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Abstract: The thermo-optic effect is a crucial driving mechanism for optical devices. The application
of the thermo-optic effect in integrated photonics has received extensive investigation, with con-
tinuous progress in the performance and fabrication processes of thermo-optic devices. Due to the
high thermo-optic coefficient, polymers have become an excellent candidate for the preparation of
high-performance thermo-optic devices. Firstly, this review briefly introduces the principle of the
thermo-optic effect and the materials commonly used. In the third section, a brief introduction to the
waveguide structure of thermo-optic devices is provided. In addition, three kinds of thermo-optic de-
vices based on polymers, including an optical switch, a variable optical attenuator, and a temperature
sensor, are reviewed. In the fourth section, the typical fabrication processes for waveguide devices
based on polymers are introduced. Finally, thermo-optic devices play important roles in various
applications. Nevertheless, the large-scale integrated applications of polymer-based thermo-optic
devices are still worth investigating. Therefore, we propose a future direction for the development
of polymers.

Keywords: thermo-optic effect; thermo-optic switches; thermo-optic variable optical attenuators;
thermo-optic temperature sensors; polymers

1. Introduction

Photonic devices have become ideal candidates for a range of applications, includ-
ing solid-state LiDAR [1], microwave photonics [2], optical quantum computing [3], and
on-chip optical sensing [4]. In integrated photonic technology, micro-electro-mechanical
systems (MEMSs), electro-optic effect, and thermo-optic effect are commonly used mecha-
nisms for optical signal modulation and processing. Photonic devices based on MEMSs,
such as phase shifters, offer the advantages of high efficiency and the absence of thermal
crosstalk. However, the packaging and long-term stability of MEMS devices still require
further exploration. Photonic devices based on the electro-optic effect exhibit the advantage
of fast modulation speeds and find widespread applications in the field of communications.
Nevertheless, the electro-optic effect mechanism still faces challenges, particularly in terms
of optical loss. In this review, our focus lies on the application of the thermo-optic effect
in photonic devices, and the thermo-optic effect holds certain advantages in integrated
photonic devices. Firstly, thermo-optic devices demonstrate long-term stability and low
loss, facilitating their integration. Additionally, thermo-optic effect devices may be made in
a relatively simple manner, and a variety of materials are available.

One of the key components in thermo-optic PICs is the thermo-optic switch and
the thermo-optic variable optical attenuator (VOA). The basic principles of the thermo-
optic VOA and the thermo-optic switch are similar. In recent years, an increasing need for
enhanced thermo-optic switch performance in a variety of application scenarios has spurred
intensive research efforts. In addition, with the development of information technologies,

Polymers 2023, 15, 3721. https:/ /doi.org/10.3390/polym15183721

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym15183721
https://doi.org/10.3390/polym15183721
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-8471-4689
https://doi.org/10.3390/polym15183721
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym15183721?type=check_update&version=1

Polymers 2023, 15, 3721

2 of 26

such as the Internet of Things and artificial intelligence, sensing technology has received
more and more attention. The on-chip temperature sensor based on the thermo-optic effect
is very attractive due to its easy integration and good stability.

Polymers are one of the important material systems of thermo-optic devices. The
first important advantage of polymers is the large thermo-optic coefficient, which has
been explored fruitfully in the realization of thermo-optic devices. Thermo-optical devices
prepared by polymers can achieve a higher modulation efficiency. In addition, polymers
allow for the easy and inexpensive preparation of optical waveguides. Due to the flexibility
of polymers, the preparation processes for polymer optical devices are diverse. In terms
of applications, polymers can regulate the properties of materials by doping, chemical
modification, and other methods to meet different needs. It has the potential to deal with
challenges such as high integration and low loss. The tunability of the properties of the
polymer also expands the scope of application and provides more possibilities for the
future development of polymer thermo-optic devices.

In this review, we mainly introduce three optical devices manipulated by the thermo-
optic effect, including optical switches, VOAs, and optical waveguide temperature sensors.
The fundamental principles underlying the thermo-optic effect are initially presented.
Furthermore, relevant material parameters for commonly used materials in thermo-optic
devices are provided. By taking advantage of the high thermo-optic coefficient of the poly-
mer, the thermo-optic switch and the thermo-optic VOAs can achieve the function with low
power consumption, and the thermo-optic temperature sensor can achieve high-sensitivity
sensing. In the third section, following the introduction to the basic waveguide structure
of thermo-optic devices, the research progress of polymer-based thermo-optic devices is
reviewed. For low power consumption and high speed, we discuss the recent advance-
ments in polymer thermo-optic switches, primarily focusing on materials, structures, and
electrodes. At the same time, some progress in enhancing the sensitivity of thermo-optic
temperature sensors is summarized. In the fourth section, the various fabrication processes
for polymer waveguides are introduced and discussed in detail. Subsequently, Section 5
introduces the application of thermo-optic devices. We also highlight the challenges of
polymer thermo-optic devices in practical applications and propose prospects based on the
existing research. All in all, this review aims to provide comprehensive information about
the thermo-optic devices of polymers and provide a broad overview for new researchers
entering this field.

2. Principle of the Thermo-Optic Effect

The thermo-optic effect is one of the fundamental principles that enables the func-
tionality of waveguide-type thermo-optical devices. This effect refers to changes in the
refractive index of a material due to changes in temperature [5]. The thermo-optical coeffi-
cient, which is the temperature coefficient of the refractive index (%), is used to describe
the rate at which the refractive index of a medium changes with temperature. T represents
the temperature of the medium material, and n represents its refractive index. The formula
for the thermo-optical coefficient can be expressed as [6]:
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where p is the density and 7y represents the thermal expansion coefficient. (‘Oaa—;) L repre-
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sents the change in the refractive index caused by variations in the density of the medium.

(g—?) represents the change in the polarizability caused by variations in temperature while
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maintaining a constant density. To account for the change in the density of the material due
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to thermal stresses induced by temperature changes, the strain constant Ag is introduced in
the Lorentz—Lorenz (L-L) equation, which can be used to obtain:

pon\ (n? —1) (n®+1)
(E)p) o (1—=12A) ” : ®)

The Ay value of the polymer is 0.1~0.2, indicating that the value of (%) . is positive.

The 7y value of the polymer is approximately 2 x 10~% K~1. In comparison, the thermal vari-

ation of the polymer’s refractive index is small (~—10~¢ K~1). Therefore, the thermo-optic
coefficient of polymers can be expressed as — (%a—;) e which is negative. For inorganic
materials, the thermal expansion coefficient is relatively small. For example, the thermal
expansion coefficient of fused quartz is approximately 10-® K~!. Therefore, the thermo-
optical effects in inorganic materials primarily arise from changes in the polarizability
caused by temperature variations, specifically the second term in Equation (2).

The thermal properties of materials have a significant impact on the performance of
thermo-optical devices. Therefore, designing high-performance thermo-optical devices re-
quires a thorough understanding of the thermal characteristics of materials. Table 1 provides

an overview of the refractive indices and thermal properties of several common materials.

Table 1. Related material parameters for the manufacture of thermo-optic devices.

Material Re(féalcstis\(;enlnlgiex (1391():1 Cofllzlilr?ﬁ;:}ity a O:?i(C*) 2 g/ (kC?K)) 3
(W/(m-K)) 5
Silicon 3.45 1.86 x 1074 163 2.6 700
Silica 1.45 0.62 X 107°~1.28 x 107> 1.4 0.5 730
Silicon nitride 2.1105 251 x 107° 30 3 710
Polymer 1.3~1.7 —1073~-10"* 0.1~0.3 10~220 1000~2000

L TOC, thermo-optical coefficient; 2 TEC, thermal expansion coefficient; 3 Cp, heat capacity at a constant pressure.

Due to the special chemical structure and molecular motion mode of the polymer, it is
possible to achieve a high thermo-optic coefficient by rationally designing the molecular
structure of the polymer. The thermo-optic coefficient of some polymer materials has been
recorded to surpass —10~3 K, according to the literature in print to date [7,8]. It is worth
noting that this thermo-optical coefficient is an order of magnitude higher than that of
traditional materials, such as silicon. Although such polymer materials have not yet been
applied to thermo-optic devices, this provides the possibility of achieving thermo-optic
devices with ultra-high modulation efficiency.

3. Thermo-Optic Devices

In recent years, thermo-optic devices based on polymer materials have made signifi-
cant progress. In this section, we first introduce the common structures of thermo-optic
devices. In addition, relevant research advances in the improvement of the performance of
thermo-optical devices using polymeric materials are discussed and reviewed, including
thermo-optical switches, thermo-optical VOAs, and thermo-optical temperature sensors.

The thermo-optic effect is the fundamental physical mechanism that enables the
modulation of the refractive index in a material through temperature changes, thus achiev-
ing the operation of the thermo-optic switch. The thermo-optic effect confers several
benefits for the thermo-optic switch, including low loss, facile fabrication, and compatibil-
ity with various materials and fabrication processes, endowing the thermo-optic switch
with an appealing potential for applications in data communications, optical computing,
and optical signal processing [9-12]. The thermo-optic temperature sensor also achieves
the induction temperature change through this principle. Thermo-optic devices can be
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realized by interference-type Mach—Zehnder interferometers (MZIs) [13,14], multimode
interference (MMI) [15,16], Michelson interferometers (MIs) [17,18], adiabatic evolution-
type Y-branches [19,20], directional coupling (DC) [21,22], and total internal reflection
(TIR) [23,24], as shown in Figure 1.

< = Heater = = _ Heater_

A S

(e) (f)

Figure 1. Various structures of thermo-optic devices. (a) Device with MZI, (b) device with MMI,
(c) device with MI, (d) device with Y-branch, (e) device with directional coupler, and (f) device based
on TIR.

3.1. Thermo-Optic Switches and Thermo-Optic Variable Optical Attenuators

Polymer-based thermo-optic switches and thermo-optic VOAs possess the advantage
of low power consumption. To further reduce the power consumption of polymer-based
thermo-optic switches and thermo-optic VOAs while improving the response speed, this
research has received considerable attention in recent years. Improving the performance
of thermo-optical devices can be investigated from various aspects, including waveguide
materials, waveguide structures, and electrode types. To achieve low-power and fast-
response thermo-optical switches and thermo-optic VOAs, the use of polymers or hybrid
integration is an effective approach. In addition, structural improvements or electrode
optimization can further improve the performance of polymeric thermo-optical devices.
In this section, related work to further reduce power consumption and time is presented.
Finally, polymer-based thermo-optic switches and thermo-optic VOAs are compared with
devices based on inorganic materials.

In terms of materials, with a thermo-optical coefficient of ~—10~* K~! and low
thermal conductivity, optical polymer materials are a desirable choice for low-power
thermo-optic devices. Its use is currently the subject of extensive research and rapid
development [25-28]. The cross-section of the all-polymer thermo-optic switch is shown
in Figure 2a. Xibin Wang et al. proposed a low-power 1 x 2 polymer thermo-optic
switch that can operate in the 650 nm short-distance communication window [29]. The
team used the advantage of an adjustable refractive index in polymer synthesis to
synthesize a stable cross-linkable polymer P(MMA-GMA) by the copolymerization of
methylmethacrylate (MMA) and glycidyl methacrylate (GMA). The spectral absorption
test indicated that the P(IMMA-GMA) material system has a low-loss window of approx-
imately 650 nm. The extinction ratio of the device at a 650 nm signal wavelength was
greater than 23.4 dB, with a power consumption of only 5.3 mW. The rise time and fall
time of the device were 464.4 us and 448.0 ps, respectively. Whereas inorganic materials
have a large thermal conductivity, polymers have a large thermo-optic coefficient. Con-
sequently, organic/inorganic hybrid integrated devices can combine the advantages of
both materials and produce thermo-optic switches with a low power consumption and
fast response [30-34]. The thermo-optic switch cross-section of the hybrid integrated
structure is shown in Figure 2b. Yunfei Yan et al. reported a thermo-optic switch that
employed polymer as the core layer and upper cladding layer and silica as the lower
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cladding layer [35]. By using silica instead of polymer as the lower cladding layer, the
switching time of the device was reduced by 40% compared with the all-polymer struc-
ture of the thermo-optic switch. At a driving power of 7.2 mW), the rise time and fall time
of the switch were 106 us and 93 ps, respectively. Another hybrid integrated structure
using an inorganic material as the core layer and a polymer as the cladding was also
investigated. In 2022, a thermo-optic switch with silica as the core layer and polymer as
the cladding was demonstrated [36]. A cross-sectional view of the switch is depicted in
Figure 2c. The width of the core in the heating region was reduced so that the optical field
is located more on the polymer cladding, enabling more efficient thermal tuning. The
simulation results show that the power consumption of the hybrid integrated structure
is about 95% lower than that of the all-silica structure. This structure retains the low-loss
characteristics of silica while taking advantage of the large thermo-optical coefficient
of the polymer to reduce power consumption and is expected to be used in optical
communications. Recently, the silicon nitride platform has gained significant attention
due to its low transmission loss from visible to mid-infrared wavelengths, compatibility
with CMOS processes, and high refractive index [37-40]. Although the thermo-optic
coefficient of silicon nitride is not high, it has a good compatibility with polymeric
materials. The power consumption of the thermo-optic switch using silicon nitride
waveguides can be reduced by taking advantage of the large thermo-optic coefficient
of polymers and the simplicity of fabrication. In 2023, Xinhong Jiang et al. proposed
a thermo-optic switch with a thin silicon nitride waveguide embedded in a polymer
cladding [41]. The material distribution is shown in Figure 2d. Since a large portion of
the optical field is located on the polymer cladding, the waveguide can be thermally
tuned efficiently.

