and C(x, ω) are the series inductance and shunt capacitance per unit
length along the line and R(x, ω) and G(x, ω) are the series resistance and shunt
conductance per unit length. Note that since the transmission line is assumed to be
lossless, L(x, ω) and C(x, ω) take real values, and R(x, ω) and G(x, ω) represent
the local radiation effects due to the discontinuities. The other is the novel equations
which were recently proposed by Zhong, Liu, and Mei [7] as follows:
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∂

∂x
V (x, ω) = −iωL(x, ω)I (x, ω) + α(x, ω)V (x, ω) (5)

∂

∂x
I (x, ω) = −iωC(x, ω)V (x, ω) + β(x, ω)I (x, ω) (6)

where α(x, ω) and β(x, ω) are the coefficients for series voltage source and shunt
current source per unit length which represent the local radiation effect. The set of
transmission line equations are approximated by the finite-difference expressions
and the numerical data for Vi = V (i�x, ω) and Ii = I (i�x, ω) computed by the
FDTD analysis are substituted to extract the circuit parameters of the i th segment of
the inhomogeneous line. For the conventional transmission line Eqs. (3) and (4), we
have [8]

Li (ω) = − Im

[
Vi+1 − Vi−1

ωIi�x

]
(7)

Ri (ω) = −Re

[
Vi+1 − Vi−1

Ii�x

]
(8)

Ci (ω) = − Im

[
Ii+1 − Ii−1

ωVi�x

]
(9)

Gi (ω) = −Re

[
Ii+1 − Ii−1

Vi�x

]
(10)

On the other hand, the transmission line Eqs. (5) and (6) lead to

Li (ω) = − Im
[
(Vi+1 − Vi−1)V ∗

i

]
Re

[
ωVi I ∗

i �x
] (11)

αi (ω) = Re
[
(Vi+1 − Vi−1)I ∗

i

]
Re

[
Vi I ∗

i �x
] (12)

Ci (ω) = − Im
[
I ∗

i (Ii+1 − Ii−1)
]

Re
[
ωVi I ∗

i �x
] (13)

βi (ω) = Re
[
V ∗
i (Ii+1 − Ii−1)

]
Re

[
Vi I ∗

i �x
] . (14)

where Re[ ] and Im[ ] indicate the real and imaginary parts of variables in the
bracket and the asterisk denote the complex conjugate. It should be noted that since
the sampled Vi (ω) and Ii (ω) are obtained as complex-valued data, the circuit
parameters of the lossless transmission lines Li (ω) to βi (ω) can be extracted
through a single rum of the FDTD simulation.
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3 Numerical Examples

In this paper, we have analyzed the following example. In example, the transmission
line is assumed to be lossless. The parameters of the structures used by FDTD are as
follows:

Calculation domain:

x × y × z = 52.98 × 5.88 × 2.64mm3

Space interval: c0�t = 0.0173mm

�x = �y = �z = 1.734c0�t

Thickness of PML: 0.24 mm
Reflection error: -120 dB
Pulse excitation:

Ez0
in(x, y, z, t) =

{
A0e−(t−T1)

2/2T22 sin 2π f0tδ(x − x0)
0

(15)

xs = 0.57mm f0 = 30GHz T1 = 72ps T2 = 24ps (16)

The example is a step microstrip line shown in Figs. 1 and 2. For the structure,
relative dielectric constant εr is 9.6, height h between metal strip and metal ground
plate is 0.6 mm, thickness t of the metal strip is zero, width w of the uniform metal
strip is also 0.6 mm. The incident power, reflected power, transmitted power and
radiated power of the lines can be obtained using voltage and current or electric and
magnetic field given by the FDTD according to the following expressions [9–11]:

Incident power:

Pi (ω) = 1

2
Re{Vi (x, ω)Ii

∗(x, ω)} (17)

Reflected power:

Pr (ω) = 1

2
Re{Vr (x, ω)Ir

∗(x, ω)} (18)

Transmitted power:

Pt (ω) = 1

2
Re{Vt (x, ω)It

∗(x, ω)} (19)

Radiated power:
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Ps(ω) =
∮
s

1

2
Re{E(ω)H∗(ω)}dS (20)

Radiated power also can be gotten using the coefficients α(x, ω) and β(x, ω) by
the following equation:

Ps2 = −1

2

x2∫

x1

[α(x, ω) + β(x, ω)]Re[V (x)I ∗(x)]dx (21)

where E(ω) and H∗(ω) are the electric and magnetic field vectors on the planes
surrounding the discontinuities lines structures except the bottom plane made of
perfect constant and the incident, transmitted planes (Fig. 3).

The parameters along step microstrip line extracted by the generalized trans-
mission line equations and the normal transmission line equations were given in
Figs. 4 and 5 and the above-mentioned powers of the step line about frequency were
shown in Figs. 6 and 7. All the data for Figs. 4 and 5 were calculated under the

Fig. 3 FDTD calculation domain for a step microstrip model
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Fig. 4 L, C, α and β on the step strip line

Fig. 5 L, C, R and G on the
step strip line
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Fig. 6 Reflected power, transmitted power and radiated power of the step line by the FDTD

Fig. 7 Comparison of
radiated power of the step
line calculated by between
the FDTD and the uniform
transmission line equations
model
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frequency of 5.0 and 15.0 GHz. We can see that the electromagnetic-wave circuit
parameters which represent the local radiation and higher-order mode effect in the
discontinuities segments have been extracted and it is confirmed from the results of
the radiated power of the step line calculated by the FDTD coincided with by the
uniform transmission line equations model.

4 Conclusion

In this paper, the problem of the discontinuities lines such as step microstrip line has
been analyzed by the FDTD, The other discontinuities’ structures can be analyzed
with this method, such as Bend, T-junction, blench, Cross-junction and Cross-over.
Butwe can see the parameters such asL,α andR became unstablewhen the frequency
turned higher such as 15 GHz in this structure. It must be investigated and improved
in the future.
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Design of DMD Projection Lens
for Structured Light 3D Measurement

Tengbiao Song, Lei Zhang, Yan Shi, Hongyao Liang, Haibin Niu,
and Shangzhong Jin

Abstract To obtain 3D information of an object, the object must be measured. As a
non-contact and activemeasurementmethod, structured light-based 3Dmeasurement
technology has a wide range of applications. The image quality of the projection lens
determines whether the projection grating can be clearly projected on the detection
object in the 3D measurement, which directly affects the detection effect. In this
paper, a DMD projection imaging lens suitable for 3D measurement of structured
light is designed. The effective focal length is 33.9mm, F/# is 2.3, and the total length
of the optical system is 120 mm. At a lens resolution of 93 lp/mm, the MTF values
of all fields of view are greater than 0.5, the maximum distortion of the full field
of view is less than 1%, the field curvature is less than 0.05 mm, and the imaging
quality is good enough for 3D measurement.

Keywords 3D measurement · Projection lens · DMD · Optical design

1 Introduction

Optical 3D measurement is widely used in many fields such as industrial auto-
matic detection, product quality control, reverse engineering, biomedicine, virtual
reality, cultural relics reproduction, human body measurement and so on [1]. Optical
3D measurement technology is generally divided into two categories: passive 3D
measurement and active 3Dmeasurement according to different imaging illumination
methods [2, 3].
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Active 3D measurement technology uses different projection devices to project
different types of structured light to the measured object, and captures a structured
light image that is deformed by modulation on the surface of the measured object.
Calculate the 3D shape data of the measured object [4–6]. Of all the projection
methods, the earliest, easiest and most used projection method is the slide projector
projection [7].

There are three main types of structured light: point structured light, line struc-
tured light, and area structured light. Point structured light is a light spot formed by
projecting a light beam onto the surface of the object to bemeasured. The light source
is composed of a laser with high brightness and good directivity. Line structured light
is a sheet of light that is projected onto the surface of the object to be measured. The
surface forms a bright crossing line; the surface structured light projects a 3D figure
onto the surface of the object to be measured, and forms a modulation pattern on the
surface of the object [8].

In recent years, with the rapid development of DMD (digital micromirror device)
technology, DMD-based surface structured light projection has become more and
morewidely used [9]. This paper designs aDMDprojection lenswith simple structure
and high definition, which is suitable for 3Dmeasurement system of structured light.

2 Design Ideas

2.1 Design Specifications

The projection distance is 450 mm, the projection size D is 6.7 inch (1 inch =
2.54 cm), the display chip size is 0.47 inch, and the entire system is designed
backwards, and the magnification is [10]:

m = s/d = 0.07 (1)

Lens focal length f is:

f = l/(1/m − 1) = 33.9 (2)

The field of view of the projection lens is:

2ω = 2 arctan(d/2l) = 20◦ (3)

In the formula: m is themagnification; s is the size of the display chip; f is the focal
length of the projection lens; d is the size of the projection screen; l is the projection
distance.

The chip size used in the design is 0.47 inch (11.94 mm), with 1920 × 1080
pixels, and the pixel size is 0.0054 mm × 0.0054 mm. In order to better match the
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Table 1 Lens design parameters

Focal length
(f/mm)

Field of view
2ω/(°)

F/# Relative distortion MTF
(@93 lp/mm)

Chip size
(Inch)

33.9 20 2.3 ≤1% ≥0.5 0.47

resolution of the projection lens to the resolution of the chip, it must meet:

r = 1/2μ (4)

where: r is the resolution of the projection lens;μ is the chip pixel size. It can be seen
that the characteristic frequency of the lens is 93 lp/mm. The specific parameters of
the lens are shown in Table 1.

2.2 Initial Structure Selection

There are generally two methods for determining the initial structure of an optical
system: one is to solve the initial structure parameters using the PW method; the
other is to find the initial structure with similar technical indicators from existing
structures in patents/documents and other materials. Because the first method has
a large amount of calculation, this paper chooses the second method for design.
According to the working characteristics of DMD, its projection lens is required to
be telecentric to achieve high light efficiency and uniformity, that is, the main light
of the DMD full field of view is perpendicular to the DMD surface [11]. The initial
structure of the selected lens is shown in Fig. 1. The lens consists of 8 lenses with an
effective focal length of 9 mm, an F/# of 2.5, a field angle of 76°, and a display chip
size of 0.55 inch. Big gap.

2.3 Optimized Design

When designing the projection system, the wavelengths are 454 nm, 464 nm (domi-
nant wavelength), and 474 nm. According to the design requirements, the focal
length of the optical system is scaled so that the focal length is 33.9 mm, the F/# is
adjusted to 2.3, and the curvature of each lens is set as a variable. The projection
lens is a telecentric structure, and the telecentric degrees of the lens must be care-
fully controlled. In the automatic design optimization, the telecentric degrees of the
system is con-trolled by the local incident angle so that it is 0°. In consideration of
actual processing, to prevent the center of the concave lens from being too thin and
the edge of the convex lens from being too thin, the boundary conditions are added
to the automatically optimized structural limit so that the center thickness of the lens
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Fig. 1 Layout of initial structure of whole system

is greater than 0.85 mm and the edge thickness is greater than 0.65 mm. The glass
in the initial structure was replaced with CDGM Environmentally Friendly Glass,
and the initial structure was optimized. In the special control, the limit focal length
is 33.9 mm, the total limit length is less than 120 mm, and the limit distortion is
less than 1%. Through modification of constraints and weights, through automatic
optimization and global optimization, and taking into account the aberration balance,
the DMD projection lens that meets the design requirements is achieved.

3 Image Quality Analysis

After optimization, a grating projection lenswith an effective focal length of 33.9mm,
an F/# of 2.3, a field of view of 20°, and a total system length of 120 mm is obtained.
The layout of the optical path system is shown in Fig. 2.

The MTF(Modulation transfer function) curve, distortion and astigmatism curve,
and dot map of this lens are shown in Figs. 3, 4 and 5. As can be seen from the figure,
the MTF value of each field of view at 93 lp/mm is greater than 0.5. The transfer
function curves of all fields of view are relatively concentrated and smooth, and the
lens sharpness and contrast are relatively good. It can be considered that the imaging
quality of the system is better. The maximum distortion of the lens is less than 1%,
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Fig. 2 Layout of whole system optical path after optimization

Fig. 3 Imaging quality obtained with the conventional optimization method: MTF
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Fig. 4 Imaging quality obtained with the conventional optimization method: Field curvature and
distortion curve

and the maximum field curvature is less than 0.05 mm. It can be seen from the figure
that the aberrations of each field of view are better controlled.

4 Conclusion

This paper designs a DMD telecentric projection lens with a working band of 0.454–
0.474 μm, a focal length of 33.9116 mm, an F/# of 2.3, and a full field of view of
20°. The lens design process first selects the appropriate initial structure, and uses
various specific constraints in the optical software to restrict the basic parameters and
the external dimensions of the lens. Finally, a grating projection lens suitable for 3D
structured light measurement is obtained. This lens consists of 8 lenses. All lenses
are spherical lenses without significantly reducing the performance of the projection
lens, which greatly reduces the production difficulty and cost. The design results
show that the maximum distortion of the lens is less than 1%, the maximum field
curvature is less than 0.05 mm, the MTF value is higher than 0.5 when the spatial
frequency is 93 lp/mm, and the maximum CRA value is 0.62°. From the results of
various aberration evaluations, the optical system has better imaging quality.
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Fig. 5 Imaging quality obtained with the conventional optimization method: Spot diagram
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Transfer Methods of CVD-Grown
Two-Dimensional MoS2: A Brief Review

Xinyu Song, Yinqin Ye, and Yingquan Peng

Abstract The thickness of two-dimensional (2D) layered materials is only a few
hundred nanometers (nm), which has a unique nanoscale planar structure. Molyb-
denum disulfide (MoS2) is a typical semiconductor two-dimensional atomic crystal
material, which has excellent physical and electrical properties and so shows great
potential in nano-electronic and optical applications. MoS2 semiconductor has a
direct band gap of 1.90 eV (single layer configuration) and an indirect band gap of
1.29 eV (multi-layer configuration). With the weak van der Waal’s forces between
the layers, the monolayer MoS2 shows more excellent properties in optoelectronic
devices than graphene with zero band gap. Transferring molybdenum disulfide film
from growth substrate to target substrate is a key problem in practical application.
From the original micromechanical stripping to the most widely used wet etching
method, more methods have been discovered, in order to improve the transfer quality
of molybdenum disulfide films. This review focuses on discussing about ultrasonic
bubbling transfer and surface energy assisted transfer methods, which improve the
transfer quality of MoS2 thin film.

Keywords Transfer methods ·MoS2 thin film · Ultrasonic bubbling transfer ·
Surface energy assisted transfer

1 Introduction

Two-dimensional (2D) materials have attracted substantial attention due to their
abundant active sites and a unique nanoscale planar structure. Transition metal
dichalcogenides (TMDs) [1], especially MoS2, as one of the 2D materials were
widely studied. In the synthesis and fabrication of 2D materials, especially in large

X. Song · Y. Ye · Y. Peng (B)
College of Optical and Electronic Technology, China Jiliang University, Hangzhou, Zhejiang
310018, People’s Republic of China
e-mail: yqpeng@cjlu.edu.cn

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
Y. Peng and X. Dong (eds.), Proceedings of 2019 International Conference on
Optoelectronics and Measurement, Lecture Notes in Electrical Engineering 726,
https://doi.org/10.1007/978-981-33-4110-4_6

43

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4110-4_6&domain=pdf
mailto:yqpeng@cjlu.edu.cn
https://doi.org/10.1007/978-981-33-4110-4_6


44 X. Song et al.

area chemical vapor deposition (CVD) fabrication [2], it is important to choose a
perfect initial substrate for the growth of two-dimensional materials. As we know,
MoS2 can be synthesized by CVD on different substrates with atomically smooth
surfaces such as SiO2 on Si, sapphire, and mica [3]. It is reported that recent achieve-
ments have been made on metalorganic chemical vapor deposition (MOCVD), low-
pressure chemical vapor deposition (LPCVD) and atmospheric pressure chemical
vapor deposition (APCVD) about synthesis methods of 2D materials MoS2 [4]. The
synthesis methods of molybdenum disulfide include micromechanical exfoliation,
liquid phase exfoliation, physical vapor deposition, solution chemical process and
CVD. TransferringMoS2 thin film to a suitable substrate is the key to the subsequent
preparation ofmodern optoelectronic devices. These require the growth ofMoS2 thin
films to be uniform and continuous, and can be transferred to arbitrary substrate with
high fidelity. In this paper, we provide a brief literature review of the latest progress
in the transfer methods of MoS2 thin films. The paper focuses only on the transfer
methods rather than progress in the synthesis of MoS2. The transfer of the synthe-
sized MoS2 thin film to arbitrary substrate is an important step for optoelectronic
devices, especially for flexible devices.

2 Transfer Methods of MoS2

2.1 Micromechanical Exfoliation

Micromechanical exfoliation is the simplest and most efficient method to prepare
two-dimensional nanomaterials [5–7]. Similar to the micromechanical peeling of
graphene, MoS2 films can be obtained by the simplest manual method without the
need of complex and expensive instruments. MoS2 thin film is synthesized by CVD
with MoO3 and sulfur powder, and then it was torn off by tape and transferred to the
substrate to be transferred. After the tape is released several times, due to van der
Waals force, some material of MoS2 remain on the substrate instead of the tape. This
process may produce MoS2 thin film with random shape, size and number of layers.
Magda et al. obtained mono MoS2 layers with a transverse dimension of several
hundred microns by improving the adhesion between MoS2 and substrate, as shown
in Fig. 1 [5].

As a result, the MoS2 thin film fabricated by this method have a few defects and a
perfect crystal structure. Moreover, it has good optoelectronic properties, such as a
high mobility. But this method also causes several great shortcomings, such as small
size and poor repeatability of molybdenum disulfide samples, so the method from
micromechanical exfoliation of transfer MoS2 thin film method is only suitable for
laboratory research, not large-scale production.
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Fig. 1 Large area MoS2 thin film exfoliated with chemically enhanced adhesion to the substrate.
Reprinted with permission from Ref. [5]. Copyright © 2015, Springer Nature. All rights reserved

2.2 Wet Etching Transfer

Suk et al. have realized the transfer ofCVD-grownmonolayer graphene onto arbitrary
substrate [8], and the transfer method of MoS2 thin films imitates this method. Wet
etching transfer method is recognized as the most popular and popular technology
at present.

In this wet etching method, a drop of PMMA solution (6 mg/mL) is spin-coated
on MoS2 thin film at 3000-4000 rpm for 30 s and heated at 180 °C for 90 s. The
PMMA/MoS2/substrate stack is then immersed in a 2 mol/L KOH solution at 20–
90 °C until the MoS2 thin film falls off [8–11]. However, it is found that this method
is difficult to make the thin film fall off naturally. It is necessary to use knife or
tweezers to treat the edge ofMoS2 thin film in combinationwith the above-mentioned
micromechanical exfoliation method to promote the falling off. After rinsing MoS2
thin film with deionized water, the target substrate is placed in deionized water with
a tilting angle of 30–45° under the floating MoS2 thin film and heated at 80 °C for
30 min on vacuum drying oven. PMMA is removed in acetone solution for 3–6 h,
thenwashed under deionizedwater, and heated at 100 °C for about 10min on vacuum
drying oven. In different literatures, in order to improve the quality of film transfer,
some materials are replaced, such as PS instead of PMMA [12, 21], NaOH [12, 13]
or HF [14, 17] instead of KOH solution, chloroform instead of acetone solution [15].
Before the transfer, the substrate to be transferred needs to be cleaned with acetone,
ethanol and deionized water.

On the basis of wet transfer, a layer of Au or Cu can be deposited on MoS2 thin
film by electron beam deposition, and the MoS2/Au sample was spin coated with
PMMA solution and heated at 170 °C for 10 min. The sample was then soaked in Au
etchant (tape TFA) for the removal of Au [16]. The later transfer method is consistent
with the above method. Mlack et al. use tape and PMMA bonding method to transfer
monolayer tungsten disulfide [18]. This method can also be applied to MoS2, which
makes the transferred film have less wrinkles and cracks. This method is consistent
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Fig. 2 Transfer images of two-dimensional WS2. Reprinted with permission from Ref. [18].
Copyright © 2017, Springer Nature. All rights reserved

with the above method before the film is pulled out of water with glass slide, and
the glass slide is fixed on the suspended PMMA with special tape. The slide with
PMMA is aligned with the target substrate fixed on the separate slide, and two tapes
are used to stick the two slides together, as shown in Fig. 2.

2.3 Ultrasonic Bubbling Transfer

Figure 3 shows that molybdenum disulfide is transferred by ultrasonic bubbling [20],
and PMMA solution is spin-coated on the MoS2 thin film. In order to maintain the
integrity of the film, it is necessary to spin coat the film to be thicker than in the
above method, spin coating the thickness of 0.3 um at a low speed of 1000 rpm. The
MoS2 thin film needs to be annealed at 180 °C for 15 min to completely remove the
residual PMMA solvent during spin coating. This annealing method needs to be used
after spin coating, which can eliminate the influence of residual PMMA solution on
the experiment. The PMMA/MoS2/substrate is put into the breaker, and the breaker
is immersed in ultrasonic cleaning device. The edge of the PMMA/MoS2 thin film
falls out from the substrate to the deionized water surface [19–22]. When ultrasonic
wave vibrates under negative pressure, a lot of cavitation bubbles are produced,
as shown in Fig. 3a. When the pressure of ultrasonic vibration suddenly changes
from negative to positive, these bubbles quickly expand into larger bubbles. In a
short time, these bubbles release an enormous amount of energy while compressed
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Fig. 3 Illustration of ultrasonic bubbling transfer of MoS2. Reprinted with permission from Ref.
[20]. Copyright Springer Nature BV. All rights reserved

during the positive pressure period, which produces a great force in the interface
between the PMMA/MoS2 thin film and substrate. In multiple bubbling cycles, the
PMMA/MoS2 was stably separated from substrate by bubbling inducing force. The
interface between PMMA and MoS2 is very stable in ultrasonic process, because
the adhesion between them is very strong, and ultrasonic vibration is not enough
to separate them. The delaminated PMMA/MoS2 thin film can be transferred onto
arbitrary target substrate [20]. According to this hydrophobicity, a method of surface
energy assisted transfer on transfer MoS2 thin film appears later.

Compared with the wet etching method, this method can better maintain the
integrity of the film without strong acid or alkali etching. In addition, this method is
easy to operate and takes a short time. The whole layering process only uses water,
and does not involve chemical corrosives or harmful pollutants.
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2.4 Surface Energy Assisted Transfer

The relationship between hydrophilicity and hydrophobicity derived from the ultra-
sonic bubbling method above extends the method of surface energy assisted transfer
of MoS2 thin films. Surface energy assisted transfer can be transferred to arbitrary
target substrate, especially the popular flexible substrate, and then it can be made
into flexible electronic devices. At present, the acid wet chemical etching process
which is used to transfer molybdenum disulfide film in large area is not suitable
because it can significantly reduce the quality of the material and destroy the growth
substrates. Compared with the wet etching method, this method can better maintain
the integrity of the film without strong acid or alkali etching. In addition, this method
is easy to operate and takes a short time. Compared with the ultrasonic bubbling
transfer method, this method reduces the micro damage of ultrasonic vibration to the
film, and can obtain a more complete quality MoS2 thin film. The disadvantage is
that it takes more time.

Gurarslan et al. spin coated PS solution on MoS2 thin film [21]. The PS solution
replaces the previous PMMAsolution. The effect of PS solution on spin coating a few
layers of film (especially single layer) is better than that of PMMA solution. When
the number of spin coating film layers is less than 10, PS solution can be considered.
Cover PS with a drop of deionized water, and then treat the edge of PS/MoS2 thin
film with a knife or tweezers, and deionized water can enter between PS/MoS2 and
sapphire. When the surface energy assisted between them reaches a certain degree,
PS/MoS2 will be separated from sapphire. PS/MoS2 can be transferred to the SiO2/Si
substrate, baked at 80° for 1 h to remove the water residue and baked at 150° for
30 min to remove the possible wrinkles [21] and finally washed with toluene solution
for several times to remove PS. Optoelectronic devices can be fabricated after drying.
Figure 4 shows the surface energy assisted transfer process.

Figure 5 shows that the substrate is dealed with diluted hydrofluoric (HF:H2O
= 1:10) before the synthesis of MoS2 based on the surface-energy-assisted transfer
method to make the substrate super hydrophilic. SiO2/Si is spin coated with PMMA
solution, and then slowly immersed in deionized water. Because of the difference in
surface energy assisted, the deionized water immediately penetrates PMMA/MoS2
and the substrate, causing PMMA/MoS2 to float on the deionized water. This
method is suitable for large area wafer-scale MoS2 transfer to flexible substrate
and fabrication of flexible optoelectronic devices.

In order to reduce the wrinkles and cracks during the transfer of MoS2 thin film, it
is found that deionized water and alcohol 1:1 are mixed instead of deionized water on
the basis of surface energy assisted transfer, and the wrinkles and cracks are greatly
reduced as shown in Fig. 6. Wrinkle area ratio from 4.11 to 0.76% [22]. Figure 6c
and f can more intuitively show the comparison between the two solutions for MoS2
thin film transfer.

Figure 7c and d show the contact angles of deionized water and mixed liquid
(deionizedwater: alcohol=1:1) onHfO2/Si substrate, respectively [22].Whenmixed
with alcohol, the contact angle decreases obviously, which may be due to reduction
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Fig. 4 Illustration of the surface energy assisted transfer process. Reprinted with permission from
[21]. Copyright © 2014, American Chemical Society. All rights reserved

of surface tension γsl by the surfactant action of alcohol in water. In addition, metal
oxide semiconductor is a kind of hydrophobicmaterial.Mixed alcohols as surfactants
may also reduce interfacial tension γfl. Considering three kinds of surface tension,
mixing deionized water with ethanol will increase diffusion parameters and lead to
wrinkle free MoS2. In addition, the ratio of deionized water to ethanol depends on
the surface tension of the substrate used. For HfO2/Si substrates, the ratio can be
between 1:1 and 3:1 [22]. However, when a high proportion of alcohol is used, it will
have a negative effect. For the transfer ratio of other substrates, it is not mentioned
that it is necessary to calculate the effect of three surface tensions on the substrate to
be transferred and calculate the appropriate ratio.

3 Conclusions

In this paper, we have reviewed several transfer methods of MoS2 in terms of
micromechanical exfoliation, wet etching transfer, ultrasonic bubbling transfer and
surface energy assisted transfer. Micromechanical exfoliation is simple and fast,
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Fig. 5 a Surface functionalized transfer of molybdenum disulfide over a large area. b As grown
MOCVD MoS2.. c Transferred MoS2 on PET. d Floated PMMA/MoS2 stack on water surface.
Reprinted with permission from Ref. [17], Advanced Functional Materials Publishing. Copyright
the “Wiley Materials”. All rights reserved

but the transfer size is uncontrollable. Wet etching transfer is the most popular and
common method at present. In this review, we have put a special emphasis on the
ultrasonic bubbling transfer and surface energy assisted transfer methods, because
the films transferred by these two methods are of higher quality and repeatability,
they can be transferred in a large area and can be applied to the hottest flexible
substrates. Flexible optoelectronic devices can be fabricated by flexible substrates.
With the increasing maturity of the flexible substrate process, the requirements for
the transfer process will be higher. This high-quality, high-repeatability, large-scale
transfer method will be suitable for large-scale industrial production.
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Fig. 6 Comparison of transfer results of two solutions for MoS2 thin film. Reprinted with
permission from Ref. [22], and © IOP Publishing. Reproduced with permission. All rights reserved
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Fig. 7 Graphic vector representation of three surface tensions in two different solutions. Reprinted
with permission from Ref. [22], and © IOP Publishing. Reproduced with permission. All rights
reserved
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5. Magda GZ, Pető J, Dobrik G, Hwang C, Biró LP (2015) Exfoliation of large-area transition
metal chalcogenide single layers. Sci Rep 5(1):14714

6. Frindt RF (1996) Single crystals of MoS2 several molecular layers thick. J Appl Phys
37(4):1928–1929

7. Yu H, Liao M, Zhao W, Liu G, Zhou XJ, Wei Z, Xu X (2017) Wafer-scale growth and transfer
of highly-oriented monolayer MoS2 continuous films. ACS Publ 11(12):12001–12007

8. Suk J, Kitt A,MagnusonCW,HaoY,Ahmed S,An J (2011) Transfer of CVD-grownmonolayer
graphene onto arbitrary substrates. ACS Publ 5(9):6916–6924

9. Najmaei S, Liu Z, ZhouW, ZouX, ShiG, Lei S (2013)Vapour phase growth and grain boundary
structure of molybdenum disulphide atomic layers. Nat Mater 12(8):751–759

10. Van AM, Huang PY, Chenet DA (2013) Grains and grain boundaries in highly crystalline
monolayer molybdenum disulphide. Nat Mater 12(6):554–561

11. Elías AL, Perea-López N, Castro-Beltrán A (2013) Controlled synthesis and transfer of large-
area WS2 sheets: from single layer to few layers. ACS Publ 7(6):5235–5242



Transfer Methods of CVD-Grown Two-Dimensional … 53

12. Kim JY, Kim DH, Kwon MK (2017) Controlled growth of large-area and high-quality
molybdenum disulfide. Jap J Appl 5(6):110302.1–110302.4

13. Salvatore GA, Münzenrieder N, Barraud C, Petti L (2013) Fabrication and transfer of flexible
few-layers MoS2 thin film transistors to any arbitrary substrate. ACS Publ 7(10):8809–8815

14. Li H,Wu J, Huang X, Yin Z, Liu J, Zhang H (2014) A universal, rapid method for clean transfer
of nanostructures onto various substrates. ACS Publ 8(7):6563–6570

15. Sun J, Li X, Guo W, Zhao M, Fan X, Dong Y, Xu C (2017) Synthesis methods of two-
dimensional MoS2: a brief review. Crystals 7(7):198

16. Shi J, Ma D, Han GF, Zhang Y, Ji Q, Gao T, Sun J (2014) Controllable growth and transfer
of monolayer MoS2 on Au Foils and its potential application in hydrogen evolution reaction.
ACS Publ 8(10):10196–10204

17. Shinde SM, Das T, Hoang AT (2018) Surface-functionalization-mediated direct transfer
of molybdenum disulfide for large-area flexible devices. Adv Function 28(13):1706231.1–
1706231.11

18. Mlack JT, Das PM, Danda G, Chou YC, Naylor CH (2017) Transfer of monolayer TMDWS2
and Raman study of substrate effects. Sci Rep 7(1):43037

19. Yu Y, Fong PW,Wang S, Surya C (2016) Fabrication ofWS 2/GaN pn junction byWafer-Scale
WS 2 thin film transfer. Sci Rep 6:37833

20. Ma D, Shi J, Ji Q, Chen K, Yin J, Lin Y, Zhang Y, Liu M (2015) A universal etching-free
transfer of MoS2 films for applications in photodetectors. Nano Res 8(11):3662–3672

21. Yu SY, Su L, Yu Y, Suarez F, Yao S, Zhu Y (2014) Surface-energy-assisted perfect transfer
of centimeter-scale monolayer and few-layer MoS2 films onto arbitrary substrates a gurarslan.
ACS Publ 8(11):11522–11528

22. Liu X, Huang K, Zhao M, Li F, Liu H (2019) A modified wrinkle-free MoS2 film transfer
method for large area high mobility field-effect transistor. Nanotechnology 31(5):055707



Organic Near Infrared Photodiode Based
on Tin Naphtalocyanine as Sensitive
Layer

Xinyu Song and Wenli Lv

Abstract The organic photodiodes (OPDs) have the advantages of rich functional
material, controllable light-sensitive wavelength, low cost, and can be prepared on a
flexible substrate, and has an important application prospect in the aspects of image
sensing, immune detection, optical communication. Near infrared (NIR) optical
devices can be fabricated mainly by using narrow energy gap materials and organic
near infrared dye doping.Metal phthalocyanine,metal naphtalocyanine/fullereneC60

planar heterojunctions (PHJs) were often used as the active layer of NIROPD. In this
paper, NIR OPD based on SnNc as near infrared photosensitive layer were studied,
because of its excellent absorption efficiency in NIR region. Bi-layer SnNc/C60 PHJ
based OPD exhibited a large dark current, resulting a low photosensitivity. To reduce
the dark current of the device, CuPc was introduced as electron blocking layer in
the device, and tri-layer CuPc/SnNc/C60 PHJ based OPD was studied. The device
shows improved performance, such as a low dark current, a large photoresponsivity,
photosensitivity, the external quantum efficiency and the specific detectivity. The
improved performance of device can be attributed to the enhanced electron injection
barrier at the interface of anode and CuPc electron blocking layer.

Keywords Organic photodiodes · Near infrared · Planar heterojunctions

1 Introduction

Near infrared (NIR) field involves many industrial applications, such as artificial
optical communication [1], biomedical science, imaging system [2] and remote
monitoring. The organic photodiodes (OPDs) have the advantages of rich functional
material, controllable light-sensitive wavelength, low cost, and can be fabricated on
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flexible substrates, and has an important application prospect in the aspects of image
sensing, immune detection, optical communication. Near infrared optical devices can
be fabricated by doping narrow gap materials and organic near infrared dyes. Metal
phthalocyanines such as lead phthalocyanine (PbPc) [3], tin phthalocyanine (SnPc)
[4–7] and aluminium phthalocyanine chloride (AlPcCl) are mainly used organic
narrow energy gap materials and near infrared absorbing materials for OPD, organic
solar cells and photoresponsive organic field effect transistors.

In OPD devices, charge carriers are generated through the dissociation of photo-
generated excitons in the region where the electric field is sufficiently strong. Donor
(D)/acceptor (A) PHJ structure can effectively improve the photo-generated exciton
dissociation efficiency, due to the high electric field in the D/A interface. Metal
phthalocyanines/fullerene C60 planar heterojunctions (PHJs) were often used as the
active layer of NIR OPD [8]. In this paper, NIR OPD based on SnNc as NIR photo-
sensitive layer were studied. Bi-layer SnNc/C60 PHJ based OPD exhibited a large
dark current, resulting a low photosensitivity. In order to reduce the dark current
of the device, CuPc was introduced as electron blocking layer in the device, and
tri-layer CuPc/SnNc/C60 PHJ based OPD was studied. The device shows improved
performance, such as a low dark current, a large photoresponsivity, photosensitivity,
the external quantum efficiency and the specific detectivity.

2 Experimental Section

CuPc was purchased from J&K Chemical Ltd., C60 from Luminescence Technology
Co., Ltd., Taiwan, and BCP and SnNc from Jilin OLED Co. Ltd. China. 30�/square
patterned ITO glass substrates were used for fabricating device, the substrates were
cleaned by an Ultrasonic Cleaner in acetone, ethanol, and de-ionized water stepwise,
and then blow-dried with high pressure N2 gas and desiccated in a vacuum drying
oven (60 °C). Device A and B with the organic active layer of “SnNc/C60/BCP” and
“CuPc/SnNc/C60/BCP” (Fig. 1) respectivelywas fabricated by thermally evaporating
the activematerials on the ITOglass substrates in sequence.A100nm thick aluminum
top electrode with an active area of about 1.5 mm2 was deposited by shadow mask
vacuum deposition. The deposition rate of the evaporated material is 1–2 nm min−1,
and the thickness of the film is controlled by the quartz crystal oscillator near the
sample. This measurement data was measured with the incident light power density
of 100 mW/cm2 and the wavelength of 850 nm red laser as the light source, and the
current-voltage (I-V ) characteristics are tested by self-made measuring system.

3 Results and Discussion

Figure 2 shows the UV-Vis absorption spectra of CuPc, C60 and SnNc films on quartz
glass, respectively. One can see that SnNc thin film exhibit strong absorption at the
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Fig. 1 The schematic structures of a device A and b device B

Fig. 2 Absorption spectra of
CuPc, C60 and SnNc thin
films on the quartz substrates
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wavelength around 800–900 nm, while, CuPc and C60 exhibit negligible absorption
at the same region. As a result, in the NIR region the absorption of SnNc/C60 and
CuPc/SnNc/C60 PHJ films originates mainly from SnNc molecule.

The photosensitivity (P) and photoresponsivity (R) are two important performance
parameters of photodiode. The ratio of the photo-current (Iph) to the dark current
(Idark) is photosensitivity [9] and the ratio of photo-current to the incident optical
power (Popt) is photoresponsivity. The P and R of the device were calculated by the
following relation.

P = Iph
Idark

= Iill − Idark
Idark

(1)

R = Iph
Popt

= Iph
Pin A

(2)
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where I ill is the illumination current, Pin is incident light power density and A is
the effective area of device. Based on the photoresponsivity, the external quantum
efficiency (EQE) can be calculated [10]:

EQE = hc

qλ
R (3)

where h is the Plank’s constant, c is the speed of light, q is meta charge and λ is
the wavelength of incident light. At reverse voltages larger than zero, the specific
detectivity (D*) can be calculated by the following relation [11]:

D∗ = R/
√
2q Jdark (4)

where Jdark is the current density of the device in the dark.
I-V characteristics of Device A based on active layer at 850 nm laser in the dark

and under NIR illumination as shown in Fig. 3a. When the reverse bias increases,
the dark current increases rapidly, and reaches 90.83 uA at the reverse bias voltage
of −5 V. The current is 278.07 uA under NIR illumination, which is ~3 times of the
dark current. Larger dark current may lead to lower photosensitivity. As shown in
Fig. 3b, a low electron injection barrier of 1 eV exists at the interface of ITO and
SnNc acceptor layer, with the result that electrons be effectively injected from the

Fig. 3 a I-V characteristics
of device A based on active
layer at 850 nm laser,
b energy level diagram of
device A
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Fig. 4 a I-V characteristics
of device B based on active
layer at 850 nm laser,
b Energy level diagram of
Device B
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anode at the reverse bias voltage. As a result, Device A shows a high dark current
and a low photosensitivity.

On the behalf of increasing the device performance, CuPc/SnNc/C60-based OPD
was fabricated by inserting CuPc electron blocking layer between the ITO anode
and SnNc NIR sensitive layer (Fig. 1b). I-V characteristics of Device B based on
active layer at 850 nm laser in the dark and under NIR illumination is described in
Fig. 4. Device B (Idark= 51.76 uA) has a lower dark current comparison with Device
A (Idark= 90.83 uA) under 100 mW/cm2 light. The current reaches 469.53 uA at the
reverse bias voltage of -5V,which is ~9 times of the dark current. As shown in Fig. 4b,
a high electron injection barrier of 1.6 eV exists at the interface of ITO anode and
CuPc electron blocking layer, which effectively reduce the electron injection from
the anode, resulting in effectively reduced the dark current and improved the device
of photosensitivity. As summarized in Table 1, performance details of Device B about
R,Pmax,EQE andD* reach 401.22mA/W, 10,978.91, 58.64% and 1.21× 108, which
was 3.3, 4.6, 3.3 and 4.2 times of Device A, respectively.

