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Research Progress of Single Photon m
Avalanche Diode with Low Dark Count L
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 simulation model 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 Read Hall (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 (X)) - C. Lin
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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

SPAD operated at excess bias voltage, i.e., the called Geiger mode, 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 are many
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]:
pn —n?

lp + i exp(=G7")] + 1pln + nj exp(HF)]

(D

Gsry =
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where, n; is the intrinsic carrier concentration. n and p are the non-equilibrium elec-
tron and hole concentrations, respectively. T, and 1, are the lifetimes of electrons
and holes, respectively. E; and E, 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.

2
pn —n;

2

GsrH,TAT =

rim P 4 ni exp(ZEED ] + k- (n 4 ny exp(HE)]

where, I', and I', are the electron and hole enhancement term for Dirac wells,
respectively. We suppose I",= I",= I', when the electric field strength applied is
not more than 9 x 103 V/cm. I" can be calculated by:

r=zﬁ|E(x)|exp((|E(x)|)2) 3)
I'r F
/24m* (kT)?
Mp=y “

qh

where E(x) is the local electric field strength at depth position x. m, is the effective
mass of the tunneling electrons for silicon. ¢ is the electron charge, and h is the
reduce Dirac constant.

If the electric field in avalanche region of the device is more than 7 x 105 V/cm,
the BTBT 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:

—BB.B

Gprpr(x) = D - BB.A - |E(x)|BBOMMA . exp(
E(x)

) &)

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 x 1018 cm™! V2 s~
BB.B = 3x107 V/cm, BB.GMMA = 2, and BB.A = 4x1014 cm™~'/2 V72 571,
BB.B = 1.9 x 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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dP,
:(I_Pe)ae[Pe+Ph_PePh] (6)

dx

dp,
I —(1 = Poy[Pe + Py — PPyl (7N

X
PpairzPe+Ph_PePh (8)

where, P, and P}, are the probability of an avalanche event generated by the electron
and hole, respectively, and P, is the joint probability of electron and hole. ¢, and
ay, 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:

w2
DCR=S§"- / Ppaic(x) - (Gsru,rar + Gprpr)dx &)

wl

where S is depletion layer area, wl 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 device meets the requirement, we will fabricated the device and characterize
1t.

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
SPAD was 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 metal
first structure by Haitz et al. n+ 5pum 6xids
[14] l(—)i

l I 5 pm
,[J guard ring i ,

metal
10 - 200 ym
[ €——>|
hv nt
L L > +
p | — p
_________________ 5pum
p+

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 junction mostly 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 SPAD arrays 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 pm 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/jum? 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.

Cathode  Anode ,  8-20um

metal

n+ . ’ n+

pesubatrate p-tub guard ring

Fig. 3 Cross section of HV CMOS SPAD by Rochas et al. [16]
Cathode  Anode =—Active Area— Anode  Cathode
- —
7 = N
p guard-ring HV-nwell p guard-ring

psub

Temgerature (1T}

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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5|

-0

count rate (Hz)

Dark

Buried-N 0 2 4 6 ] 10 12 4
i Excess bias (V)

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 SiO, 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/pm? 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
TCAD simulation software was 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 oosk ko
of Pentcene/SnNc/Cgo Planar

Heterojunction Based Organic

Phototransistors

Chengyu Lu, Wenli Lv, and Sunan Xu

Abstract A bottom-gate top-contact OPT based on Pentance/SnNc/Cg, planar
heterojuction was fabricated. The device was characterized at different ambient
temperature (7',) (—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 7, the drain current increase, and the value of
the field-effect mobility () 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 (OFETSs) 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 carrier mobility 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/Cgg 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. and Cgp from Luminescence Technology Co.. As shown from Fig. 1a, the Si/SiO,
substrates (gate electrode/gate dielectric) were used for fabricating OPTs with 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 N, gas and desiccated in a vacuum drying oven (60 °C). For the device
fabrication, 50-nm-thick pentacene and SnNc (15 nm)/Cgy (15 nm) planar hetero-
junction (PHJ) were deposited stepwise on top of SiO,. During the whole experiment
process, the chamber pressure was kept at 4 x 10~* Pa and the deposition rate was
kept constant at 0.20-0.30 A/s. Subsequently, Au electrodes (source and drain) were
thermally deposited through a shadow mask to control the length and width of the
channel (25-pwm 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 (7',)
was changed in the range from —40 to 110 °C and conducted with a temperature
step of 10 °C. In the measurement, first, the T, reduces from room temperature to —
40 °C, and then rises to 110 °C. A 100 mW/cm? laser diode with 850 nm wavelength
was used for top illumination.