Heater Heater

Polymer Polymer

Silica

(a) (b)

Heater Heater
Polymer Polymer
Silica
vy Silicon Nitride
Silica

(c) (d)

Figure 2. (a) All-polymer structure, (b) the structure of silica as the lower cladding layer and polymer
as the core layer, (c) the structure of polymer as the upper cladding layer and silica as the core layer,
and (d) the structure of polymer as the upper cladding layer and silicon nitride as the core layer.
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In terms of the waveguide structure, air trenches are often introduced to prevent heat
diffusion for the purpose of reducing power consumption [42,43]. The thermal conductivity
of air at room temperature is ~0.025 W/mK, whereas that of polymers is 0.1-0.3 W/mK.
Consequently, the most common approach is to leverage the low thermal conductivity of
air by etching the air trench at the bottom or side of the heating arm, as shown in Figure 3.
In 2017, Sun Shiqi et al. etched air trenches on both sides of the waveguide core [44]. The
power consumption of the thermo-optic VOAs was reduced from 8.71 mW to 2.80 mW.
In 2022, Long Zhang et al. discussed the effect of the device structure on the core layer
temperature by simulating the temperature field of the heated waveguide [45]. The data
showed that the presence of bilateral air trenches increased the core layer temperature
of conventional rectangular waveguides by about 52.6%. In 2021, Kai Chen et al. used
the structure of a laterally supported suspended ridge waveguide (LSSRW) combined
with a bottom air trench for a thermo-optic switch [46]. This suspended structure is also
applicable to polymer-based thermo-optic devices, but structural stability issues need to
be considered.

Air Trench
Air Trench

(b) (c)

Figure 3. (a) The structure with suspended arms, (b) the structure with air trenches, and (c) the
structure with a bottom air trench.

As part of a thermo-optic switch, it is necessary to optimize the heater to further
improve the heating efficiency. One aspect of optimization involves the layout of the
electrode. Traditional heating schemes for thermo-optical devices were mostly limited
to top electrodes. Alejandro Maese-Novo et al. conducted a series of thermal-optic
simulations to determine the optimal heating schemes [47]. As depicted in Figure 4,
the heater electrodes can be structured on the top of the polymer cladding (top heater),
buried underneath the waveguide (buried heater), or deposited on the sidewall of the
air trench (side heater). Figure 5a—c show the temperature distributions. Horizontally
oriented planar waveguide thermo-optic devices require a temperature gradient to
be applied across the waveguide to function. Therefore, the positioning of the top
and bottom heaters is shifted away from the center of the waveguide. The ambient
temperature is set to 20 °C, and the temperature gradient distribution curves in the X
and Y directions for the three layouts are provided in Figure 5d,e. In the shaded area,
which represents the waveguide region, it has been found that the side electrode is
most efficient at producing a temperature gradient in the horizontal direction without
disturbing the uniform temperature distribution in the vertical direction. Two types
of VOAs with different structures were manufactured with the best-performing side
heater. The MMI-based VOA provides a 37 dB attenuation range at a power of 10.1 mW,
whereas the VOA based on MZI exhibits an attenuation range of 51 dB at a significantly
lower power of 1.8 mW for heater operation.
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Figure 4. Cross sections of the waveguides with (a) top heater, (b) side heater, and (c) buried heater.
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Figure 5. Cross sections of the thermal distribution of the waveguides with (a) the top heater, (b) the
side heater, and (c) the buried heater. (d) Comparisons of the temperature gradients along the X-axis
in the waveguide center. (e) Comparisons of the temperature gradients along the Y-axis in the
waveguide center. Reprinted with permission from [47]. © Optical Society of America (2015).

Another aspect of optimization pertains to electrode materials. Metal is typically
utilized for the electrode heater in thermo-optic systems. However, metal layering can
result in light absorption, thereby necessitating a buffer layer with substantial thickness
between the waveguide core and the electrode. Unfortunately, this buffer layer may restrict
and hinder the heating efficiency of the system. In recent years, two-dimensional layered
materials have drawn increasing amounts of interest in electronics and photonics due to
their special physical properties [48-51]. For example, graphene can be used as a thermal
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diffuser and flexible heater because of its high thermal conductivity (5300 W /(mK)) [52-54].
Especially in polymer devices, graphene electrodes can be buried by using the advantages
of the easy processing of polymers [55-57]. In 2019, taking advantage of the low absorption
loss of graphene to transverse magnetic (TM) waves, Xibin Wang et al. used graphene as an
electrode to be directly buried at the bottom of the waveguide without needing any buffer
layer [58]. According to the test results, the switching power using a graphene electrode
(~2.1 mW) was nearly four times lower than that obtained with an Al electrode (~7.8 mW),
and graphene electrodes also decreased the response time. However, the polarization de-
pendence of the device is strong, which is not conducive to the application of the device. In
2020, a thermo-optic switch based on a graphene electrode with negligible light absorption
for both transverse electric (TE) and transverse magnetic (TM) polarizations was manufac-
tured [59]. By using a 6 pm x 6 pum square core, the TE and TM polarized optical fields
were constrained, which resulted in nearly little overlap with the top graphene. Therefore,
for both TE and TM, graphene only produced a negligible light absorption. According to
the simulation results, the loss of TE and TM polarization was only 0.0995 dB/mm and
0.0694 dB/mm, respectively.

Compared with thermo-optic switches and thermo-optic VOAs based on other mate-
rials, it is helpful to understand the characteristics and advantages of polymer materials
more comprehensively. Some typical thermo-optic switches and thermo-optic VOAs are
organized in Table 2. Figure 6 demonstrates the performance of multiple thermo-optic
switches in two dimensions (power consumption and response time) simultaneously.

Table 2. Performance comparison of typical thermo-optic switches.

Material Structure Heater PC (mW) 1 ST (us) 2 Reference
susp?rfii\gzp}h‘:slzharms TiN 049 348 [60]
MZI with free‘—standing Pt 0.54 141 [61]
waveguides
fl(\)/llig"xzv‘iegﬁieys Crand Au 6.5 14 [62]
cor Mﬁ‘v]‘;ﬁiﬁgal TiN 8.73 4 [63]
MI with air trenches Titanium 10.5 45.8 [18]
DC-MZI Pt 160 30 [64]
Rectangular MZI Al 26 36 [65]
MRR # Graphene 14.42 7.68 [66]
MZI with LSSRW Cr and Cu 1.1 124 [67]
MZI with LSSRW Crand Au 1.07 15.6 [46]
D erront i stractone : 2 : (65
Silica on silicon DC-MZI with air trenches Ti and Wu 155 - [69]
MZI with air trenches Titanium 95 - [70]
MMI-MZI Crand Al 1.85 700 [71]
MZI Al 4.5 1000 [72]
Polymer MMI-MZI Ni and Ti <4 200 [73]
MMI-MZI Ti and Ni 3.5 250 [74]
DC-MZI Graphene 3.30/3.12 1500 [59]
MZI Graphene 1.57 71.8 [75]
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Table 2. Cont.

Material Structure Heater PC (mW) 1 ST (us) 2 Reference
DC-MZI Al 7.2 100 [76]
MZI Al 13 170 [77]
MZI Al 7.8 178 [78]
DC-MZI Al 6.2 194 [79]
Polymer/Silica DC-MZI Al <72 199 [35]
MMI-MZI Al 8.72 364 [80]
MZI with air trenches Al 5.2 393.3 [31]
MZI with air trenches Al 1.7 353.2 [33]
MZI with air trenches Al 34 323 [42]
L pC, power consumption; 29T, switching time; 3 50, silicon-on-insulator, * MRR, microring resonators.
1000
200 A SOI with air trench
100
P Lk O SOI without air trench
go 2016 O,
S 10 A - 4 A Polymer/Silica with air trench
3 Densmore, A Q Q \.) Niu D!
= 2000 () y A s
~ Xie, \.. Al ¢ o é &
g 209 xio N O Polymer/Silica without air trench
, A .
1 D0 S v
Sun, P A @ All polymer without air trench
21
o Qing Fang,
2011
0.1
10 100 1000

ST (us) (log)

Figure 6. Performance of various thermo-optic switches regarding power consumption and switching
time. The power consumption and switching time are indicated for switches using SOI with air
trench [62-65], SOI without air trench [18,46,60,61,67], polymer/silica with air trench [31,33,42],
polymer/silica without air trench [35,76-80], all polymer without air trench [71-74].

The SOI platform is highly attractive due to its potential for integrating optical
components onto the same substrate. Additionally, based on the high thermo-optic
coefficient and thermal conductivity of the material, as well as the more compact device
structures, thermo-optic devices on the SOI platform exhibit excellent performance.
However, in certain specific application scenarios, polymer devices are capable of
meeting the requirements and may even possess advantages. Firstly, polymers exhibit a
high thermo-optic coefficient and have the potential for further improvement. The low
thermal conductivity characteristic of polymers helps in reducing power consumption
in thermo-optic devices. However, it can be unfavorable for response speed. Therefore,
in scenarios where the emphasis is on minimizing power consumption with a lower
requirement for response speed, thermo-optic devices based on polymer materials are
suitable candidates. Secondly, in terms of device packaging, polymer devices offer
simplicity and cost-effectiveness. Due to the low refractive index contrast of polymers,
the dimensions of polymer waveguides can be matched with those of optical fibers,
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allowing for direct coupling between them. Thirdly, in terms of device fabrication,
polymer devices offer a simplified and cost-effective manufacturing process. Polymer
waveguides can be easily fabricated at room temperature using techniques such as
spin coating and UV lithography. Additionally, novel large-scale fabrication methods,
such as nanoimprinting, have significantly enhanced the industrialization potential
of polymer photonic devices. Moreover, due to the flexibility in the fabrication of
polymer devices, achieving three-dimensional integration is easier, thereby improving
the overall integration density. Lastly, in terms of applications, the flexible nature of
polymers, allowing for bending, folding, and stretching, provides polymer devices
with unparalleled advantages in the field of flexible photonics technology. Compared
to traditional materials-based thermo-optic devices, polymer thermo-optic devices
have a unique application potential in areas such as wearable sensors, flexible optical
interconnect chips, and virtual reality /augmented reality (VR/AR) technologies. The
ability of polymer devices to conform to curved surfaces and accommodate varied
form factors makes them highly suitable for emerging applications requiring flexibility
and adaptability.

For polymer thermo-optic switches, it is a common optimization method to reduce
the driving power consumption and thermal crosstalk by using air to prevent heat
diffusion. However, the response time may be adversely affected. Taking advantage
of the easy-doping characteristics of polymers, researchers have proposed that dop-
ing graphene in polymers can help to improve the response speed of thermo-optic
switches [81]. Furthermore, the type of heater utilized is also a significant factor to
consider. From the perspective of heat diffusion, a narrower top electrode is advanta-
geous for reducing the driving power. Nevertheless, it poses a significant challenge
to machining accuracy. From the perspective of the heater layout, the side heater can
offer a horizontal temperature gradient for planar optical waveguide devices to achieve
effective heating. The optimization of the heater layout could be further improved
by modifying the dimension of the waveguide core, adjusting the substrate thickness,
and altering the distance between the electrode and the core. However, the implemen-
tation of these optimization measures may result in adverse effects on the response
speed. In conclusion, the trade-off between driving power and response time is a crucial
consideration for researchers during the design and manufacturing of thermo-optic
switches. In recent years, with the assistance of 2D materials and other materials,
thermo-optic switches have made breakthroughs in power consumption and response
speed [75,82,83]. The compactness and mechanical flexibility of 2D materials can also
meet the requirements of high integration. On the other hand, the 2D material micro-
heater is faced with the problem of complex preparation and transfer processes. Inspired
by the related research on silicon-based thermo-optic switches, hydrogen-doped indium
oxide (IHO) microheaters with low loss and high-efficiency preparation may become a
new solution [84].