4 Conclusion

In conclusion, NIR OPD based on SnNc/C60 bi-layer and CuPc/SnNc/C60 tri-layer
PHJs were fabricated and studied. The results showed that CuPc/SnNc/C60 tri-layer
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Table 1 Performance details of device A and B

Iadark
(uA)

Ra (mA/W) Pb
max EQEa

(%)
D*a

(Jones)

Device A 90.83 120.28 2384.14 17.58 2.89 × 107

Device B 51.76 401.22 10,978.91 58.64 1.21 × 108

aThe results based on V = −5 V and Popt=2 mW/cm2

bThe results based on device A at V = −0.04 V and device B at V = −0.20 V, and Popt=100
mW/cm2

PHJ photodiode superior performance compared with SnNc/C60 bi-layer PHJ photo-
diode. Under 850 nm light illumination, CuPc/SnNc/C60 tri-layer PHJ photodiode
shows a large photoresponsivity of 401.22 mA/W, which is about 2.3 times more
than SnNc/C60 bi-layer PHJ photodiode under the same conditions. The improved
performance of device can be attributed to the enhanced electron injection barrier at
the interface of anode and CuPc electron blocking layer.
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The Manipulation of Two Types
of Particles by a Radially Polarized
Bessel-Gaussian Beam with Phase
Modulation

Pengjie Sun, Jinsong Li, and Hongjie Ma

Abstract According to vector diffraction theory, the intensity of radially polarized
Bessel-Gauss beams through the high numerical aperture(NA) objective with phase
modulation system is numerically investigated. The intensity of the beam at the focal
area is calculated. And the possibility of manipulating gold particles and bubbles
is discussed by adjusting the phase distribution of the phase plate. By using the
Rayleigh scattering theory, we calculated the gradient force, absorption force and
scattering force of the light beam on the gold particles and bubbles with modulating
phase, respectively. Under the thermal disturbance of the surrounding environment,
the particles will do Brownian motion, and the generated Brownian force will have
a certain influence on the capture stability, so we also calculated and analyzed the
capture stability of the twodifferent particles by the beam.The result of the simulation
show that the radially polarized Bessel-Gauss beams is suitable for manipulating two
kinds of particles by phase modulation.

Keywords Vector diffraction theory · Radially polarized Bessel-Gaussian beam ·
Phase modulation · Manipulate

1 Introduction

In 1970, researchers at bell LABS first discovered that particles could be captured
and manipulated using the capture capability of highly focused beams [1]. Until
1986, the first real optical tweezers system was reported by Ashkin [2]. Since then,
optical tweezers have been a key technology for the capture, characterization and
manipulation of atoms and nanoscopic particles [3–6]. The force in optical tweezers
is divided into two different contributions: one is the gradient force proportional to
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the intensity of the light field, which is responsible for the capture of the particles;
the other is the absorption force and scattering force, they have dissipative nature,
not conducive to the particle capture. With a high NA objective focusing system, the
radially polarized beam produces many unique advantages, such as smaller spot size
and strong longitudinal field composition [7],whichhas become the focus of research.
However, research on most radially polarized beams has focused on the Bessel-
Gaussian beam mode or the Laguerre-Gaussian beam mode. Nie et al. designed
the three-belt phase filter and realized the manipulation of two particles with radial
polarized Laguerre-Bessel-Gaussian beam [8].

In this paper, we show that using a radially polarized Bessel-Gaussian beam to
manipulate the two kinds of particles by adjusting the phase distribution of the phase
plate according to vector diffraction theory. And we calculated the radiation force
on the particle.

2 Theoretical Analysis

In Fig. 1, the system we investigated is depicted. We placed a circular phase plate in
front of the objective lens, and this plate can change the phase of the incident beam.
Then the modulated beam will focus by this lens.

In the high NA objective lens focusing system, the radially polarized Bessel-
Gaussian beam can be described as:

l(θ) = J1

(
2β sin θ

sin α

)
exp

(
−β2sin2θ

sin2α

)
(1)

In the above equation, β is the ratio of the radius of pupil and beam waist, α =
arcsin(N A/n) is the maximum of the convergence angle θ , and J1 represents the
first order Bessel function, respectively.

Based on Richards and Wolf methods [9, 10], at the focal point, the electric field
intensity E(r, z) of the radially polarized Bessel-Gauss beam focused by the high
NA lens with an additional phase plate can be expressed as

Fig. 1 Phase-modulated
focusing optical system
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Er (r, z) = A
∫ α

0

√
cos θ sin(2θ)l(θ)T (θ)J1(kr sin θ) exp(ikz cos θ)dθ (2)

Ez(r, z) = 2i A
∫ α

0

√
cos θsin2θl(θ)T (θ)J0(kr sin θ) exp(ikz cos θ)dθ (3)

According toMaxwell’s equations, the relationship betweenmagnetic and electric
fields is as follows

H = − i

k

√
ε

μ
∇ × E (4)

By substituting Formulas (2) and (3) into Formula (4), the magnetic field intensity
of radially polarized Bessel-Gauss beams focused by high NA lenses should be
written as follows

Hϕ(r, z) = 2An

μ0c

α∫
0

√
cos θ sin(θ)l(θ)T (θ)J1(kr sin θ) exp(ikz cos θ)dθ (5)

where r and z represent the direction in the cylindrical coordinates, A = E f n1/2/λ,
E is the amplitude determined by the incident beam energy, λ and f are incident
wavelength and focal length, respectively. kdenotes the wave number, which rela-
tionship with λ is k = 2π/λ, c is the light speed, μ0 is the permeability of vacuum,
T (θ) represents the phase transmission function.

In the focal region, the intensity distribution and average Poynting vector of the
beam are expressed as

I (r, z) = |Er (r, z)|2 + |Ez(r, z)|2 (6)

〈S〉 = 1

2

{
Re

[
Er (r, z)H

∗
ϕ (r, z)

]−→ez − Re
[
Ez(r, z)H

∗
ϕ (r, z)

]−→er }
(7)

In Formula (9), −→er is the unit vectors in r direction, and −→ez is the unit vectors in
z direction.

In an optical field, the Rayleigh particle can be considered a point dipole, because
of its radius is smaller than the wavelength of the incident beam. And the point dipole
polarizability α is expressed as

α = 4πa3ε1(ε2 − ε1)/(ε2 + ε1) (8)

where a represents the radius of the Rayleigh particle, ε1 is the dielectric constants of
the particle, and ε2 is the dielectric constants of the medium surrounding the particle.
Based on Rayleigh scattering theory [11], the gradient, absorption and scattering
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forces can be written as

Fgrad = 1

4
Re(α)ε0∇ I (r, z) (9)

Fabs = n〈S〉Cabs/c (10)

Fscat = n〈S〉Cscat/c (11)

where ε0 is the permittivity in a vacuum, Cscat = k4|α|2/6π is the scattering cross
sections, Cabs = kn Im(α)/ε1 is the scattering cross sections. Re and Im represent
real and imaginary parts, respectively.

In trapping force by the beams, the particles are subjected to three forces: gradient
force, absorption force and scattering force. Using Formulas (6)–(11), the radially
Bessel-Gaussian beam radiation force on the particle can be calculated.

3 Results and Discussion

In the simulation calculation, the laser power is 500mw, thewavelengthλ is 1047 nm,
and the manipulated particle is placed in water(n= 1.332).N A = 0.95, β = 1.9487.

To realize the manipulation of bubbles, we add a phase plate to the system. The
transmission function T (θ) of it is written as

T (θ) =
{
exp(−iπ/2), for 0 � θ � θ1

exp(iπ/2), for 0 � θ � α
(12)

θ1 and α correspond to two radial positions r1 and r2, respectively. The bubble
has a radius of 30 nm. And it has a refractive index is 1, less than 1.33 of water.

Here we give an example of adjusting the phase distribution, and choose two
angles represented as θ1= 35.90◦ and α= 71.8◦, respectively. And we calculated the
gradient force Fgrad and sum of the scattering force and absorption force Fscat +Fabs
acted on the bubble by the radially polarized Bessel-Gaussian beam as shown in
Fig. 2.

Comparing Fig. 2(a) with Fig. 2c, it is found that the gradient force acting on
bubbles in the r direction is much bigger than the sum of absorption force and
scattering force. Comparing Fig. 2b with Fig. 2d, we can get the same situation in z
direction.

Now, to manipulate the gold particle, which has a higher refractive index than
water, we add another phase plate to the system. The transmission function T (θ) of
it is expressed as
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Fig. 2 The radially polarized Bessel-Gaussian beam acts on the bubbles. The sum of scattering
force and absorption force, the gradient force along the a, c r direction and b, d z direction

T (θ) =
{
1, for 0 � θ � θ1

exp(iπ/3), for 0 � θ � α
(13)

The gold particle has a radius of a= 19.1 nm, and its permittivity is ε2=−54+5.9i .
The corresponding dielectric constant of water is 1.7689. It is obvious that the gold
particles refractive index is greater than that of water.

We here give an example of adjusting the phase distribution that θ1=62.83◦ and
α= 71.8◦. In Fig. 3, the force on the gold particle we calculated is shown. We can
see from Fig. 3 that the gradient force on the gold particles is still far greater than the
sum of the absorption force and scattering force in all directions. When the force is
positive, the particle is subjected to a forward thrust in the positive direction, however,
when the force is negative, the particle is subjected to a pulling force in the negative
direction. And from Fig. 2a, c, we could get that the gradient force Fgrad and the
sum of the scattering force and the absorption force Fscat + Fabs of the bubble in
the negative direction of the r-axis are positive, causing the bubble to move to the
focus along the positive direction in r-axis. The bubbles at the focus are not affected
by force. In the positive half-axis of r, Fgrad is negative, causing the bubble to move
in the negative r direction. At the same time, Fscat + Fabs is positive, pushing the
particle to move in the positive direction of the r-axis. Because of Fgrad is greater
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Fig. 3 The radially polarized Bessel-Gaussian beam acts on the gold particle. The sum of scattering
force and absorption force, the gradient force along the a, c r direction and b, d z direction

than Fscat + Fabs , the bubble will reach the force balance at the focus. Since Fgrad is
much larger than Fscat + Fabs in the z direction, the same force condition applies to
the z direction as can be seen from Fig. 2b, d. The force of the gold particles is shown
in Fig. 3. We can see from Fig. 3a, c that in the negative half-axis of the r-axis, Fgrad

and Fscat + Fabs are both negative, while in the positive half-axis, all three forces
are positive, this means that the gold particle will be subjected to a thrust that causes
it to move away from the focus and move in the negative and positive directions,
respectively. But at the focus, the force is zero and the gold particles are unstressed.
In the z direction, the gold particles will stabilize at the focus under the influence of
three forces, as shown in Fig. 3b, d.

To achieve stably manipulate, some stability criteria need to be satisfied. Firstly,
Fgrad should be large enough than Fscat +Fabs , namely, R = Fgrad/(Fabs + Fscat ) >

1, and R is the stability criterion. In order to more conservative estimates, we use
R = (

Fgrad
)
max/

[
(Fabs + Fscat )max

]
> 1 [12] to estimate stability. After simple

calculations. We have obtained R for bubbles in the r and z directions of 78,986 and
7.88×107, respectively, and for gold particles, R in the z direction is 9.67×106. The
results show that the radial-polarized Bessel-Gaussian beam can capture bubbles and
laterally move the gold particles by adjusting the lens of the additional phase plate.

Secondly, the particles will generate kinetic energy due to Brownian motion, so
in order to be able to manipulate the particles stably, the potential well produced
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by the gradient force should be deep enough to overcome this energy. A commonly
accepted criterion for particle trapping stability is Rthernmal = exp(−Um/kBT ) � 1
[2], whereUm is themaximum potential depth given by |Re(α)ε0 I (r, z)max/2|, kB is
the Boltzmann constant, and T represents the temperature of the medium around the
particle. We assume the temperature is 300 K, for the air bubble, Rthernmal is calcu-
lated to be 3.17× 10−2, for the gold particle Rthernmal is 3× 10−3. The results show
that the radially polarized Bessel-Gaussian beam can overcome Brownian motion to
manipulate two different types of particles.

4 Conclusion

In summary, based on vector diffraction theory, the radiation force of a radially
Bessel-Gauss beam on bubbles and gold particles is calculated by changing the
phase distribution of the additional phase plate lens. The gradient force generated by
the beam on the bubble is far greater than the sum of scattering and absorption forces
and the potential well depth generated by the gradient force can overcome the kinetic
energy of the bubble. For gold particles, the beam is capable of stably controlling the
gold particles in the direction of propagation andmove horizontally in the focal plane,
respectively. Therefore, by using the phase-modulated system, a radially polarized
Bessel-Gaussian beam can steadily manipulate two different particles.
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Application of Light Wave in Surface
Science and Surface Treatment
Technology

Gaohui Zhang, Kai Wang, and Yang Wang

Abstract The history of optical development reflects the history of science and
technology to some extent, the origin of light and matter is a very fundamental issue
in physics, corpuscular and Wave theory of light has played a very important role in
promoting the development of modern science and technology. This paper is based
on material surface science and technology, discusses the precise measurement and
evaluation of surface science and technology bymeans of light refraction and interfer-
ence. Set forth the application of high energy, highmonochromaticity and high direc-
tivity laser in surface science and surface treatment technology of materials such as
laser cladding and laser surface alloying, points out that lightwave is an advantageous
weapon for surface science and surface treatment technology progress, it provides
conditions for improving material surface properties, expanding material application
field and prolonging material service life. It is also predicted that the optical progress
in the future will continue to be a favorable support for the development of material
surface science and surface treatment technology.

Keywords Light · Laser · Surface science · Surface treatment

1 First Section

Light is composed of photons and haswave-particle duality, its essence is electromag-
netic wave. Light waves have physical properties such as interference and diffraction
due to the wave character of light. Its several thousand angstroms of wavelength
provide the conditions for accurate measurement. Since July 1960, Dr. T. Mayman
of Hughes Aircraft Company in New York announced that he developed the world’s
first laser onMay 15th, generating the first laser [1].Laser is characterized by its high
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energy, high monochromatism, high brightness, high sensitivity and high accuracy,
and the wave band is continuously adjustable, including infrared, visible light, ultra-
violet to X-ray bands, revolutionized the science of optics, and lasers changed the
available quantities of physics on a large scale. The birth of the laser has added a new
way for human beings to understand and transform the world, it has had and will
continue to have a significant and profound impact on the contemporary information
society. In measuring distance, laser drilling, cutting, scratching, welding, integrated
circuit packaging, resistance fine-tuning, chip cleaning and so on have been insepa-
rable from laser. Laser therapy technology involves almost every subject, and plays an
irreplaceable role in urology, cardiovascular, orthopedics, dentistry and other special-
ties. Up to now, laser technology has been widely used in national defense, industry,
chemistry, medical and other fields [1–5]. In all fields of scientific research, laser has
become a powerful scientific research means. Especially the advent of femtosecond
laser pulses has made microfabrication even further. Laser technology also plays an
important role in surface science and surface treatment technology.

2 Optical Measurement

2.1 Measurement of Surface Profile

Surface three-dimensional micro-topography has the most direct impact on the eval-
uation of many technical properties of engineering parts, and the surface three-
dimensional evaluation parameters are paid more and more attention because they
can reflect the surface characteristics of parts more comprehensively and more truly
and measure the surface quality, so the measurement of three-dimensional surface
microtopography becomes more and more important. Through the measurement
of three-dimensional topography, the surface quality can be evaluated comprehen-
sively, and then the rationality of the processing method and design requirements
can be confirmed. In this way, high-quality surface can be processed by guiding the
processing and optimizing the processing technology to ensure the realization of
parts’ use functions. Optical 3D surface profilometer is a detection instrument for
sub-nanometer measurement of the surface of precision devices and materials. It is
based on the principle of white light interference technology, combined with preci-
sion z-scan module and 3D modeling algorithm to perform non-contact scanning on
the surface of the device and establish 3D image of the surface, and using the system
software to process and analyze the 3D image of the device surface, obtain the param-
eters reflecting the surface quality of the device, the optical detection instrument for
3D measurement of the device surface topography is realized. It is used in semi-
conductor manufacturing, precision parts, optical processing, micro-nano materials
and other ultra-precision processing also in industries, aerospace, national defense,
scientific research institutes and other fields [6]. It can be used to measure the rough-
ness, flatness, microscopic geometric contour and curvature of all kinds of objects
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from super smooth to rough, low reflectivity to high reflectivity, and from nanometer
to micron.

2.2 Measurement of Surface Profile

The surface roughness is the roughness of the surface with small spacing and small
peak valley. The surface roughness is closely related to the matching properties, wear
resistance, fatigue strength, contact stiffness, vibration and noise ofmechanical parts,
which are generally formed by the processing methods adopted and other factors.
It has important influence on the service life and reliability of mechanical products.
Measurement of roughness is of great significance in understanding the surface char-
acteristics and service life of products. The traditional measurement method is stylus
method, which has certain requirements on the surface roughness, and the accuracy
is not too high. The study of surface roughness of metal films by optical methods
such as ellipsometry, interferometry, stylus method and scattering has been paid
more and more attention because of its timeliness and non-destructiveness: ellip-
sometry is the method of measuring the change of the reflected light polarization of
the film deposited on the substrate by ellipsometry to obtain the information about
the thickness of the film and the optical parameters quantitatively. Theoretically,
the measurement sensitivity of the ellipsometry technique can reach the order of
0.1 nm. Deng Liwen and Wang Gongming use surface plasmon spectroscopy (SPS)
to determine the surface roughness of metals [7, 8],The roughness measurement by
comparison method is based on the comparison between the visual and tactile sense
and the surface under test, judging that the roughness of the surface under test is
equivalent to that value, or measuring the change of reflected light intensity to eval-
uate the surface roughness; Light-section method of roughness is that the light band
formed by the light passing through the slit is projected onto the measured surface,
and the surface roughness is measured by the contour curve formed by the line of
intersection with the measured surface; Interferometric measurement of roughness
uses the principle of light wave interference to display the shape error of themeasured
surface as an interference fringe pattern, and uses a microscope with a high magnifi-
cation (up to 500 times) to magnify the microscopic part of these interference fringe
to measure, to get the measured surface roughness.

2.3 Microtopography Test

The microstructure of material surface is a very important index to measure the state
of material surface. The microstructure of the material surface can be investigated to
assess the basic composition of the material surface, which has certain significance
for the roughness and porosity of the material investigation, so as to provide a basis
for studying the wear resistance and corrosion resistance of materials, etc. Optical
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Fig. 1 Hydrogen-free
carburization of Ti alloy

microscopy is the most direct means to obtain the surface morphology of materials,
and the magnification can reach thousands of times. Figure 1 is the microscopic
morphology of the titanium alloy surface after hydrogen-free carburization obtained
by the optical microscope [9, 10], the thickness and existing state of the carburizing
layer after the carburizing of titanium alloy can be clearly understood through the
photos.

2.4 Laser Scattering Measurement of Liquid Surface Tension

There are thermally excited capillary waves on the liquid surface. The wavelengths
(micron order) and amplitude (nano order) of these waves are very small. For the
light incident on the liquid surface, these waves are like moving gratings, which will
cause incident light to occur Brillouin scattering. The properties of surface waves are
related to the surface tension of liquid, the surface tension of liquid can be obtained
by analyzing the scattered light [11]. Compared with the traditional method, the
method of measuring liquid surface tension by laser scattering is non-contact, fast
and can be used for limit measurement.

2.5 Measurement of Optical Temperature

Temperature is almost the most important parameter in the heat treatment of mate-
rials, the high or low temperature and the speed of temperature change have a great
influence on the properties of materials. However, it has become a difficult problem
in material science to obtain accurate temperature under the restriction of conditions.
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Fig. 2 The temperature distribution of the plasma in the double glow discharge

All objects whose temperature is above absolute zero constantly emit infrared radia-
tion energy to the surrounding space. The amount of infrared radiation energy of an
object and its distribution bywavelength are very closely related to its surface temper-
ature. Bymeasuring the infrared energy radiated by an object, its surface temperature
can be accurately measured. Infrared temperature measurement is the infrared radi-
ation energy emitted by the object into electrical signals, infrared radiation energy
and the size of the object itself corresponding to the temperature, according to the
size of the conversion into electrical signals, you can determine the temperature of
the object. With the development of digital technology, it has become a reality to use
digital camera to obtain the thermal effect picture of temperature and then obtain the
temperature field according to digital imaging. Figure 2 shows the temperature field
in the double glow ion metallization technique calculated by professor zhang pingze
using digital imaging of light [12]. Figure 3 is the color temperature diagram.

2.6 Flame Resistance Test

The femtosecond laser, which works in the form of pulse, has the characteris-
tics of extremely short pulse duration, extremely high pulse instantaneous power
and extremely strong focusing electromagnetic field. The beam characteristic of
femtosecond laser pulse determines that it is the most ideal tool in laser micro-
machining. The main feature of femtosecond laser processing is that laser pulses can
inject energy into the processed area in less time than the thermal diffusion of matter.
That is to say, the laser pulse has ended before the thermal diffusion of the energy
irradiated into the material, so there is no thermal diffusion problem in the irradiated
area, so that extremely high thermal efficiency finishing can be obtained.
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Fig. 3 Color temperature
diagram

It is a difficult problem to test the flame retardancy of materials by simulating
the burning scenario. The femtosecond laser is used to perform the cauterization
experiment on the surface of the material. It is convenient and accurate to judge
the ablation performance based on the traces of the cauterization. Figure 4 shows
a laser ablation experiment using a mode-locked titanium sapphire laser Mai Tai
HP after infiltration copper plating on a titanium alloy Ti6Al4V. The experimental
conditions first use anhydrous methanol to clean the sample surface so that the
sample surface has the same absorbance. Experimental conditions, then at room
temperature and pressure, laser power 2.60 w, monopulse pulse width 100 fs, central
wavelength 780 nm, repetition rate 80MHz, laser ablation 60 s. After the experiment,
Olympusmetallographicmicroscopewas used to photograph the surface combustion
morphology [13]. Compared with the samples without copper plating, the center
ablation area was significantly smaller, indicating that the flame retardancy was
improved.



Application of Light Wave in Surface Science … 77

Fig. 4 Ablation morphology

3 Laser Surface Treatment

Laser surface treatment is to use high power density of laser beam, using a laser of
high energy, high directivity characteristics of the processing surface heat exchange
quickly, heating surface in the form of non-contact, conduction cooled by means of
material surface itself, in the processing of material surface to form certain thickness
layer, improve material surface organization and structure, to improve the surface
strength, wear resistance, corrosion resistance, fatigue resistance and a series of
performance. The energy transfer is convenient, can have the selective local strength-
ening and the energy action concentration. Laser surface treatment has the advan-
tages of short processing time, small impact area, small deformation,more significant
effect, high speed, high efficiency.

3.1 Laser Quenching

The laser surface quenching technology began in themid-1970s, using a laser beamof
high-energy density to scan metal surfaces in non-contact ways, after the absorption
of light energy, the temperature rises to above the austenitic phase transition temper-
ature and below the melting point temperature. Such a fast temperature rise process
is beneficial to the formation of austenite nuclei, which can obtain fine austenite
grains, and then perform rapid heat transfer and rapid cooling by itself. Because
the heating time is short and the cooling rate is too fast, the austenite is too late
to homogenize, resulting in uneven distribution of carbon and alloy elements, the
difference between the fine grained austenite and the austenite structure composition
is conducive to finally obtaining fine and high hardness martensite. Make the surface
of the workpiece extremely compressive stress, greatly improve the fatigue strength
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of thematerial [13].The surface hardness of the workpiece after laser hardening treat-
ment is high, 15–20% higher than that of conventional quenching, and the surface
condition is good, which can be used as the final processing procedure.

3.2 Laser Etching

Laser etching technology is a flexible processing technology that combines pulsed
laser etching processing with advanced CNC system. It uses short pulses and high
peak power laser pulses to rapidly and locally heat up, melt and even vaporize the
surface of the material to be etched, which can achieve accurate removal of surface
materials. Due to the pulse action time is very short (ns scale), the thermal influ-
ence zone formed in the etched material is very shallow (micron scale), laser etch
can control the etch depth through energy density, it also has characteristics such
as non-contact and non-introduction stress. Secondly, the multi-degree of freedom
laser etching machining head controlled by computer program can achieve accurate
positioning and graphic etching on any complex surface, which has high machining
and positioning accuracy and can complete the etching of curve graphics at one time.
Lanzhou institute of space technology and physics began to adopt the coating/laser
etching technology to carry out the research work of surface metal thin film graphic
structure etching, Up to now, the physical process model of laser etching process
for material combination systems with different thermal properties has been estab-
lished, it also solves technical problems such as low-temperature deposition tech-
nology of metal thin films on composite materials, large and precise cross-scale laser
etching equipment, and related processes [14].The further development direction of
laser etching technology is to improve the ability of etching thick metal thin films
and expand the application in micromachining. Laser etching is a method of direct
etching. It is also possible to further improve the accuracy and resolution of laser
etching, so that it may be replace photolithography to a certain extent in the field of
micromachining.

3.3 Laser Cladding

The cladding alloy is first deposited on the surface of the material by bonding,
spraying, electroplating, etc. Then the alloy is melted by laser beam, and then the
material itself is rapidly cooled and solidified. The laser surface melting technology
is used to achieve the rapid heating and cooling of the local surface of the material
so as to obtain a very fine non-equilibrium rapid solidification structure. The forma-
tion of optical cladding layer is a complex physical and chemical process. It can
effectively reduce cracks, holes and inclusions in the cladding layer, promote grain
refinement and improve the microstructure uniformity of the cladding layer. Laser
claddingmetal-based ceramic composites are composed of oxides, carbides, nitrides,
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borides, silicides and other high melting point rigid ceramic materials compounded
withmetals. Laser claddingmetal-based ceramic composites aremadeof various high
melting point hard ceramic materials such as oxides, carbides, nitrides, borides and
silicides and are compounded with metals, It can combine the high strength, tough-
ness, good technological performance of metal materials with the excellent wear
resistance, corrosion resistance, high temperature resistance and chemical stability
of ceramic phase, and often used to prepare high temperature oxidation resistant
coating, wear-resistant coating, bioceramic coating, etc.

3.4 Laser Alloying

A high energy laser beam is used to mix and melt the alloy coating with the base
metal surface. In a very short time, the alloy layerwith different chemical composition
and structure surface is formed, so that the surface of the matrix has specific alloy
composition. Because of the fast heating speed of laser, the melting zone and the
heat-affected zone are very small. The alloying elements are completely dissolved
in the surface layer, and the composition of the modified layer is very uniform,
not sensitive to chapping and peeling. Alloying of inaccessible and localized areas;
With deep focusing, uniform alloying depth can be obtained on irregular parts; The
power density and heating depth can be controlled accurately to reduce deformation;
Save a lot of valuable elements. In addition, laser alloying can obtain a surface
strengthening layer with fine grains, high hardness and firm combination with the
matrix [18, 19].For example, after laser alloying and strengthening, an excellent
wear resistant layer is formed on the surface of 718 steel, which greatly improves
the service life of the mold.

3.5 Laser Surface Amorphous

Using laser beam to scan the metal surface continuously and quickly to melt the
surface metal, and cooled below the crystallization temperature at a rate greater than
the critical cooling rate to form amorphous on the metal surface, also known as
metallic glass [20, 21]. Laser amorphous also known as laser glazing. The micro-
hardness of the laser amorphous layer is much higher than that of the corresponding
components. In addition, amorphous treatment can reduce surface component segre-
gation, eliminate surface defects, with good toughness, wear resistance, corrosion
resistance.

Also, laser cleaning, laser shock intensification, laser vapor deposition, laser repair
and other technologies have good applications in surface science and technology,
which will not be described here due to limited space.
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4 Conclusion

Science and technology are advancing with each passing day. Advanced technology
and new fields are emerging. Extreme working conditions put higher and higher
demands on work components. New materials keep popping up. As a result, the
application of light wave in the field of surface science and surface treatment tech-
nology has raised new requirements and provided a new research direction and
development space. Although laser processing technology has the disadvantages of
expensive equipment and processing complex parts that require big data automatic
control support, but light wave technology will continue to inherit its advantages
with its unique performance characteristics, which will provide a good support and
promotion for the development of surface science and surface treatment technology.
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Broadband Reversed Fano Switch Based
on a Ring-Bus-Ring-Bus System

Qiqi Yuan, Huihui Zhang, Qiang Liu, and Qingzhong Huang

Abstract We have proposed and experimentally demonstrated a broadband thermo-
optic switch in silicon-on-insulator. The switch is based on a ring-bus-ring-bus
system, which can generate reversed Fano lineshapes in the transmission spectra.
Then, the fabricated device exhibits a 3-dB-bandwidth more than 280 GHz, a
maximum extinction ratio of 28 dB, and a slope rate of 60.8 dB/nm. In addition,
the simulation results reveal that the switch is capable of switching data rates as high
as 320 Gb/s with negligible signal distortion.

Keywords Integrated optics devices ·Micro-optical devices · Coupled
resonators · Optical switching devices

1 Introduction

Fano resonance with a sharp asymmetric lineshape has been observed and widely
investigated in the atomic systems previously [1, 2]. Recently, analogue to Fano
effect is also found in the integrated photonic devices. Owing to the sharp bandedge,
Fano resonance has attracted substantial interests in the fields of low-power optical
switching and modulating [2–4], high-sensitivity sensing [5], optical filtering and
lasers [6]. Various structures have been demonstrated to implement a Fano resonance,
such as waveguide-coupled-cavities [7], photonic crystals [2, 8], and metasurface.
However, the optical Fano switch is still limited by the narrow bandwidth, which will
cause significant spectral distortion and sideband attenuation for a relatively large
data bandwidth. In other words, it will reduce the robustness and capacity of switches
[9].
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In this paper, we have realized a broadband thermo-optic switch with low-power
consumption based on a silicon ring-bus-ring-bus (RBRB) structure. The RBRB
structure has a transmission passband with reversed Fano line shape. Compared with
box-like flat-top lineshape generated by coupled-microrings, reversed Fano lineshape
has a character that one sideband is steep,while the other one is gentle [10]. Therefore,
the RBRB optical switch can be an effective solution to the spectral distortion and
sideband attenuation of conventional Fano switch when it routes optical signals with
a high bit rate. Moreover, the sharp Fano lineshape can dramatically reduce the
required wavelength shift of the transmission spectrum for switching, which means
that the power consumption for switching of the device can be reduced.

2 Device Structure and Theoretical Analysis

As illustrated in Fig. 1, the RBRB structure is composed of a central waveguide
sandwichedby two ring resonators, one ofwhich is coupled to another buswaveguide.
The widths of ring and bus waveguides are denoted byWr andWb, respectively. R1

(R2) is the radius of ring 1 (ring 2), and g1 (g2) is the gap between ring 1 (ring 2) and
the nearby bus waveguide. The input, through, and drop ports are also specified. It is
known that Fano resonance is generated from the interference between a continuum
state and a discrete state. Therefore, the Fano resonance will appear when the low-Q
resonance (continue state) and high-Q resonance (discrete state) are interfered in the
RBRB system.

To analyze the RBRB geometry, we established a theoretical model based on the
temporal coupled-mode theory (T-CMT). Here, the direct coupling between the two
resonators is also considered [11, 12]. We use 1/τ e1 (1/τ e2) to describe the coupling
efficiency between ring 1 (ring 2) and the central bus (central and drop buses). The
direct coupling coefficient between ring 1 and ring 2 is denoted as μ. And 1/τ o1

(1/τ o2) and λ1 (λ2) are the decay rate due to intrinsic loss and resonant wavelength
of ring 1 (ring 2), respectively. Under the steady-state conditions, the transmission
of the through (t = Sthr /Sin) and drop (d = Sdrop/Sin) ports can be derived as

Fig. 1 Schematic of the RBRB system
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whereγ 1= i(2c/λ)−01i(2πc/λ1)−1/τ o1−1/τ e1, andγ 2= i(2πc/λ)− i(2πc/λ2)
− 1/τ o2 − 1/τ e2 − 1/τ e2.

From Eqs. (1) and (2), we have obtained conventional Fano lineshapes and
reversed Fano lineshapes in the RBRB system, as shown in Fig. 2a–d and e–h,
respectively. With 1/τ o2 and 1/τ e2 fixed, the lineshapes depend on the values of μ,
1/τ o1, and 1/τ e1. These parameter values indicate that ring 1 and ring 2 are in the
over-coupling regime and under-coupling regime, respectively. It is observed that
the reversed Fano lineshapes have a bandwidth much larger than the conventional
Fano lineshapes. Hence, the reversed Fano resonance will overcome the limitation of
narrow bandwidth of the conventional Fano resonance when it operated as an optical
switch.

Then, the RBRB structure is also simulated by two-dimensional finite-difference
time-domain (2D-FDTD) method. The structural parameters are set as R1 = R2 =
10 μm, Wr = 0.45 μm, g1 = 0.10 μm, and g2 = 0.12 μm. The simulation region
is bounded by perfectly matched layers. As seen in Fig. 3, left/right-reversed Fano
line shapes are generated, and the FDTD results fit the T-CMT results very well.

3 Device Fabrication

Silicon has a large thermo-optic coefficient (dn/dT = 1.86× 10–4 K−1) at the wave-
length of 1550 nm. We fabricated a thermo-optical switch based on a RBRB system
with a heater in silicon-on-insulator (SOI). The fabricated device is shown in Fig. 4a.
All thewaveguides are firstly defined on the top-silicon layer with a height of 220 nm,
and then covered by a ~1 μm-thick SiO2 using plasma-enhanced chemical vapor
deposition, as seen in Fig. 4b. Then the heater was made up of ~100 nm–thick
titanium, and the pads and electric lines were constructed by a ~1000 nm-thick
aluminium.

4 Measurement Results and Analysis

As shown in Fig. 5a, reversed Fano lineshapes are observed when a direct current
voltage of 2 V is applied on the microheater of ring 1. The experimental results
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Fig. 2 Four types of Fano lineshapes in the RBRB system. In a–d, 1/τ o1 = 1 × 109 rad/s, 1/τ e1
= 1 × 109 rad/s. In e–h, 1/τ o1 = 1.2 × 1010 rad/s, 1/τ e1 = 2 × 1011 rad/s. In (a, c, f, h), μ = −
1.8 × 1011, and in (b, d, e, g), μ = 2.1 × 1011. In (a, c, e, g), λ1 = 1549.22 nm, and in (b, d, f, h),
λ1 = 1550.78 nm. They share the same parameter value of λ2 = 1550.00 nm, 1/τ o2 = 3 × 1010

rad/s, and 1/τ e2 = 2.5 × 1011 rad/s. Black solid lines are the transmission spectra at the through
port. Magenta solid lines are the transmission spectra at the drop port

(dark line) agree well with the theoretical results (dash line) using T-CMT. The
measured spectra show that the reversed Fano lineshapes has a 3-dB bandwidth
more than 280 GHz, an extinction ratio of 28 dB. The average slope rate of the right
bandedge of Fano resonance is 60.8 dB/nm, while the maximum slope rate exceeds
220 dB/nm. The output spectra can be tuned via changing the voltages on the heater.
To characterize the Fano switch, we carried out a simulation and input 40-Gbit/s
second-order Gaussian nonreturn-to-zero (NRZ-PRBS) signals for the device. If the
right bandedge of the Fano resonance is used for the on/off switching, owing to the
large slope rate of revesed Fano lineshape (60.8 dB/nm), the required wavelength
shift is only 0.22 nm, corresponding to a power consumption of 1.46 mW. If the left
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Fig. 3 a and c left-reversed Fano lineshapes at through port and drop port with Wb = 0.25 μm.
b and d right-reversed Fano lineshapes at through port and drop port with Wb = 0.45 μm. The
black solid lines and red dash lines represent the FDTD and T-CMT results, respectively

bandedge (slope rate of 10.6 dB/nm) is used, the required wavelength shift is 2.8 nm,
corresponding to a 18.6-mW power consumption.

To reveal the potential data rates in switching, we further performed simulations
using 80, 160, 240, and 320 Gbit/s input signals. From the results in Fig. 6, no
significant signal distortion effects are observed even for 240 Gbit/s. From Table.
1, it is found that our device has a much larger bandwidth. Because of the sharp
bandedge of the reversed Fano resonance, the requiredwavelength shift for switching
is reduced significantly. The crosstalks at the through and drop ports both are as low
as −28 dB. Note that the transmission spectrum is nearly flat from 1562 nm at the
through port. The insertion losses at the two output ports are only 0.1 dB.

5 Conclusion

In summary, we fabricated a thermo-optic switch based on the RBRB structure in
silicon. It is found that the power consumption for switching a 40-Gbit/s signal
can be as low as 1.46 mW. Furthermore, we estimated the signal transmission with
higher speed data rates (80, 160, 240 and 320 Gbit/s), and the distortion of signals
is negligible. Due to the broad bandwidth and high slope rate, the proposed Fano
optical switch in silicon will be an effective solution to the next-generation on-chip
optical interconnects.
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Fig. 4 a The images of the fabricated silicon switch based on a RBRB system. b The cross-section
of the ring waveguide with a top Ti micro heater. c Resonance shift as a function of heating power
(the dots are measured results). The thermal tuning efficiency is 0.266 nm/mW
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Fig. 5 a Normalized
transmission spectra of the
device. The solid lines and
dash lines are the
experimental curves and
fitting curves, respectively.
b Eye diagrams of output
signals with 40-Gbit/s
second-order Gaussian
NRZ-PRBS input signals
based on simulation

Fig. 6 Eye diagrams with
80/160/240/320-Gbit/s
NRZ-PRBS signals at the
output ports

Table 1 Comparison between our switch and the previously reported microring switches

Various switch
structure

Bandwidth
(GHz)

On/off shift
(nm)

Thr/drop loss (dB) Thr/drop
crosstalk (dB)

Single microring 90 1.3 0.33/1.64 −11/–

2nd-order
coupled-microring

60 2.8 2/0.4 −16.6/−9.8

3nd-order
coupled-microring

74 0.54 0.08/1.96 −23/–

10nd-order
coupled-microring

80–140 1 3.1–4.9/−4.3–5.9 −10/−50

Our device 280 0.45 0.1/0.1 −28/−28
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Study on the Characteristics of All Fiber
Comb Interleaver with Unequal
Bandwidth

Bao Ge Zhang, Tian Peng Wang, Jing Jing Tian, and Yao Yao

Abstract An all-fiber comb interleaver with unequal bandwidth is proposed, which
is composed of an asymmetrical Mach–Zehnder interferometer and a cascaded 3× 3
single-mode fiber coupler. The expression of optical output spectrum is obtained by
light transmission theory. And the theoretical analysis is carried out, the theoretical
analysis shows that when the length differences of two pairs of optical fiber interfer-
ence arms are equal, and the value of coupling coefficient of each coupler is proper.
The proposed all-fiber comb interleaver can be realized a unequal bandwidth output
on even and odd channels, through test and calculation, the passband bandwidths
of the even and odd channel are greater than 20 Gb/s and 60 Gb/s respectively, and
channel isolations are greater than 25 dB, so, the proposed all-fiber comb interleaver
can be used for 10 Gb/s + 40 Gb/s communication system. Compared with other
comb interleavers with unequal bandwidth, the proposed all-fiber comb interleaver
not only has the advantages of wide passband and simple structure, but also is an all
fiber comb interleaver with lower cost.