3 Results and Discussion

The UV-Vis absorption spectrum of pentacene, SnNc and Cg 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, Cgy and Pentacene exhibit
insignificant ignorable absorption at the same region. As a result, the absorption of
Pentance/SnNc/Cgy PHJ in NIR region originates mainly from SnNc molecule. The
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of pentacene/SnNc/Cego
OPTs, b absorption spectra
of SnNc (black line),
pentacene (red line) and Cgp
(blue line) thin films Ceo (15nm)

SnNc (15nm)

Pentacene (50nm)
sio,

P*-Si

Absorbance
o o o
[\%] (] P

o
=%

el

500 600 700 800 900

0.0 L
300 400
Wavelength (nm)

output characteristics of the device in the dark and under illumination at gate voltage
(V) of =50V are shown in Figs. 2a and b, typical p-channel operation characteristics
are observed. As we can see, the drain current (/) 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 illumination with the temperature lowering. However, it can be observed
in Fig. 2b that with T, increasing, the value of saturated zone [ ; increases at first, and
then decreases after achieving a peak (7', = 80 °C). This is because, as T, rises for T,
< 80 °C, the carrier transport was increased by amplified film particles. Subsequently,
adecline in I ; with rising T, for T, > 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 (u) and threshold voltage (V7) at saturation
zone are two key performance parameters, and they can be extracted from
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where I, is the drain current, C; the gate dielectric capacitance, V, the gate voltage,
and V, the drain voltage.

The dependence of V7 on the ambient temperature is described in Fig. 3, as
T, increases, the V gradually decreases both in dark and under illumination. As
T, 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 7', can be attributed to
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the thermally activated small polaron hopping which promotes the motion of carriers
through the organic crystal.

4 Conclusion

In this paper, pentacene/SnNc/Cgy PHJ OPT was fabricated and characterized at
different ambient temperature. As T, rises, the value of V and  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 i

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, pattern matching and threading method. Neural network is a very
important identification method, 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 threading methods 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_rl, 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_
Oxxx_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_
Ixx; 1101_1010_101x. The inst of digit “7° is 1000_000x_xxxx_xxxx_x01. The
inst of letter ‘B’ are 1101 _1010_111x_xxx1_Oxx; 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

Mod_1 Mod_2 Mod_3
F . |
/ \
FIFO —* memory t—* FIFO VGA
0vVo6
40 FPGA
preproc 1__ algorit | |regl LCD
\ essing hm ster / 160
2

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; ¢ 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_rl 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”1is 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

SRWE DODI D2 D3D4 D5 DED? A K

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 FPGA development
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 i
with Step Discontinuities

Zhen Xiao, Dan Zhang, and Weijie Xu

Abstract 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. 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 /# and a dielectric constant ¢, and
comprises a step discontinuity of a width w, and a length / flanked on each side
by a section of uniform lines with a width ;. 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 A
in strip-line

O]
)
‘<"
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Fig. 2 Step microstrip line
structure

I(x,w):ffH,(x,y,z,w)-ds (D
c
h
Vix,w)= —/Ez(x,O,z,a))dz 2)
0

where C; 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, w) is defined a half cell away from where
V(x, w) is computed, an interpolation scheme is applied to obtain I (x, w) at the
same nodal points as V (x, w).

Finally, the calculated /;(w) = I(iAx,®) and V;(w) = V(iAx,w) ateach
nodal point x = i Ax are substituted into the transmission line equations to extract
the equivalent circuits parameters, where Ax 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:

aiV(x, w) = —iowL(x, w)] (x,w) — R(x, w)I (x, w) 3)

X

ail(x, w)=—iwCx,0)Vx,w) —Gx,w)V(x,w) @)
X

where L(x, w) and C(x, w) are the series inductance and shunt capacitance per unit
length along the line and R(x, w) and G(x, w) are the series resistance and shunt
conductance per unit length. Note that since the transmission line is assumed to be
lossless, L(x, w) and C(x, w) take real values, and R(x, w) and G (x, w) 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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aiV(x, w) = —ioL(x,w)] (x,w) +a(x,w)V(x, w) (®)]