3.2. Thermo-Optic Temperature Sensors

The thermo-optic effect can be utilized in the thermo-optic temperature sensor, wherein
variations in temperature are detected by monitoring alterations in the propagation of
light through a material with a temperature-dependent refractive index. Thermo-optic
temperature sensors based on polymers have the advantages of high sensitivity and a wide
application range, which can be used in various applications, including bioengineering,
analytical chemistry, environmental monitoring, and food preservation. In this section,
we focus on sensing sensitivity and discuss related research on polymer thermo-optic
temperature sensors.

In terms of materials, the thermo-optic coefficient of the waveguide cladding material
has an important influence on the sensitivity of the temperature sensor. In 2016, Xiaowei
Guan et al. developed a temperature sensor based on MZI using an SU-8 cladding layer on
the outer side of one narrowed waveguide arm, as shown in Figure 7(al,a2,a3) [85]. Because
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(a1)

SU-8 has a negative TOC (—1.21 x 10~% K1), the two arms consist of hybrid waveguides
that induce opposite phase changes. The two arms consist of hybrid waveguides that
provide opposite phase changes and increased sensitivity to 172 pm/°C. In 2019, Donghai
Niu et al. employed NOA73 with a thermo-optic coefficient of ~3 x 10~* K~! and EpoClad
with a thermo-optic coefficient of —1.18 x 10~* K~! as the core of the two waveguide
arms of an MZI, achieving a sensing accuracy of 1.685 °C~! [86]. Figure 7b depicts the
structure of the temperature sensor, which utilized a silica lower-cladding layer to improve
the response time. This sensor is oriented toward micro-fluidic system applications and
can accurately measure the temperature of biological growth environments in real time by
taking advantage of the biocompatibility of the polymer material.

(b)

Figure 7. (al) A diagram of the MZI-based temperature sensor with silicon/SU-8 hybrid waveguides.
The cross sections of (a2) arm1 and (a3) arm2. (b) A schematic diagram of a temperature sensor
integrated into a microfluidic system (reprinted from [86], with permission from Elsevier).

In terms of structures, MZI and MRR are the two fundamental structures of planar
optical waveguide temperature sensors. The microring structure is shown in Figure 8a,
which has the advantages of miniaturization and high sensitivity [87,88]. In 2010, Gun-Duk
Kim et al. used silicon to create an ultrasmall photonic temperature sensor with an MRR
structure [89]. The best sensitivity obtained was 83 pm/°C when the waveguide width was
500 nm, which is typically the sensitivity limit of a single MRR-type temperature sensor
based on all silicon. Therefore, researchers have improved the sensitivity of temperature
sensors by using special structures. Among these, the cascaded ring resonator (CRR)
technique is a popular method for increasing the sensitivity of optical sensors through
the generation of the Vernier effect [90-92]. The device structure is shown in Figure 8b.
One of the two ring resonators is used as a reference ring to generate a Vernier effect, and
the other is used as a detecting ring to interact with the external medium as a sensing
resonator [93]. The reference resonator is preferably temperature-insensitive. Therefore, the
traditional CRR sensor adopts a multimask manufacturing process to achieve the thermal
isolation of the reference ring, which increases the process cost and complexity. In 2016,
Hyun-Tae Kim et al. used two ring resonators with distinct temperature sensitivities and
free spectral ranges (FSRs) as sensors [94]. The proposed method eliminates the necessity
of isolating one of the ring resonators and facilitates the implementation of the sensor
via a single-mask CMOS-compatible process. The experimental results indicated that the
temperature sensitivity is 293.9 pm/°C, which is 6.3 times higher than that of a single MRR.
The Vernier effect configuration includes CRR, two cascaded MZIs (CMZI), a cascaded
MRR, and MZI [95-97]. The above design ideas can be applied to polymer-based thermo-
optic temperature sensors. Increasing the refractive index of the polymer to reduce the
radius of the microring is a problem that needs to be solved in this process. For temperature
sensors based on MZI, achieving a high sensitivity by modulating the group refractive index
in two-beam interference is another low-cost manufacturing method [98]. In 2018, Yang
Zhang et al. fabricated an MZI-based temperature sensor on the SOI platform, achieving
an enhanced sensitivity exceeding 438 pm/°C [99]. The two arms of the MZI are equal in
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length but different in width, as shown in Figure 8c. The temperature sensitivity can be
obtained by Equation (4) [99]:

oA _ A [Omepr(Wi) — Oneps(Wa) @
AT |ng(Wy) — ng(Ws)| oT or |

where A is the wavelength and n,¢¢(W1) and 1,77 (W) are the effective indices of the waveg-

uide with widths of Wy and W, respectively. ng(W;) = n,¢r(W;) — /\arl—‘f{frgfvi)(i =1,2)
represents the group index of the fundamental mode with waveguide width W;. The
equation illustrates that the temperature sensitivity is influenced by the disparity in the
group index difference (GID) between the waveguides in the two MZI arms as well as the
variation in the temperature sensitivities of their effective mode refractive indices. Hence,
to achieve high sensitivity, the widths of the two waveguides are adjusted to have disparate
temperature sensitivities while maintaining nearly identical group indices. In 2019, an
all-polymer temperature sensor based on the principle of two-beam interference was pro-
posed [100]. The sensitivity of the sensor was measured to be 22.7 nm/°C by using NOA73
with a large thermo-optic coefficient of ~—3 x 10~* K~1. In addition, the sensor based on
the MZI structure can also use the asymmetric length of the interference arm to achieve
sensing, as shown in Figure 8d. The temperature sensitivity increases with the increase in
the phase difference between the two arms, that is, the sensitivity of the temperature sensor
is positively correlated with the length difference between the two arms. When designing
temperature sensors based on polymers, the balance between bending loss and sensitivity
should be taken into account.

(a) (b)

() (d)

Figure 8. (a) A three-dimensional diagram of an MRR structure. (b) A three-dimensional diagram of
the CRR temperature sensor. (c) A schematic of the asymmetric MZI temperature sensor with two
waveguide arms of different widths. (d) A schematic of the asymmetric MZI temperature sensor with
two waveguide arms of different lengths.

Furthermore, photonic temperature sensors can also adopt the structure of waveguide
Bragg gratings (WBGs). Changes in the grating period and refractive index induced by
temperature variations lead to a drift in the central wavelength of the grating, enabling
the sensor to detect changes in temperature. Compared to fiber Bragg gratings (FBGs),
WBGs offer advantages, such as multifunctional integration, stability, and a diverse range
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of material choices. Polymers have attracted significant attention in this field because
they are suitable for fabricating WBG-based thermo-optic temperature sensors with a high
sensitivity and flexible process. In 2016, Nuria Teigell Bené€itez et al. utilized imprinting
to define the gratings and employed a new capillary filling-based replication method to
fabricate waveguides [101]. This WBG-based temperature sensor was prepared using a hy-
brid inorganic-organic material (Ormocer®). It demonstrated a sensitivity of —249 pm/°C,
which is 25 times higher than that of normal silica fiber. In 2018, Liang Tian et al. reported
a polymer /silica hybrid WBG [102]. The Bragg grating was fabricated on a silica cladding
using contact lithography and inductively coupled plasma etching, while the polymer
waveguide was prepared through ultraviolet bleaching. The experimental results showed
that the temperature sensor exhibited a high temperature sensitivity, with a peak shift of
1.5 nm with a temperature variation in the range of 25-35 °C.

Polymer-based temperature sensors were compared with sensors of other materials,
and a summary is shown in Table 3. For an optical waveguide sensor, the sensitivity is
determined by two main factors. The first factor is the waveguide sensitivity, which largely
depends on the choice of optical waveguide material. For the thermo-optic temperature
sensor, the sensitivity of the optical waveguide is related to the thermophysical properties
of the material. As previously discussed, the choice of waveguide material needs to be
carefully considered given that different material platforms possess distinct strengths and
limitations. Polymers with large thermo-optic coefficients provide a great opportunity for
thermo-optic temperature sensors to achieve a high sensitivity.

Table 3. Performance comparison of the temperature sensors.

Material Structure S?;sr:/t;‘g;y Range (°C) Reference
AMZI 438 16 [99]
AMZI 445 40 [103]
CMZI 1753.7 40 [104]
SOI CMRR 293.9 56.85 [94]
Farﬁlizsg;;};ce 753 80 [105]
MI 1137 82 [106]
Sﬂiclg?é is;eicon AMZI 324 - [107]
SOI/TiO, CMRR 64.34 20 [90]
Polymer AMZI 30,800 2 [100]
WBG 249 30 [101]
AMZI 431 50 [108]
Polymer /Silica MRR 228.6 12 [4]
WBG 150 10 [102]
Polymer/Silicon AMZI 172 77 [85]

The second factor is the device sensitivity, which is determined by the design of
the device. There are two popular types of structures. One is based on MRR, which is
ultracompact but has a sensitivity limit. The other structure is asymmetric MZI, which is
based on two-beam interference. For asymmetric MZI structures, three main methods are
employed: two-arm length asymmetry, two-arm width asymmetry, and two-arm material
asymmetry. Moreover, the Vernier effect also offers a method for enhancing sensitivity by
cascading two resonators or interferometers.
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4. Fabrication

Compared with inorganic optical waveguides, polymer optical waveguides have the
significant advantages of simple processing and inexpensive preparation. In parallel with
the boom in polymer optical devices, the fabrication processes of polymer waveguides
have been widely studied. In this section, we focus on the preparation processes of
polymer waveguides, which are also applicable to thermo-optic devices based on polymers.
Additionally, the benefits and drawbacks of various processes were examined.

4.1. Photolithography

Photolithography with exposed masks is a traditional polymer waveguide fabrication
process. The process steps combined with wet etching are shown in Figure 9. First, the
polymer is spin-coated on the cleaned and dried substrate, and the lower cladding is formed
after ultraviolet (UV) curing. Next, the core layer is spin-coated, UV photo-etched using
a mask, and post-baked. Then, the developer is used to clean the graphics and fabricate
the waveguide core. The upper cladding is fabricated on the core layer by spin-coating.
Finally, the whole device is UV-cured or heated. Wet etching has the advantages of high
production efficiency and simple equipment, but it also produces chemical liquid waste.
The preparation of polymer devices can also be achieved by dry etching, including reactive
ion etching (RIE) and inductively coupled plasma (ICP) etching. The device fabrication
process using ICP etching is shown in Figure 10. Dry etching has the advantages of high
controllability and no chemical waste. However, the cost of dry etching is high, and the
equipment is complex.

Spin-coating

Spin-coating

l

Photolithography

Wet-ctching 440

s - e -

Figure 9. Fabrication process for polymer waveguides using wet etching. Purple arrows represent
ultraviolet light.
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Figure 10. Fabrication process for polymer waveguides using ICP etching. Purple arrows represent
ultraviolet light.

4.2. Photobleaching

For polymers possessing photosensitive properties, photobleaching is a simple
approach to adjusting the refractive index of the film and manufacturing optical waveg-
uides. For instance, SU-8, which exhibits UV-sensitive characteristics, was investigated
by researchers who discovered that, at a constant exposure degree, the refractive index
of the SU-8 film is related to the post-baking temperature. Specifically, the refractive
index of the exposed film diminishes with an increase in the post-baking temperature,
while that of the unexposed film amplifies with the same parameter. As a result, the
optical waveguide can be prepared by adjusting the exposure time and the post-baking
temperature. In 2014, Xibin Wang et al. prepared a thermo-optic switch using a simple
thermal UV bleaching technique, as shown in Figure 11 [109]. The process of preparing
optical waveguides by photobleaching is simple. However, photobleaching does not
produce large refractive index changes. The experiments showed that the refractive
index of unexposed SU-8 crosslinked by thermal initiation is 0.0072 higher than that
which is cross-linked via UV exposure and post-baking [110]. Consequently, the optical
waveguide produced through photobleaching suffers from an insufficient refractive
index difference and bending loss issues.
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Figure 11. Fabrication process for polymer devices using photobleaching. Purple arrows represent
ultraviolet light.