Keywords Fiber Coupler · Mach–Zehnder interferometer · All fiber comb
interleaver · Unequal bandwidth

1 Introduction

One of the core devices of dense wavelength division multiplexing (DWDM) system
is optical wavelength division multiplexing/demultiplexer, the comb interleaver is a
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new type of photon device. The optical comb interleaver can effectively increase the
number of multiplexed channels on optical fiber, at the same time, the technology of
the optical comb interleaver is not too complex and the cost is not too high, so, it is
a new type of multiplexing/demultiplexing device with rapid development and great
prospect. There aremany schemes that can realize the optical comb interleaver [1–5],
but the bandwidth of parity communication channel of these realized optical comb
interleavers are equal to each other respectively, in the current practical system, the
coexistence of 10 Gb/s and 40 Gb/s is the development trend of DWDMTechnology
in recent years. There is an approximate relationship between the optimal bandwidth
�f and the transmission rate v. For the systems with transmission rates of 10 Gb/s
and 40 Gb/s, the odd channel bandwidth and the even channel bandwidth shall be
15 GHz and 60 GHz respectively. Therefore, in the process of upgrading from 10
to 10 Gb/s + 40 Gb/s, the interleaver with unequal bandwidth as a multiplexing
demultiplexer has greater flexibility. At the same time, the interleaver with unequal
bandwidth can has a higher advantage in improving the bandwidth utilization rate of
the communication system, and the interleaver with unequal bandwidth can reduce
the cost of the communication system. The reported optical comb interleavers with
unequalwidth of different kinds are:Michelson interferometer type, birefringent fiber
loopmirror, birefringent gires tournois type, coupler cascade type [6–8].However, the
interleavers structurewith unequal bandwidth provided in these literatures havemany
problems, such as large insertion loss, complex structure and difficult fabrication.

An all-fiber comb interleaver with unequal bandwidth is proposed, which is
composed of an asymmetrical Mach–Zehnder interferometer and a cascaded 3 ×
3 single-mode fiber coupler in the paper, which can realize the unequal bandwidth
output for being used in the communication system with 10 Gb/s + 40 Gb/s. In
terms of technology and structure, the proposed interleaver has low cost and simple
fabrication. When the 3 × 3 coupler is drawn, the free port of the 3 × 3 coupler is
used as the monitoring end to avoid the interference effect of the monitoring light.
The coupling coefficient of each coupler can be accurately controlled. At the same
time, the structure of the proposed interleaver is not sensitive to the coupling coef-
ficient of the coupler, which reduces the manufacturing difficulty of the proposed
interleaver, and overcomes the shortcomings of the previous production of optical
comb interleaver with unequal bandwidth, and has a certain practical value.

2 Interleaver Structure and Theoretical Analysis

The structure of the proposed all fiber comb interleaver is composed of two 1-shaped
3 × 3 fiber couplers (C0 and C1) and one 2 × 2 fiber coupler (C2) in Fig. 1. In Fig. 1,
an asymmetrical Mach–Zehnder interferometer is composed of couplers C1 and C2,
C0 and C1 are connected by a pair of optical fiber interference arms l1 and l2, C1 and
C2 are connected by another pair of optical fiber interference arms l3 and l4.

Assuming that the light is only input from port 1 of the coupler C0, when the
input light Ein (1,0,0) is input from input port 1, after passing through the optical
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Fig. 1 The structure of
optical comb interleaver with
unequal bandwidth

fiber coupler C0, the output light is allocated into the interference arms l1 and l2,
and is transmitted to the coupler C1, the light is output after the first interferencing,
and is allocated into the interference arms l3 and l4, then is again transmitted to the
coupler C2, and is output finally after the second interferencing, then the light is
finally output from port 3 and port 4, the final output light field is recorded as F.

Neglecting the fiber transmission loss and the insertion loss of the fiber coupler, θ1

and θ2 represent the transmission phase of the two pairs of interference arms l1 and
l2, l3 and l4 respectively, and they are satisfied the corresponding expressions, that
is, θ1 = β�l1 = β(l2 − l1) = 2πneff �l1/λ, θ2 = β�l2 = β(l4 − l3) = 2πneff �l2/λ,
neff is the effective refractive index of the conductive mode of the fiber, and β is the
propagation constant of the fundamental mode in the fiber, Kn (n = 0, 1, 2) is the
coupling coefficient of each coupler. At the output end of the proposed interleaver,
the output light intensity is recorded asP, the light intensity of port 3 and port 4 areP3

= |F3|2, P4 = |F4|2, respectively. In the design of all fiber optical comb interleaver
with unequal bandwidth, one basic transmission matrixes of optical transmission
is scattering matrixes of the couplers, which are Mr (r = 0, 1) and Mq, and the
other basic transmission matrix of optical transmission is phase delay matrixes of
the relative arm length difference, which are L1 and L2.

Mr =
⎡
⎣
0.5(1 + cos kr ) j0.5

√
2 sin kr 0.5(cos kr − 1)

j0.5
√
2 sin kr cos kr j0.5

√
2 sin kr

0.5(cos kr − 1) j0.5
√
2 sin kr 0.5(1 + cos kr )

⎤
⎦

Mq =
[

cos kq − j sin kq
− j sin kq cos kq

]

Li =
[
exp(− jβ�li ) 0

0 1

]

Here, r = 0, 1; q = 2; i = 1, 2.
According to the theory of the optical coupling transmission, the expression of the

output light intensity of the proposed interleaver can be obtained from the scattering
matrixes (M0, M1 and M2) and the phase delay matrixes (L1, L2), the output light
intensity recorded as P.

F =
[
F3

F4

]
= M2L2M1L1M0Ein (1)



94 B. G. Zhang et al.

The light intensity of port 3 and port 4 areP3 = |F3|2,P4 = |F4|2. After complicated
calculation, P is as follows:

P =
[
P3
P4

]
= A · θ (2)

Here,

A =
[
a4
b4

a3
b3

a2
b2

a1
b1

a0
b0

]
, θ = [

cos θ1 cos θ2 cos(θ2 − θ1) cos(θ2 + θ1) 1
]T

A and θ respectively represent the matrix formed by the optical transmission
matrix in the transmission process, each element (ai, bi, i = 0, 1, 2, 3, 4) in A is a
function of the coupling coefficient Kn (n = 0, 1, 2), each element in θ is a function
of the phase difference (θ1, θ2).

It can be seen from formula (2) that the output light intensity only includes θ1,
θ2, θ1−θ2, θ1 + θ2. These transmission phase difference (caused by arm length
difference) of the optical fiber segment is the main factor that can determine the
transmission bandwidth of the optical comb interleaver, therefore, the optical comb
interleaver with unequal bandwidth can be realized by selecting the appropriate
coupling coefficients of the couplers and the arm length difference.

3 Characteristic Analysis

The transmission phase θ1 is selected to be equal the transmission phase θ2, that is
θ1 = θ2 = θ, and fiber arm length difference is �l1 = �l2 = 2 mm, the effective
refractive index neff of optical fiber is 1.457. Then selecting the appropriate coupling
coefficient Kn (n = 0, 1, 2) of the couplers, the coefficient matrix A needed for
the ideal output spectral of the optical comb interleaver can be obtained. Through
optimization calculation, K0 = π/9, K1 = 5π/19 and K2 = 10π/51 are selected, so
the coefficient matrix A is recorded as A1, A1 is as follows:

A1 =
[
a4
b4

a3
b3

a2
b2

a1
b1

a0
b0

]

=
[ −0.0812

0.0418
−0.3676
0.3676

0.0599
−0.0599

−0.1257
0.1257

0.5452
0.4136

]

The calculated output spectrum changing with the wavelength value is as shown
in Fig. 2.

In Fig. 2, the solid line represents the normalized output optical power curve of
port 3, and the dotted line represents the normalized output optical power curve of
port 4. The output spectral clearly shows that the output spectra of port 3 and port
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Fig. 2 The output spectrum of the interleaver

4 of the proposed interleaver have good even and odd symmetry. The spectral in
the wavelength domain (frequency domain) is composed of a series of transmission
peaks with unequal spacing, and the edge of the passband is steep, which is more
suitable waveform for the optical interleaver, so the proposed interleaver can be used
as an optical comb interleaver. It can also be seen from Fig. 2 that the channel interval
is 0.8 nm, the center wavelength complies with ITU regulations. By calculation, the
3 dB bandwidth of port 3’s output spectral is greater than 60 GHz, which can be used
for 40 Gb/s transmission rate, and the 3 dB bandwidth of port 4’s output spectral is
greater than 20GHz, which can be used for 10 Gb/s transmission rate, then the output
spectral of the proposed optical comb interleaver is realized unequal bandwidth, so
the transmission rate can be 50 Gb/s within 100 GHz bandwidth. At the same time,
Fig. 2 clearly shows that the channel isolation degree is greater than 25 dB, which
can meet the commercial demand, and the proposed optical comb interleaver has
high consistency in the whole working frequency band, it can be seen that the one
port of the 3 × 3 coupler is not utilized from the structure, so the additional loss and
insertion loss of the proposed optical comb interleaver are relatively increased, and
the normalized output peak value is slightly less than 1.

Owing to the process conditions and other reasons in the making, there is often a
deviation between the measured value and the expected value of coupling coefficient
of the coupler, the control of the deviation of each parameter is very important in
the development of the device [9, 10]. Therefore, in order to study the influence of
the deviation on the transmission characteristics of the interleaver, three groups of
datas are selected for calculating. When K0 = π/8, K1 = 5π/18, K2 = 10π/51, the
coefficient matrix A is recorded as A2, when K0 = 5π/37, K1 = 2π/7, K2 = 5π/24,
the coefficient matrix A is recorded as A3, when K0 = 10π/81, K1 = π/4, K2 =
5π/27, the coefficient matrix A is recorded as A4. Then after calculation, A2, A3 and
A4 is as follows:

A2 =
[
a4
b4

a3
b3

a2
b2

a1
b1

a0
b0

]

=
[ −0.0938

0.0434
−0.3643
0.3643

0.0720
−0.0720

−0.1296
0.1296

0.5309
0.4166

]
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A3 =
[
a4
b4

a3
b3

a2
b2

a1
b1

a0
b0

]

=
[ −0.0861

0.0282
−0.3676
0.3676

0.0822
−0.0822

−0.1361
0.1361

0.5107
0.4290

]

A4 =
[
a4
b4

a3
b3

a2
b2

a1
b1

a0
b0

]

=
[ −0.0984

0.0607
−0.3401
0.3401

0.0591
−0.0591

−0.1427
0.1427

0.5648
0.3961

]

The simulation results are shown in Fig. 3a–c.

Fig. 3 The different output spectrum of the interleaver. a K0 = π/8, K1 = 5π/18, K2 = 10π/51,
b K0 = 5π/37, K1 = 2π/7, K2 = 5π/24, c K0 = 10π/81, K1 = π/4, K2 = 5π/27
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Figure 3 shows that although the Kn (n = 0, 1, 2) in (a), (b) and (c) are slightly
changed, it can be seen that the shape of the output spectral of the two output terminals
has little change (almost no change). Therefore, when the coupling coefficients of
the three couplers deviate the expected values of coupling coefficient, there is no
great influence on the output spectrum of the device. That is to say, if the coupling
coefficients of the couplers deviate slightly from the best values, an ideal output
spectrum can also be obtained, that is, the requirements of the coupling coefficients
of the device are not very strict, which reduces the practical production difficulty of
the device.

4 Conclusion

In this paper, a new type of all fiber optical comb interleaver with unequal bandwidth
is proposed. It is composed of two 3 × 3 couplers and a 2 × 2 coupler. When the
optical coefficients of the coupler and the optical fiber interference arm meet certain
conditions, the function of the proposed optical comb interleaver with unequal band-
width can be realized. The output characteristics of the interleaver are simulated in
detail. This proposed optical comb interleaver can be used for simultaneous trans-
mission of 40 and 10 Gb/s, so the transmission rate of 50 Gb/s can be realized in the
bandwidth of 100 GHz, so the proposed optical comb interleaver canmake full use of
the effective bandwidth, and the channel isolation degree is greater than 25 dB, and
the channel interval is 0.8 nm. Moreover, the device has good channel uniformity,
bandwidth, high consistency and low price. So, the value of the proposed optical
comb interleaver is that it can provide an idea for all fiber devices with unequal
bandwidth.
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Two-Dimensional Beam Steering
in Optical Phased Array with Grating
Array Superlattices

Huihui Zhang, Qiang Liu, Qiqi Yuan, and Qingzhong Huang

Abstract In this paper, we designed and fabricated an optical phased array with
a narrowantenna spacing in siliconon insulator. The crosstalk is reduced substantially
with a spacing of only 0.9 μm between antennas using superlattice grating waveg-
uides.A transversal 24.2° beamsteering rangewas observed in the far-field of viewby
tuning the voltages on each channel. Meanwhile, by sweeping the wavelength from
1540 to 1570 nm, the main beam can scan in a range of 6.45° in the longitudinal
direction.

Keywords Subwavelength structures · Integrated optics devices · Integrated
optoelectronic circuits · Diffraction gratings nology

1 Introduction

Optical phased array (OPA), as a kind of all-solid state light steering device, is playing
a significant role in many applications, such as light detection and ranging (LiDAR),
free-space communications and optical imaging [1, 2]. So far, most demonstrated
OPAs have a relatively large grating spacing (typically >2 μm), resulting in a small
steering range in the far field [3–5]. Wide steering angle can be achieved using even
narrow spacing. However, the crosstalk between antennas would become significant,
which is detrimental for the beam quality [6].

In this paper, we designed and fabricated a 1× 10 superlattice OPAwith a grating
pitch of 0.9 μm in silicon on insulator (SOI). From our simulations, the beam is able
to steer in a two-dimensional range of 106°× 32.3° through thermo-optic effect and
wavelength sweeping from 1400 to 1600 nm. In experiment, a 22.8° beam steering
range in the far-field of view was observed by applying different voltages on each
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channel. The steering range is limited by the measurement system. By sweeping
the wavelength from 1540 to 1570 nm, a range of 7.1° is achieved in longitudinal
direction. The full width at half maximum (FWHM) of the main beam in the far field
is 10.9° × 5.1°, roughly consistent with 8.9° × 3.7° in the simulation results.

2 Structure and Principle

As shown in Fig. 1, the device structure is based on a SOI wafer with a 2-μm-thick
buried oxide layer and a 220-nm-thick top-silicon layer. The light is firstly coupled
into the on-chip waveguides by a grating coupler from a tunable laser. Then it is split
into 10 channels (or array waveguides) through a star coupler, and each channel has
the same phase in the beginning. Then, each channel has an optical phase shifter
tuned by a heater.

The emitting region is displayed in detail in Fig. 2. Five shallow-etched grating
antennas with different widths and periods construct a sub-array, which are separated
by 0.9 μm. By tuning the phase of each channel, the beam can steer in the phased-
array axis (Ψ , in yellow plane), while it is steered in another axis (θ, in green plane)
under control of wavelength. The steering angle in two dimensional directions can
be written as

sinψ = λ�ϕ

2πd
(1)

sin θ = 	grne f f,gr − λ

n0	gr
(2)

where λ is the operating wavelength in free space, d is the grating pitch, �ϕ is
the phase difference from one element to the next, 	gr is the grating period, neff,gr
is the effective refractive index of Bloch mode in sub-wavelength gratings, and n0

Fig. 1 3-D schematic view of the OPA with 10 elements
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Fig. 2 a Emitting area of OPA with 10 elements. b Schematic diagram of the grating sub-array.
c Cross-sectional view of single grating

Fig. 3 Far-field distributions of the gratings in sub-array with the same period of 750 nm (a) and
adjusted periods for the same radiation angle (b)

is the refractive index of background that is defined as (n0 = 1). The grating widths
in sub-array are set as 550 nm, 490 nm, 430 nm, 520 nm and 460 nm, respectively.
To get the same diffraction angle in the far field of view (FOV), their periods are
adjusted individually according to Eq. (2). Figures 3a, b show the far-field diffraction
angles of five grating antennas with the same and different periods, respectively, at
a wavelength of 1500 nm.

3 Device Fabrication and Measurement

According to the design, we fabricated SOI based OPAs. Firstly, the waveguides and
star coupler were defined by e-beam lithography (EBL), and they were fully etched
on top-silicon layer through dry etching,which canminimize the optical coupling and
eliminate the phase perturbations induced by etching depth variations [7]. Then the
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teeth of gratings were determined by EBL, followed by an etching depth of 70 nm to
form the grating emitters. To reduce the absorption of light by the metal electrode, an
oxide cladding layer with depth of ~1μm is deposited by plasma enhanced chemical
vapor deposition. Finally, 100-nm-thick Ti metal and 1-μm-thick Al were deposited
respectively to form the thermal phase tuner. The whole device and some important
parts are illustrated in Fig. 4. Large distance between the grating coupler and the
antenna arrays is used to prevent aliasing of two spots within FOV in measurement.

The far-field output was characterized using a measurement setup in Fig. 5. An
objective lens with a numerical aperture of 0.3 was used to image the far field pattern

Fig. 4 a Top-view microscope image of the 1× 10 OPA; b SEM of the grating coupler at the input
port; c SEM of the star coupler; d SEM of the emitting area

Fig. 5 Schematic diagram of measurement setup for far-field pattern imaging
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Fig. 6 a–c Measured far-field images at different phase gradient. d Simulated results of 1 × 10
OPA when phased difference between adjacent antennas is set as 0

into the Fourier plane, and the final image was projected onto an infrared camera.
We mounted the device on a printed circuit board (PCB) by an ultraviolet epoxy.
All the thermal tuners were wire-bonded to PCB for applying voltages easily. The
initial far-field pattern has unwanted sidelobes due to the random phase error in each
channel. So we applied an algorithm to control voltages independently and correct
the phase errors.

According to Eq. (1), the main beam is steered in the transversal direction (angle
Ψ ) under different �ϕ. Then, we applied different voltages for a fixed operation
wavelength of 1550 nm, and the measured images are shown in the Fig. 6a–c.

Here, the observable field range is±17.4°, which is limited by the objective lens.
In experimental measurement, we captured a ~22.8° steering range from −11.8° to
11.0° in FOV by applying different voltages on each channel, and the FWHM of
the spot at the middle part is 13.8°. It should be noted that the steering range in
the transversal direction is limited by our measurement system. According to the
simulation, a 106° steering range can be achieved when the phased difference is
set as 17π/18 between adjacent antennas. The simulated data with the same phase
difference are shown in Fig. 6d.

In the longitudinal direction, the main beam is scanned by tuning the operation
wavelength. In our experiment, the wavelength varies from 1540 to 1570 nm, and the
measured intensity patterns are displayed in Fig. 7. The spot is mostly concentrated
at 1550 nm in Fig. 7c, while it appears divergent when the wavelength moves to
1570 nm as illustrated in Fig. 7d. That is because the diffraction pattern of each
grating in sub-array changes slightly in the far field when the operation wavelength
changes, and this situation can be improved by further optimizing the algorithm.
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Fig. 7 Measured far-field images at a wavelength of a 1540 nm, b 1550 nm, c 1560 nm, and
d 1570 nm

4 Conclusion

We designed and fabricated a 1 × 10 optical phased array based on the superlattice
structure, and the grating pitch can be reduced to 0.9 μmwith a low crosstalk. In our
experiment, a 22.8° steering range from −11.8° to 11.0° in the transversal direction
is observed by adjusting voltages on each channel. And in the longitudinal direction,
the wavelength sweeping in a 40 nm range provides ~7° beam steering range in the
far-field. The FWHM of the main beam is about 8.9° × 3.7°, which can be reduced
by enlarging the emitting area of OPA and optimizing the phase error correction.
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Effects of Source/Drain Electrodes
on the Performance of Organic
Phototransistors Based on Cooper
Phthalocyanine

Zhuoli Zhou, Chao Han, and Yingquan Peng

Abstract Optimizing the materials of the source/drain electrode-layer of organic
phototransistors (OPTs) is very important in order to achieve high device perfor-
mance. In this work, OPTs based on cooper phthalocyanine (CuPc) with different
metal materials electrodes were fabricated. These devices show differences in perfor-
mance. The device with gold electrodes shows a high photoresponsitivity of 14.5 ×
10−2 A/W and a high mobility of 102.4 × 10−3 cm2/V·s under illumination, while
the copper electrodes device is 1.3 × 10−2 A/W and 4.4 × 10−3 cm2/V·s for the
value. But, the copper device shows better on maximum photo/dark current ratio of
488.5 than the gold device of 59.9.

Keywords Organic phototransistors (OPTs) ·Metal electrodes

1 Introduction

Organic field-effect transistors (OFETs) have attracted more and more attention
because of their advantages, such as low cost fabrication, light weight and good
flexibility, and wide span of applications [1–4]. OFETs that strongly respond to light
(i.e., organic phototransistors orOPTs) have an additional control terminal and can be
used in photoelectronic circuits as light sensors, photo-switches or signal amplifiers.
In the last several years, the performance of OPTs has been improved significantly by
developing promising functional materials and creating optimized device structures
[5].

But, the intrinsic electrical characteristic of the organic semiconductors is just one
of the factors affecting the device performance. At the same time, the contact surface
between the organic film and the source/drain (S/D) electrodes is also crucial, which
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restricts the development of OPTs, since an inevitable injection barrier always exists
between the organic semiconductor and S/D electrodes. However, most research on
OPTs has focused mainly on the materials of organic functional layer and different
structures, while the contact of the electrodes/organic in the OPTs has received less
attention. Therefore, the effect of contact surface on the performance of OPTsmaybe
can be studied by changing electrode materials.

In this work, a cooper phthalocyanine (CuPc) film is used as the organic func-
tional layer of the OPTs. Meanwhile, the top S/D electrodes are made of four metal
(gold, silver, aluminum and copper), respectively. The effects on the performance
are analyzed by comparing the photoresponsitivity, threshold voltage, mobility, etc.
of these four devices.

2 Experiment

As shown in Fig. 1, the device structure of OPTs used in this study is
glass/ITO/polyvinyl alcoho (PVA) (710 µm)/CuPc (50 nm)/top metal electrodes
(150 nm). The ITO coated glass was etched with 4 mm wide stripes and used as gate
electrodes. 0.25 g/ml PVA solution was spin-coated onto the ITO-glass substrate and
baked in a vacuum drying box at 200 °C for an hour to be used as the gate insulator.
The PVA layer thickness was measured to be 710 µm. The 50 nm thick CuPc layer
was deposited evenly under a vacuum of less than 2× 10–4 Pa at the rate of 0.2 Å/s as
the organic functional layer. Finally, the S/D electrodes of different metal materials
(Au, Ag, Al and Cu) were thermally evaporated on the CuPc film and patterned with
a mask. The length and the width of the channel are 80 µm and 2 mm.

Fig. 1 The structure of OPTs based on Au/Ag/Al/Cu source/drain top electrodes
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3 Results and Discussion

Wemeasured the output and transfer characteristics of the four devices under different
illumination. The photocurrent Iphoto can be calculated from the following equation:

Iphoto = |Iill − Idark | (1)

where I ill and Idark is the output current in the dark and under illumination, respec-
tively. Figure 2 shows Iphoto of these devices under illuminationwith the incident light
power of 4.83 mW/cm2. It can be seen that Iphoto of the device with gold electrodes
almost three times more than other devices.

The optical properties of the photoresponsitivity (R) and external quantum effi-
ciency (EQE) of the OPTs were extracted and calculated from Eqs. (2) and (3). The
threshold voltage (Vth) can obtained from the transfer characteristic curve, its value
is the intercept on the x-axis of the tangent of the IDS1/2-VGS curve. Meanwhile, the
mobility of the devices can be calculated from Eq. (4) by Vth.

R = Iphoto
Popt

= Iphoto
Pint ×W × L

(2)

EQE = hc

qλ
R (3)

IDS = W

2L
Coxμ(VGS − Vth)

2 (4)

1
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Fig. 2 The Iphoto as a function of VDS recorded at VGS = −50 V under the illumination of λ =
650 nm and Pint = 4.83 mW/cm2
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Table 1 Performance details of devices with Au, Ag, Al and Cu electrodes

Device R (A/W)a Vth (V)b EQE (%) μdark (cm2/V s)c μill (cm2/V s)c

Au electrodes 14.5 × 10–2 −1.5 27.63 42.3 × 10–3 102.4 × 10–3

Ag electrodes 3.3 × 10–2 −2.4 6.25 6.3 × 10–3 7.2 × 10–3

Al electrodes 3.7 × 10–2 −4.1 7.16 4.3 × 10–3 4.6 × 10–3

Cu electrodes 1.3 × 10–2 −4.8 2.49 2.1 × 10–3 4.4 × 10–3

aThe photoresponsitivity (R) of devices obtained at VGS = −50 V, VDS = −50 V
bThe threshold voltage (Vth) of devices obtained in the dark.
cμdark is the mobility in the dark and μill is the mobility under illumination.
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Fig. 3 a The carrier mobility (μ) and b The threshold voltage (Vth) as a function of Popt

HereW and L are the channel width and length, hc/λ is the incident photon energy,
IDS is the output current in the saturation region, and Cox is the capacitance per unit
area of the insulator, its value is 3.9 nF/cm2. These results are shown in Table 1 and
Fig. 3.

From Table 1, it can be clearly observed that R and EQE of the OPT with gold
electrodes presents the highest value among all the devices. While this performance
of the OPT with copper electrodes presents the lowest value, which is only about
10% of gold. Meanwhile, the device with gold electrodes show the lowest Vth and
then it performs best in mobility, which is about 10 to 20 times than other devices.

As shown in Fig. 3, with the increase of light intensity, Vth of the four different
metal electrodes devices are shifted toward the forward voltage, and the mobility of
these four devices are also increasing. This is because as the light intensity increases,
a large number of photo-excitons are generated in the organic functional layer. The
photo-excitons are dissociated into electrons and holes, and the holes from a current
under the action of the source-drain voltage, which strengthens the source-drain
current and then increases the carrier mobility of the devices. The accumulation of
electrons at the source increases the width of the conductive channel between source
and drain, and reduces the potential barrier between the source and the channel.
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Fig. 4 Transfer characteristics of a gold andb copper electrodes devices on a logarithmic coordinate
axis in dark and under illumination

Therefore, the direct contact resistance between electrodes and organic functional
layer is reduced, thereby reducing the threshold voltage.

Through the comparison of the above performance, the gold electrode may be the
most suitable for CuPc OPTs. But when we noticed the photo/dark current ratio P,
which can be calculated from Eq. 5, the gold electrode lost its advantage.

P = Iphoto
Idark

(5)

When Idark takes the minimum, P will be the maximum Pmax. From Fig. 4a, the
device with gold electrodes has a minimum current of 0.211 nA in the dark, and the
corresponding VGS is 3.98 V. At this voltage, the photocurrent is 12.632 nA. It can
be calculated that Pmax of gold electrodes OPT is 59.9. Using the same method, the
device with copper electrodes has a Pmax of 488.5 from Fig. 4b. This value is much
bigger than gold electrodes. This phenomenon may be related to the work function
difference between the metal electrode and the organic semiconductor material. The
work function of gold is 5.1 eV, and CuPc is 5.3 eV. In contrast, the difference
is smaller than copper and CuPc, when the work function of copper is 4.65 eV.
Therefore, in the device with copper electrodes, the potential barrier between the
organic functional layer and the electrode is higher. This results in a smaller Idark of
the device in dark, and Pmax becomes larger.

4 Conclusions

Weconfirmed that thisCuPc-basedOPTsdevice cannot obtain the optimal photo/dark
current ratio and maximum photoresponsitivity by changing the material of the top
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electrodes. The performance of the device with gold electrodes, such as photorespon-
sitivity, threshold voltage and mobility, showed better than other device. Conversely,
the device with copper electrodes showed better on photo/dark current ratio.
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Simulation Software Development
for Charge Transport Characteristics
in Organic Semiconductors Based on VB
and Fortran Mixed Programming

Changfeng Gu, Yingquan Peng, and Wenli Lv

Abstract In this paper, we report on the mixed programming software of VB and
Fortran to determine the charge transport characteristics of organic semiconductors.
Exponentially distributed trap andFrenkel effect space charge limited current (SCLC)
model was studied respectively. In order to verify the effectiveness of the simula-
tion software, we fabricated and characterized single-hole devices based on organic
semiconductor NPB (N,N′-Bis (naphthalen-1-yl)-N,N′-bis (phenyl) benzidine). The
simulation current–voltage characteristic curves of the device were consistent with
the experimental ones.

Keywords VB · Fortran · Simulation software · Charge transport

1 Introduction

In recent years, organic thin film transistors, organic electroluminescent diodes and
other related organic semiconductor materials and devices have made breakthrough
development [1]. Charge transport has an important influence on device performance.
At present, there are thousands of research work about the development of organic
semiconductor materials and devices. There are few reports on simulation software
for charge transfer characteristics of organic semiconductor.

Due to programs of Fortran would run faster than any other high-level program-
ming language, Fortran is widely used in engineering calculations for scientific oper-
ations. But when it comes to Visual interface design, Fortran has no advantage over
other visual programming languages likeVisualBasic.As aWindows software devel-
opment language, VB has strong visual graphics functions and high development
efficiency. It uses object-oriented programming ideas to decompose complex design
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problems into a collection of objects that can complete independent functions. VB
graphics function is used to realize the visualization of Fortran calculation program
[3]. Write computation code in Fortran to generate DLL (Dynamic Link Library)
files, then use VB language to call DLL files to achieve its computation function.
The call between Fortran and VB is basically achieved through the file search call,
thus achieving hybrid programming.

Parameters of the charge transport property are mainly the carrier mobility, the
density of trap states and their energy distribution. Space charge limited current
(SCLC) model was used to determine the mobility of the semiconductor in this
paper. The SCLC model is very suitable for thin film devices with a thickness of
100 nm. In organic semiconductors, due to the low mobility, the carrier concentra-
tion is usually relatively high, thereby forming a space charge. These space charges
generate an electric field which suppress or limit the conduction of current. There-
fore, the carrier charge, electric field and current are interrelated and restricted [2].
The SCLC method for measuring mobility mainly uses the relationship between the
space charge limiting current and the applied voltage. The Mott-Gurney law states
that the current density satisfies the following formula [4]without any trapping effect:

J = 9

8
μεrε0

U 2

d3
, (1)

where μ is the mobility of free carriers, ε0 is the vacuum dielectric constant, εr is
the dielectric constant of the material, U is the applied voltage, and d is the distance
between the two electrodes or the thickness of the film.

Under ohmic injection conditions, the charge-transport characteristics of an
organic semiconductor can be obtained by measuring the current–voltage curves of
its single-layer device. This paper develops simulation analysis software for current–
voltage characteristics of organic semiconductor single-layer devices to predict the
charge-transport characteristics of organic semiconductors.

2 Model and Software Design

2.1 Space Charge Limited Current (SCLC) Model

The mobility is obtained by comparing the fitted curve programmed by the calcu-
lation formula with the actual experimental data. According to literature reports,
for the case where the density of the trap state in the organic layer is exponentially
distributed with its energy and where the ohmic injection is satisfied, the current–
voltage characteristic curve of the organic diode satisfies the following formula
[5]:
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I = Aμq1−l(
lε0εr

Nt (l + 1)
)l(

2l + 1

l + 1
)l+1 (U −Ubi )

l+1

d2l+1
, (2)

where A = 4 mm2 is the effective area of each organic diode; μ is the carrier
mobility to be measured, here hole mobility; q is the basic charge; l is the reduced
characteristic trap depth; Ubi is a built-in potential generated inside the device.

For the case of space charge with Frenkel effect limited current conduction,
mobility increases with the square root index of the electric field [6], the relationship
between current density and voltage can be expressed as:

J = 9

8
μ0εrε0e

0.89β
√
F F2

d
(3)

Equation (3) is the mathematical model used in this paper for simulation after
multiple equations are integrated and calculated. Among them, β is an exponential
factor, and μ0 is called a zero-field mobility. Using the formula μ = μ0eβ

√
F , the

value of mobility can be calculated directly from β and μ0. F is the average electric
field and U is the applied voltage. The final measured value during the experimental
process is the voltage-current characteristic curve, so the fitted current density is
converted into a current, I = J × A.

2.2 Software Design

A simulation software for analyzing charge transport characteristics in organic semi-
conductors was designed utilizing VB and FortranMixed Programming. The display
interface of the software was shown in Fig. 1. There are two buttons on the main
interface of the program: “Exponentially distributed trap SCLC” and “Frenkel effect
SCLC” corresponding to the SCLCwith exponential distributed trap states andSCLC
with Frenkel effect.

Figure 2 shows the interface opened by clicking the button “Exponential Distribu-
tion SCLC”. For a certain device, anode, cathode and organic semiconductor can be
chosen in the interface, and work functions of electrodes and energy level of organic
semiconductor should be entered. The input parameters include mobility, thickness,
active area, total trap concentration and built-in potential donated by mue, d, Nt and
Ubi in the interface respectively. A “.txt” file of the measured IV characteristic curve
was read by the software.

3 Results and Discussion

In order to analyze the hole transport characteristics of organic semiconductor NPB
thin films, a single hole device as shown in Fig. 3 was fabricated. The IV curve of



116 C. Gu et al.

Fig. 1 SCLC software analysis interface

the device was measured, and then the software module 1: exponential distribution
trap SCLC was used to analyze the hole transport characteristics. The premise of
using the SCLC model is that the metal–organic semiconductor interface must be
ohmic contact. The role of MoO3 is to achieve ohmic contact between the organic
semiconductor NPB and the ITO electrode (Fig. 4).

Data fitting was done for 100-nm-thick device and 200-nm-thick device respec-
tively. For the simulation, parameters A, q, ε0, εr ,Ubi, and d were set as fixed values,
and the values of μ, Nt , and l were changed. Chi-sq is calculated according to the
following formula (4),

chi_sq =
∑

m

[
iex,m(vm) − i(vm)

]2
(4)

where iex and i is respectively the measured value of dimensionless and the theo-
retical value calculated by the Eq. (2). By the simulation, the group (μ, Nt , l) that
makes chi-sq smallest is found. The minimum value of chi-sq reflects the degree of
conformity between the device’s IV characteristics and model (1). The smaller the
chi-sq, the better the degree of conformity. The final experimental data curve is close
to the calculated fitting curve, and the mobility with less error is obtained. Here,
some parameters are generally set as fixed values, A = 4 mm2; εr = 3; Ubi = 0.9 V.

The red curve in the Fig. 5 is obtained by the software simulation, while the black
point is the experiment data. It can be seen from the fitting results of organic diodes
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Fig. 2 SCLC with exponential distributed trap states

Fig. 3 Organic diode
structure: ITO/MoO3
(3 nm)/NPB (50 nm;
100 nm; 150 nm;
200 nm)/BCP (10 nm)/Al

that the experimental data are basically consistent with the calculated curve, and
the hole mobility is between 7 × 10–5 cm2/Vs and 9 × 10–5 cm2/Vs, which is not
much different from the reported 1.1 × 10–5 cm2/Vs to 3.5 × 10–4 cm2/Vs [7]. This
indicates that formula (2) and formula (2)–(3) correctly reflect the voltage and current
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Fig. 4 IV characteristic
curve of the device with
NPB film thickness of 100,
150 and 200 nm

Fig. 5 Fitting curves of two thickness organic diodes. a fitting curves of 100 nm thickness devices.
b fitting curve of 200 nm thickness device

characteristic curve of organic diodes, and the mobility of organic materials can be
obtained by this fitting method. As shown in Fig. 5, for the device with NPB layer
thickness of 100 and 200 nm, the simulation results of μ, Nt, and l was summarized
in Table 1.

Table 1 Fitting data of
organic diode devices with
different thickness

Thickness (nm) I Nt (cm3) µ (cm2/Vs)

100 6.8 2.3 × 1025 6.89 × 10–5

200 6.8 1.1 × 1025 9.63 × 10–5
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4 Conclusion

A simulation software based on the mixed programming of VB and Fortran was
studied to determine the charge transport characteristics of organic semiconductors.
Single-hole diodes based on NPB were fabricated and characterized. The simulation
current–voltage characteristic curves of the device were consistent with the experi-
mental curves, which indicates that the SCLC model can accurately characterize the
charge transport characteristics of the devices.
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Review of Magnetic Fluid Fiber
Magnetic Field Sensing Technology
Based on Interference Mechanism

Yuchan Liu, Yueming Liu, and Cheng Xu

Abstract Magnetic fluid is a new type of optical functional material, which has
excellent magneto-optical properties in magnetic field media. On this basis, many
scholars have combined it with fiber-optic sensing technology to make a variety of
fiber-optic magnetic field sensors based on interference mechanism. The technical
performance of magnetic fluid fiber magnetic field sensors based on interference
mechanism is analyzed, and the research status and progress of magnetic fluid-based
fiber-optic magnetic field sensors are summarized and prospected in this article.

Keywords Magnetic fluid · Fiber optic sensor · Magnetic field measurement ·
Review

1 Introduction

With the rapid development of the sensing technology, the magnetic field sensors
have been widely used in aerospace, medicine, submarine environment detection,
geological exploration, and power systems, et al. [1–3], and play an important role
in these fields. Traditional magnetic sensors are usually electrical signal types, such
as Hall magnetic sensors, magnetic-resistance sensors, and fluxgate sensors [4–6]
which usually use metal wires to provide current excitation. The excitation current
easily interferes with the magnetic field distribution which limits the improvement
of detection accuracy. In addition, traditional magnetic sensors are usually large in
size, cannot beminiaturized and have relatively large power consumption. The optical
fibermagnetic field sensors inherit the advantages of the optical fiber sensor including
small dimension, corrosion resistance, high anti-electromagnetic interference capa-
bility, convenient distributed multi-point measurement, and all-optical transmission,
which have nowbecome one of themain research directions ofmagnetic field sensing
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technology. According to different sensing principles, fiber-optic magnetic field
sensors mainly have the following research directions: (1) A magnetic field sensor
is achieved by coating a thin film of magnetostrictive material on the surface of the
optical fiber [7, 8], (2) A magnetic field sensor is achieved by using the magnetic
rotation effect ofmagneto-optical crystal, but it is greatly affected by the environment
and polarization [9], (3) A magnetic field sensor is achieved by the combination of
a cantilever beam and a fiber grating, but it is easily interfered by external media
[10], (4) A magnetic field sensor is achieved by utilizing the adjustable refractivity
of magnetic fluid. The magnetic field sensor based on magnetic fluid has become a
research focus in recent years due to the magnetic fluid has no mechanical wear and
no moving parts [11–14].

Magnetic fluid, also known as a magnetic liquid, ferro fluid or magnetic fluid,
is a colloidal solution formed by magnetic nanoparticles uniformly dispersed in the
base carrier fluid under the encapsulation effect of the surfactant [15]. Magnetic fluid
not only has the fluidity of liquid but also the magnetic properties of solid magnetic
substances, as well as rich optical properties including thermal lens effect, magneto-
induced birefringence effect, and adjustable refractive index characteristics [16, 17].
Based on the adjustable refractivity of magnetic fluid, the magnetic field sensor has
been used widely. The refractivity of the magnetic fluid varies with the changes of
the magnetic field, showing different trends with the direction of a magnetic field.
In addition, the refractive index of a magnetic fluid is also affected by temperature,
which will expand the application range of magnetic field sensors based on magnetic
fluid in the measurement field.

