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Preface: Technologies Reshaping our Daily Lives

Electronics are deeply embedded in every corner of our daily lives, be it in factories, offices,
apartments or elsewhere. Now they are morphing from a hard and cold machine to a soft and warm
intelligence, such as various wearable electronics, which are becoming an essential part of our lives and
reshaping our behavior mode and living style. Among them, flexible and stretchable electronics are
pivotal from a technical perspective. However, when transiting from the stiff and hard to a flexible and
stretchable system, we are facing various technical challenges ranging from general strategy, materials,
mechanics, and fabrication processes, through to their applications. Hence, in collaboration with our
two colleagues from Korea, and the International Symposium of Flexible and Stretchable
Electronics 2016, Wuhan, Micromachines, organized a focus theme issue—Flexible and Stretchable
Electronics.

We are happy to see the strong interest expressed by the community on this topic and in
this book share selected high-quality papers with you. The Special Issue currently includes 12 papers,
1 editorial, 7 original articles and 4 review papers.

In the editorial, two prestigious scholars, Prof. Yonggang Huang from Northwestern University,
USA, and Prof. Yibing Cheng from Monash University, Australia, two rising stars, Dr. Dae-Hyeong
Kim from Seoul National University, and Xuanhe Zhao from Massachusetts Institute of Technology,
USA, and an excellent researcher, Prof. Haixia Zhang from Peking University, China, shared their
eminent opinions, common concerns and perspectives on the opportunities and challenges in flexible
and stretchable electronics.

For flexible electronics, Lee, P. et al. demonstrated a way to rapid and effective improvement of
the conductance of the Ag nanowired-based conductor by using a laser-induced nano-welding process,
while Lee, H. et al. focused on the laser sintering technique for large areal processing using a spatially
focused beam. In Zhou, P. et al’s work, an ultrasonic spray coating was developed for TiO:
nanoparticles on polymer substrates for the fabrication of flexible perovskite solar cells. In another
research article, Lan et al. presented a new and improved approach to the rapid and green fabrication
of highly conductive microscale silver structures on low-cost transparent polyethylene terephthalate
flexible substrates.

On the subject of stretchable electronics, Jun et al. reported uni- or bi-axially wrinkled
graphene-silver nanowire hybrid electrodes comprised of chemical vapor deposition (CVD)-grown
graphene and silver nanowires, while Kim et al. presented NHs sensing with ultra-low energy
consumption for fast recovery and a graphene sheet based on a suspended microheater. In Cui et al.’s
work, a one-dimensional analytic thermal model is developed for flexible electronic devices interacting
with human skin.

In addition, four in-depth review articles were included: from perspectives of mechanisms and
materials, Zhao and Huang further discussed fabrication techniques and representative applications of
flexible and stretchable skin sensors. In Luo et al’s article, the focus was on flexible transparent
electrodes based on carbon and metallic materials looking at fabrication techniques, performance
improvement, and various applications. Yu et al. discussed several strategies for elastomer-based
stretchable conductors. In the last review article, Wang and Liu discussed recent advances in liquid
alloy-based flexible and stretchable printed electronics.

In conclusion, research on flexible and stretchable electronics to date has attracted much
attention and tremendous advances have been achieved, although it is developing further all the time.
We look forward to more innovative work on fabrication development, system integration and diverse
applications, which will no doubt become integrated into our daily lives in the near future.

Zhigang Wu
Special Issue Editor

vii
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The 2016 International Symposium of Flexible and Stretchable Electronics (ISFSE2016),
co-sponsored by the Flexible Electronics Research Center, Huazhong University of Science and
Technology (HUST) & State Key Laboratory of Digital Manufacturing and Equipment Technology,
National Natural Science and Engineering (NSFC), was successfully held in Wuhan, China,
29-30 June 2016.

A panel of five scholars of international standing led the panel discussion at the conference on
important and timely topics including reliability or new functions of flexible and stretchable electronics,
advanced materials, flexible electronics manufacturing, ways to link flexible electronics to medical
applications, and the roles of organic and inorganic electronics in flexible electronics.