4.3. Nanoimprint

Nanoimprint lithography (NIL) is divided into thermal nanoimprint lithography
(T-NIL), ultraviolet nanoimprint lithography (UV-NIL), and microcontact printing (uCP).
The process of preparing polymer optical waveguides by T-NIL is shown in Figure 12.
First, the required nanopatterns are prepared on hard silicon wafers by electron beam
lithography. Then, the polymer is spin-coated on the substrate and heated above the
glass transition temperature (Tg). the mold is pressed into a softened polymer film
and the polymer is solidified by cooling. After demolding, the pattern on the mold is
transferred to the polymer film. Finally, follow-up processes are selected according to the
requirements, such as spin-coating or etching the remaining resist layers. Unlike T-NIL,
preparing optical waveguides based on UV-NIL can be conducted at room temperature.
The fabrication process of optical waveguides by UV-NIL is shown in Figure 13. The
most common transparent mold is polydimethylsiloxane (PDMS) due to its transparency
to UV irradiation. Then, the transparent mold is pressed onto the polymer film. Under
UV irradiation for a period of time, the polymer is cured by a crosslinking reaction. uCP
requires a soft mold, and the nanoimprinting process is conducted by molecular self-
assembly. Compared with the existing technology, NIL has the advantages of large-scale
and low-cost preparation. The process is simple while ensuring high precision. However,
the residual layer requires subsequent etching steps, which is an important problem that
nanoimprinting faces at present.
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Figure 12. Fabrication process for polymer waveguides using T-NIL. The red arrow represents the
direction of heating. The black arrow represents the direction of pressure.
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Figure 13. Fabrication process for polymer waveguides using UV-NIL. Purple arrows represent
ultraviolet light.

4.4. Direct Laser Writing

The preparation of micro-nano structures by direct laser writing (DLW) technology
can be divided into photoablation and photopolymerization [111]. Photoablation refers
to the process in which the polymer surface is melted and evaporated after being irradi-
ated by a high-energy laser beam. Photopolymerization is a technology that solidifies
the liquid, photosensitive polymer in the scanning path by laser irradiation. In 2023,
Thuy Linh La et al. realized a tapered grating coupled structure with a gap of 500 nm by
using low one-photon absorption (LOPA) DLW technology, as shown in Figure 14 [112].
The DLW technology has the advantages of high processing resolution, simple process,
and no mask exposure. DLW technology based on two-photon absorption (TPA) can also
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be used to prepare 3D microstructures with high processing flexibility. However, the
processing rate is an important reason for limiting the application of DLW technology.
At the same time, the preparation results are affected by laser power, polymer type, and
processing speed. DLW technology needs to ensure the consistency of parameters to
have high repeatability.

DM

Objective lens

(NA=1.3)

Glass substrate

SU8-resist
y «—lx

(@) (b)

Figure 14. (a) The schematic diagram of LOPA-DLW (reprinted from [112], licensed under a Creative
Common Attribution 4.0 Generic License. https://creativecommons.org/licenses /by /4.0/). (b) SEM
of the tapered grating coupler (reprinted from [112], licensed under a Creative Common Attribution
4.0 Generic License. https://creativecommons.org/licenses/by/4.0/).

4.5. Dispensing Direct Writing

Dispensing direct writing is a process that combines high-viscosity polymer materials
and a high-precision liquid dispenser to prepare optical waveguides [113-115]. The details
of preparing polymer waveguides using dispensing direct writing are shown in Figure 15.
First, the cladding material is coated on the substrate, and the tip of a needle with the core
material is inserted into the cladding. The 3D manipulator controls the needle to move
according to the designed path, and the needle dispenses the material into the cladding
material under pressure. Finally, the waveguide is cured by UV irradiation and then lifted
off from the substrate. Before curing, the core material and cladding material are diffused.
By controlling the waiting time before curing, the refractive index distribution and the
cross-section shape of the waveguide core can be adjusted. On the other hand, due to the
influence of liquid flow, the waveguide prepared by dispensing direct writing technology is
disturbed by the cladding colloid. Therefore, the accuracy of the dispensing direct writing
technology is limited, especially in the waveguide spacing.

Pressure

1 Needle UV Light

Figure 15. Fabrication process for polymer waveguides using dispensing direct writing technology.

5. Summary and Discussion

As the performance of thermo-optic elements continues to improve, they become
attractive for more applications. For example, reconfigurable photonic integrated circuits
(PICs) can perform various functions based on the same structure by densely composing
thermo-optic elements, which have attracted great interest and flourished [116,117].
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Thermo-optic devices with a high modulation efficiency pave the way for optical com-
munication [118,119], quantum photonics [120,121], optical computing [10,122,123],
microwave photonics [124,125], and optical phased array [126,127]. However, pho-
tonic devices are developing towards integration and industrial applications, and in-
organic materials provide a good platform for this. Polymer thermo-optic devices
have not yet achieved advantages comparable to inorganic materials and still face the
following challenges.

First, the low refractive index (<1.70) is an obstacle to achieving the high-density
integration and miniaturization of polymer photonic devices. Figuring out how to raise
the polymer’s refractive index is one of the key issues. In recent years, high-refractive-
index polymers (HRIPs) have been studied and reported [128-130]. Chemical synthesis
is a common method to prepare high-refractive-index polymers [131]. Highly polarized
and compact substituents in polymers, such as aromatic, sulfur, phosphorus, and se-
lenium, have been introduced. Another method is doping nanoparticles with a high
refractive index to form polymer nanocomposites [132,133]. The nanoparticles used as
high-refractive-index dopants include TiO, (refractive index = 2.5-2.7), ZrO; (refractive
index = 2.15-2.2), ZnS (refractive index = 2.36), and PbS (refractive index = 4.20). The
development of high-refractive-index polymers is expected to expand the preparation of
polymer photonic components to the level of large-scale integrated chips. Second, poly-
mer materials may exhibit high optical losses in the optical frequency range. An essential
difficulty is figuring out how to lower the optical loss of polymers, particularly in the
context of data transfer, such as optical communication. Recently, halogenated polymers
have been suggested as a solution to the issue of high transmission loss (>0.2 dB/cm
in 1300-1650 nm) [134-137]. The low absorption loss of polymers in the 1300-1650 nm
wavelength range is achieved by using fluorocarbon bonds (C-F) instead of hydrocarbon
bonds (C-H). For example, the absorption loss of perfluoropolymer materials in the com-
munication band is less than 0.01 dB/cm. The loss of polymer devices can be effectively
reduced through a reasonable selection of low-loss polymers, together with the optical
waveguide surface smoothing treatment technology. In addition, polymers have the
property of being easily doped [138]. By doping the polymer with rare-earth ions, such as
Yb3*, Tm3*, and Er®*, an excited radiation process can be introduced to achieve the am-
plification of the optical signal, which can offset the optical losses [139-141]. Third, low
thermal conductivity is an important factor limiting the rapid response of all-polymer
thermo-optic devices. However, a low thermal conductivity also makes polymer-based
thermo-optical devices maintain the advantage of low power consumption. Therefore,
with the help of other materials with high thermal conductivity, complementary ad-
vantages can be achieved. As already mentioned, researchers have suggested hybrid
integration technology, which involves using a lower coating of high thermal conduc-
tivity silica to increase the response speed of polymer thermo-optic devices. Finally,
compared with inorganic materials, polymers may exhibit a lower thermal stability
under high temperatures and long working conditions. This may lead to the degradation
of device performance or loss of functionality. Hence, stability at high temperatures is
also something that researchers need to consider when selecting materials. Neverthe-
less, progress has been made in improving the thermal stability of polymers as optical
waveguide materials. Polyimides, which are often used as optical waveguide materi-
als, have the advantage of high thermal stability and can be used in high-temperature
environments up to 400 °C without much damage to the mechanical properties [142].
In addition, most polymers are able to be modified and fluorinated to obtain higher
thermal stability, degradation temperature, glass transition temperature, and mechanical
properties [143].

6. Conclusions

This article reviewed the research progress of polymer devices based on the thermo-
optic effect. Firstly, the principle of the thermo-optic effect was introduced. To facilitate
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a comparative analysis with polymer materials, we outlined the key properties and char-
acteristics of various materials, including polymers, silicon, silicon dioxide, and silicon
nitride. In terms of thermo-optic devices, subsequent to an introduction to the fundamen-
tal waveguide structures, we focused on three devices including thermo-optic switches,
thermo-optic VOAs, and thermo-optic temperature sensors. Leveraging the high thermo-
optic coefficient of polymeric materials, thermo-optic switches, and thermo-optic VOAs
based on polymers offers significant advantages in terms of low power consumption.
Moreover, the efforts made by researchers to reduce the power consumption and re-
sponse time of the devices were reviewed. In the context of thermo-optic temperature
sensors, the work to improve sensitivity from a material and structural perspective
was reviewed. Furthermore, the flexibility of polymers allows for diverse fabrication
methods for optical devices. We presented the several techniques for the preparation of
polymer-based optical waveguides that can be utilized in the fabrication of thermo-optic
devices. In conclusion, we addressed the challenges faced by polymer-based thermo-
optic devices in the context of the demand for integrated and commercialized photonic
devices. A comprehensive discussion and outlook were presented. The adjustability and
flexibility inherent in polymer materials showcase tremendous potential for meeting
diverse application requirements. With further research and development efforts dedi-
cated to polymer materials, an excellent platform will be established for the integration
and application of thermo-optic devices.

Author Contributions: Conceptualization, Y.X. and L.C.; writing—original draft preparation, Y.X.
and H.L.; writing—review and editing, Y.X. and Y.Y.; visualization, L.C.; supervision, Y.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Industrialization R & D projects of SZTU (20221063010032),
Guangdong Education Department Major Focus Areas for Universities (20222DZX1024), College
Students’ Innovation and Entrepreneurship Competition of SZTU (X202314655024), Guangdong
Science and Technology Innovation Strategy Special Fund (pdjh2023b0467), and Pingshan Dis-
trict Innovation Platform Project of Shenzhen Hi-tech Zone Development Special Plan in 2022
(29853M-K(CJ-2023-002-01).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yoon, J.; Yoon, H.; Kim, J.-Y.; Kim, J.; Kang, G.; Kwon, N.-H.; Kurt, H.; Park, H.-H. Demonstration of high-accuracy 3D imaging
using a Si optical phased array with a tunable radiator. Opt. Express 2023, 31, 9935-9944. [CrossRef]

2. Marpaung, D.; Yao, J.; Capmany, ]. Integrated microwave photonics. Nat. Photonics 2019, 13, 80-90. [CrossRef]

3. Qiang, X.; Wang, Y.; Xue, S.; Ge, R.; Chen, L.; Liu, Y,; Huang, A ; Fu, X.; Xu, P; Yi, T,; et al. Implementing graph-theoretic quantum
algorithms on a silicon photonic quantum walk processor. Sci. Adv. 2021, 7, eabb8375. [CrossRef]

4. Wan, L.; Wan, L.; Chandrahalim, H.; Chen, C.; Chen, C.; Chen, Q.; Mei, T,; Oki, Y.; Nishimura, N.; Guo, L.J.; et al. On-chip,
high-sensitivity temperature sensors based on dye-doped solid-state polymer microring lasers. Appl. Phys. Lett. 2017, 111, 061109.
[CrossRef]

5. Pisal, A.; Henry, R. Thermo-Optic switch: Device structure and design. In Proceedings of the 2016 2nd International Con-
ference on Advances in Electrical, Electronics, Information, Communication and Bio-Informatics (AEEICB), Chennai, India,
27-28 February 2016; pp. 292-295.