The development and the current state of magnetic fluid fiber magnetic field
sensing technology based interference mechanism are summarized in this article.
According to different sensing mechanisms, the sensors are divided into four cate-
gories: fiber magnetic field sensors based interference mechanisms which include
Fabry–Perot interference [11–13], Sagnac interference [18–23], Mach–Zehnder
interference [24], and mode interference mechanism [25–28]. The advantages and
disadvantages of sensor mechanism, sensor structure and sensor performance are
compared. Finally, the development of the magnetic field sensors based magnetic
fluid is summarized and prospected in this article.

2 Optical Fiber Magnetic Field Sensor Based
on an Interference Mechanism

2.1 Based on the F-P Interference Mechanism

As amulti-beam interferometer, F-P interferometer is a reflection-type interferometer
which can be combined with a magnetic fluid to realize a magnetic sensor. The
interference signal can be expressed as I (r) = I1 + I2 + 2

√
I1 I2 cos δ. Here I1

and I2 are the intensity of light reflected from the first and second optical planes,
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respectively, and δ is the phase difference in the F-P cavity which can be expressed
as δ = 4πnL/λ. Here n is the refractive index of the magnetic fluid in the F-P cavity,
and L is the cavity length of the F-P cavity and λ is the wavelength of the output
light. Therefore, the output signal of the F-P cavity varies with the refractive index
of the magnetic fluid under the action of the magnetic field, and the magnitude of the
magnetic field can be measured bymeasuring the change of the wavelength of output
light. In 2012, Zhao et al. proposed a magnetic field sensor [11] to fill the magnetic
fluid using the capillarity of HC-PCF. The HC-PCF filled with magnetic fluid was
used as the F-P interference cavity. The measured magnetic field sensitivity of the
sensor in the range of 50–150 Oe was 33 pm/Oe. Different F-P cavity lengths had
different output spectrums, so the sensor has better multiplexing capability.

In 2014, Lv RQ et al. proposed a magnetic field sensor based on a magnetic
fluid-filled fiber F-P cavity [12]. The end faces of two single-mode optical fibers
constituted an F-P cavity was filled with magnetic fluid. The sensor had a magnetic
field sensitivity of 43.1 pm/Oe in the range of 0–400 Oe. On this basis, Wang Dan of
Northeastern University ruled FBG on one of two single-mode fibers, which solved
the problem of cross-sensitization of magnetic field and temperature and improved
the accuracyofmagnetic fieldmeasurement [13]. The structure is shown inFig. 1. The
magnetic field sensitivity of 34 pm/Oe and the temperature sensitivity of 0.013 nm/°C
were obtained. The sensor can be used in the environment where the magnetic field
and temperature change at the same time.

In 2018, Fuquan Shi et al. proposed an F-P interferencemagnetic field sensor [14].
The structure is easy to manufacture, as shown in Fig. 2. The sensing mechanism
is the characteristics of magnetic nanoparticles arranged along the direction of the
magnetic field. When there is a magnetic field, the coreless fiber shifts slightly with

Fig. 1 Structure with temperature compensation. Reprinted with permission from Ref. [13].
Copyright 2014 cnki.net

Fig. 2 Structure with
temperature compensation.
Reprinted with permission
from Ref. [14]. Copyright
2018 Optical Fiber
Technology
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the change of the volume of the magnetic fluid. At the same time, the output optical
signal will also be changedwith the change of the air cavity length, thusmeasurement
of the magnetic field can be achieved. When the direction of magnetic field was
parallel to the capillary placement direction, the measured magnetic field sensitivity
was 0.02347 nm/Oe. When the magnetic field direction was perpendicular to the
placement direction of the capillary, themagnetic field sensitivity was 0.0325 nm/Oe.

2.2 Based on the Sagnac Interference Mechanism

The Sagnac interference structure is composed of a 3 dB single-mode coupler whose
two output ends are welded together to form a ring structure. To improve the sensi-
tivity of the sensor, a polarization-maintaining fiber is generally welded in the ring.
The Sagnac interference structure can be easily combined with various other fiber-
optic sensing structures to achieve high-sensitivity magnetic field measurements.
Sensing mechanism of fiber-optic magnetic field sensors based on the Sagnac inter-
ference is the magnetically induced birefringence characteristics of the magnetic
fluid. The reflection function of Sagnac interference ring can be expressed as
Rλ = 1 − [sin θ · cos 2δ]2·. Here δ is the phase difference and can be expressed
as δ = πBL/λ. Here L is the equivalent length and λ is the wavelength, and B is
birefringence which includes birefringence B0 of polarization-maintaining fiber and
birefringence Bm ofmagnetic fluid. B0 is determined by the polarization-maintaining
fiber and is a constant. Bm will be changed with the magnetic field and the signal
of the output light will also be changed. The magnetic field can be measured by
measuring the displacement of the output spectrum. In 2011, Zu et al. proposed a
Sagnac interference structure based on the birefringence of magneto fluid [18]. The
sensor used a magnetic fluid film and was easy to manufacture. The magnetic field
sensitivity of the 60 μm-thick magnetic fluid film in the range of 0–180 Oe was
16.7 pm/Oe. In 2014, Wang Jing of WuHan University of Technology proposed a
fiber-optic magnetic field sensor based on the Sagnac interference ring [19] in which
the clad of the polarization-maintaining fiber was corroded. Themagnetic field sensi-
tivity was measured in the range of 0–200 Oe was 11.31 pm/Oe. It was proposed that
an unprocessed PM fiber can be welded in the Sagnac interference ring to achieve
temperature compensation. The sensor can also be used as a liquid refractive index
sensor. Organic glass material was used to package the sensing probe and magnetic
fluid in the experiment. The volume of the sensor after packaging was larger than
that of ordinary sensors because of the ring structure.

In 2014, Zu et al. proposed that combining the birefringence effect of themagnetic
fluid with the Loyt-Sagnac interferometer to achieve a magnetic field sensor had
higher sensitivity based [20] on their previous research [21, 22]. As shown in Fig. 3
below, the Loyt-Sagnac interferometer was a Sagnac interferometer containing two
segments of high birefringence fiber (HBF). The birefringence effect of the magnetic
fluid was significantly amplified because of using the Loyt-Sagnac interference
structure, and the sensitivity of 592.8 pm/Oe was achieved.
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Fig. 3 Loyt-Sagnac
interference structure.
Reprinted with permission
from Ref. [20]. Copyright
2014 Sens.Actuators B:
Chem

Fig. 4 a,b are cross-sections of photonic crystal fibers; c is a systemdiagramofSagnac interference;
d is a schematic diagram of the surface plasmon resonance effect. Reprinted with permission from
Ref. [23]. Copyright 2018 Optical and Quantum Electronics

In 2018, Hai Liu et al. proposed a sensor based on Sagnac interference struc-
ture and D-type photonic crystal fiber [23], as shown in Fig. 4. The air holes of
photonic crystal fiber were filled with magnetic fluid and the D-shaped area was
coated with a gold film. The magnetic field sensitivity was and the sensitivity was
effectively improved because of the combination of Sagnac interference structure and
surface plasmon resonance effect. In the experiment, the magnetic field sensitivity
of 0.483 nm/Oe and the temperature sensitivity of 0.1 nm/°C were achieved.

2.3 Based on the Mach–Zehnder Interference Mechanism

The Mach–Zehnder interferometer is also a different interference-based structure
from the F-P interferometer, which is a transmissive sensor that the transmission
signal can be expressed as I = Iout1 + Iout2 + 2

√
Iout1 Iout2 cos(δ + δ0). Here Iout1
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and Iout2 is the output light intensities of the two cores, and δ0 is the initial phase
difference. δ can be expressed as δ = 2πL�n/λ. Here L is the length ofmicro-cavity
and�n is the refractive indexdifference, andλ represents the output lightwavelength.
The magnetic measurement of the Mach–Zehnder interference sensors based on
magnetic fluid can be achieved using the change of refractivity of the magnetic fluid.
In 2015, Li of ShenZhenUniversity proposed aMach–Zehnder interference structure
included magnetic fluid and the dual-core fiber in which a microcavity was made
[24]. The magnetic field sensitivity of −37.1 nm/Oe was achieved, but the magnetic
field measurement range of 0–80Oe was achieved.

2.4 Mode-Based Interference Mechanism

Previous studies are various about fiber-optic magnetic field sensors based on the
mode interference mechanism. Such as sensors with tapered shape structure, sensors
of single mode-fine core-single mode structure and single mode-multimode-single
mode structure, et al., all belong to the sensors based on the mode interference
mechanism. The sensor is generally melted and tapered or made a core-offset struc-
ture, and the core fundamental mode excites high-order modes at a fusion plane
and mode coupling occurs at the second fusion plane, so which is essentially also a
sensor of Mach–Zehnder interference mechanism.When the two interference modes
meet certain phase conditions which is 2π

[
ncoe f f (λ) − ncl, je f f (λ, next )

]
(L/λD) =

(2k + 1)π , there will be a transmission valley which is affected by the refractive
index of the external environment. When the external environment is the magnetic,
the refractive index of magnetic fluid will change. So the magnitude of the magnetic
field can be obtained by measuring the drift of the interference trough. Here ncoe f f
and ncl, je f f is the effective refractive index of the fundamental mode and the j-th order
cladding mode, respectively, and next is the effective index of the environment, and L
is the length of the sensing area, and λD is the wavelength of the interference valley,
and k is integer. In 2014, Layeghi and others proposed a magnetic field sensor with a
tapered structure [25]. The tapered fiber structure was coatedwith a layer ofmagnetic
fluid and sealed in the capillary tube, which can be made small. The magnetic field
sensitivity of −71.7 pm/Oe was achieved. Shengli Pu et al. proposed a sensor with a
tapered joint [26], as shown in Fig. 5. The magnetic field sensitivity of 32.53 pm/Oe
was achieved ranging from 0 to 160 Oe.

In 2016, Liang of Zhejiang University achieve magnetic field measurement
combined cladding-etched thin-core fiber and magnetic fluid [27]. The sensor can
achieve dual parameter measurements of the magnetic field and temperature, and
the magnetic field sensitivities of 128 pm/Oe and the temperature sensitivities of
12.23 pm/°C were achieved. The structure is shown in Fig. 6.

In 2017, Yue designed a fiber-optic magnetic field sensor based on peanut cone
and multimode fiber structure [28]. The two ends of the single-mode fiber engraved
long-period fiber grating and the multimode fiber were melt-balled to make peanut
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Fig. 5 Sensor with tapered joint. Reprinted with permission from Ref. [26]. Copyright 2014 IEEE
Photonics journal

Fig. 6 Schematic diagram of TCFMI structure of cladding corrosion by magnetic fluid coating
(right: Schematic diagram of TCFMI structure of cascaded FBG). Reprinted with permission from
Ref. [27]. Copyright 2016 cnki.net

cone structures. In the experiment, the magnetic field sensitivity of 47.8 pm/Oe and
the temperature sensitivity of 0.06 nm/°C were obtained.

3 Summary

The magnetic field sensitivity, measurement range, and magnetic field measure-
ment mechanism of fiber-optic magnetic field sensors based different interference
mechanisms are summarized, as shown in Table 1. The measurement mechanism
of magnetic field sensors is generally achieved by measuring the change of wave-
length. For the packaging of sensors, which is packaged with an organic glass when
the sensing probe is a ring structure, for others sensors, with a capillary for packaging.
For the filling of magnetic fluid, previous studies achieves filling through capillary
action or the pressure of syringe.
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Table 1 Comparison of sensing performance of fiber-opticmagnetic field sensors based ondifferent
interference mechanisms

Interference
structure

Sensitivity(pm/Oe) Measuring
range (Oe)

Measurement
mechanism

Packaging
method

F-P interference 33–43.1 0–400 Wavelength shift Quartz glass
capillary

Sagnac
interference

16.7–580 0–200 Wavelength shift Plexiglass
material

Mach Zander
interference

37,100 0–8 Wavelength shift Quartz glass
capillary

Mode
interference

47.8–128 0–440 Wavelength shift Quartz glass
capillary

4 Summary and Prospect

At present, the technology of fiber-opticmagnetic field sensing based on themagnetic
fluid is in the laboratory research stage. There are still some aspects that need to be
improved:

1. Optical fiberMicromachining technology, commonly used focuses particle beam
or Fs Laser micromachining is complex and costly. And the traditional semi-
conductor planar micromachining technology is not suitable for the three-
dimensional micromachining of optical fibers, it is necessary to develop techno-
logical methods suitable for optical fiber three-dimensional micromachining.

2. The effective filling of themagnetic fluid is a difficult point of themicro-structure
fiber sensor technology,which determines the performance of the sensor to a large
extent, so it is necessary to develop more effective and low-cost magnetic fluid
filling methods.

3. The packaging technology of fiber magnetic field sensors based on magnetic
fluid needs to be strengthened and improved, which determines the performance
and lifetime of the sensor, as well as the level of sensor development costs.

4. The magnetic fluid materials which have high viscosity, slow response time and
are not easy to fill and package is commonly used. The performance of magnetic
fluid materials is a key element of fiber-optic magnetic field sensors. Therefore,
new magnetic fluid materials which have faster dynamic response time, proper
viscosity, and easy filling and packaging need to be developed.

Consider the temperature characteristics of magnetic fluids, fiber-optic magnetic
field sensors based on magnetic fluids are sensitive to temperature. To solve the
problem of temperature and magnetic field cross-sensitivity, many research reports
have adopted some methods including using fiber grating structure and injecting
temperature-sensitive liquid to achieve the dual parameter measurement of the
magnetic field and temperature. Temperature-sensitive packaging material can also
be used to improve temperature sensitivity. Therefore, magnetic field sensor based
on magnetic fluid should not only be limited to measure the magnetic field, but its
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function can also be extended to the field of temperature measurement to achieve
high utilization of the sensor.

Magnetic fluid not only has an adjustable magneto-refractive index and tempera-
ture characteristics but also has the magnetic characteristics of solid magnetic mate-
rials. The nanoparticles are arranging along the direction of the magnetic field, so
the direction of the magnetic field has influence on the magnitude of the magnetic
field. At present, the research on magnetic field measurement mostly focuses on
the measurement of the magnitude of the magnetic field, while the research on the
measurement of the magnetic field direction is less. Consider the difference between
the actual environment and laboratory measurement conditions, the direction of the
magnetic field must be considered in actual measurement, which is the direction of
the magnetic field is known before measuring in the laboratory but the magnitude
and direction of the magnetic field are unknown during the actual measurement.
Although the study of the direction of the magnetic field is less in previous sensors,
the sensors have a certain sensitivity to the direction of the magnetic field because
of the magnetic properties of the magnetic fluid. It is hoped that the sensitivity of
magnetic field directional of the sensor can be used as an important index to measure
the sensing performance to expand the application range of the sensor in the field of
magnetic field measurement in future research.
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Controllable Optical Characteristics
of TiN Films Prepared by Magnetron
Sputtering

Kai Xu, Yan-Long Meng, Si-Meng Liu, and Jun Tan

Abstract In this paper, TiN thin films prepared based on magnetron sputtering are
studied. The characteristics of TiN thin films fabricated by non-reactive direct current
sputtering are analyzed by using X-ray photoelectron spectroscopy and ellipsometry
polarization spectroscopy. By analysis, it is found that there are many N defects in
the TiN thin film which results in a low refractive index in the visible range. After
changing the manufacture process by introducing N doping, refractive index of the
TiN film can be enhanced. The research in this article is helpful to understand the
role of N2 in the deposition process of TiN films, and to provide a feasible solution
for the regulation of TiN film properties.

Keywords TiN · Plasmon material · Magnetron sputtering

1 Introduction

As a transition metal nitride material, TiN has been widely used in machine protec-
tion and coating protection due to its excellent physical properties, such as high
hardness, friction resistance, etc. [1]. Not only that, but the structurally complete
TiN material also has a higher electrical conductivity, thus replacing gold in the field
of microelectronics, such as diffusion films, gates in field effect transistors, metal
connection points in ultra-large-scale integrated circuits, etc. [2–5]. With the deep-
ening of surface plasmon research, TiN has also attracted much attention because
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of its plasma characteristics in the visible light band, and has become a hot topic in
recent years to replace traditional noble metal plasma materials [6–8].

So far, various TiN preparation technologies have been developed, such as
magnetron sputtering (MS), cathode arc ion plating (CVA), chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), pulsed laser Sedimentation and other
technologies [7, 9–11]. However, the characteristics of TiN films are greatly affected
by the manufacturing process. Different process conditions in the same technology
will also affect the characteristics of TiN films to some extent [12, 13]. Magnetron
sputtering has attracted widespread attention as one of the easiest techniques for
preparing TiN films. TiN thin films are prepared based on magnetron sputtering.
Reactive deposition technology is often used to obtain TiN thin films by sputtering
Ti targets in an N2 atmosphere. However, no research has been reported on the prepa-
ration of TiN thin film materials by direct current (DC) sputtering TiN targets. In
this paper, TiN films of different thicknesses were deposited on a silicon substrate by
DCmagnetron sputtering TiN technology. The effects of changing the environmental
conditions of the sputtering chamber on the optical properties of TiN and the changes
in optical properties and surface morphology of TiN with different thicknesses were
studied. The related properties of the thin films obtained by direct sputtering of TiN
targets are studied in depth, which provides a favorable reference for DC sputtering
TiN technology.

2 Experiments

The substrate used for the preparation of the TiN film was a single-sided polished
single crystal silicon wafer. Before preparation, the single crystal silicon wafer was
cut into 2 cm × 2.5 cm pieces. After that, the substrate was ultrasonically cleaned
in acetone, ethanol, and deionized water for 10 min in subsequence. And then the
substrates were dried in an oven, and placed in a sputtering chamber. The sputtering
target was a TiN target. When the vacuum in the reaction chamber reaches 3 × 10–4

Pa, we filled the reaction chamber with argon or a mixture of argon and nitrogen
(flow ratio 3: 7) required for sputtering, the gas flow is 20 sccm, and the sputtering
pressure is 0.86 Pa, with a sputtering power of 80 W. The substrates kept rotating
during the sputtering process to ensure uniformity of deposited films. The surface
morphology of prepared samples was tested by scanning electron microscopy. X-ray
photoelectron spectroscopy (XPS) was used to analyze the elements contained in the
materials, and ellipsometry was used to test and analyze the optical characteristics
of the materials.
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Fig. 1 SEM images of TiN thin films with thicknesses of 100 nm a prepared in N2: Ar = 0: 1
atmosphere and 35 nm b 20 nm c prepared in N2: Ar = 7: 3 atmosphere

3 Results and Discussion

Figure 1 shows the surface morphology of TiN under different deposition conditions
obtained by SEM testing. It can be seen from the SEM image that even without
nitrogen doping, the sample surface still has dense TiN grains, and the grain size of
the surface grains is larger than that of a 35 nm-thick TiN film prepared by doping
N2. For the TiN film prepared by doping 70% N2, the 20 nm-thick TiN film shows
obvious discontinuity. In order to further analyze the composition of the TiN thin
film not doped with N2, the XPS is used to analyze the Ti, N, C, and O contained in
the TiN thin film. The ionization energy spectra of various elements obtained by the
test are shown in Fig. 2.

By testing Ti, N, C, and O elements in the thin film sample, it is not difficult to find
that the characteristic energy peaks of the C and O elements in the sample are strong,
which indicates thatC andOadsorption exists on the sample surface, and the presence
of the O element may be due to partial oxidation of the film surface. Considering
that the standard peak position of the equipment testing C 1s used for the sample test
is 284.6 eV, it is known that the sample test has a shift of 0.14 eV by correcting the
C 1s peak position. The characteristic spectrum peaks of Ti 2p orbits are distributed
asymmetrically. This is because Ti has an unfilled d orbit. The Ti 2p energy levels are
divided into Ti 2p3/2 and Ti 2p1/2 under the effect of electron spin–orbit coupling. Ti
2p3/2 characteristic peak at 458.38 eV and Ti 2p1/2 characteristic peak at 464.08 eV.
The characteristic peak of Ti 2p3/2 corresponds to Ti3+ ions in TiN, and its half-value
width is narrow, while the characteristic peak of Ti 2p1/2 corresponds to Ti4+ ions in
TiO2, indicating that the surface of the sample is oxidized. In order to further analyze
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Fig. 2 X-ray photoelectron spectra of various elements in TiN films. a Ti, b N, c O, d C

the stoichiometric ratio of Ti element and N element in TiN, the ratio of each element
in the TiN thin film is calculated using the formula. The calculation shows that the
stoichiometric ratio of Ti to N in the film is 3.42: 1, which indicates that there are
more N losses in the film.

Atomoic% =
IA
SA∑
i
Ii
Si

× 100% (1)

In order to analyze the optical properties of the prepared films, the films are
tested using an ellipsometry. The data obtained by the spectroscopic ellipsometer
cannot directly obtain the optical properties and dielectric constants of the sample
materials.Amodel needs to be established tofit the ellipsometric data to determine the
characteristics of the sample materials. In this paper, we use Drude+ Tauc Lorentz’s
model to implement data fitting. The Drude dispersion model is used to explain the
conduction electron transport characteristics in metals, transparent conductive films,
and heavily doped semiconductors. Its dielectric function equation is:
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ε̃(ω) = ε(∞) − ω2
P

−ω2 + i�dω
(2)

where ε (∞) represents the high-frequency dielectric constant, which is usually
greater than or equal to 1 due to high-frequency contributions; the parametersωp and
�d have important effects on the real and imaginary parts of the dielectric constant.
ωp represents the plasma frequency, which corresponds to the photon energy position
where the real part of the dielectric constant is approximately 0. As ωp increases, the
amplitude of the real and imaginary parts also increases; �d represents the collision
frequency, and the photon absorption capacity will it expands as �d increases.

In order to describe the dielectric properties of the thin film, a Tauc Lorentz
dispersion model is introduced into the fitting model. The function equation of the
model is:

ε = ε1 + ε2 (3)

ε2 =
⎧
⎨

⎩

1
E ∗ A∗E0∗C∗(E−Eg)

2

(E2−E2
0)

2+C2∗E2
(E > Eg)

0(E ≤ Eg)
(4)

ε1 = 2

π
∗ P ∗ ∞∫

Eg

ξ ∗ ε2(ξ)

ξ 2 − E2
dξ (5)

where A is related to the intensity of the light absorption peak, and the amplitude
of the peak will increase with the increase of A, generally 10 < A < 200; E represents
the energy required for the maximum transition probability or the energy position
of the absorption peak; C is the damping coefficient related to the FWHM of the
absorption peak. The higher the C is, the smaller the amplitude of the absorption
peak will be.

By fitting, we find that the experimental data in the visible wavelength range agree
well with the fitted curve (as shown in Fig. 3).

Figure 4 shows the spectrum of (a) the real part ε1, the imaginary part ε2 and (b) the
refractive index n and the extinction coefficient k in the complex dielectric function.
The relationship between these parameters is given by the formula ε1 = n2 – k2 and ε2
= 2nk decides. In Fig. 4, we can observe that the TiN sample has a relatively strong
plasma oscillation at high photon energy; the refractive index n of the 16 nm TiN
sample prepared in pure Ar environment and doped with 70% N2 in the full energy
spectrum curve has the similar trend. The value of n in the pure Ar environment is
slightly greater than the value of n in the 70%N2 environment. At high photon energy,
plasma oscillation absorption is the main factor. As the photon energy decreases,
low-energy photon cannot inspire ground-state electrons to jump over the forbidden
band to generate excitons, and some photons fall into impurity defects. The photon
absorption in the sample gradually changed from plasma oscillation absorption to
other light absorption such as exciton absorption and impurity absorption. The photon
absorption of TiN prepared in the 70% N2 environment is weaker than that of the
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Fig. 3 Ellipsometry data fitting results of Drude + Tauc-Lorentz model

Fig. 4 Dielectric constant and n, k curves of 16 nm-thick TiN under different N2 doping conditions

sample prepared under pure Ar. The intensity of the plasma oscillation is lower than
that of the sample under pure Ar, but the frequency band is relatively wider.

From Fig. 5a, it can be observed that when prepared in 70% N2 atmosphere,
as the film thickness changes from 8, 12 to 16 nm, 20 nm, the refractive index of
TiN decreases continuously in the high energy region (visible light region); When
the photon energy is less than 1.56 eV, the sample with a thickness of 20 nm has
a refractive index n value greater than the sample with a thickness of 16 nm, and
when the photon energy is less than 1.3 eV, the refractive index n value is higher than
the other two thinner samples. In Fig. 5b, when the photon energy is greater than
2.6 eV, as the thickness increases, the light absorption of the film in the high photon
energy region decreases. In the range of 1.03–2.6 eV, the light absorption of the film
increases with the thickness of the film. However, the k value of the TiN film with
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Fig. 5 TiN films prepared in N2:Ar = 7: 3 atmosphere with a thickness of 8, 12, 16, and 20 nm

a thickness of 20 nm decreases, and its refractive index n value changes within this
range. From Figs. 1b, c, it can be observed that the higher the thickness of TiN is,
the larger the grain size of the surface will be; the 20 nm thickness of the sample has
larger grain size compared to other samples. When the light wave propagates in the
thin film, the interfacial diffuse reflection decreases, the refractive index increases,
and the extinction coefficient decreases.

4 Summary

In summary, through the characterization analysis of the magnetron sputtering TiN
thin film, we found that when TiN thin filmwas prepared using TiN as a target source,
the TiN thin film prepared under argon atmosphere contained a large N deficiency.
After 70% N2 was mixed in the reaction atmosphere, the photon absorption capacity
of TiNwas reduced, and the refractive indexwas slightly increased. At the same time,
when prepared in the 70%N2 reaction environment, the extinction coefficient k value
of the sample with a thickness below 20 nm will decrease as the thickness increases
in the high energy region of 2.6–4.13 eV. While in the range of 1.03–2.6 eV, the k
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value increases with the thickness. Most of the previous reports have used Ti targets
as target sources to study the optical properties of TiN thin films. This experiment
hopes to provide some effective references for the preparation of devices using TiN
as target sources in the future.
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Analysis of Optic and Electric Combines
Measurement Uncertainty Under Strong
Impact Loading

Miao Zheng and Lan Wei

Abstract When the metal material undergoes a series of physical processes such as
strong impact loading, unloading, reverse stretching and reloading in the complex
system, the layer fracture of the material is easy to occur in the reverse stretching
stage. In order to study the movement behavior and law of metal material under
strong impact loading, the free surface particle velocity and the movement process
of the sample surface with time were obtained by the verify of DISAR and electric
probe measurement technique. In this paper, the uncertainty sources of two kinds
of test systems are analyzed, and the test error ranges are given respectively. In the
two dimensional Lagrange hydrodynamics program, the layer fracture processing
function considering void growth, polymerization and collapse effect is added to
carry out numerical simulation research. The simulation results show that the layer
fracture occurs in the process of loading and unloading, and the experimental data
are in good agreement with the simulation results. The width of the platform and the
takeoff height of the speed curve are basically the same, and the relative error is not
more than 10%.

Keywords Strong Impact Loading · Simulation · Uncertainty of Measurement

1 Introduction

When the pellet or flyer strikes the target plate, the unloading rarefaction reflected by
the two free surfaces will propagate backward in the target plate [1]. The unloading
wave interaction causes tensile fracture and spalling. Spallation is one of the most
common failure modes of materials under impact load, and it is a typical dynamic
failure mode as well as adiabatic shear fracture. The phenomenon of spallation
is closely related to military engineering, aerospace engineering and other fields.
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The study of spallation also involves the interdisciplinary. Therefore, the study of
spallation behavior of materials is a great theoretical and practical significance [2, 3].

At the beginning of the twentieth century, B. Hopkinson began to study the spal-
lation behavior of metallic materials. He observed the spalling phenomenon of low
carbon steel and predicted that it was most likely caused by the reflected tensile wave
propagating in the material, and noted that the failure mode showed the character-
istics of brittle fracture. L. Davison and A. L. Stevens, for the first time, combined
mechanics with material science and put forward a preliminary physical explanation
of spallation from a microscopic point of view. In China, Xing and Bai introduced
statistical description method to study spallation, which promoted the development
of material fracture theory. The research on the dynamic damage evolution behavior
of metals generally starts from the typical dynamic tensile fracture spalling problem.
However, due to the lack of systematic understanding of evolution image and physical
process of spallation, there are great challenges in the interpretation of experimental
data and theoretical modeling [4–6].

In this paper, we systematically analyzed the motion law of flying under strong
impact loading by combining the experimental and numerical simulation work. The
uncertain sources of experiment were analyzed and the range was given.

2 Experimental Facilities

Figure 1 shows the schematic diagram of tungsten flyer driven by strong detonation.
The free surface velocity of the flyer was measured by DISAR, and the time when
the flyer reached the fixed position was measured by electric probe.

Fig. 1 Schematic diagram
of experimental facility

X

Y

Flyer

Explosive
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3 Experimental Result and Uncertainty Analysis

Through two sets of test systems, the movement characteristics of flyer were verified
and analyzed.

There are two sources of experimental uncertainties.

(1) The uncertainty introduced by random effect.
(2) The uncertainty introduced by system effect.

Through the analysis of this type of experiment, the uncertainty of experimental
measurementmainly includes two parts. The evaluation of uncertainty is given below.

3.1 Initial State of Experimental Device and Test System
Error

For a complex detonation system, it is difficult to give the direct relationship between
the initial state variation and themeasurement results. Therefore, in the electric probe
test, the test points on the same test interface are regarded as multiple measurements
of a single test point. The experimental standard deviation of measuring points can
be calculated according to Bessel formula (1):

s(xk) =

√
√
√
√
√

n∑

i=1
(xi − x̄)2

n − 1
(1)

Table 1 shows the dispersiondata of each interface. In order to achieve the envelope
of all data, the maximum standard deviation ue (ue = 77.6 ns) of the experiment is
used as the dispersion index of the electrical measurement system.

The electric and optical data in the same experiment are self consistent in theory.
The integrated optical data is compared with the electrical data (Table 2).

Table 1 Dispersion of each interface

Position (mm) 40 50 70 80 90 100

experimental standard deviation (ns) 69.5 76.1 55.6 65.7 63.3 77.6

Table 2 Deviation of different systems

Position (mm) 40 50 70 80 90 100

Deviation of different systems (ns) 154 162 118 115 190 132
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Fig. 2 Difference of measuring point position

In order to evaluate the uncertainty of optical data quantitatively, the uncertainty
range of 3% is given. Within the uncertainty of the test, the optical and electric data
are basically consistent.

3.2 Difference of Measuring Point Position

The position deviation of the measuring point is caused by the probe positioning in
the testing system. Figure 2 shows the deviation caused by probe positioning height
and coaxiality. The uncertainty of the interface(r) is 20 ns.

It can be seen from the data that the dispersion of the electrical measurement data
is 4 times of the uncertainty of the probe positioning, which indicates that the test
accuracy is high. The dispersion of the electrical measurement data mainly comes
from the physical problems introduced by the structure of the device itself.

The synthetic uncertainty of the electrical measurement system is given:

u =
√

u21 + u22 = 80.34 ns (2)

Expanded Uncertainty of electrical measurement system (k = 2):

U = ku = 160.68 ns (3)

The synthetic uncertainty of the optical measurement system is given:

u =
√

u21 + u22 = 152.59 ns (4)

Expanded Uncertainty of optical measurement system (k = 2):

U = ku = 305.18 ns (5)
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4 Numerical Simulation of Spallation

The two-dimensional Lagrangian elastoplastic hydrodynamics program integrated
with VG-spall model is used to carry out numerical calculation. Figure 3 shows the
comparison between the numerical simulation and the experimental data. It can be
seen that the simulation results are higher than the experimental data in the first
platform area of the free surface velocity curve. Generally, the height of the platform
depends on the acoustic impedance and shock wave strength of the material. The
dispersion of the experimental data indicates that the experimental loading conditions
may not be completely consistent. The theoretical calculation shows that the free
surface velocity of tungsten is about 1700 m/s, which is higher than the test value.

Table 3 shows the comparison between calculation results and electrical measure-
ment data. Mean square deviation was used to evaluate the degree of conformity. It
can be seen from the data that they are in accordance with the uncertainty of test.

Fig. 3 Velocity curve

Table 3 Position and mean square deviation

Position (mm) 40 50 70 80 90 100

Mean square deviation (ns) 103.25 70.94 87.43 98.04 100.36 103.25
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5 Analysis and Discussion

In this paper, the dynamic damage evolution characteristics of tungsten metal under
the condition of strong impact loading are studied experimentally, and the free surface
velocity curves of different positions are obtained. By analyzing the uncertainty
sources of the experiment, the uncertainty ranges of the optical measurement system
and electrical measurement system are given.

The uncertainty of optical measurement system is greater than that of electrical
measurement system. This is due to the large acceleration of the target under the
condition of strong primary loading, which results in the increase of the influence
of the mode dispersion of the signal fiber in the laser interferometry. The results of
numerical simulation can reflect the spalling phenomenon well. However, because
the initial loading condition is quasi spherical wave, the three-dimensional effect of
the experimental device is not considered, and there is still 10% difference between
the calculation and the experimental results in the platform area. Further research
will be carried out in the future.
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Design of Fringe Projector Illumination
System Based on Digital Mircomirror
Device

HongYao Liang, Yan Shi, TengBiao Song, Yi Chen, Rui Xu,
and ShangZhong Jin

Abstract High-speed fringe structured light projection system is one of the key tech-
nologies for real-time and efficient measurement of phase three-dimensional topog-
raphy measurement system. Its function is to generate a modulated fringe pattern
for three-dimensional measurement. Digital projectors based on DMD (Digital
Mircomirror Device) have been widely used in three-dimensional projection fringe
measurement systems due to their advantages such as high contrast, high brightness,
high efficiency, and secondary development. This paper designs a high-efficiency
and high-uniformity fringe projector illumination system based on DMD, with a
light efficiency of 54%, a uniformity of 91.5%, and an illumination beam angle
distribution of 10°–38°. The overall system size is 70 mm × 74 mm × 35 mm,
which is applied to the phase three-dimensional topography measurement system,
has important research significance and practical value.

Keywords Fly-eyes · DMD · Uniformity

1 Background

Since the 1990s, “optical measurement technology” has played an increasingly
important role in modern industrial inspection and has become themain thrust for the
development of innovative technologies in the industry. The existing reconstruction
systems can be roughly divided into optical triangulation [1], laser interferometry [2],
time of flight method [3], grating projection method [4, 5]. The three-dimensional
contour measurement based on the grating projection method is to project a grating
onto the surface of the object through an optical projector, and to capture a three-
dimensional image of the grating fringe modulated by the surface of the measured
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object by a camera at another position, thereby obtaining a two-dimensional deforma-
tion fringe of the grating fringe image. In the early fringe structure projection systems,
gratings were mainly used. The phase shifting of the projected fringe pattern is real-
ized by the translation of the mechanical device. The system structure is simple.
With the rapid development of projection systems, the optical projector system has
become a commonly used structured light projection system. The structured light
pattern is programmed by a computer, so the pattern has high accuracy and strong
controllability. According to different projector systems, they can be divided into
cathode ray tube, liquid crystal display and digital illumination process. The cathode
ray tube projection system has a large volume and a poor projection effect, and is
gradually eliminated by the society. However, the liquid crystal projection system
has a long response time and a low refresh frequency, which cannot meet modern
measurement requirements. The DLP projection system was invented by TI. The
basic component is a digital mirror. Digital mircomirror device (DMD) based digital
projectors have the advantages of high brightness, high efficiency, flexible program-
ming, and secondary development. The role of the illumination optical system in
projection equipment is very important. The success of the design of the illumi-
nation optical system directly affects the performance indicators of the equipment.
This article designs a fringe with compact structure, low cost and high efficiency and
uniformity Projection illumination system.

2 Principle of Design

The fringe structure light projection illumination system is mainly composed of a
light source, an illumination system and a DMD chip. The light from the source
is homogenized by the illumination system and then modulated by the DMD chip
into the projection objective, which projects the fringe pattern onto the surface of the
object. Among them, the illumination systemmainly includes a collimation system, a
fly-eyes array and a relay system. The collimation system is used for collimating and
amplifying the light beam emitted by the LED light source; the fly-eyes array homog-
enizes the light from collimation system to make the energy distribution uniform; the
relay system is to adjust the direction of the light spot and combine the light from the
fly-eyes array so that it is evenly superimposed on the DMD. This article will design
a DMD-based fringe projector illumination system with an efficiency of more than
50% and a uniformity of more than 90%. The illumination beam has a numerical
aperture of F / # = 2.4 and the incident angle of the light in the ‘ON’ state is 12°.
And the system is compact.
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2.1 Design Initial Parameter Determination

Light source selection. In this paper, the CBT-90-B-L11 from Luminus was selected
as the system light source [6], and the light source model was used to design the
alignment system. The main parameters are as follows (Table 1).

DMD selection, this article chooses TI’s 0.45 inch DMD display chip [7], the
illumination beam is oblique incidence, the incident light requires the incident angle
of the light in the ‘ON’ state is 12°, the numerical aperture is F / # = 2.4, the main
parameters of DMD are as follows Fig. 1; Table 2).

Table 1 CBT-90 main
parameters

Parameter names Parameter values

Typical peak wavelength 456 nm

Emitting area 3.0 mm × 3.0 mm

Fig. 1 0.45 inch DLP chip pixel tilt and effective size

Table 2 0.45 inch DMD chip
parameter table

Parameter names Parameter values

Pixel tilt angle ±12°

Pixel unit size 7.6 μm

Pixel arrangement method Diagonal diamond arrangement

Resolution 912×1140

Chip length and width 9.855 mm × 6.1614 mm (16:10)

DMD efficiency 68%
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Fig. 2 Collimated light path

2.2 Illumination System Design

2.2.1 Illumination Lens Design

The fly-eyes lens has a high degree of collimation requirements for incident light.
Generally, the angle of collimated light needs to be controlled within 10° to ensure
high light efficiency through the fly-eyes lens. In this paper, two lenses are used for
collimation design, in which the fourth surface is aspherical and the other surface is
spherical or planar, which is optimized in zemax, and finally the collimated optical
path as shown in Fig. 2 is obtained, which reaches the effective aperture of the
fly-eyes. The efficiency is that the angle of most of the light energy is controlled
within 10°. More than 90% of the emitted light energy can be utilized by subsequent
systems.

2.2.2 Calculation of Fly-Eyes Parameters

A fly-eyes lens, also known as a compound eye, is a commonly used method for
achieving uniform illumination. The principle of uniform illumination of the fly-eyes
lens is as shown in Fig. 3. The parallel light beams are focused on the corresponding
second lens after passing through the first lens, and then superimposed on the DMD
through the converging lens. Because the first row of fly-eyes lenses divides the entire
wide beam of the light source into multiple thin beams, and the small unevenness in
each thin beam range is due to the superposition of the thin beams in symmetrical
positions, the small unevenness of the thin beams is obtained Compensation, so that
the light energy in the entire aperture can be effectively and uniformly utilized.

The fly-eyes homogenizing array not only provides uniform illumination for the
DMD chip, but also modulates the circular illumination spot of the light source into
a rectangular spot output. The aspect ratio of the fly-eyes lens unit is the same as
the aspect ratio of the DMD chip, and the focal length of the fly-eyes lens and the
converging lens satisfy the following relationship:



Design of Fringe Projector Illumination … 149

Fig. 3 Fly-eyes illumination schematic

 
      1.5mm×2mm          1.1mm×1.78mm             1mm×1.7mm 

Fig. 4 Effect of Fly-eyes lens size on illumination effect

d

f l
= D

f c
(1)

where d is the size of the fly-eyes array microlens, fl is the focal length of the
microlens, D is the size of the DMD, and fc is the focal length of the focusing lens.