X

ail(x,a)) =—ioCx,w)V(x,w)+ Bx,w) (x,w) (6)
X

where o (x, w) and B(x, w) 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 V; = V(iAx, w) and I; = I(i Ax, ®) computed by the
FDTD analysis are substituted to extract the circuit parameters of the ith segment of
the inhomogeneous line. For the conventional transmission line Egs. (3) and (4), we
have [8]

) i+1 —
Li(w) = Im[ o, Ax } (7
) i+1 —
Ri(w) = Re[ 2 Ax i| )
i+1 —
Ci(w) = Im[ oV, Ax i| )
_ Iiv1 — 1
Gi(w) = Re|:—V,-Ax i| (10)
On the other hand, the transmission line Eqs. (5) and (6) lead to
L) = — m[ (Vi1 — Vi) V] (11
Re[wV; 1} Ax]
(@) = Re[(Vig1 — Vie)I7] (12)
Re[ Vi1 Ax]
Ci(w) = _Im[l iUis1 — L] (13)
Re[wV; I} Ax]
Re|V* (111 — I;—
pw) = RV U — l)] (14)

Re[ViIi*Ax]

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 V;(w) and I;(w) are obtained as complex-valued data, the circuit
parameters of the lossless transmission lines L;(w) to B;(w) 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 Xyxz=>5298 x 5.88 x 2.64mm’

Space interval: coAt = 0.0173mm
Ax = Ay = Az = 1.734c¢y At
Thickness of PML: 0.24 mm

Reflection error: -120 dB
Pulse excitation:

in Ape~ =TV 12T gin 277 FutS(x — x
E™Cr,y,2,1) ={ 0 e (15)
xs =0.57Tmm fy=30GHz T, =72ps T, =24ps (16)

The example is a step microstrip line shown in Figs. 1 and 2. For the structure,
relative dielectric constant ¢, 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(w) = %Re{%(x,w)li*(x,w)} (17)
Reflected power:

P () = %Re{Vr(x,w)Ir*(x,w)} (18)
Transmitted power:

Pi(w) = %Re{Vz(x, ) I (x, )} (19)

Radiated power:
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Py(w) = ?§ % Re{E (w) H* (0)}dS (20)

Radiated power also can be gotten using the coefficients «(x, ) and B(x, w) by
the following equation:

Ps = —% / [a(x, ©) + B(x, )] Re[V (0)I* (x)]dx 1)

X1

where E(w) and H*(w) 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

Y PML
l_______________ -y
_ i |
1 I, =0.6mm s, =5, =1.8mm s, I
1 1,=9.0mm |
| 1, =027mm — 1
i i T'” l
. a el X
Ay - O ”l+ b *
b
ZH > l P
w, = 0.6mm k |
1 1 I ¢ ; PML
PML | w, =1.8mm ] l 1
) s |
I 7=15mm |, =390mm ’ I
i o i J
PML
(a) Top view
7zt PML
: 1
I s, =1.8mm 1
" Sy 1
1
I/ /i Iy | PML
: . ™ . I
| I =0.6mm & =006 :

(b) Side view

Fig. 3 FDTD calculation domain for a step microstrip 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.
But we can see the parameters such as L, « and R became unstable when 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 oo

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 active measurement method, structured light-based 3D measurement
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 33.9 mm, F/#is 2.3, and the total length
of the optical system is 120 mm. At a lens resolution of 93 Ip/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 3D measurement 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 be measured. 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
more widely used [9]. This paper designs a DMD projection lens with simple structure
and high definition, which is suitable for 3D measurement 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=1/0/m—1) =339 2)
The field of view of the projection lens is:
2w = 2 arctan(d /2]) = 20° 3)
In the formula: m is the magnification; s is the size of the display chip; fis the focal
length of the projection lens; d is the size of the projection screen; 1 is the projection
distance.

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

Focal length Field of view Fr# Relative distortion MTF Chip size
(f/mm) 2w/(°) (@93 Ip/mm) (Inch)
339 20 2.3 <1% >0.5 0.47

resolution of the projection lens to the resolution of the chip, it must meet:
r=1/2p 4)

where: r is the resolution of the projection lens; p is the chip pixel size. It can be seen
that the characteristic frequency of the lens is 93 Ip/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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|
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ST

Telecentric projector

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 lens with an effective focal length of 33.9 mm,
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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Telecentric projector

Fig. 2 Layout of whole system optical path after optimization
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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 wm, 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 Ip/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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Transfer Methods of CVD-Grown )
Two-Dimensional MoS;: A Brief Review greckie

Xinyu Song, Yinqgin 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 (MoS,) 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. MoS, 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 MoS, 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 MoS; thin film.