6.  Diemeer, M.B.]. Polymeric thermo-optic space switches for optical communications. Opt. Mater. 1998, 9, 192-200. [CrossRef]

7. Chiang, L.-Y,; Wang, C.-T,; Pappert, S.; Yu, PK.L. Silicon—organic hybrid thermo-optic switch based on a slot waveguide directional
coupler. Opt. Lett. 2022, 47, 3940-3943. [CrossRef] [PubMed]

8. Toma, M.; Jonas, U.; Mateescu, A.; Knoll, W.; Dostalek, ]. Active Control of SPR by Thermoresponsive Hydrogels for Biosensor

Applications. |. Phys. Chem. C 2013, 117, 11705-11712. [CrossRef]


https://doi.org/10.1364/OE.481229
https://doi.org/10.1038/s41566-018-0310-5
https://doi.org/10.1126/sciadv.abb8375
https://doi.org/10.1063/1.4986825
https://doi.org/10.1016/S0925-3467(97)00081-5
https://doi.org/10.1364/OL.467858
https://www.ncbi.nlm.nih.gov/pubmed/35913353
https://doi.org/10.1021/jp400255u

Polymers 2023, 15, 3721 21 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Suzuki, K.; Konoike, R.; Hasegawa, J.; Suda, S.; Matsuura, H.; Ikeda, K.; Namiki, S.; Kawashima, H. Low-Insertion-Loss and
Power-Efficient 32 x 32 Silicon Photonics Switch with Extremely High-A Silica PLC Connector. J. Light. Technol. 2019, 37, 116-122.
[CrossRef]

Matsumoto, R.; Konoike, R.; Suzuki, K.; Matsuura, H.; Ikeda, K.; Inoue, T.; Namiki, S. Fully-loaded 32 x 32 silicon thermo-optic
switches for disaggregated computing. In Proceedings of the 2022 27th OptoElectronics and Communications Conference (OECC)
and 2022 International Conference on Photonics in Switching and Computing (PSC), Toyama, Japan, 3-6 July 2022; pp. 1-4.
[CrossRef]

Suzuki, K.; Konoike, R.; Matsuura, H.; Matsumoto, R.; Inoue, T.; Namiki, S.; Kawashima, H.; Ikeda, K. Recent Advances in
Large-scale Optical Switches Based on Silicon Photonics. In Proceedings of the 2022 Optical Fiber Communications Conference
and Exhibition (OFC), San Diego, CA, USA, 6-10 March 2022; pp. 1-3. [CrossRef]

Harris, N.C.; Steinbrecher, G.R.; Prabhu, M.; Lahini, Y.; Mower, J.; Bunandar, D.; Chen, C.; Wong, EN.C.; Baehr-Jones, T.;
Hochberg, M.; et al. Quantum transport simulations in a programmable nanophotonic processor. Nat. Photonics 2017, 11, 447-452.
[CrossRef]

Xu, X; Yin, Y.; Sun, C; Li, J.; Lin, H.; Tang, B.; Zhang, P; Li, L.; Zhang, D. Polycrystalline silicon 2 x 2 Mach-Zehnder interferometer
optical switch. Opt. Express 2023, 31, 29695-29702. [CrossRef]

Mendez-Astudillo, M.; Okamoto, M.; Ito, Y.; Kita, T. Compact thermo-optic MZI switch in silicon-on-insulator using direct carrier
injection. Opt. Express 2019, 27, 899-906. [CrossRef] [PubMed]

Dang, Z.; Chen, T; Ding, Z.; Liu, Z.; Zhang, X.; Jiang, X.; Zhang, Z. Multiport all-logic optical switch based on thermally altered
light paths in a multimode waveguide. Opt. Lett. 2021, 46, 3025-3028. [CrossRef] [PubMed]

Shang, Y.; Zhou, J.; Jiang, H.; He, X,; Ye, X,; Li, C. Optimal design of a 4 x 4 MMI thermal optical switch with trapezoidal air
trenches. Appl. Opt. 2023, 62, 1521-1527. [CrossRef]

Lu, Z.; Murray, K.; Jayatilleka, H.; Chrostowski, L. Michelson Interferometer Thermo-Optic Switch on SOI with a 50-uW Power
Consumption. IEEE Photonics Technol. Lett. 2015, 27, 2319-2322. [CrossRef]

Song, J.; Fang, Q.; Tao, S.H.; Liow, T.Y,; Yu, M.B.; Lo, G.Q.; Kwong, D.L. Fast and low power Michelson interferometer thermo-
optical switch on SOI. Opt. Express 2008, 16, 15304-15311. [CrossRef]

Qiu, F; Liu, J.; Cao, G.; Guan, Y.; Shen, Q.; Yang, D.; Guo, Q. Design and analysis of Y-branched polymeric digital optical switch
with low power consumption. Opt. Commun. 2013, 296, 53-56. [CrossRef]

Yeo, D.-M.; Shin, S.-Y. Polymer-silica hybrid 1 x 2 thermooptic switch with low crosstalk. Opt. Commun. 2006, 267, 388-393.
[CrossRef]

Chen, S.; Shi, Y.; He, S.; Dai, D. Low-loss and broadband 2 x 2 silicon thermo-optic Mach-Zehnder switch with bent directional
couplers. Opt. Lett. 2016, 41, 836-839. [CrossRef]

Lin, B.; Sun, S.; Yang, K.; Zhu, M,; Gu, Y,; Yu, Q.; Wang, X.; Zhang, D. Polymer /silica hybrid 3D waveguide thermo-optic mode
switch based on cascaded asymmetric directional couplers. Appl. Opt. 2021, 60, 6943-6949. [CrossRef]

Han, Y.T,; Shin, J.U.; Park, S.H.; Lee, H.].; Hwang, W.Y.; Park, H.H.; Baek, Y. N x N polymer matrix switches using thermo-optic
total-internal-reflection switch. Opt. Express 2012, 20, 13284-13295. [CrossRef]

Song, Q.Q.; Chen, K.X.; Wang, L.F.; Guo, ].Q.; Chen, S.; Zheng, T.X. Low-power total internal reflection thermo-optic switch based
on hybrid SiON-polymer X-junction waveguides. Appl. Opt. 2018, 57, 9809-9813. [CrossRef]

Dang, Z.; Deng, Z.; Chen, T.; Ding, Z.; Zhang, Z. C/L-Band 2-Port Broadband Wavelength Multiplexing Switch Using Polymer
Waveguides. J. Light. Technol. 2023, 41, 2451-2457. [CrossRef]

Lin, B.; Sun, S.; Sun, X;; Lian, T.; Zhu, M.; Che, Y.; Wang, X.; Zhang, D. Dual-Mode 2 x 2 Thermo-Optic Switch Based on Polymer
Waveguide Mach-Zehnder Interferometer. IEEE Photonics Technol. Lett. 2022, 34, 1317-1320. [CrossRef]

Gao, Y.; Xu, Y,; Liu, S.; Fan, X.; Wang, X,; Sun, X.; Zhang, D. Ultra-Broadband Polymer 1 x 2 Thermo-Optic Mode Switch.
IEEE Photonics J. 2021, 13, 1-6. [CrossRef]

Chen, T,; Dang, Z.; Liu, Z.; Ding, Z; Yang, Z.; Zhang, X ; Jiang, X.; Zhang, Z. Coupling-Controlled Multiport Thermo-Optic Switch
Using Polymer Waveguide Array. IEEE Photonics Technol. Lett. 2021, 33, 1135-1138. [CrossRef]

Wang, X.-B.; Sun, J.; Liu, Y.-E; Sun, J.-W.; Chen, C.-M.; Sun, X.-Q.; Wang, F; Zhang, D.-M. 650-nm 1 x 2 polymeric thermo-optic
switch with low power consumption. Opt. Express 2014, 22, 11119-11128. [CrossRef]

Yin, Y.; Li, Y;; Yao, M.; Ly, X; Liang, J.; Wu, Y.; Zhang, D. Low Power Consumption Polymer/Silica Hybrid Thermo-Optic Switch
Based on Racetrack Resonator. IEEE Photonics J. 2022, 14, 1-6. [CrossRef]

Jiang, M.-H.; Wang, X.-B.; Lian, T.-h.; Niu, D.-H.; Wang, L.-L.; Sun, X.-Q.; Li, Z.-Y.; Zhang, D.-M. Low power consumption
thermo-optic switch formed by an integrated processing method. Appl. Opt. 2019, 58, 7375-7378. [CrossRef] [PubMed]

Xu, Q.; Jiang, M.; Niu, D.; Wang, X.; Wang, L.; Chiang, K.S.; Zhang, D. Fast and low-power thermo-optic switch based on
organic—inorganic hybrid strip-loaded waveguides. Opt. Lett. 2018, 43, 5102-5105. [CrossRef] [PubMed]

Niu, D.H.; Sun, S.Q.; Xu, Q.; Jiang, M.H.; Wang, X.B.; Li, Z.Y.; Chen, C.M.; Wu, Y.D.; Zhang, D.M. Optimized design and
fabrication of polymer /silica thermo-optic switch with low power consumption. Appl. Opt. 2017, 56, 5799-5803. [CrossRef]

He, G, Ji, L,; Gao, Y,; Liu, R.; Sun, X,; Yi, Y.; Wang, X.; Chen, C.; Wang, F; Zhang, D. Low power 1 x 4 polymer/SiO, hybrid
waveguide thermo-optic switch. Opt. Commun. 2017, 402, 422-429. [CrossRef]


https://doi.org/10.1109/JLT.2018.2867575
https://doi.org/10.23919/OECC/PSC53152.2022.9850231
https://doi.org/10.1364/ofc.2022.w4b.6
https://doi.org/10.1038/nphoton.2017.95
https://doi.org/10.1364/OE.495983
https://doi.org/10.1364/OE.27.000899
https://www.ncbi.nlm.nih.gov/pubmed/30696168
https://doi.org/10.1364/OL.430128
https://www.ncbi.nlm.nih.gov/pubmed/34197370
https://doi.org/10.1364/AO.482133
https://doi.org/10.1109/LPT.2015.2462341
https://doi.org/10.1364/OE.16.015304
https://doi.org/10.1016/j.optcom.2012.12.023
https://doi.org/10.1016/j.optcom.2006.06.075
https://doi.org/10.1364/OL.41.000836
https://doi.org/10.1364/AO.431145
https://doi.org/10.1364/OE.20.013284
https://doi.org/10.1364/AO.57.009809
https://doi.org/10.1109/JLT.2022.3231359
https://doi.org/10.1109/LPT.2022.3214579
https://doi.org/10.1109/JPHOT.2021.3097055
https://doi.org/10.1109/LPT.2021.3108240
https://doi.org/10.1364/OE.22.011119
https://doi.org/10.1109/JPHOT.2022.3179496
https://doi.org/10.1364/AO.58.007375
https://www.ncbi.nlm.nih.gov/pubmed/31674386
https://doi.org/10.1364/OL.43.005102
https://www.ncbi.nlm.nih.gov/pubmed/30320830
https://doi.org/10.1364/AO.56.005799
https://doi.org/10.1016/j.optcom.2017.06.052

Polymers 2023, 15, 3721 22 of 26

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yan, Y.-F; Zheng, C.-T.; Liang, L.; Meng, J.; Sun, X.-Q.; Wang, E; Zhang, D.-M. Response-time improvement of a 2 x 2 thermo-optic
switch with polymer/silica hybrid waveguide. Opt. Commun. 2012, 285, 3758-3762. [CrossRef]

Xie, Y,; Han, J.; Qin, T.; Ge, X.; Wu, X,; Liu, L.; Wu, X;; Yi, Y. Low Power Consumption Hybrid-Integrated Thermo-Optic Switch
with Polymer Cladding and Silica Waveguide Core. Polymers 2022, 14, 5234. [CrossRef]

Gao, F; Xie, W.; Tan, ].Y.S.; Leong, C.; Li, C,; Luo, X.; Lo, G.Q. Comprehensive Investigation of Thermo-Optic Phase Shifters on a
Multi-Layered SiN-on-SOI Platform. J. Light. Technol. 2023, 41, 3108-3114. [CrossRef]

Faneca, J.; Bucio, T.D.; Gardes, FY.; Baldycheva, A. O-band N-rich silicon nitride MZI based on GST. Appl. Phys. Lett. 2020,
116, 093502. [CrossRef]

Joo, J.; Park, J.; Kim, G. Cost-Effective 2 x 2 Silicon Nitride Mach-Zehnder Interferometric (MZI) Thermo-Optic Switch.
IEEE Photonics Technol. Lett. 2018, 30, 740-743. [CrossRef]

Blumenthal, D.J.; Heideman, R.G.; Geuzebroek, D.H.; Leinse, A.; Roeloffzen, C.G.H. Silicon Nitride in Silicon Photonics.
Proc. IEEE 2018, 106, 2209-2231. [CrossRef]

Chen, T.; Ding, Z.; Dang, Z.; Jiang, X.; Zhang, Z. Function-Versatile Thermo-Optic Switch Using Silicon Nitride Waveguide in
Polymer. Photonics 2023, 10, 277. [CrossRef]