Dr. Yonggang Huang is the
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Mechanical Engineering, Civil
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Engineering at Northwestern
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engineering at Seoul National
University. His research aims
to develop technologies for

—
‘ . high-performance flexible
' and stretchable

electronic
devices using high-quality single crystal inorganic

materials and novel biocompatible materials that
enable a new generation of implantable biomedical
systems with novel capabilities and increased
performance.
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Zhao is an
professor  and
Noyce Career Development
Chair in the Department of
Mechanical Engineering,
MIT. His current research
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design soft materials that
possess unprecedented properties and functions. Dr.
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Dr. Haixia Zhang is a
professor in the Institute of
Microelectronics, Peking
University. Her research fields
include micro/nano energy
harvesting technologies, self-
powering systems and active
sensors. She has published
more than 100 papers in prominent journals, six

books/book  chapters and 30 patents on
micro/nanotechnology.

1.  What are the key challenges in flexible electronics? What is the niche market and the killer
application for stretchable electronics?

Huang: One killer application of flexible or stretchable electronics is in medicine. Dae-Hyeong,
you have done a lot of work in this area, can you make some comments?

Kim: I totally agree with Prof. Huang. The limitation of flexible and stretchable electronics is that
the device performance may be lower than conventional rigid electronics. Flexible and stretchable
electronics may not be able to compete with rigid electronics in device performances. When we change
the substrate from the rigid silicon wafer to plastics, the device performance would be decreased
significantly. Therefore, what we need to do is to find out new markets and applications, such as
novel medical systems based on flexible electronics. In medical applications, the device should be
human-friendly. Individual organs and/or tissues are quite soft, and their shape is curvilinear. So, the
device should also be deformable to conform to these biological systems, which is a key property of
flexible and stretchable electronics.

Zhao: I fully agree with Yonggang and Dae-Hyeong's points. In the health care industry, I think
flexible and stretchable electronics indeed has a niche market. I also want to add some additional
points. Flexible and stretchable electronics may address some critical issues in this aging society, in
addition to health care; for example, monitoring the well-being of senior people. We will probably not
pay a thousand dollars or more to buy a flexible cell phone. But if the cell phone were able to be used
as a very comfortable device for senior people and were able to monitor many of their vital signals, we
might buy it. Another potential application is in education. We now learn many new things through
cell phones. But it would be better if we could have a more conformal and natural way to receive
different types of information.

Huang: T totally agree with your points on health care. But I do not really follow your comment
on education. I am not sure I understand it yet.

Zhao: Books and rigid devices such as tablet computers have allowed us to learn new information.
Flexible electronics, for example, flexible goggles, and different types of virtual reality devices that
are more flexible and more conformable, may even do better in this regard. Learning is no longer
limited to the classroom; learning is everywhere. I think this kind of conformal devices that can be
very comfortably attached to your body may lead to innovative ways of learning and education.

Huang: I fully agree with what you have just said.

Zhang: I want to add some comments here again. So, regarding health care, I agree, we should
certainly pay more attention to the wearable market. Another hot topic is artificial intelligence (AI).
Recently, Al has become very popular everywhere—such as in famous human-like robots that resemble
the most beautiful ladies—and draws a lot of attention. So, if we see this as the future of Al, the future
of robots, then soft electronics and conformal electronics are exactly what is needed. If we can put
all these on top of our skin, they can detect not only temperature but also many other parameters.
Then, these robots will be much smaller in many conditions. I think we should pay attention to these
advanced technologies.
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2. Is polydimethylsiloxane (PDMS) the best carrier? Or hydrogel? What is the area of greatest
potential for hydrogel?

Huang: I do not think there is one best carrier for everything. There are so many substrates that
we have used, such as PDMS, Ecoflex®, and Silbione®, depending on the applications. I do not think
we need to identify one single material that suits all the purposes. For example, the elastic modulus of
Ecoflex matches well with that of the skin, and is therefore useful for epidermal applications. For some
other applications, PDMS may be a good choice.