Keywords Transfer methods + MoS; 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 MoS,, as one of the 2D materials were
widely studied. In the synthesis and fabrication of 2D materials, especially in large
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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,
MoS; can be synthesized by CVD on different substrates with atomically smooth
surfaces such as SiO; 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 MoS; [4]. The
synthesis methods of molybdenum disulfide include micromechanical exfoliation,
liquid phase exfoliation, physical vapor deposition, solution chemical process and
CVD. Transferring MoS, thin film to a suitable substrate is the key to the subsequent
preparation of modern optoelectronic devices. These require the growth of MoS, 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 MoS; thin films. The paper focuses only on the transfer
methods rather than progress in the synthesis of MoS,. The transfer of the synthe-
sized MoS; thin film to arbitrary substrate is an important step for optoelectronic
devices, especially for flexible devices.

2 Transfer Methods of MoS;

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, MoS, films can be obtained by the simplest manual method without the
need of complex and expensive instruments. MoS, thin film is synthesized by CVD
with MoOj; 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 MoS; remain on the substrate instead of the tape. This
process may produce MoS; thin film with random shape, size and number of layers.
Magda et al. obtained mono MoS, layers with a transverse dimension of several
hundred microns by improving the adhesion between MoS, and substrate, as shown
in Fig. 1 [5].

As aresult, the MoS; 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 MoS; thin film method is only suitable for
laboratory research, not large-scale production.
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Fig. 1 Large area MoS; 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 of CVD-grown monolayer graphene onto arbitrary
substrate [8], and the transfer method of MoS, 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 MoS, thin film at 3000-4000 rpm for 30 s and heated at 180 °C for 90 s. The
PMMA/MoS,/substrate stack is then immersed in a 2 mol/L KOH solution at 20—
90 °C until the MoS, 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 of MoS; thin film in combination with the above-mentioned
micromechanical exfoliation method to promote the falling off. After rinsing MoS,
thin film with deionized water, the target substrate is placed in deionized water with
a tilting angle of 30—45° under the floating MoS, thin film and heated at 80 °C for
30 min on vacuum drying oven. PMMA is removed in acetone solution for 3—6 h,
then washed under deionized water, and heated at 100 °C for about 10 min 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 MoS; thin
film by electron beam deposition, and the MoS,/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 MoS,, 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 WS,. 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
PMMAA 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 MoS; 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
MoS; 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/MoS,/substrate is put into the breaker, and the breaker
is immersed in ultrasonic cleaning device. The edge of the PMMA/MoS; 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 MoS,. 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/MoS; thin film and substrate. In multiple bubbling cycles, the
PMMA/MoS, 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/MoS, thin film can be transferred onto
arbitrary target substrate [20]. According to this hydrophobicity, a method of surface
energy assisted transfer on transfer MoS, 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 MoS; 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 MoS, thin film. The disadvantage is
that it takes more time.

Gurarslan et al. spin coated PS solution on MoS; thin film [21]. The PS solution
replaces the previous PMMA solution. 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/MoS, thin
film with a knife or tweezers, and deionized water can enter between PS/MoS, and
sapphire. When the surface energy assisted between them reaches a certain degree,
PS/MoS; will be separated from sapphire. PS/MoS; can be transferred to the SiO,/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:H,O
= 1:10) before the synthesis of MoS, based on the surface-energy-assisted transfer
method to make the substrate super hydrophilic. SiO,/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/MoS,
and the substrate, causing PMMA/MoS, to float on the deionized water. This
method is suitable for large area wafer-scale MoS, transfer to flexible substrate
and fabrication of flexible optoelectronic devices.

In order to reduce the wrinkles and cracks during the transfer of MoS, 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 6¢
and f can more intuitively show the comparison between the two solutions for MoS;
thin film transfer.