Liu, Y.E; Wang, X.B.; Sun, ].W,; Sun, J.; Wang, E; Chen, C.M.; Sun, X.Q.; Cui, Z.C.; Zhang, D.M. Improved performance of
thermal-optic switch using polymer /silica hybrid and air trench waveguide structures. Opt. Lett. 2015, 40, 1888-1891. [CrossRef]
[PubMed]

Liu, Y.-F; Wang, X.-B.; Sun, J.; Gu, H.-].; Sun, X.-Q.; Chen, C.-M.; Wang, F; Zhang, D.-M. Thermal field analysis of polymer/silica
hybrid waveguide thermo-optic switch. Opt. Commun. 2015, 356, 79-83. [CrossRef]

Sun, S.-Q.; Niu, D.-H.; Sun, Y.; Wang, X.-B.; Yang, M.; Yi, Y.-].; Sun, X.-Q.; Wang, F; Zhang, D.-M. Design and fabrication of
all-polymer thermo-optic variable optical attenuator with low power consumption. Appl. Phys. A 2017, 123, 646. [CrossRef]
Long, Z.; Xiaomin, Z.; Jiyun, S.; Hengwei, Z. Effects of device structure on thermo-optic switch and design optimization. Optik
2020, 201, 163390. [CrossRef]

Duan, F; Chen, K.; Chen, D.; Yu, Y. Low-power and high-speed 2 x 2 thermo-optic MMI-MZI switch with suspended phase arms
and heater-on-slab structure. Opt. Lett. 2021, 46, 234-237. [CrossRef] [PubMed]

Maese-Novo, A.; Zhang, Z.; Irmscher, G.; Polatynski, A.; Mueller, T.; Felipe, D.d.; Kleinert, M.; Brinker, W.; Zawadzki, C.; Keil, N.
Thermally optimized variable optical attenuators on a polymer platform. Appl. Opt. 2015, 54, 569-575. [CrossRef]

Liu, Y.; Wang, H.; Wang, S.; Wang, Y.; Wang, Y.; Guo, Z.; Xiao, S.; Yao, Y.; Song, Q.; Zhang, H.; et al. Highly Efficient Silicon
Photonic Microheater Based on Black Arsenic-Phosphorus. Adv. Opt. Mater. 2020, 8, 1901526. [CrossRef]

Sorianello, V.; Midrio, M.; Contestabile, G.; Asselberghs, I.; Van Campenhout, J.; Huyghebaert, C.; Goykhman, I.; Ott, AK,;
Ferrari, A.C.; Romagnoli, M. Graphene-silicon phase modulators with gigahertz bandwidth. Nat. Photonics 2018, 12, 40-44.
[CrossRef]

Sun, Z.; Martinez, A.; Wang, F. Optical modulators with 2D layered materials. Nat. Photonics 2016, 10, 227-238. [CrossRef]
Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, 1.G.; Teweldebrhan, D.B.; Miao, F.; Lau, C.N. Superior thermal conductivity of
single-layer graphene. Nano Lett. 2008, 8, 902-907. [CrossRef]

Prasher, R. Graphene Spreads the Heat. Science 2010, 328, 185-186. [CrossRef]

Yan, S.; Zhu, X,; Frandsen, L.H.; Xiao, S.; Mortensen, N.A.; Dong, J.; Ding, Y. Slow-light-enhanced energy efficiency for graphene
microheaters on silicon photonic crystal waveguides. Nat. Commun. 2017, 8, 14411. [CrossRef]

Chang, X.; Zhang, H.; Ma, Z.; Zhou, X.; Zhang, L. Mid-infrared Ge-based thermo-optic phase shifters with an improved figure of
merit. Opt. Mater. Express 2022, 12, 1055-1064. [CrossRef]

Zhong, L.; Huang, Q.; Zhang, J.; Xu, O. Low Power Consuming Mode Switch Based on Hybrid-Core Vertical Directional Couplers
with Graphene Electrode-Embedded Polymer Waveguides. Polymers 2023, 15, 88. [CrossRef] [PubMed]

Jiang, L.; Huang, Q.; Chiang, K.S. Low-power all-optical switch based on a graphene-buried polymer waveguide Mach-Zehnder
interferometer. Opt. Express 2022, 30, 6786—6797. [CrossRef]

Jiang, L.; Chiang, K.S. All-optical mode switching with a graphene-buried polymer waveguide directional coupler. Opt. Lett.
2022, 47,2414-2417. [CrossRef] [PubMed]

Wang, X.; Jin, W.,; Chang, Z.; Chiang, K.S. Buried graphene electrode heater for a polymer waveguide thermo-optic device.
Opt. Lett. 2019, 44, 1480-1483. [CrossRef] [PubMed]

Song, Q.Q.; Chen, K.; Hu, Z. Low-Power Broadband Thermo-Optic Switch with Weak Polarization Dependence Using a
Segmented Graphene Heater. |. Light. Technol. 2020, 38, 1358-1364. [CrossRef]

Fang, Q.; Song, ].F,; Liow, T.Y.; Cai, H.; Yu, M.B; Lo, G.Q.; Kwong, D.L. Ultralow Power Silicon Photonics Thermo-Optic Switch
with Suspended Phase Arms. IEEE Photonics Technol. Lett. 2011, 23, 525-527. [CrossRef]

Sun, P; Reano, R.M. Submilliwatt thermo-optic switches using free-standing silicon-on-insulator strip waveguides. Opt. Express
2010, 18, 8406-8411. [CrossRef]

Densmore, A.; Janz, S.; Ma, R.; Schmid, ].H.; Xu, D.-X,; Delage, A.; Lapointe, J.; Vachon, M.; Cheben, P. Compact and low power
thermo-optic switch using folded silicon waveguides. Opt. Express 2009, 17, 10457-10465. [CrossRef]

Lin, D.; Cheng, W,; Shi, S.; Liu, P; Lu, M,; Lin, T.; Hu, G.; Yun, B.; Cui, Y. Improving Performance of Silicon Thermo-Optic Switch
by Combing Spiral Phase Shifter and Optimized Pulse Driving. IEEE Photonics ]. 2022, 14, 1-7. [CrossRef]


https://doi.org/10.1016/j.optcom.2012.05.028
https://doi.org/10.3390/polym14235234
https://doi.org/10.1109/JLT.2023.3241308
https://doi.org/10.1063/1.5140350
https://doi.org/10.1109/LPT.2018.2814616
https://doi.org/10.1109/JPROC.2018.2861576
https://doi.org/10.3390/photonics10030277
https://doi.org/10.1364/OL.40.001888
https://www.ncbi.nlm.nih.gov/pubmed/25927740
https://doi.org/10.1016/j.optcom.2015.07.057
https://doi.org/10.1007/s00339-017-1257-y
https://doi.org/10.1016/j.ijleo.2019.163390
https://doi.org/10.1364/OL.413747
https://www.ncbi.nlm.nih.gov/pubmed/33448995
https://doi.org/10.1364/AO.54.000569
https://doi.org/10.1002/adom.201901526
https://doi.org/10.1038/s41566-017-0071-6
https://doi.org/10.1038/nphoton.2016.15
https://doi.org/10.1021/nl0731872
https://doi.org/10.1126/science.1188998
https://doi.org/10.1038/ncomms14411
https://doi.org/10.1364/OME.444236
https://doi.org/10.3390/polym15010088
https://www.ncbi.nlm.nih.gov/pubmed/36616438
https://doi.org/10.1364/OE.452075
https://doi.org/10.1364/OL.458204
https://www.ncbi.nlm.nih.gov/pubmed/35561364
https://doi.org/10.1364/OL.44.001480
https://www.ncbi.nlm.nih.gov/pubmed/30874681
https://doi.org/10.1109/JLT.2019.2955511
https://doi.org/10.1109/LPT.2011.2114336
https://doi.org/10.1364/OE.18.008406
https://doi.org/10.1364/OE.17.010457
https://doi.org/10.1109/JPHOT.2022.3166167

Polymers 2023, 15, 3721 23 of 26

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Shoji, Y.; Kintaka, K.; Suda, S.; Kawashima, H.; Hasama, T.; Ishikawa, H. Low-crosstalk 2 x 2 thermo-optic switch with silicon
wire waveguides. Opt. Express 2010, 18, 9071-9075. [CrossRef] [PubMed]

Liu, K.; Zhang, C.; Mu, S.; Wang, S.; Sorger, V.J. Two-dimensional design and analysis of trench-coupler based Silicon Mach-
Zehnder thermo-optic switch. Opt. Express 2016, 24, 15845-15853. [CrossRef]

Zhong, C.; Zhang, Z.; Ma, H.; Wei, M.; Ye, Y.; Wu, ].; Tang, B.; Zhang, P; Liu, R.; Li, J.; et al. Silicon Thermo-Optic Switches with
Graphene Heaters Operating at Mid-Infrared Waveband. Nanomaterials 2022, 12, 1083. [CrossRef] [PubMed]

Chen, K; Duan, E; Yu, Y. Performance-enhanced silicon thermo-optic Mach-Zehnder switch using laterally supported suspended
phase arms and efficient electrodes. Opt. Lett. 2019, 44, 951-954. [CrossRef] [PubMed]

Kawai, T.; Koga, M. PLC type compact variable optical attenuator for photonic transport network. Electron. Lett. 1998, 34, 264-265.
[CrossRef]

Ren, M.-Z.; Zhang, ].-S.; An, ].-M.; Wang, Y,; Wang, L.-L.; Li, ].-G.; Wu, Y.-D,; Yin, X.; Hu, X.-W. Low power consumption 4-channel
variable optical attenuator array based on planar lightwave circuit technique. Chin. Phys. B 2017, 26, 074221. [CrossRef]

Wu, X.; Liu, W,; Yuan, Z; Liang, X.; Chen, H.; Xu, X,; Tang, F. Low Power Consumption VOA Array With Air Trenches and
Curved Waveguide. IEEE Photonics . 2018, 10, 1-8. [CrossRef]

Al-Hetar, A.M.; Mohammad, A.B.; Supa’at, A.S.M.; Shamsan, Z.A. MMI-MZI Polymer Thermo-Optic Switch With a High
Refractive Index Contrast. J. Light. Technol. 2011, 29, 171-178. [CrossRef]

Niu, D.; Zhang, D.; Yang, K,; Lian, T.; Sun, S.; Li, B.; Wang, X. 850-nm polymeric waveguide thermo-optic switch with low
power-consumption. Opt. Laser Technol. 2020, 132, 106476. [CrossRef]

Xie, N.; Hashimoto, T.; Utaka, K. Very Low-Power, Polarization-Independent, and High-Speed Polymer Thermooptic Switch.
IEEE Photonics Technol. Lett. 2009, 21, 1861-1863. [CrossRef]

Xie, N.; Hashimoto, T.; Utaka, K. Design and Performance of Low-Power, High-Speed, Polarization-Independent and Wideband
Polymer Buried- Channel Waveguide Thermo-Optic Switches. . Light. Technol. 2014, 32, 3067-3073. [CrossRef]

Lv, J; Yang, Y.; Lin, B.; Cao, Y.; Zhang, Y.; Li, S.; Yi, Y.; Wang, F; Zhang, D. Graphene-embedded first-order mode polymer
Mach-Zender interferometer thermo-optic switch with low power consumption. Opt. Lett. 2019, 44, 4606—-4609. [CrossRef]
[PubMed]

Liang, L.; Qv, L.; Zhang, L.; Zheng, C.; Sun, X.; Wang, F.; Zhang, D. Fabrication and characterization on an organic/inorganic
2 x 2 Mach-Zehnder interferometer thermo-optic switch. Photonics Nanostruct.-Fundam. Appl. 2014, 12, 173-183. [CrossRef]
Liang, L.; Zheng, C.-T.; Yan, Y.-F.; Sun, X.-Q.; Wang, E; Ma, C.-S.; Zhang, D.-M. Low-power and high-speed thermo-optic switch
using hybrid silica/polymer waveguide structure: Design, fabrication and measurement. J. Mod. Opt. 2012, 59, 1084-1091.
[CrossRef]

Liang, L.; Zheng, C.-T,; Sun, X.-Q.; Wang, F; Ma, C.-S.; Zhang, D.-M. Driving-Noise-Tolerant Broadband Polymer /Silica Hybrid
Thermo-Optic Switch with Low Power Consumption. Fiber Integr. Opt. 2012, 31, 299-315. [CrossRef]