The 0.45-inch DMD chip used in this paper is 6.16 mm × 9.86 mm, and the
LED beam is 21 mm after the beam expander system. According to the principle
of the fly-eyes lens, the more the number of the fly-eyes lens unit, the better the
uniform light effect. However, as the number of lens units reaches a certain level, the
uniformity effect is not obvious, and side lobes are generated, as shown in Fig. 4, and
the increase in the number causes the lens unit to have a very small size, is difficult
to process, and the overall cost performance is lowered.

2.2.3 Relay System Design

The role of the relay system is mainly to converge the light emitted from the fly-eyes
lens onto the DMD, and complete the angle requirements and direction change. The
relay system includes a relay lens and an TIR prism.
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Fig. 5 TIR prism principle
diagram

The principle of the TIR prism is shown in Fig. 5. It uses the principle of total
reflection to select the angle of the light beam. On the total reflection surface, all the
light beams that are larger than the total reflection angle are reflected, and those that
are less than the total reflection angle are transmitted.

It can be seen from Fig. 5 that for the ray tracing of the prism, after the light enters
the prism, total reflection occurs on the slope of the prism. According to the principle
of total reflection, there are:

sini = sini ′ = 1

n
(2)

where n is the refractive index of the prism. For light that is totally reflected by
the lower surface of the prism after total reflection, the angle of the outgoing light
incident on the DMD surface is θDMD. According to the law of refraction on the
interface, there are:

sin θ

sin θDMD
= 1

n
(3)

At the same time, from the mathematical geometric relationship of the triangular
prism:

θ = i − α (4)

In this paper, θDMD = 12° (incident angle of incident light perpendicular to the
DMD chip in the on state).

The fly-eyes has the same aspect ratio as the DMD, so the magnification of the
relay lens group is equal to the ratio of the DMD chip to the size of the fly-eyes,
and the magnification of the relay steering system can be determined to be 5.3. The
object plane of the relay system is the fly-eyes exit end face, and the image plane
is the DMD chip. The use of a telecentric illumination light path can maximize the
uniformity of the illumination beam at the exit end of the fly-eyes reaching the DMD
chip. Depending on the size of the designed prism, the rear intercept can be set to
40 mm. According to the requirements of the illumination system on the structure of
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Fig. 6 Relay system design
scheme

the optical machine and the back intercept, the focal length of the two lenses can be
roughly obtained, so as to obtain the initial structure of the illumination light path.
The TIR prism is equivalent to flat glass, which is optimized in codev to optimize the
relay lens. The inclination angle, surface shape, and power distribution are used to
obtain an inclined uniform illumination beam with 24° incident main surface light.
The final relay system optimization results are shown in Fig. 6.

3 Simulation Analysis of Illumination System Performance

Combining the parts of the design in the previous section, the entire system is simu-
lated in the simulation software. The light source uses a CBT-90 light file, and the
receiving surface is a DMD-sized rectangular area. The optical path simulation light
path diagram is shown in Fig. 7. The light spot in the DMD effective area is shown
in Fig. 9, and the illuminance distribution line chart is shown in Fig. 8. The energy
utilization rate at the image plane is 54%. The surface illuminance is sampled, and
the uniformity is calculated to be 91.5%. As shown in Fig. 10, it can be seen that the
incident angle of the light is roughly distributed around 20°, and most of the angle
of the light range is between 12°–36°. The numerical aperture is ≈2.4. The overall
size of the system is 70 mm × 74 mm × 35 mm. The simulation results basically
meet the design requirements.
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Fig. 7 Illumination system
simulation

Fig. 8 DMD illumination
distribution chart

4 Conclusion

In this paper, a illumination system based on DMD fringe structure is designed,
the LED light source is collimated by two collimating lenses so that the diver-
gence angle of the outgoing light beam is less than 10°. Optimize the relay lens
tilt angle, power distribution, and surface shape in code, and obtain a tilted uniform
illumination beam with the main light incident at 24° in the ‘ON’ state. The entire
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Fig. 9 DMD area light spot
diagram

lighting system is established in the simulation software. After testing, the light effi-
ciency is 54%, Uniformity 91.5%, illumination beam angle distribution between
10°–38°, and the overall size of the system is 70 mm × 74 mm × 35 mm. It
has important research significance and practical value for its application to phase
three-dimensional topography measurement system.
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Fig. 10 DMD incident light angle distribution

Funding Major Scientific Research Project of Zhejiang Lab (2019DEKF01).

References

1. Satio K, Miyoshi T (1991) Non-contact 3-D digitizing and machining system for free-form
surface. Ann CIRP, 483–486

2. Hosni Y, Ferreira L (1994) Laser based system for reverse engineering. Comput Indust Eng,
387–394

3. Chen F, Brown G, Song M (2016) Overview of 3-D shape measurement using optical methods.
Opt Eng, 10–23

4. Zuo C, Huang L, Zhang M et al (2016) Temporal phase unwrapping algorithms for fringe
projection profilometry: a comparative review. Opt Laser Eng, 84–103

5. Srinivasan V, Liu H, HaliouaM. (1984) Automated phase-measuring profilometry of 3-D diffuse
objects. Appl Opt, 3105–3108

6. Product from Luminus. https://www.luminus.com/
7. Datasheet for DLP4500 .45Wwxga DMD. https://www.dlp.com

https://www.luminus.com/
https://www.dlp.com


Focusing Characteristics of Radially
Polarized Anomalous Vortex Beams

Hongjie Ma, Jinsong Li, and Pengjie Sun

Abstract According to the vector diffraction theory, focusing characteristics of radi-
ally polarized anomalous vortex beams (RPAVBs) passing through a high numerical
aperture (NA) lens system are studied. Mathematical formulas for the transmission
process are derived. The influence of the beam order n, the topological charge m, and
NA of the RPAVBs on intensity distribution is investigated in detail. Furthermore,
results show that a flat-topped beam can be observed with the appropriate values of
m and NA. The results are of great significance to explore the potential applications
of RPAVBs.

Keywords Anomalous vortex beam · Radially polarized · Focusing characteristics

1 Introduction

The vortex beam with a spiral phase factor has attracted the attention of many scien-
tists in the past few decades due to its wide applications in laser transmission and
communication [1] and optical manipulation [2]. A completely new kind of vortex
beamwas proposed in 2013,which is called anomalous vortex beam (AVB).Different
from the transmission properties of a normal vortex beam, this beam will eventu-
ally evolve into an elegant Laguerre-Gaussian beam in the far field (or focal plane)
in free space [3]. Since the anomalous vortex beam was proposed, many scholars
have studied its properties [4–6]. Yong gen Xu et al. studied the focusing charac-
teristics of anomalous vortex beams through paraxial optical systems by combining
Collins’ equation and studied the beam quality of anomalous vortex beam by using
the beam propagation coefficient; Yuan et al. explored the propagation character-
istics of anomalous vortex beam when passing through the ABCD optical system
with a side axis of annular aperture, analyzed the influence of relevant parameters
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on the distribution of intensity distribution, which provides a theoretical basis for
discovering the potential application of anomalous vortex beams; In addition, Z. Dai
deduced the analytical formulas of the anomalous vortex beam in a strongly nonlocal
nonlinear medium, and discussed its transmission characteristics in detail.

On the other hand, researching the focusing characteristics of beams focused
by a high NA lens system is also important for their potential applications in high
density optical data storage [7], microscopy [8] and particle trapping, etc. [9, 10].
For instance, Zhan et al. studied the properties of tightly focused vortex beams with
circularly polarization [11], which shows that a strong longitudinal component can
be produced.

In this paper, we mainly concentrate on the focusing properties of radially polar-
ized anomalous vortex beams (RPAVBs) passing through a highNA lens system. The
analytical expressions of the RPAVBs after focusing are derived. Then we analyze
the influence of topological charge m, beam order n, and NA value on the intensity
distribution of RPAVBs.

2 Theory

Under sinusoidal condition, the pupil apodization function of AVB (i.e., r = f sin θ )
is as follows [3]

En,m(θ, ϕ) = E0

(
f sin θ

ω0

)2n+|m|
exp

(
− f 2 sin2 θ

ω2
0

)
exp(−imϕ) (1)

where 0 ≤ θ ≤ α, α is the maximal value of NA, E0 is a constant and ω0 is beam
waist width, n represents the beam order of the AVB, m refers to the topological
charge. Then, r and ϕ are radial and azimuthal coordinates, respectively.

According to the vector Debye theory, when the radially polarized light is focused
by a high NA lens, the electric field in the focal region of a high NA lens system can
be expressed as [12, 13]:

es =
⎡
⎢⎣
esx
esy

esz

⎤
⎥⎦ = − i

π

α∫
0

2π∫
0

E(θ, ϕ)T (θ)eik(ρs sin θ cos(ϕ−φ)+zs cos θ)

×
⎡
⎢⎣
cosϕ cos θ

sin ϕ cos θ

sinθ

⎤
⎥⎦ sin θdϕdθ

(2)

where T (θ) is the apodization function (for an aplanatic lens T (θ) = √
cos θ [14]),

E(θ, ϕ) is the pupil apodization function at the entrance pupil. The schematic diagram
of the system is shown in Fig. 1. As can be seen from Fig. 1, k (k = 2π/λ) is the
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Fig. 1 Focus system
diagram

wave number. The parametersρ,ϕ, z are the cylindrical coordinates of the observation
plane; ex ,ey ,ez are the unit vectors along X, Y, Z directions, respectively.

Comparing with Formula (2), and using Bessel function integral formula to
simplify:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∫ 2π

0
cos(nϕ) exp[iα cos(ϕ − φ)]dϕ = 2π i n Jn(α) cos(nφ)

∫ 2π

0
sin(nϕ) exp[iα cos(ϕ − φ)]dϕ = 2π i n Jn(α) sin(nφ)

(3)

So, the electric field expression of the focus field the RPAVBs passing through a
high numerical aperture lens is as follows:

Eρ(ρ, ϕ, z) =
∫ α

0
e−imϕ cos θM(θ)im[Jm+1(kρ sin θ) − Jm−1(kρ sin θ)]dθ (4a)

Eϕ(ρ, ϕ, z) =
∫ α

0
e−imϕ cos θM(θ)im+1[Jm+1(kρ sin θ) + Jm−1(kρ sin θ)]dθ

(4b)

Ez(ρ, ϕ, z) =
∫ α

0
e−imϕ sin θM(θ)im Jm(kρ sin θ)dθ (4c)

where Fig. 4a–c, M(θ) = E0

(
f sin θ

ω0

)2n+|m|
e
− f 2 sin2 θ

ω20 e−ikz cos θ
√
cos θ sin θ . Focus

is the origin. α = arcsin(N A/n) is the maximum semi-convergence angle of the
focusing lens. NA is numerical aperture size. Jm(x) is the first type of m-order
Bessel function.

Above all, we can get the total intensity of the tightly focused RPAVBs as shown
below:

I=|Eρ(ρ, φ, z)|2 + |Eφ(ρ, φ, z)|2 + |Ez(ρ, φ, z)|2 (5)
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where Eρ ,Eφ , and Ez are the amplitudes of corresponding components.

3 Numerical Simulation and Analysis

In this section, using the above equations, we discuss the deep focusing characteris-
tics of RPAVB through a high NA lens and analyzes the focusing characteristics in
different values of beam order n, topological charge m and NA. The parameters that
do not change in the simulation are selected as λ = 632.8 nm, NA = 0.8, f = 2 mm,
ω0 = 2 mm.

As shown in Fig. 2, the total light intensity distribution, longitudinal and radial
components of theRPAVBswith n= 1 for differentm in the focal plane are presented,
respectively.

It is obvious that the total light intensity distribution at the center is not zero
when m = −1, 1, on the contrary, while there exists a dark spot in the center when
m = 0, 2, 3. In addition, by comparing Figs. (a-1),(b-1),(c-1) and (a-3),(b-3),(c-3),
we can see that the electric field of the focusing field will have the same intensity
distribution when m = −1 and m = 1. To explain these phenomena, we can first find
from Figs. (4) and (5) that Jm always equal to zero at the origin (except for m = 0).
The first kind of Bessel function in all three components is zero at the center when
m = 0, 2, 3, so the total intensity is zero. When there exists at least one component
contains J0, it means that the central intensity can be non-zero or even the maximum.
Furthermore, for all three components, the focal spot size increases with the increase
of topological charge m (The precondition ism ≥ 0). And comparing Fig. 2(a-4) and
(a-5), it can be concluded that the central dark spot will increase as the topological
charge m increases. Above all, we can conclude that the intensity distribution of
the focal field and the size of the focal spot are closely related to the value of the
topological charge m.

In Fig. 3, m remains unchanged (m = 1), the total light intensity distribution,
longitudinal and radial components of the RPAVBs with different beam orders n in
the focal plane are shown, respectively. By comparing Figs. a(1-3), it is clear that
with n increasing, the brightness of the outer rings of the total intensity distribution
increased gradually, and the intensity distribution of the center pattern did not change
obviously. Same situation in Figs. b(1-3) and c(1-3). So, we can draw the conclusion
that the influence of the beam order n on the light intensity distribution is mainly
concentrated in the brightness of the outer rings and has less effect on the central
intensity distribution.

At last we study the effect of the value of NA on the focusing characteristics of
RPAVBs with n = 3 and m = 1, 3. As we can see in Fig. 4, it is clear that the central
intensity remains non-zero when m = 1, and when m increases to 3, the central
intensity becomes dark in the focal plane.

From Fig. 4(a-1) and (a-2), it is obvious that the outer rings on the focal plane
expands outward and the energy concentration of the focused light field decreases
significantly with m increasing. Furthermore, comparing Fig. 4(b-1), (c-1) and (b-2),
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Fig. 2 Two-dimensional intensity distribution for the focused RPAVBs with n = 1 for different
values of topological charge m. Figs. a(1-5), b(1-5) and c(1-5) correspond to the total intensity
distribution |E|2, longitudinal components |Ez |2 and radial components |Eρ |2, respectively
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Fig. 3 Two-dimensional intensity for the focused RPAVBs with m = 1 for different values of
beam orders n. Figs. a(1-5), b(1-5) and c(1-5) correspond to the total intensity distribution |E2|,
longitudinal components |E2

z | and radial components |E2
ρ |, respectively

(c-2), it can be seen thatwhen the value ofm is small, with the increase ofNA, the spot
intensity distribution gradually concentrates to the center, the center pattern becomes
brighter, and the brightness of the outer rings gradually increases. However, when m
increases to 3, the influence of NA on the normalized distribution of light intensity
decreases obviously. By comparing Fig. 4(d-1) and (d-2), we can also find that the
light intensity distribution gradually evolves into a Gaussian distribution and gathers
to the center with increasing NA when m is small, but when m = 3, the difference
between the three curves with different values of NA is very small. Therefore, we
can conclude that the influence of the NA is complicated and has a close relation
with other parameters. In addition, at the appropriate value of NA and m (NA = 0.8,
m = 1), a flat-topped beam can be observed (see Fig. 4(d-1)).
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Fig. 4 Two-dimensional intensity distributions with the different NA of the RPAVBs when m =
1, 3 and n = 3. Figs. a(1-2), b(1-2) and c(1-2) correspond to NA = 0.7, 0.8, 0.9, respectively. Figs.
d(1-2) are intensity cross-sections

4 Conclusions

In this paper, the focusing characteristics of RPAVBs through a high NA lens are
studied. Mathematical formulas for the transfer process are derived. We have found
that the value of the topological charge m has a significant effect on the intensity
distribution of the focal point and the size of the focal spot. It is also clear that the
influence of the beamorder n on the light intensity distribution ismainly concentrated
in the brightness of the outer rings and has less effect on the central intensity distribu-
tion.What ismore, the results show that withNA increasing, the intensity distribution
of the light spot gradually concentrate to the center, the outer rings begin to appear
and the brightness continues to increase when the value ofm is small. However, when
m is larger, the influence of NA on beam intensity distribution becomes smaller. On
the other hand, the influence of the NA is more complicated and has a close relation
with other parameters (such as m). At last, it is interesting to find that we can get a
flat-topped beam with the appropriate values of NA and topological charge m. The
results will be helpful to the application and development of RPAVBs.
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Hybrid 2D/3D Perovskite Film
with Enhanced Crystallinity via PEAI
Passivation in Perovskite Solar Cells

Xin Rong, Xin Yao, and Zugang Liu

Abstract High quality and uniform perovskite films are fundamental for the perfor-
mance of planar perovskite heterojunction solar cells. In this paper, phenylethylam-
monium iodide (PEAI) is adopted to construct 2D/3Dhybrid perovskite film, because
it can interact with 3D perovskite crystals to motivate the formation of perovskite
phase. In addition, PEAI deposited on hybrid perovskite film is adopted to elimi-
nate the surface traps and suppress the recombination. Furthermore, we found that
perovskite filmexhibits improved crystallinitywith PEAI passivation,which is essen-
tial for charge transportation in perovskite solar cell. These results demonstrate that
PEAI passivation layer is a credible means to enhance the performance of perovskite
solar cells.

Keywords Perovskite solar cell · PEAI passivation layer · Enhanced crystallinity

1 Introduction

In recent years, hybrid organic–inorganic lead halide perovskite solar cells have
triggered much attention ascribed to its remarkably increased efficiency [1]. The
uniform perovskite films with complete surface cover is of great significance for
optical absorption, charge transportation and device performance of perovskite solar
cells (PSCs) [2]. Improving the film crystallinity and morphology are expected to
suppress charge trapping and enhance carrier transporting. Nevertheless, it is difficult
to prepare high-quality and uniform perovskite films, which are essential to charge
dissociation and transportation in PSCs. Here, we present a strategy to enhance crys-
tallinity and morphology of perovskite film. 2D PEAI is adopted to construct 2D/3D
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hybrid perovskite film and utilized as the passivation layer to suppress interfacial
recombination and enhance the crystallinity of perovskite films [3]. The perovskite
solar cell is therefore obtained with improved performance.

2 Experiment

2.1 Materials

In this experiment, FAI (Shanghai MaterWin New Materials Co., Ltd), PbI2 (Xi’an
Polymer Light Technology Corp), CsI (Alfa Aesar, 99.999%), spiro-OMeTAD, 4-
tert-butylpyridine(t-BP)(aladdin company), lithium-bis (tri-fluoromethanesulfonyl)
Imie (Li-TFSI),N,N-Dimethylformamide (DMF, ≥ 99.9%, aladdincompany), N-
Methyl-2- pyrrolidone (NMP, Sigma-Aldrich, anhydrous, 99.5%), phenethylamine
(Aldrich, > 99%), ghydroiodic acid (57 wt % in H2O, Sigma-Aldrich, 99.99%) were
of analytical grade and used without further purification.

2.2 Characterization

Crystallinity properties of perovskite film was recorded by X-ray diffraction (XRD)
spectra (D2PHASER)withCuKa radiation (λ= 1.5405Å). The surfacemorphology
was checked with a scanning electron microscope (SEM) (SUF-8010). While UV–
visible-NIR spectrophotometer (UV-3600) was carried out to examine the absorption
spectra in the wavelength of 300–900 nm. Photocurrent density–voltage (J-V ) curves
of PSCs were tested at a standard condition with light intensity of AM 1.5 G (100
mW/cm2) and temperature of 25 °C. A metal mask of 0.1 cm2 was clipped on ITO
side to ensure the active area of PSCs with scanning rate of 35 mV/s and delay time
of 50 ms.

2.3 Experiment Steps

Synthesis of phenylethylammonium iodide.

9.6 g phenethylamine was dissolved into 30 ml methanol in iced bath. 21.6 g
ghydroiodic acidwas slowly added into the solution.Theobtained solidswerewashed
twice with ethyl ether by a magnetic agitator overnight until the solids turned white
and then it dried under vacuum to produce a white plate-like solid [4].

Device fabrication.
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PSCs were fabricated with the structure of ITO glass/SnO2/perovskite/Spiro-
OMeTAD/Ag. A transparent conducting indium-doped SnO2 coated glass substrate
(ITO) was sequentially cleaned by deionized water, acetone, anhydrous ethanol and
acetone isopropanol for 10 min, respectively. After dried by nitrogen gun, the ITO
was dealt with plasma for 20 min. Subsequently, 60 ul of SnO2 colloidal solution (15
wt%) was spin-coated on the ITO glasses with speed of 4000 rpm and then annealed
at 150 °C for 20 min in air condition.

The substrate was then treated with plasma before transferring into the glove box.
The 3D perovskite precursor solution was prepared with FAI, CsI and PbI2 with a
ratio of 0.996: 0.204: 1 in 700 mg anhydrous DMF and 125 mg NMP [5]. 2D/3D
hybrid perovskite precursor solution contained a ratio of 0.9466: 0.0334: 0.02: 1
among FAI, PEAI, CsI and PbI2 correspondingly [6].The precursor solution were
both spin casted with a speed of 4000 rpm for 30 s with 150 uL chlorobenzene
dripped onto the rotating substrate 20 s prior to the finish of the procedure. For the
passivation layer, 8.0 mg/mL PEAI/ isopropanol solution was following spin-casted
on preheated 3D and 2D/3D perovskite film respectively with the speed of 4000 rpm
for 30 s. Perovskite layers were all annealed at 80 °C for 2 min at first, 150 °C for
20 min subsequently. As for the organic hole transporting layer (HTL), 80 mg Spiro-
OMeTAD, 29 uL 4-tert-butylpyridine (TBP) and 18 uL LiTFSI solution (520 mg
Li-TFSI in 1 mL acetonitrile) were dissolved into 1 mL chlorobenzene. The organic
HTL layer was deposited at 4000 rpm for 40 s without annealing. Finally, silver
electrode was thermally evaporated under a high vacuum using an Ebeam-Thermal
evaporation system through a shadow mask. All the above operations are completed
in the nitrogen-filled glove box.

3 Results and Disscusstion

Planar heterojunction PSCs are fabricated with 3D and 2D/3D hybrid perovskite,
respectively. XRD spectrum of perovskite film in Fig. 1a demonstrates a typical
diffraction pattern of trigonal perovskite phase. The stronger diffraction peaks of
2D/3D hybrid perovskite layer indicate that the crystalline quality of perovskite
becomes betterwith PEAI doping. The PEAI can interactwith 3Dperovskite crystals,
which is helpful for the formation of perovskite phase, making the grain boundaries
functional after crystallization. The scanning electron microscopic (SEM) images
in Fig. 1b depict the changes in morphology of the as-prepared perovskite films.
A uniform and flat film has been achieved with the 2D/3D hybrid perovskite, with
crystalline characteristics on hundreds of nanometers, eliminating the shunting and
current leakage caused by uncovered 3D perovskite.

Passivation layer is further introduced to perovskite solar cell herewith fabrication
processes schematically depicted in Fig. 2a and PEAI is capped on perovskite surface
to inhabit the surface recombination [7, 8]. The XRD spectrum in Fig. 2b illustrates
dramatic improvement of crystalline quality with the PEAI layer. The photocurrent
density voltage (J-V ) curves and detailed photovoltaic parameters of these devices
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Fig. 1 a XRD and b SEM images of 3D and 2D/3D hybrid perovskite

Fig. 2 a Schematic descriptions of device fabrication process with PEAI passivation layer. bXRD
images of 2D/3D mixed perovskite with and w/o PEAI passivation layer

are shown in Fig. 3 and Table 1, respectively. VOC , JSC and FF are significantly
improved with the passivation layer. The increased VOC and FF result from the
passivated surface recombination. While the improvement of JSC can be ascribed to
the better crystalline quality. Consequently, the perovskite solar cell shows the best
power conversion efficiency with PEAI layer and its VOC , JSC , FF and PCE are 1 V,
14.8 mA/cm2, 0.56, 8.34% respectively.

The stability is an important reflection of device performance. We have checked
the device performance on the devicewith PEAI layer after stored for 10 days in glove
box, as shown in Fig. 3b and Table 1. The PSC exhibits a stable output with ~3.6%
efficiency raise after storage. The stability can be explained by a better passivation at
the interface and the highly crystalline properties of the perovskite absorber [9–11].
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Fig. 3 Photocurrent-voltage curves of the PSC measured under simulated AM1.5 light of 100 mW
cm−2 irradiance: a device with and w/o PEAI layer; b fresh device with PEAI layer and device
stored after 10 days

Table 1 Detailed performance parameters of the PSC with and w/o PEAI layer

Sample VOC (V) JSC (mA cm−2) FF PCE (%)

Device w/o PEAI layer 0.95 10.29 0.38 3.75

Device with PEAI layer 1 14.8 0.56 8.34

Device with PEAI layer 10 days later 1 13.5 0.63 8.63

4 Conclusion

In this paper, highly uniform, dense perovskite film is successfully obtained via
PEAI passivation layer. 2D/3D hybrid perovskite film is constructed through incor-
porating 2D PEAI into the 3D precursor solution. The hybrid film demonstrates
obviously improved crystallinity and morphology. Besides, the coated PEAI further
inhibits surface defect recombination and enhances perovskite crystallinity, and thus
increases the PCE. The PSC based on PEAI layer also exhibits better stability.
However the PCE of our devices are generally low, which might be caused by the
damaging EB evaporation. This work gives us a new choice for preparing perovskite
film with enhanced morphology and crystallinity for efficient and stable PSCs.
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Preparation and Luminescence
Properties of YAG:Ce3+ Phosphor Based
on (Y1−xCex)2O3 Precursor

Changhai Li, Weihe Ning, Lu Wang, Xinyue Yang, Elisha Kaseke,
Ziyan Wang, Fuqiang Wang, and Hong Zhang

Abstract YAG:Ce3+ phosphors were synthesized by two-step method processes
using (Y1−xCex)2O3 as a precursor. The luminescence, stability and structure of the
phosphor powders were investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and photoluminescence (PL) respectively. The XRD analysis
indicates that two-step method benefits to improve phases of YAG:Ce3+ phosphor
and obtain higher crystallinity. When Ce3+ doping amount was 0.67%, the two-step
method was obtained maximum luminous intensity. Compared with traditional high
temperature solid-state method, YAG:Ce3+ phosphors prepared by (Y1−XCex)2O3

precursor method have better thermal stability and moisture resistance. Furthermore,
the packaging of YAG:Ce3+ phosphors was studied, which shows it can be well
applied in high-power white light emitting diodes and laser lighting.

Keywords Yag:ce3+ · Two-step method · Phosphor · Luminescence · wLD

1 Introduction

It is widely known that white light emitting diodes (wLEDs) has many advantages in
energy efficiency, environment friendly and long lifetime, compared with traditional
light sources [1, 2]. Currently, commercialwLEDs aremainly fabricated by blueLED
chips covering with phosphor YAG:Ce3+, but blue LED chips have the “efficiency
droop” problem [3], which makes LED chips unsuitable for ultra high power or
brightness solid state lighting applications. Conversely, the laser diodes (LDs) have
a much higher threshold for such a droop, and their efficiency increases linearly as
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the current density increases [4]. In order to maximize the advantages of LDs in the
process of pumping the phosphor material, the innovative high thermal phosphor is
an urgent need in high-power white light emitting diodes and laser lighting.

YAG:Ce3+ phosphors are usually preparedbyhigh temperature solid-statemethod,
the raw materials are fully mixed and calcined at high temperature [5, 6]. However,
the problem with this method is that the grain size of the powder it produces is
relatively large and contains a stable intermediate phase. This may be due to the
fact that the raw material cannot be mixed completely and uniformly. A variety of
improved wet chemical methods, such as the sol–gel method, co-precipitation, and
solvothermal method, have been used to synthesize YAG:Ce3+ phosphors. Even if
advantages such as fine homogeneity, hyperreactivity of the raw materials, and low
temperature of sintering as those methods carry, the procedure is time-consuming
and involve complex reactions. Therefore, a two-step method using (Y1−XCex)2O3

as a precursor based on traditional high-temperature solid-state method have been
studied.

In this study, YAG:Ce3+ phosphor was prepared by two-step method using
(Y1−XCex)2O3 as a precursor. The luminescence, structure of the phosphor powders
were investigated for various sintering temperatures, different doping concentration
of Ce3+ using X-ray diffraction (XRD), scanning electron microscopy (SEM), and
photoluminescence (PL). Furthermore, it is necessary to study the optical properties
at high temperature and humidity, and compare the luminescence properties of the
phosphors prepared by two different preparation methods.

2 Experiment

YAG:Ce3+ phosphor was synthesized by two-step method using (Y1-XCex)2O3 as a
precursor. The reagents Y2O3(A.R.), Al2O3(A.R.) and CeO2(A.R.) were used in the
experiment. Firstly, grind the stoichiometricmixture ofY2O3(A.R.) andAl2O3(A.R.)
in an agate mortar. then, followed by a 4 h heating at 1500°C in the tubular furnace
with the atmosphere of H2(5%) + N2(95%). The precursor, (Y1-XCex)2O3 was
ground and mixed with CeO2(A.R.) in stoichiometric ratio before being heated
again for 4 h at 1400°C under the same reducing atmosphere. The mixture was
cooled to room temperature and the samples were grind to obtain YAG:Ce3+ phos-
phor. At the same time, another YAG:Ce3+ phosphor for comparative was prepared
by a high-temperature solid-state method. A stoichiometric mixture of Y2O3(A.R.),
Al2O3(A.R.), CeO2(A.R.) was grinded in an agate mortar. Finally, load the mixtures
into a tube furnace with the atmosphere of H2(5%) + N2(95%), sintered at 1500 °C
for 4 h.
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3 Results and Discussion

The X-ray diffraction patterns of YAG:Ce3+ phosphors synthesized by the high
temperature solid state method and two-step method (by using (Y1−XCex)2O3 as
a precursor) was shown in Fig. 1. In both of two preparation methods, all the diffrac-
tion peaks are consistent with the standard patterns of YAG. And the diffraction
peaks of the YAG powder prepared by two-step method processes are more sharp
than that at a sintering temperature of 1500°C. It shows that the crystal structure of
the powder in two-step is more developed and more stable.

Figure 2a showsSEM image of theYAG:Ce3+ phosphors prepared by high temper-
ature solid state method, It can be seen that the diameter of the YAG:Ce3+ phos-
phors powder particles ranges from 10–15 um. Figure 2b shows SEM image of

Fig. 1 X-ray diffraction
patterns of the YAG:Ce3+

samples

Fig. 2 SEMof samples synthesized by high temperature solid statemethod (a) and two-stepmethod
(b)
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Fig. 3 The PL patterns of
YAG:Ce3+ at different Ce3+

concentration

the YAG:Ce3+ phosphors during two-step processes. The diameter of the particles
is about 5 um, the morphology is uniform, and the distribution of particle size is
concentrated. To sum up, the YAG:Ce3+ crystals with uniform distribution can be
synthesized by two-step method and the surface characteristics of the crystals are
better than that of the solid images.

Figure 3 shows the spectrum of YAG:xCe3+ (x = 0.02, 0.04, 0.06, 0.08, 0.1)
at different concentration prepared by two-step method and YAG:Ce3+ with doped
concentration 0.04 by high temperature solid-state method. As the figure shows that
there is no significant difference between the intensity of phosphor prepared by
two different methods at the concentration of x was 0.04. The luminous intensity
reached its maximum when the content of x was 2%. Accounted for the fact that the
Ce3+ distribution in the precursor (Y1−xCex)2O3 is more uniform, which weakens
interionic interactions and improves the luminescence intensity. In two-step method,
the luminous intensity is decreasing as the concentration of Ce3+,increases, and its
best doping concentration is x = 0.02, indicating that the efficiency of substitution
of Y3+ by Ce3+ is higher. It results in the occurrence of concentration quenching
shifting towards low concentration.

The comparison of thermal stability of YAG:Ce3+ phosphors prepared by different
methods and the emission spectrum of YAG:Ce3+ phosphors by two-step method
sintered at various temperatures are shown in Fig. 4. We found that with the increase
of temperature, the luminescence intensity of YAG:Ce3+ phosphors prepared by both
methods decreased, and it lead to the luminous decay. When the temperature reaches
120 °C and kept it for 8 h, the relative emission intensity of YAG:Ce3+ phosphors
synthesized via high temperature solid state method decreased by 10%, however,
that decreased by 3% in two-step method. The intensity of powder decreased by 6%
in two-step method using (Y1−XCex)2O3 as a precursor rather decreased by 14% in
solid phase method when up to 180°C. It can be inferred that the two-step method is
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Fig. 4 Comparison of
thermal aging of YAG:Ce3+

phosphors

a better approach to maintain the luminescence performance and thermal stability at
high temperature compared with the solid phase method.

Figure 5 is the emission spectrum of YAG:Ce3+ phosphor prepared by different
method under different humidity conditions. As shown in Fig. 5, with the increase
of humidity, the luminescence intensity of the phosphor samples prepared by the
two methods attenuated, which may be in a hot and humid environment, the
phosphor decayed by temperature. The phosphor is dampened by water erosion,
resulting in a decrease in luminescence intensity. Under the conditions of humidity
controlled by 180°C, the luminescence intensity of the samples prepared by
solid state method decreased by 22%, while that from two-step method using

Fig. 5 Comparison of the
emission spectrum of
YAG:Ce3+ phosphors in
different humidity
environments
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Fig. 6 Variation of
luminescence intensity of
YAG:Ce3+ prepared by
under certain humidity
environment with time

(Y1−XCex)2O3 as a precursor decreased by 18%, indicating that the YAG:Ce3+ phos-
phors prepared by high-temperature solid phase method are more susceptible to
erosion by high-pressure steam than two-step method.

Figure 6 shows the variation of luminescence intensity over time of YAG:Ce3+

phosphors by different methods under a certain humidity condition. The lumines-
cence intensity of the phosphors prepared by two methods was found to decrease
when the samples were subjected to humidity at 180 °C for 16 h, which decreased
more slightly by two-step method. When the processing time is extended to 32 h
and above, the phosphors prepared by the two methods still have the phenomenon
of light decay. Thus, compared with traditional solid phase method YAG:Ce3+ phos-
phors prepared by (Y1-XCex)2O3 precursor method have better moisture resistance,
but which is limited and the powder needs to be further optimized to improve its
application at high temperature and humidity.

The luminescence performance of phosphors applied to wLED is studied, and
ultimately it needs to be encapsulated on the LED chip to achieve the efficient and
high stability output of wLED light source. Therefore, this part studied the packaging
of YAG:Ce3+ phosphors prepared by two-step method and blue light LED chips into
white LED. The YAG:Ce3+ phosphor sample (538 nm) prepared when doped with
0.67% Ce3+ was selected to combine with the commercial blue light LED chip with
emission wavelength of 452 nm for the packaging experiment of wLED. First, a
mixture with a mass ratio of 1:3:3 (phosphor:S28A glue:S28B glue) was dotted on
a 452 nm blue-LED chip after vacuuming, then placed in a LED photoelectric oven,
preheated for 30 min at 70 °C, and baked for 3 h after heating to 150 °C. Under the
condition that the forward voltage was 3 V and the forward current was 150 mA,
the wLED spectrum obtained by the Light Color Analysis Test is shown in Fig. 7a.
After packaging, the color temperature for wLED is 7802 K, color coordinates are
(0.296, 0.310), color rendering index is 80.3, luminescence efficiency is 110.09 lm/W.
The test results of wLED indicate that the powders synthesized by (Y1−XCex)2O3
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Fig. 7 Spectrum of the
wLEDs based on InGaN
blue-LED chip

precursor method has a promising application in cool color lighting scene, and had
the ability to achieve white light source when combined with blue light chip, which
is suitable for the packaging preparation of high color temperature wLED and has
the practical market potential.

4 Conclusions

YAG:Ce3+ has been synthesized by two-step method using (Y1-xCex)2O3 as a
precursor. The XRD pattern and SEM pattern of the samples shown the two-
step method is an effective way to acquire better purity phase and more uniform
morphology. The diameter of the particle is between 2 and 5 µm. Different doping
concentration has a significant impact on the luminescence properties of the phos-
phors. The luminous intensity reached its maximum when doped with 0.67% Ce3+.
Comparedwith the solid-phasemethod, the two-stepmethod based on (Y1−xCex)2O3

precursor was an effective method to obtain better luminous performance, thermal
stability and moisture resistance. The physical and optical properties of YAG:Ce3+

phosphors were improved and can be well applied in high-power white light emitting
diodes and laser lighting.
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Tunable Diode Laser Absorption
Spectroscopy for Non-invasive Detection
of Microbial Growth

Zhemin Chen, Pengbing Hu, Sunqiang Pan, Jianfeng Zhang,
Gangxiang Guo, and Sumei Liu

Abstract This paper reports the use of tunable diode laser absorption spectroscopy
(TDLAS) to measure the carbon dioxide (CO2) in the culture vials. The accumulated
CO2 concentration in the headspace is linked with the growth of the microorgan-
isms cultured in the vials. The 2004.1 nm spectral line of CO2 is selected as the
sensing transition for its strong absorption strength. The proposed TDLAS sensor
is calibrated and verified with several CO2 standard gases, yielding a minimum 1σ
detection limit of 0.084% with an integral time of 3 s. The suitability of the sensor
to the microorganisms is performed, almost the results agree with the growth laws
of microbiology. Since the sensor is fast and nondestructive, it can be promising for
in-line detection of microbial growth.

Keywords Carbon dioxide · TDLAS · Headspace ·Microbial growth

1 Introduction

Aseptic processing is widely used in the food and pharmaceutical manufacturing [1–
3]. In the aseptic environment, it is periodically verified by filling microbial culture
media instead of the food or drug product to ensure the reliability and repeatability
of aseptic processing. In traditional way, we often incubate the intact media-filled
vial for 7–14 days and then assess the microbial contamination by visual inspec-
tion. It suffers from long time and high cost. Besides, the food and drag production
also risks of microbial contamination in the packaging, transportation and storage
process. Presently, many invasive techniques are utilizing to detect micro-organism
growth, because of their selectivity and reliability, such as polymerase chain reaction
and bacterial enumeration. It takes several hours and requires professionally trained
microbiologists.

Tunable diode laser absorption spectroscopy (TDLAS) is based on gas molecule
absorption characteristic at a specific wavelength range. The concentration of gas
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matter can be determined by measuring absorption strength via Lambert–Beer Law.
With increasing maturity and broader availability of laser light sources, TDLAS has
found use in numerous applications in food and pharmaceutical manufacturing. For
leakage detection of pharmaceutical vials, Yang et al. measured leakage coefficient
defined by incident and transmitted light intensities to judge the deterioration of
pharmaceuticals in the vials [4]. Cai et al. proposed a TDLAS sensor for accurate
measurements of commercial freeze-dried products. The referenced signal was used
to reduce the influence of ambient humidity extensively [5]. A fast, invasive and in-
line measurement technique was developed in the quality control of food packaging
[6]. TDLAS sensor was employed for automatically headspace oxygen sensing in
flow-packed products. Brueckner et al. made a comparison of TDLAS and isothermal
micro-calorimetry formicrobial growth detection inmedia fills [7]. And it showed the
proposed TDLAS sensorwas recommended for automating themedia-fill inspection.