Zhao: I agree with Yonggang. The choice of material is application-dependent, especially when
considering integrating devices with the human body. Different parts of human bodies have different
properties, so this is a material design and system design issue. PDMS has been widely used in flexible
electronics, while hydrogels have broad applications in biomedicine. But I do not think there is a best
material; it will depend on the application.

Huang: Dae-Hyeong uses one special type of substrate, silk, for bio-integrated electronics,
which can dissolve inside the human body. This cannot be achieved by PDMS. Therefore, different
applications require different substrates.

3. Shall we focus more on the reliability or new functions?

Cheng: I think it very much depends on what your interest is. If you are interested in applications,
I think the reliability is probably more important for consideration. Many excellent research works
about different flexible or stretchable electronics have already been reported, but most of these works
have not been accepted by the market as commercial products, because most of them failed in reliability
or in functionality. For example, I just talked about perovskite solar cells, showing 20% efficiency.
But their long-term performance is poor, currently lasting for two weeks or a month. So, from that
point of view, I think it would be a huge contribution to the whole field if we can improve the reliability
of one or two research outcomes and make them really accepted by the market. However, if you are a
young researcher, just coming into this field, and you want to do something exciting or achieve good
publications, then focusing on reliability may not be your best choice. This is because the study of
reliability is time-consuming and may be difficult to produce many journal papers with very high
impact factor. So, if you really want to publish in Nature or Science, you would probably prefer to
work on something that is new and more exciting.

Zhang: From my experience in my field, MEMS (Micro-Electro-Mechanical System) is probably
not a good field for publication. In most MEMS journals, the impact factor is pretty low, for example,
below 2. So, that presents many issues for students, because they want to graduate with very good
records. Especially in China, a lot of university academics now asking for high impact publications. So,
if you are a student, I strongly suggest that you work on the functions and innovations, and offer some
new innovations for good publications. That is not only to make your resume look impressive, it is
also very good educational training. At a very young age, you should find something really exciting,
not invest your time in something reliable. Reliability research is not for the young students in the lab.
So I suggest, if you are working in the lab, and still want to continue academia career as a professor,
you should try your best to make something new, try to make something really exciting. After many
years, you may move into a big production market, and then you will be able to hire a bunch of people
to work on the reliability. I think that is the strategy.

Zhao: For a wide range of applications of flexible and stretchable electronics, reliability is a very
import issue. The first light bulb invented by Thomas Edison only lasted a few hours, which probably
would not be widely adopted in the society. Edison and his team further improved the design so that
it could last over a thousand hours, and then the widespread applications of light bulks made a major
impact on our society. For the field of flexible and stretchable electronics, we do need to invent new
functions and applications. At the same time, especially for translational and industrial applications,
we also need to pay attention to the reliability.
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Kim: For students, I think that innovation should be emphasized. It is true that reliability is
always important. For example, all the medical devices that we are working on always need to be
highly reliable. But I personally think that new ideas and innovations are more important, as we are
conducting research at the university. Of course, if you are working at a company, reliability is very
important. However, we are working on new ideas, and creating new frontiers and new innovations.
So, students should be working more on new, innovative functions.

4. Isit of interest to actuating technology? For what kind of applications?

Kim: Ok, usually I work on soft medical devices, and it is related to sensors and actuators. For the
sensing purpose, sometimes we need actuators. If you just want to measure the electrical features, an
amplifier might be good enough. But if you want to measure some mechanical properties of specific
tissues or organs, then appropriate actuation gives us better sensing results. We need to combine
sensors and actuators for a better quality diagnosis. Meanwhile, I think that in the future soft robotics
will be a hot field. In the past, robots were rigid. But in the future, we imagine soft, human-like robots.
And in that case, we will probably need soft actuators.

Zhang: Actually, it is very important for smart systems. Now, it is very popular to design mini
robots to put inside the body, or inject into the body to make detections and perform some surgeries.
For that purpose, robots should have internal actuators. [ have not worked on these actuators, but I do
think they are a very important field and research direction.