Yan, Y.; Zheng, C.; Sun, X.; Wang, F.; Zhang, D. Fast response 2 x 2 thermo-optic switch with polymer/silica hybrid waveguide.
Chin. Opt. Lett. 2012, 10, 092501-092503. [CrossRef]

Yin, Y;; Yao, M,; Ding, Y; Xu, X,; Li, Y,; Wu, Y.; Zhang, D. Polymer/Silica Hybrid Waveguide Thermo-Optic VOA Covering
O-Band. Micromachines 2022, 13, 511. [CrossRef]

Cao, Y,; Zhang, D.; Yang, Y,; Lin, B,; Lv, J.; Yang, X.; Zhao, H.; Wang, F,; Li, B.; Yi, Y. Dispersed-Monolayer Graphene-Doped
Polymer/Silica Hybrid Mach-Zehnder interferometer (MZI) Thermal Optical Switch with Low-Power Consumption and Fast
Response. Polymers 2019, 11, 1898. [CrossRef]

Li, J.; Huang, Y;; Song, Y.; Li, L.; Zheng, H.; Wang, H.; Gu, T.; Richardson, K.A.; Kong, J.; Hu, J.; et al. High-performance
graphene-integrated thermo-optic switch: Design and experimental validation [Invited]. Opt. Mater. Express 2020, 10, 387-396.
[CrossRef]

Yu, L; Yin, Y;; Shi, Y;; Dai, D.; He, S. Thermally tunable silicon photonic microdisk resonator with transparent graphene
nanoheaters. Optica 2016, 3, 159-166. [CrossRef]

Tong, W.; Yang, E.; Pang, Y.; Yang, H.; Qian, X,; Yang, R.; Hu, B.; Dong, J.; Zhang, X. An Efficient, Fast-Responding, Low-
Loss Thermo-Optic Phase Shifter Based on a Hydrogen-Doped Indium Oxide Microheater. Laser Photonics Rev. 2023, 2201032.
[CrossRef]

Guan, X.; Wang, X.; Frandsen, L.H. Optical temperature sensor with enhanced sensitivity by employing hybrid waveguides in a
silicon Mach-Zehnder interferometer. Opt. Express 2016, 24, 16349-16356. [CrossRef]

Niu, D.; Zhang, D.; Wang, L,; Lian, T,; Jiang, M.; Sun, X,; Li, Z.; Wang, X. High-resolution and fast-response optical waveguide
temperature sensor using asymmetric Mach-Zehnder interferometer structure. Sens. Actuators A Phys. 2019, 299, 111615.
[CrossRef]

You, M; Lin, Z.; Li, X.; Liu, J. Chip-scale silicon ring resonators for cryogenic temperature sensing. J. Light. Technol. 2020, 38,
5768-5773. [CrossRef]

Xu, H.; Hafezi, M,; Fan, J.; Taylor, ].M.; Strouse, G.E; Ahmed, Z. Ultra-sensitive chip-based photonic temperature sensor using
ring resonator structures. Opt. Express 2014, 22, 3098-3104. [CrossRef]


https://doi.org/10.1364/OE.18.009071
https://www.ncbi.nlm.nih.gov/pubmed/20588754
https://doi.org/10.1364/OE.24.015845
https://doi.org/10.3390/nano12071083
https://www.ncbi.nlm.nih.gov/pubmed/35407204
https://doi.org/10.1364/OL.44.000951
https://www.ncbi.nlm.nih.gov/pubmed/30768028
https://doi.org/10.1049/el:19980226
https://doi.org/10.1088/1674-1056/26/7/074221
https://doi.org/10.1109/JPHOT.2018.2816647
https://doi.org/10.1109/JLT.2010.2098473
https://doi.org/10.1016/j.optlastec.2020.106476
https://doi.org/10.1109/LPT.2009.2034131
https://doi.org/10.1109/JLT.2014.2335814
https://doi.org/10.1364/OL.44.004606
https://www.ncbi.nlm.nih.gov/pubmed/31517942
https://doi.org/10.1016/j.photonics.2013.12.001
https://doi.org/10.1080/09500340.2012.697201
https://doi.org/10.1080/01468030.2012.727131
https://doi.org/10.3788/col201210.092501
https://doi.org/10.3390/mi13040511
https://doi.org/10.3390/polym11111898
https://doi.org/10.1364/OME.382856
https://doi.org/10.1364/OPTICA.3.000159
https://doi.org/10.1002/lpor.202201032
https://doi.org/10.1364/OE.24.016349
https://doi.org/10.1016/j.sna.2019.111615
https://doi.org/10.1109/JLT.2020.3002552
https://doi.org/10.1364/OE.22.003098

Polymers 2023, 15, 3721 24 of 26

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Kim, G.-D.; Lee, H.-S; Park, C.-H.; Lee, S.-S.; Lim, B.T.; Bae, H.K.; Lee, W.-G. Silicon photonic temperature sensor employing a
ring resonator manufactured using a standard CMOS process. Opt. Express 2010, 18, 22215-22221. [CrossRef] [PubMed]

Zhu, X,; You, M,; Lin, Z.; Yang, B.; Liu, J. Self-Referenced Temperature Sensors Based on Cascaded Silicon Ring Resonator. In
Proceedings of the 2023 IEEE 36th International Conference on Micro Electro Mechanical Systems (MEMS), Munich, Germany,
15-19 January 2023; pp. 929-932.

Ma, X.; Zhao, Z.Y,; Yao, H.; Deng, ].Y.; Wu, J.; Hu, Z.; Chen, K.X. Compact and Highly Sensitive Refractive Index Sensor Based on
Embedded Double-Ring Resonator Using Vernier Effect. IEEE Photonics |. 2023, 15, 1-9. [CrossRef]

Yang, F.; Zhang, W,; Jiang, Y.; Tao, J.; He, Z. Highly Sensitive Integrated Photonic Sensor and Interrogator Using Cascaded Silicon
Microring Resonators. |. Light. Technol. 2022, 40, 3055-3061. [CrossRef]

Claes, T.; Bogaerts, W.; Bienstman, P. Experimental characterization of a silicon photonic biosensor consisting of two cascaded ring
resonators based on the Vernier-effect and introduction of a curve fitting method for an improved detection limit. Opt. Express
2010, 18, 22747-22761. [CrossRef]

Kim, H.-T,; Yu, M. Cascaded ring resonator-based temperature sensor with simultaneously enhanced sensitivity and range.
Opt. Express 2016, 24, 9501-9510. [CrossRef]

Zhu, H.H.; Yue, YH.; Wang, Y.J.; Zhang, M.; Shao, L.Y.; He, ].].; Li, M.Y. High-sensitivity optical sensors based on cascaded
reflective MZIs and microring resonators. Opt. Express 2017, 25, 28612-28618. [CrossRef]

Azuelos, P; Girault, P,; Lorrain, N.; Poffo, L.; Guendouz, M.; Thual, M.; Lemaitre, J.; Pirasteh, P.; Hardy, I.; Charrier, J. High
sensitivity optical biosensor based on polymer materials and using the Vernier effect. Opt. Express 2017, 25, 30799-30806.
[CrossRef]

Jiang, X.; Chen, Y,; Yu, E; Tang, L.; Li, M.; He, J.-]. High-sensitivity optical biosensor based on cascaded Mach-Zehnder
interferometer and ring resonator using Vernier effect. Opt. Lett. 2014, 39, 6363-6366. [CrossRef] [PubMed]

Xie, Y.; Zhang, M.; Dai, D. Design Rule of Mach-Zehnder Interferometer Sensors for Ultra-High Sensitivity. Sensors 2020, 20, 2640.
[CrossRef]

Zhang, Y.; Zou, ].; He, ].-]. Temperature sensor with enhanced sensitivity based on silicon Mach-Zehnder interferometer with
waveguide group index engineering. Opt. Express 2018, 26, 26057-26064. [CrossRef] [PubMed]

Niu, D.; Wang, L.; Xu, Q.; Jiang, M.; Wang, X.; Sun, X.; Wang, F.; Zhang, D. Ultra-sensitive polymeric waveguide temperature
sensor based on asymmetric Mach-Zehnder interferometer. Appl. Opt. 2019, 58, 1276-1280. [CrossRef]

Benéitez, N.T.; Missinne, J.; Shi, Y.; Chiesura, G.; Luyckx, G.; Degrieck, J.; Steenberge, G.V. Highly Sensitive Waveguide Bragg
Grating Temperature Sensor Using Hybrid Polymers. IEEE Photonics Technol. Lett. 2016, 28, 1150-1153. [CrossRef]

Tian, L.; Sun, Y.; Cao, Y.; Yi, Y,; Wang, E; Wu, Y.; Zhang, D. Polymer/Silica Hybrid Waveguide Bragg Grating Fabricated by
UV-Photobleaching. IEEE Photonics Technol. Lett. 2018, 30, 603-606. [CrossRef]

Ding, Z.; Shi, Y. Demonstration of an Ultra-Sensitive Temperature Sensor Using an Asymmetric Mach-Zehnder Interferometer.
IEEE Photonics J. 2021, 13, 1-5. [CrossRef]

Ding, Z.; Dai, D.; Shi, Y. Ultra-sensitive silicon temperature sensor based on cascaded Mach-Zehnder interferometers. Opt. Lett.
2021, 46, 2787-2790. [CrossRef]

Zhang, C.; Kang, G.; Xiong, Y.; Xu, T; Gu, L.; Gan, X,; Pan, Y.; Qu, J. Photonic thermometer with a sub-millikelvin resolution and
broad temperature range by waveguide-microring Fano resonance. Opt. Express 2020, 28, 12599-12608. [CrossRef] [PubMed]
Tao, J.E; Cai, H.; Gu, Y.D.; Wu, J; Liu, A.Q. Demonstration of a Photonic-Based Linear Temperature Sensor. IEEE Photonics
Technol. Lett. 2015, 27, 767-769. [CrossRef]

Payne, D.A.; Matthews, J.CE A CMOS-compatible heterogeneous interferometer for chip-scale temperature sensing.
Appl. Phys. Lett. 2022, 121, 261104. [CrossRef]

Niu, D.; Wang, X.; Sun, S.; Jiang, M.; Xu, Q.; Wang, F.; Wu, Y.; Zhang, D. Polymer/silica hybrid waveguide temperature sensor
based on asymmetric Mach-Zehnder interferometer. J. Opt. 2018, 20, 045803. [CrossRef]

Wang, X.-B.; Sun, J.; Chen, C.-M,; Sun, X.-Q.; Wang, F.; Zhang, D.-M. Thermal UV treatment on SU-8 polymer for integrated
optics. Opt. Mater. Express 2014, 4, 509-517. [CrossRef]

Ong, B.H.; Yuan, X; Tao, S.; Tjin, S.C. Photothermally enabled lithography for refractive-index modulation in SU-8 photoresist.
Opt. Lett. 2006, 31, 1367-1369. [CrossRef]

Wu, Z.L,; Qi, YN,; Yin, X.J.; Yang, X.; Chen, C.M.; Yu, ].Y;; Yu, ].C.; Lin, YM.; Hui, F; Liu, PL.; et al. Polymer-Based Device
Fabrication and Applications Using Direct Laser Writing Technology. Polymers 2019, 11, 553. [CrossRef] [PubMed]

La, T.L.; Bui, B.N.; Nguyen, T.T.N.; Pham, T.L.; Tran, Q.T,; Tong, Q.C.; Mikulich, A.; Nguyen, T.P; Nguyen, T.T.T.; Lai, N.D. Design
and Realization of Polymeric Waveguide/Microring Structures for Telecommunication Domain. Micromachines 2023, 14, 1068.
[CrossRef] [PubMed]

Rasel, O.F; Ishigure, T. Circular core single-mode 3-dimensional crossover polymer waveguides fabricated with the Mosquito
method. Opt. Express 2019, 27, 32465-32479. [CrossRef]