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

of surface tension yg by the surfactant action of alcohol in water. In addition, metal
oxide semiconductor is a kind of hydrophobic material. Mixed alcohols as surfactants
may also reduce interfacial tension yg. Considering three kinds of surface tension,
mixing deionized water with ethanol will increase diffusion parameters and lead to
wrinkle free MoS,. In addition, the ratio of deionized water to ethanol depends on
the surface tension of the substrate used. For HfO,/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 MoS, 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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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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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/fullerene Cg
planar heterojunctions (PHJs) were often used as the active layer of NIR OPD. 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/Cgy 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/Cgy 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 (AIPcCl) 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 Cg 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/Cgy 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/Cgo 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., Cgo from Luminescence Technology
Co., Ltd., Taiwan, and BCP and SnNc from Jilin OLED Co. Ltd. China. 302/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 N, gas and desiccated in a vacuum drying
oven (60 °C). Device A and B with the organic active layer of “SnNc/Cgo/BCP” and
“CuPc/SnNc/Cgo/BCP” (Fig. 1) respectively was fabricated by thermally evaporating
the active materials on the ITO glass substrates in sequence. A 100 nm thick aluminum
top electrode with an active area of about 1.5 mm? was deposited by shadow mask
vacuum deposition. The deposition rate of the evaporated material is 1-2 nm min~!,
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/cm? 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, Cgy and SnNc films on quartz
glass, respectively. One can see that SnNc thin film exhibit strong absorption at the
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wavelength around 800-900 nm, while, CuPc and Cg exhibit negligible absorption
at the same region. As a result, in the NIR region the absorption of SnNc/Cgy and
CuPc/SnNc/Cgy 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 (/) to the dark current
(I 4ark) 1s photosensitivity [9] and the ratio of photo-current to the incident optical
power (P,,) is photoresponsivity. The P and R of the device were calculated by the
following relation.

p_ Ipn _ Ly — Liark )
Idark Idark
1 1
R=2b 2k )

Popt B PinA
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where [;; is the illumination current, P;, 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]:

he
EQFE = —R 3)
qi

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

Dx = R/\/2q Jqark 4

where J 4.« 1s 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
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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/Cgp-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 (1 j5x= 51.76 uA) has a lower dark current comparison with Device
A (I ggre= 90.83 uA) under 100 mW/cm? light. The current reaches 469.53 uA at the
reverse bias voltage of -5 V, 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, Prax, EQE and D*reach 401.22 mA/W, 10,978.91, 58.64% and 1.21 x 103, 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/Cg bi-layer and CuPc/SnNc/Cg tri-layer
PHIs were fabricated and studied. The results showed that CuPc/SnNc/Cg tri-layer
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Table 1 Performance details of device A and B

[j”rk R? (mA/W) P';mx EQE? D*

(uA) (%) (Jones)
Device A 90.83 120.28 2384.14 17.58 2.89 x 107
Device B 51.76 401.22 10,978.91 58.64 1.21 x 108

4The results based on V = —5 V and Popi=2 mW/cm?
PThe results based on device A at V = —0.04 V and device B at V = —0.20 V, and Pop=100
mW/cm?

PHIJ photodiode superior performance compared with SnNc/Cgg bi-layer PHJ photo-
diode. Under 850 nm light illumination, CuPc/SnNc/Cg tri-layer PHJ photodiode
shows a large photoresponsivity of 401.22 mA/W, which is about 2.3 times more
than SnNc/Cg 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 L
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 two different 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], which has 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:

. 2 . 2
16) = J1<2,f:irsll;19> exp(—'g sin 6> 0

sin’«

In the above equation, P is the ratio of the radius of pupil and beam waist, ¢ =
arcsin(N A/n) is the maximum of the convergence angle 0, and J; 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 Phase plate  Objective lens  Phase plate
focusing optical system _
—_—h
Laser beam
e e
e [ S
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E.(r,z2)=A /01 v/ cos 0 sin(20)I1(0)T (6)J, (kr sinb) exp(ikz cos6)dO 2)
0

E,(r,z) = 2iA/ +/cos Osinzel(Q)T(Q)Jo(kr sin@) exp(ikz cos0)d0  (3)
0

According to Maxwell’s equations, the relationship between magnetic and electric

fields is as follows
i e
H=— |2VxE “4)
kY

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

Hy(r,z) = ii’; / v cos 0 sin(0)I1(0)T (0)J;(kr sin0) exp(ikz cos0)dO  (5)
0
0

where r and z represent the direction in the cylindrical coordinates, A = Efn'/?/A,
E is the amplitude determined by the incident beam energy, A and f are incident
wavelength and focal length, respectively. kdenotes the wave number, which rela-
tionship with X is k = 2w /A, c is the light speed, w is the permeability of vacuum,
T (0) represents the phase transmission function.