In this work, a TDLAS sensor has been developed for absolute measurement of
the concentration of carbon dioxide in microbial culture vials. During respiration in
aerobically respiring microbes, CO2 accumulates by oxidation–reduction process in
different phases of growth. Also, aero-tolerant or anaerobic bacteria can metabolize
carbon dioxide. Thus, the microbial growth status can be traced by measuring CO2

formation in the vial headspace. The performance of the sensor is firstly calibrated
and validated on several CO2 standard gases. It shows the sensor is qualified with 1σ
detection limit of 0.084% ranging from 0 to 20%. Secondly, two types of bacteria,
Bacillus subtilis (B. subtilis) and Stapbylococcus aureus (S. aureus), are tested by
the sensor, showing a good agreement with the microbial growth law.

2 Setups and Methods

The developed automated and non-intrusive TDLAS sensor for detecting microbial
growth in the culture vials is illustrated in Fig. 1.

A tunable DFB laser emitting at 2004.1 nm was used as a light source, controlled
by a laser controller. The laser beam, collimated by the optical fiber collimator, was
then directed through a culture vial with a headspace path length of 3 cm. Then, the
transmitted laser beam was focused on a photo detector. Here it is notable that the
collimator and detector should be close to the vial’s outline as far as possible. This
configuration can effectively eliminate the excess gaseous matter absorption caused
by external path length. In order to increase the sensitivity of the CO2 measurement,
wavelength modulation spectroscopy (WMS) techniques were adopted. Thus, the
laser modulation parameters were set as follows. The laser was scanned by a saw-
tooth wave at 10 Hz, overlapped with a 4 kHz high frequency sine-wave carrier. Last,
the second harmonic signal of the headspace CO2 gas absorption was demodulated
by a lock-in amplifier. The setup was placed inside the incubator to provide suitable
microbial growth temperature, and several culture vials were together mounted on a
rotating table for automatic sample feed in advance.
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Fig. 1 Scheme of the experimental setup used to measure microbial growth

As the laser beam propagates in the vial headspace over an absorption path length
of L, the beamwill be absorbed in situ by the gasmolecules of interest. The absorption
of laser intensity is related to the molecular absorption coefficient, molecular mass
concentration and absorption length, based on the Beer-Lambert law. The transmitted
intensity I can be described as follows [8, 9].

I = I0exp(−σCL) (1)

where I0 is the incident laser intensity in the absence of absorbing species, σ is the
molecule absorption coefficient in standard state, as a function of ambient temper-
ature and pressure and so on, C is the concentration of the absorbing species in
molecules per unit volume and L is the optical path length. In WMS scheme, it is
only concerned about weak absorption, i.e., the value of σCL is much less than 1.
In this situation, Eq. (1) can be expanded in a Fourier cosine series and the second
harmonic signal obtained by demodulation could be simply expressed as [10]

I2 f = I0σCL (2)

It reveals that the product of the incident laser intensity I0, the gas concentra-
tion C is proportional to the calculated second harmonic signal value I2f . The I0
was simultaneously processed with I2f to reduce the influence of the laser intensity
fluctuation reaching the detector. The optical length L was fixed after the fabrication
of the sensor and the absorption coefficient σ was also a constant in standard state,
and thus the gas concentration could be able to solely and correctly derived from the
equation.
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Fig. 2 Harmonic signal
versus CO2 content at
different concentrations

3 Experimental and Results

The proposed sensor was firstly calibrated and validated by measuring CO2 content
in the vials flushed with several CO2 standard gases of 1, 5, 10, 15 and 20% volume
concentrations. It was carried out in a constant temperature and humidity laboratory,
with the environment condition of 30 °C, 65.5% and 101.3 kPa. The inset of Fig. 2
shows the tendency of the 2f absorption spectra at different CO2 gas concentrations.
The valley of the absorption spectrum drops gradually with the increment of the CO2

concentration, while the peak changes in the contrary way. This means the use of the
peak to valley value of the absorption spectra will gain a maximum measurement
sensitivity. The peak to valley value versus concentration was plotted in the Fig. 2.
It shows that the linear fitting degree is 99.98% in the measurement range from
0 to 20%. The good linear characteristics indicate the sensor can detect the CO2

concentration inside the headspace of the culture vials.
To verify the sensor’s stability, CO2 measurements with 10% gas concentration

were performed over a period of ~1 h, and the measured data were recorded as
shown in Fig. 3. An Allan deviation is utilized to analyze the detection limit, and a
standard deviation to the stability. The left part of Fig. 3 exhibits the Allan deviation
as a function of the integral time. The plot indicates that the 1σ detection limit is
0.121% for a 0.1 s measurement time, and also shows an optimum integral time
of 3 s corresponding to a minimum 1σ detection limit of ~0.084%. The measured
concentration fluctuations at 10% CO2 is depicted, with a standard deviation of
0.079%, in the right part of Fig. 4. Therefore, the sensor is qualified with a good
measurement stability, with respect to the full scale range of 20%.

To validate the suitability of the sensor, the experiments was performed on two
types of bacteria,Bacillus subtilis (B. subtilis) and Stapbylococcus aureus (S. aureus),
both being of importance in food and drug safety, in sealed vials and fostered in
culture-medium based on beef extract and tryptone soya agar. The sensor was put in
a temperature-controlled incubator. The experiments were conducted at ~35 °C and
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Fig. 3 Allan deviation and fluctuations at the concentration of 10%

Fig. 4 Microbial growth
curves of B. subtilis and S.
aureus

~65% RH. Two sealed vials were mounted on the rotating stage and were rotated
every half an hour.

The experiment was conducted for about seven days, and the record data of the
former twodayswas plotted inFig. 4.At the beginning ofmeasurement, the content of
CO2 in the headspaces of the vialswas ~1.0%,muchhigher than that in air. Regardless
of the difference of the vials and bacteria, the CO2 contents in the headspaces of the
samples change in a similar way and keep almost unchanged in the first 24 h of
monitoring. This period is called lag phase. After that, CO2 began to accumulate and
reached the maximum at ~38 h. The maximal growth rate of CO2 contents occurred
after 30 h. It represents the same growth trend for the microbial organisms and
shows the lag time of S. aureus is ~24 h, a little bit shorter than that of B. subtilis,
and they reach decline phase at ~38 h, which almost agrees with the growth laws of
microbiology.
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4 Conclusion

We have demonstrated a TDLAS sensor operating at 2004.1 nm, combined with
WMS technology, for monitoring the CO2 concentration inside the microbial culture
vials. The sensor owns aminimum detection limit of ~0.084% in the range of 0–20%.
The experimental results show the sensor is suitable for monitoring the microbial
growth by the CO2 content detection in the headspace. It’s very stale, fast and nonin-
vasive, thus has a potential application in food and pharmaceutical manufacturing
areas.
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Enhanced Performance of Carbon
Quantum Dots Based Organic Solar Cells
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Xudong Wang, Yongchang Wang, Ying Tang, and Yuzhe Song

Abstract Organic polymer solar cells (OSCs) have become research hotspot due
to its low price, flexible preparation, solution preparation, translucency and so on in
recently years. Adding quantum dots to an organic solar active layer to prepare
a ternary structure becomes a promising approach. Here, we embedded carbon
quantum dots into active layers to ameliorate the PCE of organic solar cells. The
results of electron microscopy show that the CQDS are spherical and the average
particle size is below 10 nm. Absorption spectra (ABS) of pure film layer and CQDs
added filmdemonstrates that the active layer embeddedwithCQDs has better absorp-
tion strength than the active layer without CQDs added. The FF of carbon quantum
dot-added device is 34%, the JSC is 15.2 mA/cm2, the VOC is 0.55 V, and the PCE
reached 2.81%.
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1 Introduction

Organic solar cells have become research hotspot due to its low price, low toxi-
city, low processing temperature, translucency and light mass for manufacturing
on lightweight pliable substrates [1]. By designing new materials and device struc-
tures, the performance of OSCs has been greatly improved. To date, the PCE of
small molecules or polymers OSCs has been reached to 11% [2], especially for non-
fullerene OSCs, the power conversion efficiency (PCE) exceeds 14% [3]. However,
for the commercialization of organic photovoltaics in the future, PCE needs to be
further improved. Improving short-circuit current density (JSC) could play a part to
enhance PCE. For example, owing to a vast majority conjugated polymer materials
have many disadvantages, for example, the exciton diffusion length is short, and
carrier mobility was limited, which severely hinders the thickness of the active layer
in devices, turning into a bottleneck for further development of organic solar cells
[4, 5]. Therefore, it is necessary to find a way to improve absorptivity in the active
coating [6]. Optical nanocrystals [7], dielectric particles [8] and metal nanoparticles
(NPs) [9] have been published to improve light absorption in OSCs.

The tandem OSCs have two or more active layers with different absorption
window and two separate OSCs connected in parallel, which structure can widen the
absorption broadband of the P3HT: PC61BMfilm [10, 11]. However, the preparation
of serial and parallel OSCs requires a very complicated process, and the high cost
of such devices had also become an important reason for limiting their application.
These problems can be solved by preparing ternary OSCs. This method is achieved
by adding extra light-absorbing materials to the photoactive layer with the acceptor
and the donor. While achieving a wide absorption spectrum, it does not need to more
complex experimental processes. The ternary structure provides an interesting way
to ameliorate the PCE of cells. Ternary OSCs has caused a significant increase in
Jsc, Voc and FF, leading to a significant improvement in performance [12].

In this paper, we embedded CQDs into organic solar cells in order to prepare
OSCswith P3HT:PC61BM:CQDs active layer structure. Themorphology and crystal
lattice of CQDs were characterized by transmission electron microscopy (TEM),
and optical absorption spectra (ABS) of the films were tested by Shimadzu UV-
3600 UV/VIS/NIR spectrophotometer, and the short circuit current density (Jsc),
open circuit voltage (VOC), fill factor (FF), and PCE of devices were tested and
discussed. The PCE of the optimized device is 2.81%, presenting 33% higher than
the 2.12% of the reference device.
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2 Experimental

2.1 Preparation of CQDs

The carbon quantum dots were composed by microwave chemical reaction [13–15].
Add urea and citric acid with the ratio of 2:1, put it into 20 mL of deionized water
and stirred the solution till it turns to transparent. Then put the transparent mixture
into a microwave oven to get the dark charred material. Subsequently, the reaction
product was annealed for 2 h. At last, add appropriate amount of ethanol into the
black solid to obtain the CQDs solution.

2.2 Devices Fabrication

The structure of glass/ITO/PEDOT: PSS/P3HT:PC61BM: CQDs/Al and
glass/ITO/PEDOT: PSS/P3HT: PC61BM/Al devices were prepared, respectively.
The device is prepared on an etched ITO glass sheet. Use ethanol, acetone and other
detergents to clean the substrate, after that, the ITO glass was dried with a vacuum
drying oven. The substrates were irradiated with UV light for 15 min before use to
remove bacteria on the ITO surface and enhance the adhesion of PEDOT: PSS on
the substrate. The PEDOT: PSS film was spin coated at 4000 r for 30 s, and annealed
in air for a few minutes. Next, the rotation speed was set to 1500 rpm and the spin
coating time was 40 s, and the prepared P3HT: PC61BM and P3HT: PC61BM: CQDs
film were spin-coated on the annealed PEDOT: PSS film, and then annealed at 100
°C for 15 min. Ultimately, 80 nm Al was thermally deposited as the cathode of the
device under the vacuum level of 10–4 Pa.

3 Results and Discussion

Figure 1 shows the Two-dimensional structure diagram of the device. From the
bottom, it is obviously that the glass/ITO substrate, the PEDOT: PSS film, the P3HT:
PC61BM:CQDs layer, and themetal oxide as the cathode by thermal evaporation. The
structure of pure devices is ITO/PEDOT: PSS/P3HT: PC61BM/Al, and the optimized
devices structure is ITO/PEDOT: PSS/P3HT: PC61BM: CQDs/Al.

The TEM image of CQDs can be found in Fig. 2, the photograph of CQDs
exhibiting that the shape of CQDs is granular. The diameter of CQDs are
approximately 5–7 nm, and the lattice of CQDs is 0.15 nm.

The absorbance (ABS) of active layer film and CQDs optimized active layer
film is shown in Fig. 3. The absorption spectrum was measured between 300 and
600 nm. It can be found that the CQDs embedded active layer shows better light
absorption intensity than the active layer without CQDs, which indicates that the



186 W. Fan et al.

Fig. 1 Two-dimensional
structure diagram of the
device

Fig. 2 The TEM picture of
CQDs

embedding of CQDs promotes the light absorption of the active layer. Thus, the
devices based on CQDs embedded film have better performance than the devices
based on ITO/PEDOT: PSS/P3HT: PC61BM film.

Figure 4 shows the J-V curve of the polymer cells with increasing amounts of
CQDs (from 0 to 2mg/mL) in the active layer under AM 1.5 G illumination. Figure 4
demonstrate that the short circuit current density and open circuit voltage of CQDs
added devices were better than the reference devices. The JSC of device without
CQDs is 13.5 mA/cm2, and the open circuit voltage is 0.49 V, while the short circuit
current density of device with CQDs is 15.2 mA/cm2, the VOC of device with CQDs
is 0.55 V. Whereas, after continuing to add the concentration of CQDs in the active
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Fig. 3 UV–vis absorption
spectra of ITO/PEDOT:
PSS/P3HT: PC61BM film
and ITO/PEDOT:
PSS/P3HT: PC61BM: CQDs
film

Fig. 4 J-V characteristics of
CQDs with different CQDs
ratios in the active layer
under AM 1.5 G illumination

layer, the device performance began to decline, which may be related to the doping
of CQDs in the active layer.

Table 1 shows the device performance parameters of CQDs doped at various

Table 1 Device parameters with different CQDs ratios in the active layer under AM 1.5 G
illumination

CQDs content (mg/mL) JSC (mA/cm2) VOC (V) FF (%) Rs (�) Rsh (�) PCE (%)

0 13.5 0.49 33 200 59.31 2.12

1 15.2 0.55 34 66.67 64.72 2.81

2 14.4 0.51 34 100 62.64 2.44
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concentrations. It can be clearly found that theCQDs added device has a photoelectric
conversion efficiency of 2.81%, which is 33% higher than the 2.12% of the reference
device. This enhancement is primarily owing to the increment of current density
caused by CQDs.

4 Conclusion

The organic solar cells were successfully prepared in the atmosphere and room
temperature. The transmission electron microscopy (TEM) characterization shows
that the prepared CQDs particles with a size of 5–7 nm. The absorption (ABS)
shows that the ITO/PEDOT: PSS/P3HT: PC61BM: CQDs ternary active layer film is
enhanced between 300 and 520 nm. In summary, we prepared an organic solar cell
with a ternary structure P3HT: PC61BM: CQDs by adding a third component CQDs
to the active layer. This ternary structure exhibits better performance than original
devices based on P3HT: PC61BM. The PCE of optimized device is 2.81%, which
is 33% taller than the 2.12% of the reference device. In optimized devices, The JSC
= 15.2 mA/cm2, VOC = 0.55 V, FF = 34%, and the PCE = 2.81%. Therefore, we
proposed a ternary structure organic solar cell with CQDs doped. This new structure
shows better performance than the reference device. This method provides a new
way to increase the PCE of organic solar cells.

Acknowledgements This work was supported by the National Natural Science Foundation of
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Abstract The ZnO/CuO heterostructures were synthesized by two simple methods.
The structural and morphological characterizations of the as-deposited samples were
well evaluated by usingX-ray diffraction (XRD) and field emission scanning electron
microscopy (FESEM). The gas sensing characteristics of the pureCuOandZnO/CuO
heterostructure were discussed. By comparison, the ZnO/CuO heterostructure sensor
synthesized by water bath deposition has a higher response than pure CuO obviously.
At the optimal working temperature, the response of the CuO-ZnO gas sensor to
ethanol (100 ppm) reached 31.2, which was about 4.3 times higher than the original
CuOnanoparticles. Besides, this heterojunction also showed good selectivity towards
ethanol. The ZnO/CuO heterostructure provides a feasible method for preparing high
performance ethanol sensor
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1 Introduction

Effective monitoring and detection of harmful gases from the atmosphere is essential
to human health [1]. Due to the advantages of low cost and simple manufacturing,
gas sensors of metal oxide semiconductors have been widely used in the monitoring
and detection of toxic and harmful gases [2–4]. The CuO with a narrow band gap
(Eg = 1.2 eV) is extensively explored for their gas sensing behavior [5]. In order to
enhance the performance of the CuO gas sensor, many researches were carried out
[6]. Recently, a lot of research has been focused on the design of the high sensitivity
gas sensors based on the use of more than one material to form heterostructures.
Researchers are continuing todemonstrate that the combinationof differentmaterials,
the use of different synthetic methods or the design of different nanostructures affects
the gas sensing performance of the system [7]. Therefore, constructing two-layer
heterostructure with ZnO and CuO might be useful way to prepare high-response
gas sensor.

In this paper, two-layer ZnO/CuO heterostructures were synthesized by using
different methods. Gas sensing performance of the pure CuO and ZnO/CuO
heterostructure sensors were investigated. The results indicate that ZnO/CuO
heterostructure exhibit excellent sensing properties towards ethanol with improved
response and selectivity.

2 Experimental

2.1 Preparation of CuO and ZnO/CuO Heterostructures

The Zn thin film was grown by using electrodeposition at room temperature. The
classic three electrodes are used in electrochemical experiments. First, ZnSO4·7H2O
was dissolved in 150 mL of DW at room temperature as an electrolytic solution. The
working electrode is the pre-cleaned ITO substrate, the reference electrode is KCl,
and the auxiliary electrode is graphite paper. Set the appropriate polarization current
and the deposition time. After completion, the substrate was rinsed with DW and
was thermally oxidized in air for 50 min at 350 °C to form ZnO thin film.

An simple hydrothermalmethodwas used to prepare ZnO nanorods, as previously
reported [8]. First, zinc acetate ethanol solution was spin-coated on the pre-cleaned
glass substrate and then annealed at 200 °C for 10 min. The reaction solution is a
certain amount of Zn(CH3COO)2·2H2O andC6H12N4 aqueous solution. Thereafter,
the substrate was placed upward in the above solution at 90 °C for 1 h. The sample
was dried at 60 °C for 8 h.

Then, the CuO material was synthesized using the same hydrothermal process
on the glass substrate, the ITO substrate grown with ZnO thin film and the glass
substrate grown with ZnO nanorods. The as-prepared samples were labeled as 1#,
2# and 3#, respectively.
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2.2 Characterization

X-ray diffraction (XRD) of as-synthesized nanostructures samples were investigated
onRigakuD/max-2400withCuKα radiation. The surfacemorphology and elemental
composition of the as-deposited material was obtained using field emission scanning
electron microscopy (FE-SEM, Apreo S). The sensing characteristics of the gas
sensor were measured using the QJC-II series Intelligent Test Meter. The schematic
diagram of gas sensor test system has been reported in our previous work [9].

2.3 Fabrication and Measurement

To fabricate the CuO and the ZnO/CuO sensors, the as-deposited material was thor-
oughly dissolved in ethanol to obtain a uniform slurry. Then, the slurry was coated
on alumina tube. The structure diagram of the gas sensor has been listed in the previ-
ously published work. Gas sensing measurements were carried out at about 30–40%
RH in atmospheric air. The operating temperature of the gas sensor was controlled
from 116–151 °C. The response (R) of the sensor was defined as follows, R=Rg/Ra,
where Ra was the resistance in the target gas and Rg was the resistance in air.

3 Results and Discussion

3.1 Structural and Morphological Characteristics

XRD patterns of the pure CuO and the ZnO/CuO heterostructure prepared by water
bath are shown in Fig. 1. The black curve displays XRD pattern of the pure CuO,
it contains two kinds of peaks. The planes (0 0 2), (1 1 1), (−2 0 2), (2 0 2), (−1
1 3), (0 2 2) and (1 1 3) which were corresponded to standard PDF#45-0937 of the
CuO crystal. The (1 1 0), (1 2 1) planes (marked in olive) of SiO2 was given by
standard PDF#45-1374. The peak of SiO2 may come from the used glass substrate.
The red curve displays XRD pattern of ZnO/CuO heterostructure prepared by water
bath. The peaks corresponded to (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 3), (2
0 0), (1 1 2), (2 0 1) and (2 0 2) planes of the ZnO crystal were in good agreement
with standard PDF#36-1451. The existence of diffraction peaks corresponding to
CuO and ZnO observed in the XRD spectrum indicates the synthesis of ZnO/CuO
composite heterostructure.

Figure 2 shows the morphology and microstructure of the as-synthesized samples
by FESEM image. It can be seen from Fig. 2a that the prepared pure CuO material
is composed of nano-particle clusters. Figure 2b shows the morphology of the ZnO
layer in the ZnO/CuO heterojunction prepared by awater bathmethod, as can be seen
that the ZnO layer consisting of stacked ZnO nanorods. The surface morphology of
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Fig. 1 XRD patterns of pure
CuO and ZnO/CuO
heterostructure

Fig. 2 FESEM images of a the pure CuO, b the ZnO, c the ZnO/CuO heterostructure prepared by
water bath and d the ZnO/CuO heterostructure prepared by electrodeposition and water bath

the ZnO/CuO heterojunction prepared by the water bath method is shown in Fig. 2c,
which is also composed of nanoparticle clusters. However, the size of the ZnO/CuO
nanoparticles is greatly reduced compared to pure CuO,which significantly increases
the gas sensitivity of the material. Figure 2d shows that the ZnO/CuO nanostructure
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Fig. 3 Response of the 1#,
2#, and 3# sensor from 116
to 158 °C toward 100 ppm
ethanol

prepared by the two-step process consists of copper oxide nanospheres and a zinc
oxide film.

3.2 Gas Sensing Characteristics

Before testing, the 1#, 2#, and 3# sensors were preheated for 30 min. In order to
obtain the optimal working temperature, the response of the 1#, 2#, and 3# sensors
to 100 ppm ethanol gas were investigated at different temperatures. Figure 3 shows
the response of the three sensors to 100 ppm ethanol at the corresponding working
temperature. The pure CuO gas sensor gets the relatively low operating temperature
of 130 °C. The response of ZnO/CuO heterostructures sensors reaches its maximum
at the temperature of 134 °C. Clearly, the maximum response value of 2# ZnO/CuO
based sensor to ethanol reached 31.2 at 134 °C, which is about 4.3 times higher than
that of pure CuO nanoparticles (R = 7.3). According to the observation results, the
ZnO/CuO heterostructures sensors displayed an enhanced response to ethanol.

Subsequently, the gas response of the 1#, 2# and 3# sensors towards 100 ppm target
VOCs gas are shown in Fig. 4. It is obvious that all the sensors exhibit the highest
response to ethanol and a relatively lower response to other test gases. The sensors
based on ZnO/CuO heterostructures have improved ethanol performance compared
to pure CuO, which is related to the formation of heterostructures. Furthermore, the
response of sensor based on the 2# ZnO/CuO to 100 ppm ethanol gas is higher than
the other sensors tested. The results indicated that the 2# ZnO/CuO sensor show a
good selectivity for ethanol.

Figure 5a-c displays the dynamic resistance curves of the 1#, 2# and 3# gas
sensors to different concentrations of ethanol under the optimum temperature. With
the concentration of ethanol gas increasing, the response of all sensors increases,
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Fig. 4 Response of the 1#,
2#, and 3# sensor to 100 ppm
ethanol, acetone,
formaldehyde, methanol and
xylene gases

Fig. 5 Dynamic response curves of a the 1#,b the 2#, and c the 3# sensor to different concentrations
of ethanol, d Response of the 1#, 2#, and 3# sensor to different concentrations of ethanol
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Fig. 6 a Dynamic response curves of the 2# sensor towards ethanol, acetone and formaldehyde.
b Response of the 2# sensor towards ethanol, acetone and formaldehyde at different concentration

which is apparently presented in Fig. 5d. And the response of 2# ZnO/CuO sensor
is significantly higher than other sensors, when the concentration of ethanol is over
80 ppm.

Figure 6a shows that the dynamic response and recovery characteristics of the
2# sensor under different concentration of ethanol, acetone and formaldehyde from
10 to 170 ppm at 134 °C. Figure 6b shows the corresponding response value of the
2# sensor under different concentration of ethanol, acetone and formaldehyde from
10 to 170 ppm at 134 °C. The test results show that the prepared device has good
dynamic stability to these three gases.

4 Conclusion

In short, the ZnO/CuO heterostructures were synthesized using two simple methods.
Compared with pure CuO nanoparticles, the 2# ZnO/CuO heterostructure sensor
exhibits significantly improvement in the ethanol sensing response.Upon exposure to
100 ppm of ethanol gas at 134 °C, the response value of 2# ZnO/CuO heterostructure
sensor is up to 31.2, which is about 4.3 times higher than the pure CuO nanoparticles.
Besides, the response of ZnO/CuO heterojunction to ethanol is much higher than
other measured gases. The ZnO/CuO heterojunction shows good selectivity towards
ethanol. The obtained gas sensing performance demonstrates that gas sensor based
on the ZnO/CuO heterostructure prepared by water bath method can be a prospective
candidate for ethanol detection in environmental monitor.
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Design of Stripe Projection System for 3D
Measurement of Structured Light

Lei Zhang, Limin Hu, and Tengbiao Song

Abstract There are four common micro-electro-mechanical system (MEMS)
micro-mirror driving methods: electrostatic driving, electromagnetic driving, elec-
trothermal driving, and piezoelectric driving. Among them, the electrostatically
drivenMEMSmicro-mirror has natural technical advantages in the field of 3Dvision:
it can achieve the smallest volume, the lowest power consumption, the process is rela-
tively simple, the reliability and yield are high, and the cost is the lowest. A fringe
projection system based on a MEMS micro-mirror is designed. After the laser beam
passes through theMEMSmicro-mirror at high speed, a fringe structured light pattern
in the imaging area is generated. Select the peripheral SPI1 of the STM32F103C8T6
chip of the STM32 series of the single chipmicrocomputer micro control unit (MCU)
as the host to exchange data with the slave where theMEMSmicro-mirror is located,
the program is written with software Keil uVision5 and driven by the MEMS. At
the same time, the microcontroller outputs a pulse width modulation signal to drive
the laser to generate a pulse width modulation waveform (PWM) waveform laser
bundle. The experimental results show that the MEMS micro-mirror is controlled
by a single-chip microcomputer for simple harmonic motion. The line laser pulse
width can be controlled by the chip’s timer. The optical path can be adjusted and
the circuit can be driven to generate a laser pattern with red laser stripes and dark
stripes interlaced in the imaging area. Has profound significance for 3Dmeasurement
technology.

Keywords Structured light · 3D measurement · MEMS · Laser · MCU
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1 Introduction

With the development and demand of modern industrial production and science and
technology, the shape of products has become increasingly complex, the production
cycle has become shorter and shorter, and the accuracy of processing and assembly
has become higher and higher, creating the need to obtain the three-dimensional
shape of objects [1], Especially in the fields of reverse engineering, virtual reality,
machine vision, biomedicalmonitoring, anthropometrics andmanyother fields [2–6],
there are extremely extensive requirements for themeasurement of three-dimensional
shape of objects. The structured light measurement method originated in the 80s.
By measuring the three-dimensional shape of the measured object by projecting
structured light onto the measured object, the main idea is to observe the measured
object from a direction different from the projection direction. And the triangular
relationship between the measured object and the measured object to obtain the
three-dimensional shape of the measured object [7].

Micro-electro-mechanical system (MEMS) micro-mirror is a typical optical
microelectronic machine. The incident light beam can be reflected in a specific
manner and time sequence, thereby realizing scanning imaging on the image plane. In
addition,MEMSscanningmicro-mirrors have also beenwidely used in laser confocal
microscopy systems, optical switches, projection displays and other fields [8]. The
initial technology choices depend largely on the application and performance require-
ments in terms of scan speed, scan angle, impact resistance, power consumption, and
package compatibility [9]. Compared with traditional optical micro-mirrors, MEMS
micro-mirrors have lower cost and easy mass production than MEMS devices, but
also have better optical and mechanical performance, especially in terms of dynamic
response and power consumption. As prominent [10].

A fringe structured light generation technology device based on MEMS was
designed. As a fringe projection system structure for 3Dmeasurement applications, a
laser scanning micro-projection technology was selected to cooperate with a MEMS
micromirror to generate ideal fringe structured light.

2 Principle

The one-dimensional MEMSmicro-mirror projection system is mainly composed of
a MEMS micro-mirror driving circuit, an optical module, and a laser driving circuit.
Firstly driven by the MEMS, the MEMS micro-mirror is made to perform a simple
harmonic motion at a certain angle under the control of a single-chip microcomputer;
the point laser generated by the laser is diffused by the optical module into a line
laser with a certain waveform. The width modulation can be generated by the chip’s
timer. The software chooses Keil uVision5 and then uses the FLYMCUprogramming
program. After the high-speed vibration MEMS micro-mirror is irradiated, the laser
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beamwill be reflected to the projection area and generated in the imaging area. Laser
pattern of red laser stripes and dark stripes.

3 MEMS and MCU

MEMS laser scanning micro-projection technology is a cutting-edge technology
that has only recently been developed. It has good applications in head-mounted
displays, micro-projection display technology, handheld electronics, and automotive
fields, and has good development space. There are three main components of a laser
display system: a laser, a light modulator, and a beam scanner. The light emitted by
the three primary color diodes passes through the filter lens and is combined into a
full color, which can highly restore the color.

Compared with digital light processing (DLP), liquid crystal on silicon (LCOS),
liquid crystal display (LCD) micro-projection technology, MEMS laser scanning
micro-projection technology has a simpler structure and easier system integration.
One-dimensional MEMS vibrating mirror projection system structure, as shown in
Fig. 1.

MEMS laser scanning micro-projection technology has a high-power-primary-
color laser light source, which is composed of full color. The color gamut we can see
is theoretically more than 90%, which is much higher than other micro-projection
display technologies. In addition, the laser has higher luminous efficiency, which
means that when projecting the same brightness screen, it will consume less energy
and its color reproduction is higher. Therefore, the laser scanning micro-projection
technology is used in conjunction with the optical MEMS micro-mirror to complete
the imaging effect.

Both the MEMS micro-mirror and the laser drive require a single-chip micro-
computer. The STM32 series chips have better performance, lower cost and energy
consumption, and faster computing speed. Therefore, the single chip microcomputer
MCU model STM32F103C8T6 chip was selected. It has only 48 pins. The highest
frequency is 72 MHz. Although it is small, it also has two peripheral SPIs and 32
general-purpose I/O ports. The minimum system schematic is shown in Fig. 2.

Fig. 1 Schematic diagram of the one-dimensional MEMS micro-mirror projection system
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Fig. 2 STM32F103C8T6 chip minimum system structure principle diagram

3.1 Laser Drive

The laser is a red dot laser with transistor-transistor logic level (TTL) modulation
signal. The spot size can be adjusted to facilitate imaging. Let the point laser emitted
by the laser pass through a cylindrical optical lens. The vertical surface of the cylin-
drical mirror is the same as that of flat glass. The light does not diverge or converge
when passing through it. The horizontal plane is the same as the imaging principle
of the lens. After two refractions later, the cylindrical lens focuses the beam first,
and then the beam diverges toward the forward cone area. A red line is formed when
it hits the imaging area. The principle of horizontal imaging of a cylindrical optical
lens is shown in Fig. 3.

According to the refraction formula of light:

n1sinθ2 = n2sinθ1 (1)
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Fig. 3 Horizontal mirror
map of cylindrical mirror

The refraction angle of the laser entering the lens is:

sinθ2 = n2sinθ1/n1 (2)

According to the principle of an isosceles triangle, the second incident angle of
the laser is the same as the first outgoing angle. The exit angle of the second refracted
laser lens is:

sinθ3 = n1sinθ2/n2 (3)

(3) After bringing into formula (2):

sinθ3 = sinθ1 (4)

n1 is the refractive index in the air, n1 is the refractive index in the cylindrical lens,
θ1 is the incident angle θ2 is the first exit angle, and sinθ3 is the second exit angle.

Obviously, the final exit angle and incident angle of the laser are the same. Because
the coherence of the laser is good, it can be considered as an ideal parallel light.
According to the basic geometric principle, the laser beam passing through the center
of the circle is used as the boundary. The parallel lights below the center of the circle
are also emitted parallel to each other.

3.2 Signal Read

It is very convenient to send instructions to the MEMS module through the read and
write functions of SPI1. When you need to configure the angle, you can send a 14-bit
unsigned number to thememsmodule. You need to send the instruction 0XC00when
you query. The host will receive two 16-bit data. interval. The angle configuration is
shown in Table 1:

The MEMS module outputs a zero-mark pulse at the beginning of a resonance
cycle, and outputs an angle mark pulse each time a minimum angular interval is
changed. Assume that the scanning angle output by the MEMS module at this time
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Table 1 Send 14 unsigned numbers to P1130 through SPI1 read and write function

D15 D14 D13 D12 D11 D10 D9 D8 D7 D6 D5 D4 D3 D2 D1 D0

0 0 Output angle

1 0 Angular interval

is ±θ and the angular interval is �. Let:

i = θ/� (5)

Then in a simple harmonic cycle, that is, between receiving zero-mark pulses,
a total of (4i + 1) angle mark pulses will be received. Then in a simple harmonic
period, the angle θj corresponding to the j-th angle mark pulse sent by the MEMS
module is:

( j − 1) ∗ �1 < j ≤ i + 1 (6)

(2 ∗ i − j + 1) ∗ �i + 1 < j ≤ 2i − 1 (7)

0j = 1, 2i + 1 (8)

−( j − 2 ∗ i − 1) ∗ �2i + 1 < j ≤ 3i + 1 (9)

−(4 ∗ i + 1 − j) ∗ �3i + 1 < j ≤ 4i + 1 (10)

4 Experimental Part

The one-dimensional scanning module can calculate the scanning angle of the
micromirror at each time point of theMEMS by sending the angle marking pulse and
the zero-mark pulse. Mems micro-mirror stripe structured light production system
is shown in Fig. 4.

4.1 MEMS and Microcontroller Selection

The MEMS device uses a one-dimensional laser scanning module P1130 developed
by Xi’an ZHISENSCR. As shown in Fig. 5, it uses an electrostatically drivenMEMS
micro-mirror. The connection method of P1130 is to use the connector female seat,
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Fig. 4 MEMS micro
vibrating mirror stripe
structure light production
system

Fig. 5 One-dimensional
laser scanning module P1130
physical map developed by
Xi’an Zhiwei sensor

and use the HRS connector model DF37NB-10DS-04V. As shown in Fig. 6, the
specification is 10PIN and the PIN pitch is 0.4 mm.

WhenP1130 is connected to themicrocontroller, P1130 is set as the slave device of
the microcontroller, and the peripheral SPI (Serial peripheral interface) of the micro-
controller controls P1130. First, ensure that they share the same ground to ensure
normal communication between them. The SPI NSS pin of STM32F103C8T6 chip
is connected to the SPI CS of P1130. When the chip select signal of the master is
high and the slave is low, communication between the master and the slave can be
performed. The SPI SCK pins of the two are connected to each other to synchronize

Fig. 6 The physical diagram and schematic diagram of the HRS connector model DF37NB-10DS-
04V
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Fig. 7 SPI communication time sequence diagram

the clock signal of the microcontroller and P1130; the SPI MOSI of the micro-
controller is connected to the SPI MISO of P1130. When it is working, the micro-
controller outputs signal and P1130 receives; when the SPI 32 of STM32 single
chip microcomputer is connected to the MOSI of P1130 the opposite is true. SPI
communication timing diagram, as shown in Fig. 7:

4.2 Program Input

Because the STM32F103C8T6 chipminimal system itself does not haveUSB to TTL
function, the chip’s peripheral SPI cannot directly communicate with the personal
computer, so an external FT232 module is needed to implement this function, as
shown in Fig. 8. The BOOT0 of the chip is connected to a 3.3 V power supply, and
the BOOT1 is grounded. The TXD interface of the FT232module is connected to the
RXD interface of the chip, and the RXD interface is connected to the TXD interface
of the chip, and the GND interface is connected. The 3.3 V port of the FT232 module
can provide power to the development board and restart the chip after the connection
is completed. It will enter SPI mode. After that, the serial port SPI programming
software FLYMCU is used, and the bit rate is set to 115,200. After searching for a
free com port, the program can be downloaded.

Fig. 8 FT232 modular
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Fig. 9 When sending data, a PA4, b PA5, c PA6, d PA7 pin waveform

4.3 Signal Detection

When the peripheral SPI1 sends data to P1130, PA5 generates a clock signal, the
PA4 pin first becomes a low voltage state, and the host SPI1 transmits the content to
P1130. After the content transfer is completed, the chip select signal is set to high
level. PA7 has a square wave signal, because P1130 does not send a response to the
peripheral SPI1, so PA6 has no signal. In order to make the waveform of each pin
easy to observe, put the program that sets the output angle and angle interval of the
module into a while (1) loop, then add a 1 ms delay after each data read, and then
burn Go to the chip to test the waveform. When the peripheral SPI1 receives data
from P113, the PA6 pin also has waveform output. Figure 9 shows the waveforms of
the PA4, PA5, PA6, and PA7 pins when sending data.

4.4 Generation of Striped Structured Light

The overall environment setup is shown in Fig. 10. After the driving of the MEMS
and the laser are completed, the optical path is placed, and the spot laser beam emitted
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Fig. 10 Physical picture of the overall structure of the system

Fig. 11 Generation of
striped structured light

by the laser passes through a cylindrical lens to become a linear laser beam, as shown
in Fig. 11.

5 Conclusion

After the text edit has been completed, the paper is ready for the template. Duplicate
the template file by using the Save As command, and use the naming convention
prescribed by your conference for the name of your paper. In this newly created file,
highlight all of the contents and import your prepared text file. You are now ready to
style your paper; use the scroll down window on the left of the MSWord Formatting
toolbar.

This paper proposes a fringe projection system for 3D measurement. The projec-
tion system consists of aMEMSmicro-mirror, a controller, a drive circuit, a laser, and
an optical module. The system has the advantages of simple principle and structure,
easy operation andmeasurement. First of all, when choosing a linearMEMS surface,
we know that the one-dimensional laser scanning module P1130 of micro-sensing
has high accuracy, contains an electrostatically driven micro-mirror, is not easily
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affected by the external environment, and is suitable for a wide range of measure-
ment locations. Red dot laser with TTL modulation signal, TTL modulation can
facilitate us to find the most suitable output waveform; select the peripheral SPI of
STM32F103C8T6 chip as the host of P1130, compile and debug the program with
Keil uVision5, and connect to the personal computer through USB to TTL module
Use FLYMCU to download the program to the chip, and finally output the angle data
to generate striped structured light.
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Promising Halide Perovskite: The
Application in Field-Effect Transistors

Juanjuan Zhou, Yingquan Peng, and Wenli Lv

Abstract As the main component in electronic circuits, field-effect transistors
(FETs) are indispensable in modern semiconductor industry. Thus, choosing appro-
priate functional layer materials has become an urgent matter to be solved. In recent
years, halide perovskite is considered a favorable competitor with the continuously
mature synthesis technologies. Especially, the effective light absorption and high
charge carrier mobility make it possible to improve the performance of FETs. In this
work, we summarized several representative halide perovskite-based FETs including
thin-films, single crystals and mixed function layers. First, the perovskite films that
can exhibit field-effect characteristics at low or normal temperature were introduced.
Afterward, considering that there have no crystal boundaries in single crystals and
mixed functional layers will be good for combining the advantages of different mate-
rials, typical corresponding devices were investigated in detail. Finally, the potential
development of halide perovskite-based FETs in the future were outlined from three
aspects.