Hatai, R.; Hama, H.; Ishigure, T. Fabrication for single/few-mode Y-branch waveguide using the Mosquito method. Opt. Express
2022, 30, 3524-3537. [CrossRef]


https://doi.org/10.1364/OE.18.022215
https://www.ncbi.nlm.nih.gov/pubmed/20941123
https://doi.org/10.1109/jphot.2022.3231935
https://doi.org/10.1109/JLT.2022.3145501
https://doi.org/10.1364/OE.18.022747
https://doi.org/10.1364/OE.24.009501
https://doi.org/10.1364/OE.25.028612
https://doi.org/10.1364/OE.25.030799
https://doi.org/10.1364/OL.39.006363
https://www.ncbi.nlm.nih.gov/pubmed/25490469
https://doi.org/10.3390/s20092640
https://doi.org/10.1364/OE.26.026057
https://www.ncbi.nlm.nih.gov/pubmed/30469698
https://doi.org/10.1364/AO.58.001276
https://doi.org/10.1109/LPT.2016.2533020
https://doi.org/10.1109/LPT.2018.2805843
https://doi.org/10.1109/JPHOT.2021.3098699
https://doi.org/10.1364/OL.426787
https://doi.org/10.1364/OE.390966
https://www.ncbi.nlm.nih.gov/pubmed/32403754
https://doi.org/10.1109/LPT.2015.2392107
https://doi.org/10.1063/5.0128130
https://doi.org/10.1088/2040-8986/aaafe6
https://doi.org/10.1364/OME.4.000509
https://doi.org/10.1364/OL.31.001367
https://doi.org/10.3390/polym11030553
https://www.ncbi.nlm.nih.gov/pubmed/30960537
https://doi.org/10.3390/mi14051068
https://www.ncbi.nlm.nih.gov/pubmed/37241692
https://doi.org/10.1364/OE.27.032465
https://doi.org/10.1364/OE.447313

Polymers 2023, 15, 3721 25 of 26

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Lin, C; Jia, X,; Chen, C.; Yang, C.; Li, X.; Shao, M.; Yu, Y.; Zhang, Z. Direct ink writing 3D-printed optical waveguides for
multi-layer interconnect. Opt. Express 2023, 31, 11913-11922. [CrossRef] [PubMed]

Yao, Y.; Wei, Y.;; Dong, J.; Li, M.; Zhang, X. Large-Scale Reconfigurable Integrated Circuits for Wideband Analog Photonic
Computing. Photonics 2023, 10, 300. [CrossRef]

Zhang, L.; Zhang, M.; Chen, T,; Liu, D.; Hong, S.; Dai, D. Ultrahigh-resolution on-chip spectrometer with silicon photonic
resonators. Opto-Electron. Adv. 2022, 5, 210100-1-210100-9. [CrossRef]

Yuan, M,; Li, Y,; Xiao, H.; Zhou, X.; Cao, P; Cheng, L.; Ren, G.; Hao, Q.; Xue, J.; Mitchell, A.; et al. Reconfigurable Optical Directed
Logic Circuits Based on Mode Division Multiplexing Technology. IEEE Photonics ]. 2023, 15, 1-7. [CrossRef]

Zhao, W.; Peng, Y.; Cao, X.; Zhao, S.; Liu, R.; Wei, Y,; Liu, D.; Yi, X;; Han, S.; Wan, Y.; et al. 96-Channel on-chip reconfigurable
optical add-drop multiplexer for multidimensional multiplexing systems. Nanophotonics 2022, 11, 4299-4313. [CrossRef]
Mahmudlu, H.; Johanning, R.; van Rees, A.; Khodadad Kashi, A.; Epping, ].P.; Haldar, R.; Boller, K.-J.; Kues, M. Fully on-chip
photonic turnkey quantum source for entangled qubit/qudit state generation. Nat. Photonics 2023, 17, 518-524. [CrossRef]
Llewellyn, D.; Ding, Y.; Faruque, L1; Paesani, S.; Bacco, D.; Santagati, R.; Qian, Y.-J.; Li, Y.; Xiao, Y.-F.; Huber, M.; et al. Chip-to-chip
quantum teleportation and multi-photon entanglement in silicon. Nat. Phys. 2020, 16, 148-153. [CrossRef]

Zhang, H.; Gu, M; Jiang, X.D.; Thompson, J.; Cai, H.; Paesani, S.; Santagati, R.; Laing, A.; Zhang, Y.; Yung, M.H.; et al. An optical
neural chip for implementing complex-valued neural network. Nat. Commun. 2021, 12, 457. [CrossRef]

Zhu, HH.; Zou, J.; Zhang, H.; Shi, Y.Z.; Luo, S.B.; Wang, N.; Cai, H.; Wan, L.X.; Wang, B.; Jiang, X.D.; et al. Space-efficient optical
computing with an integrated chip diffractive neural network. Nat. Commun. 2022, 13, 1044. [CrossRef] [PubMed]

Tao, Z.; Tao, Y.; Jin, M.; Qin, J.; Chen, R.; Shen, B.; Wu, Y.; Shu, H,; Yu, S.; Wang, X. Highly reconfigurable silicon integrated
microwave photonic filter towards next-generation wireless communication. Phofon. Res. 2023, 11, 682-694. [CrossRef]
Zhuang, L.; Roeloffzen, C.G.H.; Hoekman, M.; Boller, K.-].; Lowery, A.J. Programmable photonic signal processor chip for
radiofrequency applications. Optica 2015, 2, 854-859. [CrossRef]

Liu, Y.; Hu, H. Silicon optical phased array with a 180-degree field of view for 2D optical beam steering. Optica 2022, 9, 903-907.
[CrossRef]

Wang, Q.; Wang, S.; Jia, L.; Cai, Y.; Yue, W.; Yu, M. Silicon nitride assisted 1 x 64 optical phased array based on a SOI platform.
Opt Express 2021, 29, 10509-10517. [CrossRef]

Yasir, M,; Sai, T.; Sicher, A.; Scheffold, E; Steiner, U.; Wilts, B.D.; Dufresne, E.R. Enhancing the Refractive Index of Polymers with a
Plant-Based Pigment. Small 2021, 17, 2103061. [CrossRef] [PubMed]

Badur, T.; Dams, C.; Hampp, N. High Refractive Index Polymers by Design. Macromolecules 2018, 51, 4220—-4228. [CrossRef]
Higashihara, T.; Ueda, M. Recent Progress in High Refractive Index Polymers. Macromolecules 2015, 48, 1915-1929. [CrossRef]
Watanabe, S.; Nishio, H.; Takayama, T.; Oyaizu, K. Supramolecular Cross-Linking of Thiophenylene Polymers via Multiple
Hydrogen Bonds toward High Refractive Index. ACS Appl. Polym. Mater. 2023, 5, 2307-2311. [CrossRef]

Nishant, A.; Kim, K.-J.; Showghi, S.A.; Himmelhuber, R.; Kleine, T.S.; Lee, T.; Pyun, J.; Norwood, R.A. High Refractive Index
Chalcogenide Hybrid Inorganic/Organic Polymers for Integrated Photonics. Adv. Opt. Mater. 2022, 10, 2200176. [CrossRef]
Ritchie, A.W.; Cox, H.J.; Gonabadi, H.L; Bull, S.J.; Badyal, ].P.S. Tunable High Refractive Index Polymer Hybrid and Polymer—
Inorganic Nanocomposite Coatings. ACS Appl. Mater. Interfaces 2021, 13, 33477-33484. [CrossRef]

Yue, J.; Sun, X.; Wang, C.; Zhang, S.; Han, L.; Wang, J.; Cui, Z.; Shi, Z.; Zhang, D.; Chen, C. Triple-layered optical interconnect-
ing integrated waveguide chip based on epoxy cross-linking fluorinated polymer photonic platform. Opt. Express 2023, 31,
19415-19427. [CrossRef]

Wang, J.; Chen, C.; Wang, C.; Wang, X; Yi, Y; Sun, X.; Wang, F.; Zhang, D. Metal-Printing Defined Thermo-Optic Tunable Sampled
Apodized Waveguide Grating Wavelength Filter Based on Low Loss Fluorinated Polymer Material. Appl. Sci. 2020, 10, 167.
[CrossRef]

Cheng, R.; Zhang, D.; Wang, J.; Wang, C.; Gao, F; Sun, X.; Shi, Z.; Cui, Z.; Chen, C. Fluorinated photopolymer cascaded MMI-based
integrated optical waveguide switching matrix with encoding functions. Opt. Express 2019, 27, 12883-12898. [CrossRef]

Niu, X.; Zheng, Y.; Gu, Y.; Chen, C.; Cai, Z.; Shi, Z.; Wang, F,; Sun, X.; Cui, Z.; Zhang, D. Thermo-optic waveguide gate switch
arrays based on direct UV-written highly fluorinated low-loss photopolymer. Appl. Opt. 2014, 53, 6698-6705. [CrossRef]
[PubMed]

Cao, Y,; Zhang, D.; Yang, Y;; Lin, B.; Lv, ].; Wang, F.; Yang, X.; Yi, Y. Au Nanoparticles-Doped Polymer All-Optical Switches Based
on Photothermal Effects. Polymers 2020, 12, 1960. [CrossRef]

Tao, S.; Yan, J.; Song, H.; Wei, J.; Fu, Y.; Zhao, D.; Wang, F.; Zhang, D. Modeling and simulation of erbium-ytterbium co-doped
optical waveguide amplifiers with dual-wavelength pumping at 980 nm and 1480 nm. ]. Phys. D Appl. Phys. 2023, 56, 344003.
[CrossRef]

Fu, Y; Sun, T; Li, J.; Tang, Y,; Yang, Y.; Tao, S.; Wang, E; Zhang, D.; Qin, G,; Jia, Z.; et al. (S + C)-band polymer waveguide
amplifier based on Tm3+ and Er3+ layer-doped core-shell nanoparticles. Opt. Lett. 2023, 48, 391-394. [CrossRef] [PubMed]


https://doi.org/10.1364/OE.485467
https://www.ncbi.nlm.nih.gov/pubmed/37155815
https://doi.org/10.3390/photonics10030300
https://doi.org/10.29026/oea.2022.210100
https://doi.org/10.1109/JPHOT.2023.3270341
https://doi.org/10.1515/nanoph-2022-0319
https://doi.org/10.1038/s41566-023-01193-1
https://doi.org/10.1038/s41567-019-0727-x
https://doi.org/10.1038/s41467-020-20719-7
https://doi.org/10.1038/s41467-022-28702-0
https://www.ncbi.nlm.nih.gov/pubmed/35210432
https://doi.org/10.1364/PRJ.476466
https://doi.org/10.1364/OPTICA.2.000854
https://doi.org/10.1364/OPTICA.458642
https://doi.org/10.1364/OE.420921
https://doi.org/10.1002/smll.202103061
https://www.ncbi.nlm.nih.gov/pubmed/34558188
https://doi.org/10.1021/acs.macromol.8b00615
https://doi.org/10.1021/ma502569r
https://doi.org/10.1021/acsapm.3c00391
https://doi.org/10.1002/adom.202200176
https://doi.org/10.1021/acsami.1c07372
https://doi.org/10.1364/OE.489929
https://doi.org/10.3390/app10010167
https://doi.org/10.1364/OE.27.012883
https://doi.org/10.1364/AO.53.006698
https://www.ncbi.nlm.nih.gov/pubmed/25322371
https://doi.org/10.3390/polym12091960
https://doi.org/10.1088/1361-6463/accc98
https://doi.org/10.1364/OL.477267
https://www.ncbi.nlm.nih.gov/pubmed/36638465

Polymers 2023, 15, 3721 26 of 26

141. Fu, Y; Yang, Y;; Sun, T,; Tang, Y,; Li, J.; Cui, H.; Qin, W.; Wang, F.; Qin, G.; Zhao, D. Polymer-based S-band waveguide amplifier
using NaYF4:Yb,Tm-PMMA nanocomposite as gain medium. Opt. Lett. 2022, 47, 154-157. [CrossRef]

142. Mihailov, S.; Grobnic, D.; Smelser, C.; Walker, R. Grating-inscription technique eliminates need for fiber stripping and recoating.
SPIE Newsroom 2009, 1-2. [CrossRef]

143. Uyor, U.O,; Popoola, A.PI; Popoola, O.M.; Aigbodion, V.S. Polymeric cladding materials under high temperature from optical
fibre perspective: A review. Polym. Bull. 2020, 77, 2155-2177. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1364/OL.441662
https://doi.org/10.1117/2.1200901.1502
https://doi.org/10.1007/s00289-019-02830-y

	Introduction 
	Principle of the Thermo-Optic Effect 
	Thermo-Optic Devices 
	Thermo-Optic Switches and Thermo-Optic Variable Optical Attenuators 
	Thermo-Optic Temperature Sensors 

	Fabrication 
	Photolithography 
	Photobleaching 
	Nanoimprint 
	Direct Laser Writing 
	Dispensing Direct Writing 

	Summary and Discussion 
	Conclusions 
	References