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

I(r,2) = |E.(r, DI + |E.(r, ) (6)
1
(8) = S{Re[E+(r, ) Hy (. )] eZ = Re[ E=(r, ) Hy (1, )] e } (7

In Formula (9), Z is the unit vectors in r direction, and ?Z) 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 « is expressed as

o =4na’e (e2 —e1)/(e2 + 1) (8

where a represents the radius of the Rayleigh particle, ¢, is the dielectric constants of
the particle, and ¢, is the dielectric constants of the medium surrounding the particle.
Based on Rayleigh scattering theory [11], the gradient, absorption and scattering



66 P. Sun et al.

forces can be written as

Foraa = 3 Re(@)soV1 (7, 2) 9)
Fabs = n(S)Caps/c (10)
Fscat = n<S>Cscat/C (11)

where ¢ is the permittivity in a vacuum, C,.,; = k4|oz|2 /61 is the scattering cross
sections, C,ps = kn Im(a)/e; 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 500 mw, the wavelength A is 1047 nm,
and the manipulated particle is placed in water(n = 1.332).NA = 0.95, 8 = 1.9487.

To realize the manipulation of bubbles, we add a phase plate to the system. The
transmission function 7 (0) of it is written as

exp(—im/2), for0 < 0 < 6,

12
exp(in/2), for0<0 <« 12)

T(0) = {

0; and « correspond to two radial positions | and r,, 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 6= 35.90° and o= 71.8°, respectively. And we calculated the
gradient force Fg,.q and sum of the scattering force and absorption force Ficq; + Fops
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 7' (6) 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, ¢ r direction and b, d z direction

1, for0 <6 <6,
T®) = 13
©) {exp(irr/?)), for0 <6 <o (13)

The gold particle has aradius of a=19.1 nm, and its permittivity is e, =—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 8;=62.83° and
a=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 Fg.qq and the
sum of the scattering force and the absorption force F.,; + F_,5s 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, Fy,.q is negative, causing the bubble to move
in the negative r direction. At the same time, Fy.,; + F,ps i positive, pushing the
particle to move in the positive direction of the r-axis. Because of Fj,.q 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, ¢ r direction and b, d z direction

than Fi.,; + Fups, the bubble will reach the force balance at the focus. Since Fg,qq is
much larger than Fj.,; + F,p, 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, Fgqq
and Fy.,; + Fyps 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,
Fgrqq should be large enough than Fyc.; + Fupg, namely, R = Fgraa/(Faps + Fycar) >
1, and R is the stability criterion. In order to more conservative estimates, we use
R = (Fgmd)max / [(Fa;,s + 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 x 107, respectively, and for gold particles, R in the z direction is 9.67 x 10°. 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 Ripernmar = €xp(—U, /kpT) < 1
[2], where U, is the maximum potential depth given by |Re(a)eo ! (r, 2)max /2|, ks 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, R;¢umar is calcu-
lated to be 3.17 x 1072, for the gold particle R,pernmar is 3 x 1072, 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 and move 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 m
Science and Surface Treatment oo
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 by means of light refraction and interfer-
ence. Set forth the application of high energy, high monochromaticity 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 light wave 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 has wave-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 on May 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 of mechanical 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 the measured
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 by wavelength are very closely related to its surface temper-
ature. By measuring 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

Temperature

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 80 MHz, laser ablation 60 s. After the experiment,
Olympus metallographic microscope was 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.
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Fig. 4 Ablation morphology
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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 the mid-1970s, using a laser beam of
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 the material [ 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
S0 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
cladding metal-based ceramic composites are composed of oxides, carbides, nitrides,
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borides, silicides and other high melting point rigid ceramic materials compounded
with metals. Laser cladding metal-based ceramic composites are made of 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 layer with 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 m
on a Ring-Bus-Ring-Bus System L