Kim: I have something to add. Actuators are important in medical systems. For example, the
brain and heart are organs operated by electrical signals. And electrical impulses and stimulations can
be used to treat many diseases related to the brain and heart. Also, drug delivery should be controlled
by appropriate actuators for controlled drug release.

5. What are the unsolved problems in flexible electronics manufacturing?

Huang: Flexible electronics manufacturing is in its infancy, and there are numerous unsolved
problems in this area. In fact, the United States government investigated $70M to form a center on the
manufacturing of flexible electronics.

Zhao: Manufacturing of flexible electronics requires different techniques. Is 3D printing a possible
technique for the fabrication of flexible and stretchable electronics?

Huang: I will answer this. 3D printing can print polymers and some metals, but it can never print
single crystal silicon or other important materials for electronics.

Zhao: How about 3D printing plus transferring?

Huang: This is an interesting idea. Would you like to explain a bit more?

Zhang: 3D printing is good but it is not suitable for mass production. So, if we want to make
electronics that are flexible, we must use this kind of traditional technology and basic tools. Therefore,
I agree with Yonggang’s comments; it is important that fabrication technology tries to use all these
existing successful technologies and makes something based on them. This will be easy for mass
production and for the actual industry.

Huang: It is important to take advantage of the existing, mature semiconductor fab to develop
inorganic, flexible and stretchable electronics.

Cheng: I think printing technologies could be used for flexible electronics manufacturing. 3D
printing has potential in the flexible electronics field, such as for health-related products. Many
health-related flexible products are associated with individual people. So, for these kinds of products,
3D printing is probably quite suitable. This is a quite new field and we do not need to restrict our
minds and initiatives. I guess the point is that while recognizing the existing technologies, such as
silicon technology, we should not be afraid of trying and integrating new things.
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6.  How can we link flexible electronics to medical applications?

Kim: I think that, at least, we need to develop a completely new device that can solve critical
issues which conventional devices cannot solve.

Huang: Or you can make medical electronics flexible so that they can be applied at home.

Kim: Yes, I think that such applications are good candidate markets. We need to persuade medical
doctors and patients to use our devices. To do that, the performance of the flexible medical device
should be much better than existing commercial technologies. In the medical area, there are many
diseases that cannot be cured with existing technologies. In that case, we can create new devices with
unconventional functions to address those unmet needs.

Huang: Thank you. In this development, it is really important to work with medical doctors.

Zhang: I think something must be pointed out. My thought is that flexible electronics has great
potential for Chinese medicine. Normally, diagnoses are taken by very old doctors. They always follow
four ways of diagnosis: look, listen, question and feel the pulse, which are based on their experiences.
So, if we can put flexible electronics on the body, if we can monitor these parameters, then a lot of
data could be recorded and integrated with these old doctors” experiences. I think that can solve a big
problem for Chinese medicine. I think for young students, if they have the chance, they should focus
more on these applications. They have a really big future.

Kim: I want to add one point. To translate flexible devices to medical applications, we need to
publish articles in medical journals. Although these devices are for general people, the person who
needs to decide whether that device can be applied to patients is a medical doctor. And through medical
journals, we can let medical doctors know the advantages of our new medical device technology.

Zhao: I want to add another point, regarding the patent. The protection of intellectual property is
extremely important in this field. Once a technology is mature enough, we need to consider patenting
it. So, when doctors and companies approach you, you or your team will have the intellectual property
to proceed with the commercialization of the technology.

7. What are the roles of organic electronics or inorganic electronics in the field of flexible electronics?

Cheng: In the past, many functional devices were made of inorganic electronics. But in the
last ten or fifteen years, there has been an increasing amount of new polymers and new organic
materials synthesized and applied to functional electronics. I think there is a catch here. If you favor
flexible devices, then you will consider your substrate to be normally of polymer or organic material.
If you want to work on organic substrates, then in many cases, it is often a challenge to make devices
on organic substrates and some new manufacturing techniques must be developed. For example,
you cannot apply high temperature with polymer substrates, which in some cases restricted the
application of inorganic materials. Both organic and inorganic materials are important, depending on
their functions. But in many cases, they are restricted by processing technology. You may wish to use
inorganic materials for flexible devices, however you may not have a suitable processing technology.
If new technologies, such as the femto-second laser, can be used, then you can avoid high temperature
heating, which can be applied to many organic substrates. As a result, many previously unthinkable
inorganic materials may be applicable to polymer substrates.