Keywords Halide perovskite · Field-effect transistor · Field-effect characteristics

1 Introduction

As a promising candidate for optoelectronicmaterials, halide perovskite has attracted
extensive attention due to the inherent tunable band gap, large absorption coefficient,
extended electron–hole diffusion length and long carrier lifetime [1–4]. Especially
for solar cells, the efficiency has rapidly increased to 22.1% by utilizing perovskite
materials as light absorbing layer [5]. Meanwhile, they have also been widely used
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in light-emitting diodes (LEDs), electrically pumped lasers and photodetectors [6–
8] due to above-mentioned advantages. However, there has relatively less research
effects in field-effect transistors (FETs) based on halide perovskites. According to
existing literature, it may be mainly blamed for the gate-field screening effect caused
by ion migration, which yield the mobility of halide perovskite thin-films unsatis-
factory at room temperature. Set CH3NH3PbI3 thin-film as an example, the mobility
in light-emitting FET is as low as 10–4 cm2/Vs at room temperature, which is far
less than the first-principle calculation [9]. Yet this is not only a challenge but also
an opportunity for the investigations of halide perovskite-based FETs if the issue of
gate-field screening can be mitigated.

Here ignoring the gate-field screening issue, halide perovskite should be regarded
as a promising candidate to develop advanced FETs. First, it can be synthesized
easily from 0- to 3-dimension (D) as the synthesis technologies continue to mature,
which is conducive to the application of FETswith different functional requirements.
For the perovskites with a low dimensional geometry, the reduced defect density
and improved carrier mobility will beneficial for harvesting charges that induced
by photons [10]. Furthermore, the channel thickness of low dimensional perovskite
structures is greatly reduced, which is crucial for obtaining smaller dark currents.
Besides, it is worthmentioning that Deng et al. have fabricated the ultrahigh-mobility
organic semiconductor single-crystal (OSSC) arrays by channel-restricted meniscus
self-assembly (CRMS) method successfully [11]. That means the large-area arrays
preparation has become possible, which will promote the development of multifunc-
tional integrated circuits. At the same time, it can be integrated into other devices
to get better performance. Second, the low-cost solution methods have been widely
applied to halide perovskite thin-films preparation, which makes it possess strong
processability. On the other hand, the processability of thin-films is beneficial to
speed up the development of flexible and stretchable electronics, while the tradi-
tional silicon (Si)-based semiconductors even cannot achieve related applications.
The final point is that the most common halide perovskite CH3NH3PbI3 exhibits
ambipolar characteristic without additional doping to balance the conductivity of
n-and p-type.

Different from other reviews; i.e., Miao et al. presented the recent progress on
highly sensitive perovskite photodetectors and Liu et al. investigated the synthesis,
ion migration, and application based on metal halide perovskite in FETs [12, 13].
In this review, we specifically discuss the halide perovskite-based FETs. First, the
current applications of pure thin-film halide perovskite-based FETs were introduced,
in which several investigations put forward that the obvious field-effect characteris-
tics of CH3NH3PbI3 can be observed only at low temperature. While other investiga-
tions propose that this issue can be solved through optimization strategies such as the
application of external light source. Afterwards, utilizing single crystals and mixed
functional layers to improve the performance of halide perovskite-based FETs were
enumerated respectively.
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2 Thin-Film FETs

With the rapid development of flexible and stretchable devices, Si-based FETs have
been unable to meet the needs of equipment production. However, halide perovskite
thin-films can be easily obtained via a variety of solution methods, which makes
them attracted considerable attention over the past decades. Labram et al. studied
the FET employing CH3NH3PbI3 as active material and conducted a series of
temperature-dependent measurements [14]. As depicted in Fig. 1a, they found that
the CH3NH3PbI3-based FET exhibited no field-induced current modulation with low
source-drain currents at room temperature. However, the field-effect began to appear
when the temperature dropped to 220 K, and the drain current continued to increase
with reduced temperature. It is concluded by them that there have no field-effect char-
acteristics at room temperature is attributed to the gate-field screening effect, which

Fig. 1 a Transfer curves of CH3NH3PbI3-based field-effect transistor (FET), which measured
at a series of temperatures from 150 to 250 K. Reproduced with permission [14]. Copyright ©
2015, American Chemical Society. b Schematic of the bottom-gate, top-contact FET based on
CH3NH3PbI3 thin-film. Transfer characteristics of c bottom-gate, top-contact and d bottom-gate,
bottom-contact devices in the dark (black and red symbols) and under light illumination (blue and
magenta symbols). Reproduced with permission [16]. Copyright © 2015, Springer Nature
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inhibits further charge carrier accumulation. Similar studies have also suggested that
it is difficult to obtain the field-effect characteristics based on pure CH3NH3PbI3
perovskite at room temperature [9, 15]. However, this situation is not inevitable.

For instance, Li et al. set an external light source as the fourth terminal electrode,
which assisted the gate electrode to control channel current [16]. Ultimately, the
CH3NH3PbI3-based FET exhibited obvious room-temperature ambipolar character-
istics. As shown in Fig. 1a, b bottom-gate, top-contact (BGTC) CH3NH3PbI3-based
FET was fabricated, in which the CH3NH3PbI3 films was prepared by two-step
vapour-assisted solution process. And poly (methyl methacrylate) (PMMA) was
spin-coated as protective layer to prevent the diffusion of moisture and atmospheric
oxygen. An ambipolar characteristic can be clearly observed in the transfer curves
under light illumination as illustrated in Fig. 1c, in which the photo-induced hole
and electron mobility are calculated as 0.18 and 0.17 cm2/Vs respectively in satura-
tion region. Hereafter, they also fabricated a bottom-gate, bottom-contact (BGBC)
perovskite FET to determine whether the device structure influences the field-effect
characteristic. The result was shown in Fig. 1d, in which an obvious ambipolar char-
acteristic was observed to be like that of the BGTC device under light illumination.
Furthermore, the electron and hole mobility were both measured as 0.17 cm2/Vs,
revealing that the ambipolar characteristic of CH3NH3PbI3-based FETs is an inherent
property and has nothing to do with the device architecture. This work well avoids
the problem that CH3NH3PbI3 has no field-effect characteristics at room tempera-
ture, and it has application significance in other optoelectronic devices. In addition
to CH3NH3PbI3 perovskite, 2D perovskites have also been used in FETs for a long
time. Kagan et al. demonstrated a thin-film FET using 2D layered organic–inorganic
perovskite (C6H5C2H4NH3)2SnI4 as the semiconducting channel [17]. Note that the
2D layered perovskite formed a p-channel FET and the field-effect mobility was
measured as 0.55 cm2/Vs, which is different from CH3NH3PbI3 perovskite. Further-
more, with the concentration of majority carriers, the FET will operate in accumu-
lation mode under negative gate bias. In contrast, the application of a positive gate
bias depleted holes in the channel, turning the device off.

3 Single Crystal FETs

It is well known that the existence of grain boundaries will seriously hinder the field-
effect carrier mobility and FET device operations. Therefore, it seems that single
crystals (SCs) aremore suitable to be applied intoFETsdue to their less defectives and
eliminated grain boundaries compared with polycrystalline films. However, in fact,
there are almost no reports about SC perovskite-based FETs to date. It is speculated
that the incomplete precursor conversion and hydration of SC perovskite faces lead
to extensive surface contamination, thereby impairing the operation of FET devices.

Considering the above issues, Yu et al. demonstrated a spatially-confined inverse
temperature crystallization strategy (as shown in Fig. 2a) to synthesize the controlled
micrometer-thin single crystals (TSCs) of CH3NH3PbX3 (X = Cl, Br, I) perovskite
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Fig. 2 a Schematic representation of spatially-confined inverse temperature crystallization strategy
for producing controlled micrometer-thin single crystals (TSCs). b Schematic of the bottom-gate,
top-contact (BGTC) TSC-FETs. Transfer characteristics, in which the black solid squares represent
IDS versus VGS , the red solid lines represent IDS versus VGS and the blue solid line represent fit
lines for c CH3NH3PbCl3, d CH3NH3PbBr3, and e CH3NH3PbI3 TSC-FETs. Reproduced with
permission [18]. Copyright © 2018, Springer Nature

[18]. Moreover, the grown TSCs possess sub-nanometer surface roughness and very
low surface contamination, which benefit them to be integrated into ambipolar
transistors. BGTC FETs with channel lengths (L) ranging from 10 to 150 μm
were displayed in Fig. 2b, in which the channel widths (W ) were controlled by
the lateral size of TSCs. As shown in Fig. 2c–e, the fabricated devices exhibited
obvious ambipolar transfer characteristics based on CH3NH3PbX3 TSCs. It is worth
mentioning that the maximum saturation hole (electron) mobilities were achieved
to 2.6 (2.2), 3.1 (1.8), and 2.9 (1.1) cm2/Vs for X = Cl, Br, and I, respectively. As
a comparison, the BGBC FETs based on CH3NH3PbX3 TSCs were fabricated by
a similar method, achieving the maximum linear hole (electron) mobilities of 3.8
(0.32), 3.6 (0.26), and 4.7 (1.51) cm2/Vs at room temperature for X = Cl, Br, and I,
respectively. It is suggested that the successful demonstration of high-performance
TSC-FETs at room temperature is attributed to the superior semiconductor-dielectric
interfaces in the channel. In other words, this approach reduced the roughness,
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defects, and contaminations in crystal face, eliminating the grain boundaries which
reduced the barriers to lateral transport in FETs. Simultaneously, the vertical confine-
ment made the crystals easy to grow laterally, so that it can bridge the FET channels
ranging from 10 to 150 μm.

It shouldbe annotatedhere that in addition to the above two forms, there are consid-
erable several other halide perovskites such as CH3NH3PbI3 nanowires, CsPbBr3
nanoplatelets and CsPbBr3 nanocrystals [10, 19, 20], showing potential applications
in FETs are not listed. We are not going to give more details and hope that it can be
investigated further by future generations.

4 Application of Mixed Functional Layer

Recently, the application of mixed function layers is an attractive means to improve
the performance of FETs, which well fuses the properties of different materials. For
instance, amorphous indiumgalliumzinc oxide (IGZO) isworthy of consideration for
high performance thin-film TFTs, due to its high field-effect carrier mobility and low
temperature large area processing capabilities. As depicted in Fig. 3a, Du et al. have
developed a hybrid FET, which utilized solution-processed CH3NH3PbI3 perovskite
to cap IGZO [21]. Interestingly, the spin-coated CH3NH3PbI3 film covering the
entire IGZO surface appeared in a needle-like network structure (Fig. 3b), which
was optimized to guarantee low dark current. Furthermore, the calculated respon-
sivity (R) were plotted in Fig. 3c, which indicated the high sensitivity to light
with CH3NH3PbI3/IGZO FET in both ultraviolet and visible regions. In detail, both
CH3NH3PbI3/IGZO and IGZO FETs reached the maximum R values at ultraviolet
range (λ= 385 nm). While with a broad absorbance of CH3NH3PbI3 perovskite, the
R values enhanced much for CH3NH3PbI3/IGZO FET compared with that of IGZO
FET in visible range (λ = 550–750 nm).

In the same year, Yu et al. proposed that the FETs which use CH3NH3PbI3
perovskite-PbSe colloidal quantum dots heterostructures as functional layer exhib-
ited wide spectral characteristic ranging from 300 to 1500 nm [22]. Furthermore,
the responsivities at different wavelengths maintained in a high level due to the
combination of perovskite and quantum dots, especially at 460 nm up to 1.2 A/W.
Therefore, these results indicated that halide perovskites can combine their advan-
tages with other materials well, so that more specific devices needed by people may
be fabricated.

5 Conclusion and Outlook

In this paper, several different types of typical halide perovskite-based field-effect
transistors (FETs) have been summarized and discussed exhaustively. Irrespective of
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Fig. 3 a Schematic of CH3NH3PbI3/IGZO hybrid FET. b The optical image taken from scanning
electron microscopy (SEM) of CH3NH3PbI3 layer, which located in the channel region. c Respon-
sivity of IGZO and CH3NH3PbI3/IGZO FETs at VG=− 10 V. Reproduced with permission [21].
Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

gate-field screening issue, the halide perovskites are considerable materials to fabri-
cate high-performance FETs due to the inherent outstanding optoelectronic prop-
erties: large absorption coefficient, extended electron–hole diffusion length, and
tunable band gap. Thin-film is the most common morphological structure, but it
has been suggested by several groups that the field-effect characteristics based on
CH3NH3PbI3 can only be observed at low temperatures. However, it can be solved by
new strategies such as the addition of an external light source to set the fourth terminal
electrode. Furthermore, two-dimension perovskite can also obtain field-effect charac-
teristics at room temperature. In terms of single crystals, a spatially-confined inverse
temperature crystallization strategy can be used to promote the performance of FETs.
Themost interesting is that the combination of halide perovskites and other materials
such as IGZO and PbSe are of great help for broadband detection and so on.

It can be predicted that the halide perovskite thin-films will fill the vacancy of
conventional Si-based FETs in flexible and stretchable electronics because of its
processability.Moreover,with the continuous development of single crystal synthesis
technology, once the problem of incomplete precursor conversion and hydration in
SC perovskite faces is solved, it will shine in integrated circuits. In addition to the
application of mixed functional layers, we believe that through in-depth research
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and new strategy development of halide perovskite, more and more multifunctional
field-effect transistors will be applied to various fields.
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Application of Advanced Optic
Measurement Technology DISAR
in Engineering Modeling and Simulation

Lan Wei and Miao Zheng

Abstract The testing technology displacement interferometer system for any
reflector (DISAR) is a kind of advanced optic measurement technique, which has
been widely used in many fields, such as detonation physics, impact dynamics, and
so on. In this paper we adopted DISAR testing to measure the high-speed movement
process of detonation drivenmetal flyer. Compared with the traditional electric probe
testing methods, DISAR testing can effectively ensure the testing accuracy in along
with the increasing of measurement range. Then we carried out modeling and simu-
lation on the movement of metal flyer driven by IHE utilizing a two-dimensional
Lagrange finite element code. According to the velocity-time curve obtained by
DISAR testing, we modified the mesh ratio and the material model of metal flyer.
The modified mathematical method can well simulate the velocity history of flyer.
Results show that the advanced optic measurement technique DISAR can play an
important role in engineering modeling and simulation.

Keywords Advanced Optic Measurement Technology · DISAR · Velocity
History ·Modeling and Simulation

1 Introduction

Velocity interferometer system for any reflector (VISAR) [1, 2] and displacement
interferometer system for any reflector (DISAR) [3, 4] are both advanced optic
measurement techniques for the continuous testing of surface velocity, based on
the basic principle of optical Doppler effect, using optical fibers to transmit light
signal, and using the optical interference mixing technology to obtain the continuous
velocity information of an object. The principles of VISAR and DISAR are slightly
different. Both of the two coherent beams of VISAR have frequency shift signal,
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but there is time delay. One of the two coherent beams of DISAR has no frequency
shift signal and the other has frequency shift signal. Compared with VISAR, which
is sensitive to the number of total interference fringes [5], DISAR is not sensitive to
the number of total interference fringes, and the loss of the number of total interfer-
ence fringes has little effect on the measurement. Currently DISAR testing has been
widely used in many fields, such as detonation physics, impact dynamics, geological
science, material science, medical diagnosis, and so on [6–11].

In the present study we adopted DISAR testing to measure the high-speed move-
ment process of metal Fe flyer driven by TATB-based insensitive high explosives
(IHE) detonation and compared with the traditional electric probe testing methods.
We also carried out modeling and simulation on the movement of metal flyer driven
by IHE utilizing a two-dimensional Lagrange finite element code. According to the
velocity-time curve obtained by DISAR testing, we modified the mesh ratio and the
material model of metal flyer.

2 Experiment

2.1 Principle of Testing

The basic principle of laser interferometer testing is as follow [12]. The laser emits
a beam to the surface of object and the frequency of light received by the detect
equipment can be expressed by Equation (1).

f = f0 + v

c
· f0 · (cos θ1 + cos θ2) (1)

Where f and f 0 are frequencies of reflecting light and entering light, θ1 and θ2 are
the angles formed by the object moving direction and the entering light and reflecting
light, v is the velocity of object, and c is the light speed in the air.

In DISAR system, both the entering light and the reflecting light are vertical to the
surface of object, so the frequency change of reflecting light according to entering
light can be simplified as Equation (2).

� f = f − f0 = 2v

c
· f0 = 2v

λ0
(2)

Where λ0 is the wave length of entering light.
The diagram of DISAR System is shown in Fig. 1 [13]. The light wave emitted by

the laser is divided into two beams. The first beam directly enters the fiber coupler as
the local light. The second beam is projected on the target surface, reflected into the
amplifier, and then into thefiber coupler as the detection light.At last, two interference
signals are output by the fiber coupler and recorded by the photo detector and the
oscilloscope respectively.
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Fig. 1 The diagram of the
DISAR system

Fig. 2 The diagram of the
experimental set
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2.2 Experimental Set

The diagram of experimental set is shown in Fig. 2. The Fe flyer was driven by
TATB-based IHE of a designated shape and electric probes and DISAR fiber probes
were placed at different points of the space.

Arriving times of flyer at different points A, B, C, D, E and F were tested by
the electric probes and continuous velocity changes of flyer at certain angles were
obtained by DISAR fiber probes 1 and 2.

2.3 Experimental Results

Figure 3 shows two velocity curves obtained byDISARoptic probes 1 and 2. Physical
quantities including time, distance and velocity given in this paper are all dimension-
less, for we focus on the application effect of the testing technology, not the value
of experimental data. Figure 3 shows that DISAR testing can obtain a continuous
velocity-time curve of flyer,with an effective testing time for dozens ofmicroseconds,
and a testing speed range of several kilometers per second.

The comparison of DISAR velocity curve integration and electric probes data is
shown in Table 1.

By integrating velocity curve 1 in Fig. 3, we can obtain arriving times of flyer
at points A, B, C. Similar, by integrating velocity curve 2, we can obtain arriving
times of flyer at points D, E and F. The arrival time of the flyer at characteristic
location obtained by the integration of velocity-time curve is accordwith the result by
electric probe testing and the difference is less than 0.3%, which shows that DISAR

Fig. 3 The velocity of two
DISAR fiber probes as a
function of time
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Table 1 Comparison of
DISAR and electric probes

Position Electric probe Integration of
DISAR curve

Difference(%)

A 3.453 3.447 0.19

B 3.740 3.747 0.18

C 3.980 3.987 0.17

D 2.473 2.468 0.27

E 2.867 2.860 0.23

F 3.233 3.227 0.21

testing can effectively ensure the testing accuracy in along with the increasing of
measurement range.

3 Modeling and Simulation

3.1 Models and Parameters

We carried out modeling and simulation on the movement of metal flyer driven by
IHE utilizing a two-dimensional Lagrange finite element code. We used detonation
Shock Dynamics (DSD) method to describe the detonation propagation of TATB-
based IHE and the Jones-Wilkins- Lee (JWL) EOS as Equation (3) to describe the
detonation products. The ideal elastic-plastic constitutive model was used to Fe flyer.

p = A(1− ω

R1v
)e−R1v + B(1− ω

R2v
)e−R2v + ωE/v (3)

Where p is pressure, v is relative volume, E is relative inner energy, ω is the
Gruneisen coefficient, and A, B, R1, and R2 are constants.

3.2 Results and Discussion

Figure 4 shows the comparison of calculated velocity history curve with the DISAR
testing data. The tendency of the calculated velocity history is similar to the exper-
iment, but the first jump and the following segment of the calculated velocity is
obviously different from the experimental result.

According to the velocity-time curve obtained by DISAR testing, wemodified the
modeling and simulation method. On the one hand, the mesh ratio of the metal flyer
was changed from three to one. On the other hand, the constitutive model of metal
material was modified from ideal elastic-plastic model to SGmodel. The comparison
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Fig. 4 The comparison of
calculated velocity curve
with the experimental data

Fig. 5 The comparison of
modified calculated velocity
curve with the experimental
data

of modified calculated velocity curve with the experimental data is shown in Fig. 5.
Both thefirst jumpand the followingparts of the curve agreewellwith the experiment.

4 Conclusions

We present our work on the application of advanced optic measurement technology
DISAR in engineering modeling and simulation. The surface velocity curve of Fe
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flyer driven by TATB-based IHE detonation was obtained by DISAR. DISAR testing
can effectively ensure the testing accuracy in along with the increasing of measure-
ment range. According to the velocity-time curve obtained by DISAR testing, we
modify the modeling and simulation method, and the modified mathematical method
can well simulate the velocity history of flyer. Results show that the advanced optic
measurement technique DISAR can play an important role in engineering modeling
and simulation.
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The Design of Integrated Four-Channel
Mach–Zehnder Multi/Demultiplexer
Based on LNOI Platform

Liang Xia, Shiqi Tao, Cheng Zeng, and Jinsong Xia

Abstract Asakindof platform for optoelectronic integrated circuits, lithiumniobate
on insulator (LNOI) possesses excellent material properties of lithium niobate. With
a better optical confinement contrast with other platforms, LNOI can improve the
device integration greatly. We have designed a four-channel of filter based on the
Mach–Zehnder structure on the LNOI. The simulation result shows that the insertion
loss and cross talk of the filter are less than 1 dB and -10 dB, respectively. The filter
can meet the requirement of CWDM4 specification for the next generation optical
module and optical interconnects.

Keywords LNOI platform · CWDM4 ·Multi/demultiplexer

1 Introduction

With the explosive growth of data traffic in the global scope, the demand for high-
speed modules increases rapidly. Especially, with the application of lithium niobate
on insulator (LNOI) platform, higher modulate rate such as 100 or 400 GHz is
promising. LNOI is a kind of platform for optoelectronic integrated circuits, which
not only possesses excellent material properties of lithium niobate, but also has a
better optical confinement contrast with other platforms like SOI. These charac-
teristics are expected to be applied to the preparation of high speed modules [1].
Besides, WDM devices can realize multichannel transmission and thereby increase
the performance bandwidth, simultaneously reduce the transmission cost [2].

We have designed a four-channel of filter based on the Mach–Zehnder structure
on the platform of LNOI, which conforms to the CWDM4 specification [3]. The
device consisted of three filters based on the same Mach–Zehnder type. The only
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difference between them is the length difference L, which determines the central
wavelength of the filter. Every filter is composed of three parts.The first part is a
3 dB coupler which is used for average power assignment. The second part is Mach–
Zehnder interferometer which is usually used to provide phase difference. The third
part is another type of coupler with two input ports and output ports.

2 Design Process

Multimode Interference Coupler is a type of coupler composed by input waveguide,
multimode waveguide and output waveguide. Compared with directional coupler,
multimode interference coupler has a better wavelength sensitivity, means average
power assignment can be achieved within the demanded wavelength range. There-
fore, we decide to use the multimode interference coupler as the first part. With the
basic theory of self-imaging effect, the design parameters are determined and the
simulation result is showed below. The result indicates that multimode interference
coupler with the design parameters can meet the requirement for the filter. Besides,
we use the directional coupler for the third part due to its smaller loss contrast with
the same type of multimode interference coupler. (Fig. 1).

Mach–zehnder Interferometer is generally composed of two waveguide arms
named delay waveguide with different length. Because of the length difference of
the delay waveguide, the incident optical field will accumulate different phases in
each arm when it passes through the interferometer.The length difference can be
calculated by the following Formula [4]:

FSR = λ2

ngr�L
(1)

Fig. 1 The schematic layout of the proposed CWDM (de)multiplexer
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Fig. 2 a The simulation result of the first part to separate odd band from even band. b ~ c The
simulation results of the second part and the third part. d The overall performance of the device

3 Simulation Results

The device consists of three filters, The first filter is used to separate the odd band
from the even band. Thatmeans the upperwaveguidewill output Lam1 andLam3, the
lower waveguide will output Lam2 and Lam4, as shown in Fig. 2a. The second filter
is used to separate Lam1 and Lam3, so the upper waveguide corresponds to Lam1
while the lower waveguide corresponds to Lam3(Fig. 2b). The third filter is used to
separate Lam2 from Lam4, with the upper waveguide corresponding to Lam2, the
lower waveguide corresponding to Lam4 (Fig. 2c).

We can find that the loss of the device is about 1 dB, simultaneously the crosstalk
of the device is about −10 dB. This result means that the performance of the device
can be further improved.The reason caused a large crosstalk is that the directional
coupler cannot achieve wavelength uniformity which means the device should have
the same splitting ratio to different wave length.

4 Outlook

The method involved in the design process is also suitable for LAN WDM which is
another mature WDM technology. Besides, this device is designed and fabricated on
LNOI platform, is a promising solution for high-speedmodulator, so it is significance
for monolithic integrated modulator which will be applied for modules in the future.
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Design of Resonant Magnetic Field
Sensor Based on Magnetostrictive
Optical Fiber Micro-cantilever

Cheng Xu, Yueming Liu, and Yuchan Liu

Abstract In this paper, a magnetostrictive-based optical fiber micro-cantilever reso-
nant magnetic field sensor is proposed. The magnetic field sensor is based on the
optical fiber end face design of the optical fiber micro-cantilever beam. The surface
of the optical fiber micro-cantilever beam is plated with a magnetostrictive film, and
the two form a double layer micro-cantilever beam structure. The magnetostrictive
film generates a magnetostrictive effect under a magnetic field, which causes the
double-layer cantilever structure to deflect and change its resonant frequency. The
magnetic field can be determined by detecting the change in resonant frequency. Then
use ANSYS simulation software to simulate the resonance frequency of the double-
layer micro-cantilever structure under the magnetic field, and obtain the relationship
between the magnetic field and the resonance frequency, in order to optimize the size
of the double-layer cantilever structure, and then obtain the best sensitivity of the
magnetic field sensor. The simulation results show that: when the double-layermicro-
cantilever structure is 90 μm long, the thickness of the fiber-optic micro-cantilever
is 2 μm, and the thickness of the magnetostrictive film is 3/5 of the thickness of the
fiber-micro-cantilever, the magnetic field sensor can reach the maximum sensitivity
of 40,760 Hz/Gs.

Keywords Optical Fiber Micro-cantilever · Mgnetostrictive Film · ANSYS ·
Resonance

1 Introduction

Magnetic field sensors are devices that convert magnetic fields and their changes into
other signals and output them, which is closely related to human life and has a wide
range of applications in production, scientific research, and military. A traditional
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magnetic field sensor is a device that converts a magnetic field and its variation
into an electrical signal output. For example, magnetic flux gages, Hall sensors,
etc. Magnetic flux gages use the non-linear relationship between magnetic induc-
tion and magnetic field strength to measure the magnetic field under the saturation
excitation of a high-permeability magnetic core in the measured magnetic field. The
magnetic field is measured using a linear relationship between the Hall potential and
the magnetic field. And these traditional magnetic field sensors use electric current
when transmitting electrical signals. The magnetic effect of the generated current
will interfere with the magnetic field to be measured, causing the sensor to generate
errors when measuring the magnetic field. The optical fiber magnetic field sensor
overcomes this shortcoming. Using the characteristics of all-optical fiber transmis-
sion, the magnetic field signal is converted into an optical signal, which eliminates
the interference of the magnetic effect of the current on the magnetic field detection.
The sensor probe is made on the sensor, so that the sensor is miniaturized, and the
magnetic field in small and narrow places can be measured.

In this paper, a magnetostrictive-based optical fiber micro-cantilever resonant
magnetic field sensor is proposed. The magnetic field sensor is based on the optical
fiber end face design of the optical fiber micro-cantilever beam. The surface of the
optical fibermicro-cantilever beam is platedwith amagnetostrictive film, and the two
form a double layer micro-cantilever beam structure. The magnetic field sensor uses
a double-layer micro-cantilever structure as a magnetic field sensing element.The
magnetostrictive film generates a magnetostrictive effect under a magnetic field,
which causes the double-layer cantilever structure to deflect and change its resonant
frequency. The magnetic field can be determined by detecting the change in resonant
frequency, of the double-layer micro-cantilever structure in themagnetic field sensor,
the resonance of the double-layer micro-cantilever structure under the magnetic field
was simulated, and the structure was optimized to obtain higher sensitivity.

2 Resonance Theoretical Model of Double-Layer
Micro-cantilever

Cantilever structure is a widely used structure in sensors, which has been used in
biological, chemical, acceleration, humidity, force, heat andother sensors.Whenused
as a sensor, it has two working modes: static and resonant. For the resonant mode,
the resonant frequency of the cantilever beam is usually changed based on factors
such as surface stress and mass. The working principle of the magnetic field sensor
proposed in this article is: the double-layered micro-cantilever structure plated with
a magnetostrictive film is affected by the magnetic field, and the magnetostrictive
effect of the upper layer of the magnetostrictive film causes the magnetostrictive film
and the optical fiber micro-cantilever. There is a mismatch between the stresses [1],
which causes the double-layered micro-cantilever structure to deflect, which causes
the resonance frequency of the double-layered micro-cantilever structure to change,
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Fig. 1 The structure of double-layer micro-cantilever beam

and the magnetic field can be detected by detecting the change of the resonance
frequency.

Based on the important role of the double-layer micro-cantilever structure, we
analyze the resonance of the double-layer micro-cantilever structure under the influ-
ence of magnetic field. The structure of a double-layer micro-cantilever beam is
shown in Fig. 1. The double-layer micro-cantilever structure has a length of l and a
width of b; the thickness of the optical fiber micro-cantilever is hs, the density is ρs,
the Young’s modulus is Es, and the Poisson ratio is vs; The thickness of the magne-
tostrictive film is hf, the density is ρf, the Young’s modulus is Ef, and the Poisson’s
ratio is vf. Ignoring the effects of gravity and other factors, when the double-layer
micro-cantilever structure is not affected by the magnetic field, the magnetostrictive
film does not produce amagnetostrictive effect, and the double-layer cantilever beam
remains straight.

First, we discuss the resonant frequency of a single-layer micro-cantilever. The
resonance frequency of a uniform, flat and thin cantilever beam can be solved by the
one-dimensional Euler–Bernoulli differential equation. For a micro-cantilever with
a length of l, a width of b, and a thickness of h, the differential equation of motion
is:

Ẽ I
∂4z(x, t)

∂x4
= −ρA

∂2z(x, t)

∂t2
(1)

where Ẽ = E/
(
1 − v2

)
,Ẽ is Biaxial tensile Young’s modulus [2-3]; I is moment

of inertia, I = bh3/12;A is the cross-sectional area of a cantilever beam, A = bh;t
is time; ρ is density. The boundary conditions of the cantilever beam are:

z(x = 0) = z′(x = 0) = z′′(x = l) = z′′′(x = l) = 0 (2)

Solving Eq. (1) with Separated Variable Method, Let z (x, t) = Z (x) T (t), and
bring it into Eq. (1) to get:



236 C. Xu et al.

β4 = ρAω2

Ẽ I
(3)

Bringing the boundary conditions into Eq. (3) gives the frequency equation:

cos(βnl) cosh(βnl) = −1 (4)

Bring the solution in the frequency equation into Eq. (4) to get the resonance
frequency of the single-layer micro-cantilever beam:

fn =
(

(βnl)
2

2π

)√
Ẽ I

ρAl4
(5)

The solution to the frequency is cos(βnl) cosh(βnl) = −1, the equation is β1l =
1.875,β2l = 4.694,β3l = 7.855…….

For a double-layermicro-cantilever structure composed of a fibermicro-cantilever
with a thickness h1 and a magnetostrictive filmwith a thickness of h2, Ẽ I is replaced

by Ẽ I , which is the equivalent bending stiffness, ρA is replaced by ρA, which is
equivalent linear density,

Ẽ I = Ẽs Is + Ẽ f I f (6)

ρA = ρs As + ρ f A f (7)

Therefore, when the influence of gravity and other factors is ignored, the double-
layered micro-cantilever structure is not affected by the magnetic field, and the
magnetostrictive film does not produce a magnetostrictive effect. The resonance
frequency when the double-layer cantilever is kept flat is:

fn =
(

(βnl)
2

2πl2

)
√√√√ Ẽ I

ρA
(8)

When the double-layermicro-cantilever structure is affected by themagnetic field,
the magnetostrictive film produces a magnetostrictive effect, which causes the stress
mismatch between the magnetostrictive film and the optical fiber micro-cantilever
beam, which results in a double-layer micro-cantilever structure. Deflection (this
article assumes that the double-layered micro-cantilever structure does not come
into contact with the end face of the fiber after bending), and the double-layered
micro-cantilever structure is shown in Fig. 2 after it is bent.

The axial strain εx of the double-layer micro-cantilever beam structure along the
beam length direction is divided into two parts: tensile strain εs and bending strain
εb, which is εx = εs + εb, The tensile strain εs reflects the change in the axial length
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Fig. 2 The deflection of
double-layer
micro-cantilever beam
structure

of the double-layer micro-cantilever structure, and the bending strain εb reflects the
change in deflection. The resonance frequency of the double-layer micro-cantilever
structure is mainly affected by the bending strain εb. Under the influence of the
magnetic field of the double-layer micro-cantilever structure, when the deflection
no longer changes, the stress between the magnetostrictive film and the optical fiber
micro-cantilever reaches equilibrium σs = σ f [4], which is

σ = σs = σ f = Es

1 − v2
s

(εs + vsεs) = E f

1 − v2
f

[(
ε f − λs

) + v f

(
ε f + λs

2

)]
(9)

When the double-layer micro-cantilever structure is deflected, the expressions of
the radius of curvature and the stress and equivalent bending stiffness between the
magnetostrictive film and the optical fiber micro-cantilever are [5]:

R = Ẽ I

∫s σs(z − zc)d As + ∫ f σ f (z − zc)d A f
(10)

zc is the height of the neutral plane,

zc =
(
Ẽsb

(
z2s

) + Ẽ f b
(
z2f − z2s

))

2
(
Ẽsb(zs) + Ẽ f b

(
z f − zs

)) (11)

Assume that the double-layered micro-cantilever beam structure becomes a
circular arc with a radius of curvature R as the radius after deflection [6]. A segment
of the arch micro-elements is subjected to a force analysis [6],

∂6v(ϕ, t)

∂ϕ6
+ 2

∂4v(ϕ, t)

∂ϕ4
+ ∂2v(ϕ, t)

∂ϕ2

ρA

Ẽ I
R4 ∂4v(ϕ, t)

∂ϕ2∂t2
= 0 (12)

where ϕ is the angular coordinate in polar coordinates, t is time, and v(ϕ, t) is
the radial displacement component, let (ϕ, t) = V (ϕ)sin(ωt + θ), Substituting into
Formula (12), we can get,

d4V (ϕ)

dϕ4
+ 2

d2V (ϕ)

dϕ2
+ (

1 − χ2
)
V (ϕ) = 0 (13)
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where χ2 = ρA

Ẽ I
R4ω2. In general, χ > 1, with which as the boundary conditions,

the general solution of Eq. (11) is obtained as,

cos

(
ξ l

R

)
cosh

(
ηl

R

)
+ 1

ξη
sin

(
ξ l

R

)
sin h

(
ηl

R

)
+ 1 = 0 (14)

Let ξ = √
χ + 1,η = √

χ − 1, get

cos

(√
χ + 1l

R

)
cosh

(√
χ − 1l

R

)
+ 1

√
χ2 − 1

sin

(√
χ + 1l

R

)
sin h

(√
χ − 1l

R

)
+ 1 = 0 (15)

By solving the above formula numerically, we can get the non-array definition
of χ , χn (n = 1,2,3, …) It can be seen from the above formula that the resonance
angular frequencyω corresponding to eachχ value is the nth-order resonance angular

frequencyωn , Bringing the value ofχn into the formulaχ2 = ρA

Ẽ I
R4ω2 can obtain the

resonance angular frequency ωn . In this way, we can solve the resonance frequency
Fn of each order of the double-layered micro-cantilever beam structure,

Fnb =
( χn

2πR2

)
√√
√√ Ẽ I

ρA
(16)

Thus, the sensitivity of the double-layer micro-cantilever structure under the
magnetic field can be obtained,

S = � f

� H
= Fnb − fn

� H
=

(
χn

2πR2 − (βnl)
2

2πl2

)√
Ẽ I
ρA

� H
(17)

3 Design and Optimization of Magnetic Field Sensor
Structure

The magnetic field sensor is designed with an optical fiber micro cantilever on the
end face of the optical fiber. The top surface of the optical micro cantilever is plated
with a layer of magnetostrictive film, the magnetostrictive film forms a double-layer
micro cantilever structurewith the optical fibermicro-cantilever. The sensor structure
is shown in Fig. 3.

Due to the limitation of the fiber size, in order to achieve the best sensitivity of
magnetic field measurement, this paper needs to design the optimal size parameters
of the double-layer micro-cantilever structure on the end face of the fiber. The main
structures on the fiber end face are fixed ends and double-layer micro-cantilever
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Fig. 3 The structure of the magnetic field sensor

beams. The sensitivity of the magnetic field sensor is mainly affected by the double-
layer micro-cantilever structure. The sensitivity Formula of the magnetic field sensor
is:

S = � f

� H
= (Fn − fn)

� H
(18)

Substituting the dimensional parameters of the double-layer micro-cantilever
structure into Eq. (9) to simplify the first-order resonance frequency of the
double-layer micro-cantilever structure without being affected by the magnetic field,

fn = (1.875)2

2πl2

√√√√√√

(
Esh3s

(1−v2s )
+ E f h3f(

1−v2f

)

)

12
(
ρshs + ρ f h f

) (19)

According to Formula (17), among the structural parameters of the double-layer
micro-cantilever beam, the length l of the beam, the thickness hs of the optical fiber
micro-cantilever beam, and the thickness h f of the magnetostrictive film have an
influence on the resonance frequency. Therefore, this paper uses ANSYS software
to analyze the influence of the structural size parameters of the double-layer micro-
cantilever on the sensitivity of the magnetic field sensor, and to obtain the structural
size parameter with the highest sensitivity of the magnetic field sensor through simu-
lation and optimization. This paper uses a single-mode fiber as a reference. The fiber
diameter is about 125 μm and the core diameter is about 8 μm. The magnetic field
is applied along the length of the cantilever beam and applied in a direction parallel
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Fig. 4 The simulation flowchart in ANSYS

to the magnetic field. The grid uses a tetrahedral element to double-layer micro-
cantilever. The beam structure is divided into 6000 elements, and the simulation
flowchart is shown in Fig. 4.

First, the thickness hs of the optical fiber micro cantilever and the thickness h f

of the magnetostrictive film are simulated and analyzed separately. Under the same
magnetic field, the sizes of hs and h f are changed to obtain the sensitivity of the
double-layer micro cantilever with different thicknesses, as shown in Fig. 5.

In Fig. 5, the abscissa is the ratio of the thickness of the magnetostrictive film to
the thickness of the optical fiber micro-cantilever; the ordinate is the sensitivity of the
double-layer micro-cantilever structure, and the unit is Hz/Gs. As can be seen from
the figure, when the thickness of the optical fiber cantilever is 2μm and the thickness
of themagnetostrictive film is 3/5 of the thickness of the optical fiber cantilever under
the same magnetic field, the sensitivity of the double-layer micro cantilever structure
is the highest, which can reach 39,900 Hz/Gs.