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
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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
sandwiched by two ring resonators, one of which is coupled to another bus waveguide.
The widths of ring and bus waveguides are denoted by W, and W, respectively. R|
(Ry) is the radius of ring 1 (ring 2), and g; (g») 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 1/7,; (1/7,;) 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 p. And 1/7,,
(1/t ) and Ay (A7) 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 = §,/S;,) and drop (d = S4,0,/Sin) ports can be derived as

hrough

bus] ez Ting]
Vi

Fig.1 Schematic of the RBRB system
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From Egs. (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/t,, and 1/7,; fixed, the lineshapes depend on the values of w,
1/7,;, and 1/t,;. 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 Ry = R, =
10 pm, W, = 0.45 wm, g; = 0.10 wm, and g, = 0.12 pwm. 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 x 10~ K~!) 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 the waveguides are firstly defined on the top-silicon layer with a height of 220 nm,
and then covered by a ~1 pm-thick SiO; 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, 1/7,; =1 x 10° rad/s, 1/t .
=1 x 10° rad/s. In e-h, 1/7,; = 1.2 x 109 rad/s, 1/t,; =2 x 1011 rad/s. In (a, ¢, f, h), u = —
1.8 x 10" andin (b, d, e, g), © =2.1 x 10'!. In (a, ¢, e, g), | = 1549.22 nm, and in (b, d, f, h),
A1 = 1550.78 nm. They share the same parameter value of A = 1550.00 nm, 1/7,, =3 X 1010
rad/s, and 1/t,5 = 2.5 x 10'! 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 Wj = 0.25 pm.
b and d right-reversed Fano lineshapes at through port and drop port with W;, = 0.45 wm. 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 required wavelength 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
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(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
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Table 1 Comparison between our switch and the previously reported microring switches

Various switch Bandwidth On/off shift Thr/drop loss (dB) Thr/drop
structure (GHz) (nm) crosstalk (dB)
Single microring 90 1.3 0.33/1.64 —11/-
2nd-order 60 2.8 2/0.4 —16.6/-9.8
coupled-microring

3nd-order 74 0.54 0.08/1.96 —23/-
coupled-microring

10nd-order 80-140 1 3.1-4.9/—-4.3-5.9 —10/-50
coupled-microring

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 L
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 x 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 4+ 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 are many 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 DWDM Technology
in recent years. There is an approximate relationship between the optimal bandwidth
Af 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 4 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
unequal width of different kinds are: Michelson interferometer type, birefringent fiber
loop mirror, birefringent gires tournois type, coupler cascade type [6—8]. However, the
interleavers structure with unequal bandwidth provided in these literatures have many
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 x
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 x 3 coupler is drawn, the free port of the 3 x 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 x 3 fiber couplers (Cy and C;) and one 2 x 2 fiber coupler (C,) in Fig. 1. In Fig. 1,
an asymmetrical Mach—Zehnder interferometer is composed of couplers C; and C,,
Cyp and C; are connected by a pair of optical fiber interference arms /; and /,, C; and
C, are connected by another pair of optical fiber interference arms /5 and /4.
Assuming that the light is only input from port 1 of the coupler Cy, when the
input light E™ (1,0,0) is input from input port 1, after passing through the optical
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Fig. 1 The structure of 3
optical comb interleaver with
unequal bandwidth

4

fiber coupler Cy, the output light is allocated into the interference arms /; and /5,
and is transmitted to the coupler Cy, the light is output after the first interferencing,
and is allocated into the interference arms /3 and I4, then is again transmitted to the
coupler C,, 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, 6
and 0, represent the transmission phase of the two pairs of interference arms /; and
I, I3 and l4 respectively, and they are satisfied the corresponding expressions, that
iS, 9] = IBAll = ,3(12 - ll) = ZTCI’leﬂ'All/)\., 92 = ﬂAlz = ﬂ(l4 - 13) = ZTU’leﬂ'Alz/)\.,
nep is the effective refractive index of the conductive mode of the fiber, and 8 is the
propagation constant of the fundamental mode in the fiber, K, (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 as P, the light intensity of port 3 and port 4 are P;
=I|F 3|2, P, = |F,?, 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 M, (r = 0, 1) and M, and the
other basic transmission matrix of optical transmission is phase delay matrixes of
the relative arm length difference, which are L; and L,.

0.5(1 + cosk;) jO.S\/Esin k- 0.5(cosk, — 1)
M, = | j0.5v/2sink, cos k, j0.5¢/2sink,
0.5(cosk, — 1) jO.Sﬂsin k- 0.5(1 + cosk,)

M, = [ c‘os.kq —j sinkqi|
—jsink, cosk,

L= [exp(—jﬂAh) 0}
0 1

Here,r=0,1;9g=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 (Mo, M| and M;) and the phase delay matrixes (L;, L,), the output light
intensity recorded as P.