Huang: Organic and inorganic materials both have their niche applications. Flexible display is
an excellent example of organic electronics because one’s eyes cannot react in less than 0.1 second
anyway, such that the relatively low charge mobility for organics would not be an issue. It is important
to develop both organic and inorganic flexible electronics.

8. Isit possible to utilize the roll to roll technology in stretchable electronics? How?

Cheng: I think roll to roll is an ideal, fast and low-cost technology. However, roll to roll is very
much restricted by the substrates. For example, we cannot use roll to roll to print on glass. Of course,
on flexible glass maybe, but it is very fragile. Now, if you work on stretchable devices, then that is
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a great challenge because stretchable means that during the roll to roll processing, materials may be
deformed, which would cause enormous problems in roll to roll processing.

Zhang: Just as Prof. Cheng said, this really depends on the material. Another point for roll to roll,
is how to make multi-layers. If we make several layers, then roll to roll has a big issue with mismatch;
you could not achieve very good results. So, I think it depends on the device and structural design.

Cheng: What is the purpose of roll to roll technology? Roll to roll can be fast, but today, it is
not the only technology to achieve fast production and low-cost. So, I don’t think that roll to roll
technology is an objective; it is only a process. You have many other choices as well. For example,
I think that stretchable electronics may not need roll to roll technology in order to make the device
cheaper. It is not necessary.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).
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Abstract: To date, the silver nanowire-based conductor has been widely used for flexible/stretchable
electronics due to its several advantages. The optical nanowire annealing process has also received
interest as an alternative annealing process to the Ag nanowire (NW)-based conductor. In this study,
we present an analytical investigation on the phenomena of the Ag NWs’ junction and welding
properties under laser exposure. The two different laser-induced welding processes (nanosecond
(ns) pulse laser-induced nano-welding (LINW) and continuous wave (cw) scanning LINW) are
applied to the Ag NW percolation networks. The Ag NWs are selectively melted and merged at the
junction of Ag NWs under very short laser exposure; these results are confirmed by scanning electron
microscope (SEM), focused-ion beam (FIB), electrical measurement, and finite difference time domain
(FDTD) simulation.

Keywords: laser; laser-induced nano-welding; pulse laser; silver nanowires; silver nanowire
percolation networks; transparent flexible conductor

1. Introduction

For almost two decades, the flexible transparent conductor and stretchable conductor have
received huge interest from many researchers and industry professionals. Since flexible electronics and
stretchable sensors are core devices in wearable computer systems, as a next generation electronics
platform, manufacturing/fabrication process technologies as well as flexible electronics compatible
materials will be more important in the future.

Meanwhile, among the materials for the transparent conductor, fluorine-doped tin oxide (FTO)
thin film is the most popular and famous material in research and industry fields. However, FTO thin
film is not an appropriate material for the flexible transparent conductor since it is usually delicate and
brittle. Hence, instead of FTO thin film, alternative conducting nanomaterials such as carbon nanotube
(CNT) [1,2], graphene [3-5], metal nanoparticle (NP) mesh [6-9], metal nanowires (NWs) [10-19],
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and metal nano-thin film [20,21] are used in the research field for the flexible transparent conductor
and stretchable conductor.

Among the nanomaterials for flexible electronics, silver (Ag) NWs have been widely used as a
flexible transparent conductor [10-13,16,22-24] and stretchable conductor [15,17,25] due to various
advantages such as high electrical conductivity, high transparency, high ductility and simple fabrication
process methods. However, a post thermal annealing process is usually required to increase electrical
conductivity since Ag NWs are usually too short (up to ~100 um) to cover the wide area and are
generally covered by capping polymer such as polyvinylpyrrolidone (PVP) which hinders electrical
conductivity. The conventional thermal annealing process, such as a hot plate and convection
oven, is simple and easily applicable to the Ag NW percolation networks for electrical conductivity
improvement, while the thermal annealing process has disadvantages such as oxidation problems
and long processing time. In particular, the thermal annealing process is not suitable to the flexible
polymer substrate due to the low melting temperature of the polymer. Thus, it is important to conduct
a post thermal annealing process with low temperature (below 200 °C) to prevent the damages of the
flexible polymer substrate.