At this time, the thickness of the fiber micro-cantilever and the magnetostrictive
film were determined. Next, we simulated the influence of the structure length of
the double-layer micro-cantilever on the sensitivity. Due to the fiber size limitation,
the total length of the double-layer micro-cantilever structure and the fixed end must
be equal to or less than 125 μm. In order to reduce manufacturing difficulties, the
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Fig. 5 The sensitivity of double-layer micro-cantilever structures with different thicknesses under
magnetic field
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total length of the double-layer micro-cantilever structure and the fixed end is fixed
at 125 μm. Only the length of the fixed-end is changed to achieve the change of the
length of the double-layer micro-cantilever.

According to Formula (17), the larger the double-layer micro-cantilever struc-
ture is, the smaller the resonance frequency is. The larger the length of the double-
layer micro-cantilever structure, the larger the resonance amplitude. The principle of
detecting the vibration of a double-layer micro-cantilever structure is: detecting the
change in the light intensity of the optical signal reflected by the structure back to the
optical fiber. Therefore, the larger the resonance amplitude, the greater the change
in light intensity, the higher the resolution of the frequency measurement, and the
stronger the immunity to interference. Therefore, when optimizing the length of the
double-layer micro-cantilever structure, we need to ensure that both the sensitivity
and the amplitude are large. Under the same magnetic field, changing the size of l
to obtain the sensitivity and amplitude of the double-layer micro-cantilever structure
with different lengths, as shown in Fig. 6.

In Fig. 6, the abscissa is the length of the beam, the unit is micrometer; the ordinate
is the sensitivity of the double-layer micro-cantilever beam, the unit is Hz/Gs. It can
be seen from the figure that the sensitivity curve and amplitude curve of the double-
layer micro-cantilever structure intersect at a beam length of 90μm. Therefore, when
the double-layer micro-cantilever structure length is 90 μm, compared with other
double-layer micro-cantilever structures, the length has both a large sensitivity and
a large amplitude. The sensitivity can reach 40,760 Hz/Gs and the amplitude can
reach 0.46 μm.
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4 Conclusion

This paper proposes a magnetostrictive fiber-optic micro-cantilever resonant
magnetic field sensor, which is designed with an optical fiber micro cantilever on
the end face of the optical fiber, and a layer of magnetostrictive film is plated on
the optical fiber micro cantilever. The two constitute a double-layer micro cantilever
structure. It uses frequency as the output signal and uses all-optical transmission
without current interference. Therefore, this magnetic field sensor has the advan-
tages of strong anti-interference ability and high sensitivity. Based on the important
role of the double-layered micro-cantilever structure in the magnetic field sensor,
the magnetic field-frequency characteristics of the double-layered micro-cantilever
structure were simulated and optimized to obtain higher sensitivity. The optimal
size after simulation optimization by ANSYS software is: when the double-layer
micro-cantilever structure is 90 μm in length, the thickness of the optical fiber
micro-cantilever is 2 μm, and the thickness of the magnetostrictive film is 3/5 of
the thickness of the optical fiber micro-cantilever, the magnetic field sensor it can
reach the maximum sensitivity of 40,760 Hz/Gs.
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Theoretical Model and Optimum Design
of Optical Fiber Micro-cantilever Beam
Magnetic Field Sensor

Cheng Xu, Yueming Liu, and Yuchan Liu

Abstract A new structure of fiber micro-cantilever beam magnetic field sensor
probe is proposed. A micro-cantilever beam was fabricated on the end face of the
fiber, and the surface of the fiber micro-cantilever beam was coated with terfenol-D,
a magnetostrictive material that can be flexed according to the magnetic field. Due
to the optical path is changed by the Fabry–Perot cavity deflection, the Fabry–Perot
cavity output light intensity is changed, and the magnetic field can be detected by the
change in light intensity. The advantages of the sensor probe are structural simplicity,
high magnetic field measurement sensitivity, and All-optical transmission without
electrical excitation interference. Based on the minimum energy theory, the formula
of deflectionwithmagnetic fieldwas derived, the calculated average sensitivity of the
probe is 1.3 nm/nT, the minimum detectable magnetic field is 0.1nT. The structure
of the sensing probe has optimized by ANSYS finite element analysis software.The
optimized sizes of the probe were as follows: the length of optical fiber cantilever
beam is 104 μm, The width of optical fiber cantilever beam is 22 μm, the length
of the fixed support is 20 μm, the thickness of the micro-cantilever optical fiber
layer is 8 μm, the thickness of the chrome layer is 0.04 μm, the thickness of the
magnetostrictive film is 4 μm, and the initial cavity length of the F-P cavity is
16 μm.

Keywords Optical Fiber Micro-cantilever · Fabry–perot (f-p) ·Mgnetostrictive
Film · ANSYS · Deflection

1 Introduction

Magnetic navigation, seismic monitoring, biomedical, geological exploration, elec-
tronic equipment testing and military guidance [1, 2]. Conventional magnetic field
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sensors are usually of the type of electrical signals such as Hall magnetic sensors,
magnetoresistive sensors and fluxgate sensors [3–5]. Such magnetoelectric sensors
usually use active metal wires to provide current excitation, also, the measured
magnetic field produces additional interference, which is bulky based on the volume,
result in the difficulty to miniaturize the sensors.

In recent years, many domestic and foreign scholars specializing in the field of
optical fiber magnetic field sensor performed research studies using MOEMS, such
as a fiber-optic magneto-optical crystal sensor based on a Faraday magnetron effect
[6], a fiber-optic Michelson interference, a Fabry–Perot (FP) interference sensor,
or a Mach–Zehnder (MZ) interference sensor coated with a fiber magnetostrictive
material [7], Fiber Bragg Grating (FBG) sensors coated with magnetically sensitive
materials [8], and various optical fiber magnetic field micro-sensors with magnetic
fluid and fiber photonic crystal structures [9]. MOEMS technology has advantages
over traditional mechanical technology, especially on account of high sensitivity and
compact size. It can overcome the shortcoming of current electrical magnetic field
sensor from the structure and principle.

In this paper, a novel structure of optical fiber Micro-cantilever magnetic field
sensor structure is designed. The magnetic micro-cantilever beam was fabricated
on the end face of the fiber by MOEMS technology to form the sensor, based on
the principle of the optical fiber Fabry–Perot (F-P) interference, and magnetizes the
magnetostrictive film on the surface of the fiber micro-cantilever beam to achieve the
all-optical fibermagnetic sensor detectionwithout current excitation. This fiber-optic
magnetic sensor has the advantages of optical fiber integration, all-optical transmis-
sion, miniaturization, high sensitivity and strong anti-interference performance [10,
11]. Under the premise of optimized design, the detection sensitivity is 1.3 nm/nT,
and the minimum detectable magnetic field is expected to increase to 0.1nT. New
structure probe can be applied to the narrow and complex space that is difficult
to reach with traditional magnetic sensors, and is used for the detection of weak
magnetic fields.

2 Design of Sensor

The optical fiber cantilever beam proposed in this paper is located at the end face
of the optical fiber, the structure of the magnetic field sensor probe has been shown
in Fig. 1. In the middle of the sensing probe is a fiber core. One end of the micro-
cantilever is fixed, one end is free, and an F-P interference cavity is formed between
the surface of the micro cantilever beam and the end face of the fiber.

The optical fiber micro-cantilever beam is sequentially plated with a chrome layer
and a giant magnetostrictive film. The chrome layer serves as a buffer layer, which
can bond the giant magnetostrictive film to the optical fiber cantilever beam, and
increase the reflectivity and reduce the optical wave loss.
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Fig. 1 The structure of micro-cantilever beam magnetic field sensor

Under the action of the magnetic field, the magnetostrictive layer drives the
magnetic micro-cantilever beam to be deflection. By detecting the magnetostric-
tive deflection of the magnetic micro-cantilever beam, the strength of the magnetic
field can be measured. Technically, the deflectionof the optical fiber micro-cantilever
beam can be detected by Fabry–Perot cavity output light intensity. Fabry–Perot
cavity is formed between the optical fiber end face and the micro-cantilever beam,
the theoretical detection capability of the Fabry–Perot interference cavity can reach
sub-nanometer level, and the minimum detectable magnetic field is 0.1nT based on
sensitivity.

3 Theoretical Model of Magnetic Field Measurement

The total energy of the cantilever fiber substrate is elastic energy, and the elastic
energy density Formula is [12],

Fs = 1

2

Ys
(1+ vs)(1− 2vs)

[
(1− vs)

(
ε21 + ε22 + ε23

) + 2vs(ε1ε2 + ε2ε3 + ε1ε3)
]

(1)

where vs is the Poisson’s ratio of the cantilever beam optical fiber layer, Ys is
the elastic modulus of the cantilever beam optical fiber layer, ε1,ε2,ε3 are Three tiny
quantities on the X, Y, and Z axes, respectively. Under plane stress conditions, the
free plate with unconstrained surface has zero stress in the Z-axis direction.

∂F

∂ε3
(2)

ε3 = − 2

D(1− Vs)
(ε1 + ε2) (3)
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Substituting (3) into (1) can obtain the energy density expression of the micro-
cantilever optical fiber layer represented by ε1 and ε2.

Fs(ε1, ε2) = Ys
2
(
1− v2

s

)
(
ε21 + ε22 + 2vsε1ε2

)
(4)

The total energy of the micro-cantilever optical fiber layer is,

ET
S =

˚

S

F S(ε1, ε2)dV =
L∫

0

dx

w∫

0

dy

0∫

−ds

F S(ε1, ε2)dz = VsYs
2
(
1− v2

b

)

×
{
δ21 − δ1γ1ds + γ 2

1 d
2
s

3
+ δ22 − δ2γ2ds

+γ 2
2 d

2
s

3
+ 2vs

[
δ1δ2 − ds

2
(δ1γ2 + δ2γ1) + γ1γ2d2

s

3

]}
(5)

where γ1 and γ2 are the curvature radius of the Micro-cantilever optical fiber
layer along the length and width directions, respectively, Vs and ds are the volume
and height of the micro-cantilever optical fiber layer, respectively.

The energy of the magnetostrictive layer consists of two parts: magnetoelastic
energy and elastic energy,

Ff = Fm + Fe (6)

The energy density of magnetoelastic energy is as follows

Fm = −Aε1 − Bε2 − Cε3 (7)

A, B, and C are undetermined coefficients, corresponding to the dimension of
stress, and the elastic energy density of the magnetostrictive layer is as follows,

Fe = 1

2

Y f(
1+ v f

)(
1− 2v f

)
[(
1− v f

)(
ε21 + ε22 + ε23

) + 2v f (ε1ε2 + ε2ε3 + ε1ε3)
]

(8)

v f and Y f are the Poisson’s ratio and Young’s modulus of the magnetostrictive
material, respectively. According to the principle of energy minimization, the defor-
mation of the cantilever beam under the action of an external magnetic field should
minimize the total energy, A, B, C can be expressed as follows,

A = Y f(
1+ v f

)(
1− 2v f

)
[
ε01

(
1− v f

) + v f
(
ε02 + ε03

)]
(9)
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B = Y f(
1+ v f

)(
1− 2v f

)
[
ε02

(
1− v f

) + v f
(
ε01 + ε03

)]
(10)

C = Y f(
1+ v f

)(
1− 2v f

)
[
ε03

(
1− v f

) + v f
(
ε02 + ε01

)]
(11)

ε01,ε
0
2,ε

0
3 are the strain when the energy is minimum. if the magnetostrictive

layer is an isotropic material and the magnetostrictive effect under the action of
an external magnetic field is anisotropic, the strain of the micro-cantilever due to
magnetostriction is as follows [13],

ε01 = −2ε02 = −2ε03 = λ f (12)

where λ f is the magnetostriction coefficient, the energy density phase of the
magnetostrictive layer is calculated as follows,

Ff (ε1, ε2) = Y f λ f

2
(
1− v2

f

)
[
ε1

(
2− v f

) − ε2
(
1− 2v f

)]

+ Y f

2
(
1− v2

f

)
(
ε21 + ε22 + 2v f ε1ε2

)Y f λ
2
f

(
1− 2v f

)

8
(
1− v2

f

) (13)

By integrating the above Formula, the total energy of the magnetostrictive layer
can be obtained as follows [14],

ET
f =

˚

f

F f (ε1ε2)dV =
L∫

0

dx

ω∫

0

dy

d f∫

0

dxFf (ε1ε2)dz

= − V f Y f λ f

2
(
1− v2

f

)
[(
2− v f

)(
δ1 + γ1d f

2

)
− (

1− 2v f
)(

δ2 + γ2d f

2

)]

+ V f Y f

2
(
1− v2

f

)

{

δ21 + δ1γ1d f +
γ 2
1 d

2
f

3
+ δ22 − δ2γ2d f +

γ 2
2 d

2
f

3

+2v f

[

δ1δ2 + d f

2
(δ1γ2 + δ2γ1) +

γ1γ2d2
f

3

]}

(14)

where V f = Lwd f the Volume of magnetostrictive layer, Vs = Lwds is the
volume of the cantilever beam optical fiber layer, δ1, δ2 are the amount related to the
neutral surface, respectively. Adopting the principle of minimum potential energy
for the entire micro-cantilever beam, the deflection can be expressed as follows [15],
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� = 1

2
L2(γ1 − γ2) = 9

2
L2 qH

(
d f + ds

)

d f ds

×
[(

d f

ds

)2 Y f /
(
1+ v f

)

Ys/(1+ vs)
+ 4

(
d f

ds

)
+ 6

+4

(
ds
d f

)
+

(
ds
d f

)2 Ys/(1+ vs)

Y f /
(
1+ v f

)

]−1

(15)

4 Structural Optimization of Sensor

4.1 Selection of Initial Cavity Length of F-P Cavity

Amonochromatic light source with a wavelength of λ is used, and the light intensity
of the photo detector is as following [16],

IR = 2R[1− cos(4πL/λ)]
[
1+ R2 − 2Rcos(4πL/λ)−1]I0 (16)

where R is the reflectivity of cavity section, L is the length of cavity, λ is the
wavelength of the incident light wave, and IR is a uni-variate function of the cavity
length L (Fig. 2).

When the cavity length L = (2m + 1)λ/4, the sensor outputs a maximum value
IR ; when the cavity length L = 2mλ/4, the sensor outputs a minimum value IR . IR is
the multi-valued function of L. The initial cavity length of the sensor is limited to less
than λ/2, as the � region shown in Fig. 3, and the light intensity is a single-valued
function of L . According to the structure size of the sensor, in order to make the

Fig. 2 Output light
normalization intensity of
overall periodicity
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Fig. 3 Detail of optical fiber
F-P output under
monochromatic light
conditions

sensing probe more sensitive, the area with the larger slope in the Fig. 3 is selected,
and the initial cavity length is determined to be 16 μm.

4.2 Selection of Magnetostrictive Materials

At present, there are three main types of commonly used magnetostrictive mate-
rials: (1) magnetostrictive materials of metals and alloys, such as: Ni metal, Fe–Ni
alloy, Fe-Co-Cr alloy. (2) Ferrite magnetostrictive materials, such as Ni-Co ferrite
materials, etc. (3) Rare earth intermetallic compoundmagnetostrictivematerials. The
performance of several magnetostrictive materials is shown in Table 1

As can be seen from Table.1, the magnetostriction coefficient of Terfenol-D is
several hundred times of ordinary magnetostrictive materials. It has high sensitivity,
fast reaction speed and high reliability. Therefore, in this study, the Terfernol-D target
was selected, and themagnetostrictive filmwas deposit on the surface of the fiber-end,
which can make the probe miniaturized and greatly improve the performance.

Table 1 Table of magnetostrictive material performance comparison

material Fe-Co-Cr alloy
Cr:0.4–0.5
Co:34.5- 35.5

Ni-Co Ferrite Ni:1.0
Co:0.012

Terfenol-D
Tb0.27 Dy0.73 Fe

Saturation
magnetostricti on
coefficient(ppm)

40 -27 1500–200

Young’s modulus
(1010 Pa)

20.6 17.0 2.65

Curie temperature
(°C)

1115 590 387
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Fig. 4 The diagram of the relationship between the length, width, and deflection of a beam

4.3 Structural Optimization of Micro-Cantilever

The finite element calculationwas done in ANSYSWorkbench. The geometrymodel
is built in the geometry module of the Workbench platform. For the parameters that
need to be optimized, the upper and lower limits of the change are specified for
each parameter. The material parameters calculated by the electromagnetic field are
specified in the maxwell 3D module, and the material parameters calculated by the
structure are defined in the engineer data of the static structural module. A tangential
H field load is applied on four faces parallel to the direction of the uniform magnetic
field. The response of the two parameters to the deflection is shown in Figs. 4 and 5

In the theoretical analysismodel of fibermagnetostrictivemicro- cantilever deflec-
tion, the ANSYS is used to optimize the six structural parameters to maximize the
deflection. The parameters include the length of the optical fiber beam (including
the length of the fixed support), the width of the micro-cantilever beam (the 1/2
model), the length of the fixed support, the thickness of the micro- cantilever optical
fiber layer, the chromium layer thickness, and magnetostrictive film thickness. The
optimization results are shown as follow, (Fig. 6)

The structural optimization of the fiber-optic magnetic field probe is realized by
ANSYS. These three columns are recommended for optimization, the first column is
selected as the optimal structure: the length of fibermicro-cantilever beam is 104μm,
the width of cantilever beam is 22 μm, the length of fixed-support is 20 μm. The
thickness of the micro-cantilever optical fiber layer is 8 μm, the thickness of the
chrome layer is 0.04 μm, and the thickness of the magnetostrictive film is 4 μm
(Fig. 7).
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Fig. 5 The relationship between the fiber layer thickness, the magnetostrictive layer thickness and
the deflection

Fig. 6 The relationship between the fiber layer thickness, the magnetostrictive layer thickness and
the deflection

Fig. 7 The deflection of the optical fiber micro-cantilever beam
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The saturation magnetostriction coefficient λf = qh = 2000, Y f = 7.31E + 10,
V f = 0.17,YS = 3E + 10, VS = 0.3 and the optimized size were substituted into
Eq. (16), and it was concluded that the deflection was 2um and the sensitivity was
1.3 nm/nT.

5 Conclusion

A novel structure of optical fiber cantilever magnetic-filed sensor probe structure
is proposed. The optical fiber integrated micro-machining process is adopted, and
the Terfenol-D film is plated on the surface of the fiber micro-cantilever beam. The
deflection can be detected by the F-P interference cavity and realizes the all-optical
fiber transmission without current excitation. The optimal dimensions of the probe
are as follows: the length of optical fiber cantilever beam is 104 μm, The width of
fiber cantilever beam is 22 μm, the fixed support length is 20 μm, the thickness of
the micro-cantilever optical fiber layer is 8 μm, the thickness of the chrome layer is
0.04 μm, the thickness of the magnetostrictive film is 4 μm, and the initial cavity
length of the F-P cavity is 16μm. The optimizedmagnetic field sensor has an average
sensitivity of 1.3 nm/nT and a minimum detectable magnetic field of 0.1nT. It can be
used in small and complex spaces that are difficult to reach with traditional magnetic
sensors.Magnetic field detection is a highperformancefiber opticminiaturemagnetic
sensor probe with a new structure and sensing mechanism.
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Recent Development in Electro-thermal
Modeling and Simulation of OLEDs

Changfeng Gu, Qinyong Dai, Juanjuan Zhou, Xinyu Song, Zhuoli Zhou,
Chengyu Lu, and Yingquan Peng

Abstract Compared with traditional LEDs, OLEDs have a lower luminous effi-
ciency, so the surface must be much larger to provide a light output equivalent to the
total luminous flux. Brightness uniformity is a challenge for equipment engineers.
High brightness will increase power consumption, causing Joule heat to self-heat.
An increase in temperature may cause the performance of the OLED to decrease,
and also cause the lateral brightness to become very uneven. Therefore quantita-
tively understand the thermal environment of multilayer composite devices under
high current, and use this as a guide to mitigate the impact of heating by optimizing
device and system design becomes very important. In this paper, recent progress
regarding to the research on electro-thermal modeling of OLEDs is reviewed, with
respect to the fundamental understanding of modeling of eletro-thermal processes.
The current state of the simulation research is summarized and simulation methods
is described.

Keywords Electro thermal model · Simulation · OLED

1 Introduction

Modern organic light-emitting device (OLED) display technology has the advantages
of high contrast, low energy consumption, fast response time and large viewing
angle [1]. OLEDs have strong temperature dependence and have nonlinear electrical
characteristics. On one hand, partial Joule heating reduces efficiency, service life, and
brightness uniformity; on the other hand in a natural convection environment, since
the temperature difference of the device will reach 20–30 °C, its brightness will vary
by asmuch as 30–40%. It is reported that a 10 °C increase in temperaturewill increase
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the conductivity of the junction by 40–50% [2]. For lighting applications, uniform
emissions are required, which is closely related to spatial temperature distribution
[3–7]. Therefore quantitatively understand the thermal environment of multilayer
composite devices under high current, and use this as a guide tomitigate the impact of
heating by optimizing device and system design becomes very important. Therefore
greater attention has been focused on the thermal aspects of OLEDs in simulation
[8]. This review describes the models and methods developed in recent years for
elctro-thermal simulation of OLEDs.

2 Electrothermal Simulation

Gielen et al. developed a finite element-based simulation model, in which two-
dimensional (2D) model and three-dimensional (3D) model can be chose in different
situations, to study the electrical-thermo-mechanical interaction in OLEDs [9]. Here,
2Dmodel was suitable for studying several choices regarding layers and basic layout,
while 3Dmodel was needed for design details such as the bus bar layout. The simpli-
fied 2D model was used to explore the solution strategy and to study two design
variants.

As shown in Fig. 1, in the variant A, the bus bar is in the Barrier layer; in the
variant B, it is embedded in the LEP layer and the ITO layer. In the two variants,
the temperature distribution along the LEP layer and the stress distribution along
the layer are similar. Variant A consumes 15–20% more electricity than variant B.
Furthermore, the stresses in the variants C and D due to electro-thermo-mechanical
coupling were shown in Fig. 3, in which these stresses were in a similar range to
the stresses determined in the 2D model and variants D exhibited a higher stresses
value. All of this suggested that different design choices will affect different quality
aspects. (Fig. 2).

Pohl et al. created an electro-thermal model for the OLED samples provided
by their project partner, in which the algorithm in the simulation tool, SUNRED,

Fig. 1 Two-dimensional model diagram of OLEDs. Every layer is 200 nm thick. The PET substrate
is a boundary condition instead of a layer in the model [9]
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Fig. 2 Three-dimensional
OLED model (z-axis size is
enlarged relative to x and y
axes) [9]

Fig. 3 Stress distribution in variant C (left) and variant D (right) [9]

had been extended by using a nonlinear semiconductor junction model [10]. There-
fore, this extension can be used to handle any nonlinear function including highly
nonlinear OLED electronic characteristics and the nonlinear temperature depen-
dence. The organic light emitting diode with thin-film multi-layer was shown in
Fig. 4, which need distributed electrical simulation to predict the voltage drop over

Fig. 4 The layer structure of the OLED device [10]
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the large surface, and thermal simulation to examine the temperature distribution
over the surface or inside the layer structure.

The original SUNRED model was modified as shown in Fig. 5 due to the semi-
conductor junction is a thin nonlinear surface between two electrically nearly linear
materials. And the result of the junction modeled by power function was as follows:

G j = I

m

√
A f ull

bAcellside

(1)

wherem and b are calculated befor, I is the current ofGj, Afull is the area of the full
semiconductor junction (all connecting cells), Acellside is the area of the junction side
of the actual cell. Finally, the maximal relative error between two steps decreased
under 0.0001% via 53 iterated computation.

For comparison, 60 nm LEP thickness and 10 °C, 30 °C and 50 °C ambient
temperatures were selected. As described in Fig. 6, the resulting curves including

Fig. 5 The SUNRED model for normal materials a and semiconductor junctions b [10]

Fig. 6 Measurement, model
and simulation results
compared, 60 nm LEP [10]
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Fig. 7 a A sample device with the investigated OLEDs. b Measured and c simulated surface
temperature distribution at a heating power level of 565 mW, with temperature scale [11]

three measured curves, three model solution result curves and three simulation result
curves were mutually overlapping, which confirmed that the model and simulation
are correct.

Organic semiconductor materials used in OLEDs have highly nonlinear electrical
characteristics and are closely related to temperature. La´szlo´ Pohl et al. gave the
latest SUNRED electrothermal field solver algorithm, which is suitable for coupled
nonlinear electrothermal (as shown in Fig. 7) [11].

The latest version of the SUNRED field reducer algorithm by Ernő Kollár et al.
can deal with these exchanged nonlinear photoelectric thermal problems and solve
the special needs of OLEDs in distributed electric thermal field simulation [12]. They
modeled the OLEDs samples from the Fast2Light project and compared the simu-
lation results with the measured data, proving that the new features of the algorithm
are suitable for the development of OLEDs. The resulting model equations for the
sample OLEDs are: (Fig. 8)

IOLED,60nm(U, T )

= (
0.397× T 2 − 5.47× T + 94.2

) × 10−10 ×U 1.4×10−4×T 2−2.55×10−2×T+7.28

(2)

Fig. 8 I-L characteristics: measured versus simulated results (large OLEDs) [12]
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G j_cell(I ) = Icell
m

√
A junction

Acell
Icell/b

(3)

Electro-thermal and temperature-dependent optical modeling and distributed
simulation of large area lighting purpose OLEDswere presented. The extended algo-
rithm of their field solver is able to model large area semiconductor junctions, such
as LEP layers of OLEDs properly. The extension can handle any nonlinear function
as semiconductor junction equation; the demonstrated electro-thermal OLEDmodel
uses power function to describe the junction. The simulator can produce radiance
and luminance maps and it can determine the full radiant flux and luminous flux of
the light of the simulated devices. The temperature-dependence of luminous flux is
significant; in case of their samples it was 5-22% after a 40 °C temperature change,
depending on the current [12].

Under thermal boundary conditions, László Poh et al. [13] proposed three natural
convection models for vertical convection plates. These models are used in OLED
simulators based on electrothermal field solvers. The independent 50 × 50 mm2
active surface OLED is surrounded by still air, and its measured and simulated data
will be compared. The structure of the model can be seen in Fig. 9. On the 60 ×
60 mm2 substrate is the effective area of 50 × 50 mm2. A 5 mm wide metal frame

Fig. 9 Simulation model for the 50×50 mm2 active area OLED. 3D view (not to scale) and the
anode layer [13]
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surrounds the three sides of the transparent anode, while the other side is coveredwith
insulating material. The sheet resistance of ITO is 20�, while the sheet resistance
of the frame and cathode is only 0.3�. Due to the large difference, the current
distribution becomes asymmetric. The current flowing through the surface of the ith
cell is

Icelli (U, T ) = 100× I (U, T ) × Acell_i_sur f ace

AOLED
(4)

Where AOLED = 2500 mm2. Their simulation results, measurement results and
COMSOLsimulation results are shown inFig. 10.COMSOLresults should be similar
to their a) simulation results. However, COMSOL results are closer to the measured
data. The convection value they calculated was lower than the actual value. Consid-
ering the airflow factor, the simulation of their model is better than the COMSOL
simulation: the slope of the y contour is larger, and the hottest point is farther from
the bottom of the OLED [13].

Fig. 10 Midline temperature
profiles of the measured
[14], COMSOL simulated
[14] and the three simulated
temperature distributions at
the bottom side of the
OLED. a X-axis, b Y-axis
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3 Conclusion

This review showcases some of the recent advances in the research of electro-
thermal modeling of OLEDs. The simulation model based on finite element, and
application of natural convection models for vertical plates in an electro-thermal
field solver based OLED simulator, extending of simulation tool SUNRED by using
a nonlinear semiconductor junction, approach to distributed electro-thermal field
simulation were described and their application demonstrated.

Acknowledgements The authors gratefully acknowledge the Natural Science Foundation of
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References

1. Bender VC,Marchesan TB, Alonso JM (2015) Solid-state lighting a concise review of the state
of the art on LED and OLED modeling. IEEE Ind Electron 9:6–16

2. Pohl L, Kohári Z, Poppe A (2017) Fast electro-thermal simulation of large area OLEDs in
natural convection environment. Amsterdam, Netherlands 17452719

3. Kohári Z, Kollár E, Pohl L, Poppe A (2013) Nonlinear electro-thermal modeling and field-
simulation ofOLEDs for lighting applications II: luminosity and failure analysis.Microelectron
44:1011–1018

4. Gärditz C, Winnacker A, Schindler F, Paetzold R (2007) Impact of Joule heating on the
brightness homogeneity of organic light emitting devices. Appl Phys Lett 90:103506

5. Slawinski M, Bertram D, Heuken M, Kalisch H, Vescan A (2011) Electrothermal characteri-
zation of large-area organic light-emitting diodes employing finite-element simulation. Organ
Electron 12:1399–1405

6. SchwambP,ReuschTCG,BrabecCJ (2013)Passive coolingof large-area organic light-emitting
diodes. Organ Electron 14:1939–1945

7. Sturm JC, Wilson W, Iodice M (1998) Thermal effects and scaling in organic light-emitting
flat-panel displays. IEEE J Sel Top Quantum Electron 4:75–82

8. Yang L, Wei B, Zhang J (2012) Transient thermal characterization of organic light-emitting
diodes. Semicond Sci Technol 27:105011

9. Gielen AWJ, BarinkM et al (2009) The electro-thermal-mechanical performance of an OLED:
a multi-physics model study. EuroSimE 10647457:26–29

10. Pohl L, Kollár E, Poppe A (2010) Nonlinear electro-thermal OLED modelin SUNRED field
simulator. THERMINIC 11654670

11. Pohl L, Kollar E, Poppe A, Kohari Z (2012) Nonlinear electro-thermal modeling and field-
simulation of OLEDs for lighting applications I: algorithmic fundamentals. Microelectron J
43:624–632

12. KollárE, PohlL, PoppeA,Kohári Z (2014)Nonlinear electro-thermal and light outputmodeling
and simulation of OLEDs. Electri Eng Comput Sci 58(2):43–53

13. Pohl L, Kohári Z, Poppe Z (2018) Vertical natural convection models and their effect on
failure analysis in electro-thermal simulation of large-surface OLEDs. Microelectron Reliab
85:198–206

14. Slawinski M, Bertram D, Heuken M, Kalisch H, Vescan A (2011) Electrothermal characteri-
zation of large-area organic light-emitting diodes employing finite-element simulation. Org El
12(8):1399–1405


	Contents
	 Research Progress of Single Photon Avalanche Diode with Low Dark Count Rate
	1 Introduction
	2 Physical Model of DCR
	3 TCAD Simulation
	4 Device Structure: Evolution
	5 Conclusion
	References

	 Effects of Temperature on the Performance of Pentcene/SnNc/C60 Planar Heterojunction Based Organic Phototransistors
	1 Introduction
	2 Experimental
	3 Results and Discussion
	4 Conclusion
	References

	 A Simple Character Recognition Algorithm on the Image Based on FPGA
	1 Introduction
	2 Algorithm Principle
	3 Implementation on FPGA
	4 Discussion and Experimental Results
	5 Conclusion
	References

	 Electromagnetic Line-Parameters Extracted from Microstrip Lines with Step Discontinuities
	1 Introduction
	2 Formulation of the Problem
	3 Numerical Examples
	4 Conclusion
	References

	 Design of DMD Projection Lens for Structured Light 3D Measurement
	1 Introduction
	2 Design Ideas
	2.1 Design Specifications
	2.2 Initial Structure Selection
	2.3 Optimized Design

	3 Image Quality Analysis
	4 Conclusion
	References

	 Transfer Methods of CVD-Grown Two-Dimensional MoS2: A Brief Review
	1 Introduction
	2 Transfer Methods of MoS2
	2.1 Micromechanical Exfoliation
	2.2 Wet Etching Transfer
	2.3 Ultrasonic Bubbling Transfer
	2.4 Surface Energy Assisted Transfer

	3 Conclusions
	References

	 Organic Near Infrared Photodiode Based on Tin Naphtalocyanine as Sensitive Layer
	1 Introduction
	2 Experimental Section
	3 Results and Discussion
	4 Conclusion
	References

	 The Manipulation of Two Types of Particles by a Radially Polarized Bessel-Gaussian Beam with Phase Modulation
	1 Introduction
	2 Theoretical Analysis
	3 Results and Discussion
	4 Conclusion
	References

	 Application of Light Wave in Surface Science and Surface Treatment Technology
	1 First Section
	2 Optical Measurement
	2.1 Measurement of Surface Profile
	2.2 Measurement of Surface Profile
	2.3 Microtopography Test
	2.4 Laser Scattering Measurement of Liquid Surface Tension
	2.5 Measurement of Optical Temperature
	2.6 Flame Resistance Test

	3 Laser Surface Treatment
	3.1 Laser Quenching
	3.2 Laser Etching
	3.3 Laser Cladding
	3.4 Laser Alloying
	3.5 Laser Surface Amorphous

	4 Conclusion
	References

	 Broadband Reversed Fano Switch Based on a Ring-Bus-Ring-Bus System
	1 Introduction
	2 Device Structure and Theoretical Analysis
	3 Device Fabrication
	4 Measurement Results and Analysis
	5 Conclusion
	References

	 Study on the Characteristics of All Fiber Comb Interleaver with Unequal Bandwidth
	1 Introduction
	2 Interleaver Structure and Theoretical Analysis
	3 Characteristic Analysis
	4 Conclusion
	References

	 Two-Dimensional Beam Steering in Optical Phased Array with Grating Array Superlattices
	1 Introduction
	2 Structure and Principle
	3 Device Fabrication and Measurement
	4 Conclusion
	References

	 Effects of Source/Drain Electrodes on the Performance of Organic Phototransistors Based on Cooper Phthalocyanine
	1 Introduction
	2 Experiment
	3 Results and Discussion
	4 Conclusions
	References

	 Simulation Software Development for Charge Transport Characteristics in Organic Semiconductors Based on VB and Fortran Mixed Programming
	1 Introduction
	2 Model and Software Design
	2.1 Space Charge Limited Current (SCLC) Model
	2.2 Software Design

	3 Results and Discussion
	4 Conclusion
	References

	 Review of Magnetic Fluid Fiber Magnetic Field Sensing Technology Based on Interference Mechanism
	1 Introduction
	2 Optical Fiber Magnetic Field Sensor Based on an Interference Mechanism
	2.1 Based on the F-P Interference Mechanism
	2.2 Based on the Sagnac Interference Mechanism
	2.3 Based on the Mach–Zehnder Interference Mechanism
	2.4 Mode-Based Interference Mechanism

	3 Summary
	4 Summary and Prospect
	References

	 Controllable Optical Characteristics of TiN Films Prepared by Magnetron Sputtering
	1 Introduction
	2 Experiments
	3 Results and Discussion
	4 Summary
	References

	 Analysis of Optic and Electric Combines Measurement Uncertainty Under Strong Impact Loading
	1 Introduction
	2 Experimental Facilities
	3 Experimental Result and Uncertainty Analysis
	3.1 Initial State of Experimental Device and Test System Error
	3.2 Difference of Measuring Point Position

	4 Numerical Simulation of Spallation
	5 Analysis and Discussion
	References

	 Design of Fringe Projector Illumination System Based on Digital Mircomirror Device
	1 Background
	2 Principle of Design
	2.1 Design Initial Parameter Determination
	2.2 Illumination System Design

	3 Simulation Analysis of Illumination System Performance
	4 Conclusion
	References

	 Focusing Characteristics of Radially Polarized Anomalous Vortex Beams
	1 Introduction
	2 Theory
	3 Numerical Simulation and Analysis
	4 Conclusions
	References

	 Hybrid 2D/3D Perovskite Film with Enhanced Crystallinity via PEAI Passivation in Perovskite Solar Cells
	1 Introduction
	2 Experiment
	2.1 Materials
	2.2 Characterization
	2.3 Experiment Steps

	3 Results and Disscusstion
	4 Conclusion
	References

	 Preparation and Luminescence Properties of YAG:Ce3+ Phosphor Based on (Y1−xCex)2O3 Precursor
	1 Introduction
	2 Experiment
	3 Results and Discussion
	4 Conclusions
	References

	 Tunable Diode Laser Absorption Spectroscopy for Non-invasive Detection of Microbial Growth
	1 Introduction
	2 Setups and Methods
	3 Experimental and Results
	4 Conclusion
	References

	 Enhanced Performance of Carbon Quantum Dots Based Organic Solar Cells
	1 Introduction
	2 Experimental
	2.1 Preparation of CQDs
	2.2 Devices Fabrication

	3 Results and Discussion
	4 Conclusion
	References

	 High Performance Gas Sensor Based on ZnO/CuO Heterostructures
	1 Introduction
	2 Experimental
	2.1 Preparation of CuO and ZnO/CuO Heterostructures
	2.2 Characterization
	2.3 Fabrication and Measurement

	3 Results and Discussion
	3.1 Structural and Morphological Characteristics
	3.2 Gas Sensing Characteristics

	4 Conclusion
	References

	 Design of Stripe Projection System for 3D Measurement of Structured Light
	1 Introduction
	2 Principle
	3 MEMS and MCU
	3.1 Laser Drive
	3.2 Signal Read

	4 Experimental Part
	4.1 MEMS and Microcontroller Selection
	4.2 Program Input
	4.3 Signal Detection
	4.4 Generation of Striped Structured Light

	5 Conclusion
	References

	 Promising Halide Perovskite: The Application in Field-Effect Transistors
	1 Introduction
	2 Thin-Film FETs
	3 Single Crystal FETs
	4 Application of Mixed Functional Layer
	5 Conclusion and Outlook
	References

	 Application of Advanced Optic Measurement Technology DISAR in Engineering Modeling and Simulation
	1 Introduction
	2 Experiment
	2.1 Principle of Testing
	2.2 Experimental Set
	2.3 Experimental Results

	3 Modeling and Simulation
	3.1 Models and Parameters
	3.2 Results and Discussion

	4 Conclusions
	References

	 The Design of Integrated Four-Channel Mach–Zehnder Multi/Demultiplexer Based on LNOI Platform
	1 Introduction
	2 Design Process
	3 Simulation Results
	4 Outlook
	References

	 Design of Resonant Magnetic Field Sensor Based on Magnetostrictive Optical Fiber Micro-cantilever
	1 Introduction
	2 Resonance Theoretical Model of Double-Layer Micro-cantilever
	3 Design and Optimization of Magnetic Field Sensor Structure
	4 Conclusion
	References

	 Theoretical Model and Optimum Design of Optical Fiber Micro-cantilever Beam Magnetic Field Sensor
	1 Introduction
	2 Design of Sensor
	3 Theoretical Model of Magnetic Field Measurement
	4 Structural Optimization of Sensor
	4.1 Selection of Initial Cavity Length of F-P Cavity
	4.2 Selection of Magnetostrictive Materials
	4.3 Structural Optimization of Micro-Cantilever

	5 Conclusion
	References

	 Recent Development in Electro-thermal Modeling and Simulation of OLEDs
	1 Introduction
	2 Electrothermal Simulation
	3 Conclusion
	References