F = [?} = M,L,M,L \My,E" (1)
4
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The light intensity of port 3 and port 4 are P3 = |F51?, P, = |F 4. After complicated
calculation, P is as follows:

| B
P_[PJ_AG @

Here,

A= [Zi Z; Zz Zi Zz :|, 0= [cos@l cos 0, cos(6r — 61) cos(6, + 0;) I]T

A and 6 respectively represent the matrix formed by the optical transmission
matrix in the transmission process, each element (a;, b;, i =0, 1,2,3,4)inAisa
function of the coupling coefficient K, (n = 0, 1, 2), each element in 6 is a function
of the phase difference (61, 95).

It can be seen from formula (2) that the output light intensity only includes 61,
02, 61—6,, 61 + 6,. 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 6 is selected to be equal the transmission phase 6, that is
01 = 0, = 0, and fiber arm length difference is Al; = Al, = 2 mm, the effective
refractive index n,y of optical fiber is 1.457. Then selecting the appropriate coupling
coefficient K,, (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, Ko = 1/9, K| = 51/19 and K, = 107t/51 are selected, so
the coefficient matrix A is recorded as A;, A; is as follows:

A = as asz daz dp Ay
" by by by by by
[ —0.0812 —0.3676 0.0599 —0.1257 0.5452
~ | 0.0418 03676 —0.0599 0.1257 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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Normalized light intensity

1550

Wavelength/nm

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 20 GHz, 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 x 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 Ky = n/8, K| = 57/18, K, = 107/51, the
coefficient matrix A is recorded as A,, when Ko = 51/37, K| = 2n/7, K, = 51/24,
the coefficient matrix A is recorded as Aj, when Ky = 107w/81, K1 = n/4, K, =
5m/27, the coefficient matrix A is recorded as A4. Then after calculation, A,, A3 and
Ay is as follows:

A _[04 as ax a do]
) =
by by by by by

—0.0938 —0.3643 0.0720 —0.1296 0.5309
0.0434  0.3643 —0.0720 0.1296 0.4166
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A __a4 as dy a; ao
T by b3 by by by

[ —0.0861 —0.3676 0.0822 —0.1361 0.5107
| 0.0282 0.3676 —0.0822 0.1361 0.4290

A __a4 as dy a) ap
*T L by by by by by

[ —0.0984 —0.3401 0.0591 —0.1427 0.5648
| 0.0607 0.3401 —0.0591 0.1427 0.3961

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

Normalized light intensity

1550

Wavelength/nm
(a)

Normalized light intensity

1550

Wavelength/nm
(b)

Normalized light intensity

1550

Wavelength/nm
()

Fig. 3 The different output spectrum of the interleaver. a Ko = 7/8, K| = 57/18, K, = 107t/51,
b Ko =57/37, K| =21/7, K = 51/24, ¢ Ko = 107/81, K| = /4, K, = 57t/27
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Figure 3 shows that although the K, (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 x 3 couplers and a 2 x 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 can make 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 L
Array Superlattices

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

Abstract In this paper, we designed and fabricated an optical phased array with
anarrow antenna spacing in silicon on insulator. The crosstalk is reduced substantially
with a spacing of only 0.9 wm between antennas using superlattice grating waveg-
uides. A transversal 24.2° beam steering range was observed in the far-field of view by
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 akind 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 pm), 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 x 10 superlattice OPA with a grating
pitch of 0.9 wm in silicon on insulator (SOI). From our simulations, the beam is able
to steer in a two-dimensional range of 106° x 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° x 5.1°, roughly consistent with 8.9° x 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-pm-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 wm. By tuning the phase of each channel, the beam can steer in the phased-
array axis (¥, in yellow plane), while it is steered in another axis (6, in green plane)
under control of wavelength. The steering angle in two dimensional directions can
be written as

sinyy = —— (D)

Agrhiepfor — A
I’l()Ag,

sinf =

2

where A is the operating wavelength in free space, d is the grating pitch, Ag is
the phase difference from one element to the next, Ag, is the grating period, n.p,
is the effective refractive index of Bloch mode in sub-wavelength gratings, and ny

Heater

Emitting area

Fig. 1 3-D schematic view of the OPA with 10 elements
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