Recently, the optical NWs annealing process [14,15,18,19,26-28] was introduced to anneal
metal NW percolation networks for the improvement of electrical conductivity. Compared to the
conventional thermal annealing process, since optical energy in the optical NWs annealing process
is irradiated to the sample over a very short time by a ultraviolet (UV) lamp [14], flash light [26]
or scanning laser [18], the optical NWs annealing process is very rapid and suitable for the flexible
polymer substrate without any macroscopic damages or deformation of the substrate [29,30] under
ambient conditions. In addition, oxidation problems on metal NWs during processing are suppressed
due to fast processing [18].

Most previous research [15,18,19,26,27,31] focuses on the fabrication of flexible/stretchable
electronics and their applications. However, in this study, we attempt to examine mainly the
phenomena of Ag NWs’ junction and welding properties when a laser is irradiated to the Ag NW
percolation networks. In particular, we focus on how the local laser exposure time (from ns to us) affects
the Ag NWs’ percolation networks in laser processing. Thus, we compare two different laser-induced
nano-welding (LINW) processes as a post annealing process of Ag NWs: the continuous wave (cw)
laser scanning system and the nanosecond (ns) pulse laser system. Although the processing mechanism
of two LINW processes is basically the same in terms of using laser energy, there are several similar
and different results, which are mentioned in the text.

2. Methods

2.1. Experimental Procedure

Figure 1a shows the preparation of an Ag NW-based conductor sample. In order to prepare a film
of Ag NW percolation networks on the substrate, Ag NWs are deposited according to the following
procedures. Firstly, Ag NWs are synthesized in a solution via the polyol synthesis method [32].
Afterwards, synthesized Ag NWs are filtered out onto the Teflon filter and transferred onto the glass
substrate successively. The diameter of the transferred Ag NW percolation networks is ~36 mm due to
the size of the Teflon filter. Since transferred Ag NW percolation networks on the glass substrate
are weakly bound, the post thermal annealing process, such as a hot plate and furnace, is required
to increase the electrical conductivity of the Ag NW percolation networks. Additionally, the LINW
process is conducted to the Ag NW percolation networks as an alternative post annealing process
for comparison.
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Figure 1. Schematic diagram of the thermal annealing process and laser-induced nano-welding process
for Ag nanowires (NWs) percolation networks. (a) Sample preparation flow chart. Firstly, Ag NWs
are synthesized in a solution by polyol synthesis. Afterwards, they are filtered on the Teflon filter and
transferred onto the glass substrate to form Ag NW percolation networks on glass substrate. Finally, the
thermal annealing process or laser-induced welding process is applied to Ag NW percolation networks
for the improvement of electrical conductivity. The laser-induced nano-welding process through (b) the
continuous wave (cw) laser scanning system and (c) the ns pulse laser system.

2.2. Optical Setup

As we mentioned, two different LINW processes (the cw laser scanning system and the ns pulse
laser system) are compared in this study. Figure 1b shows the cw laser scanning system which is
combined with Galvano scanning mirrors and a telecentric lens [30,33]. In the cw laser scanning
system, a 532 nm cw laser (Millennia 5W, Spectra Physics, Santa Clara, CA, USA) is used on the sample.
As shown in Figure 1b, the power of the emitted laser beam is easily controlled through the half wave
plate (HWP) and polarized beam splitter (PBS). The beam expander is placed afterwards to enlarge the
laser beam for a flat wavefront of laser beam. The angle of the laser beam is deviated by a laser scanner
(HurryScan II, Scanlab, Puchheim, Germany) which consists of two electrically driven Galvano mirrors.
Afterwards, the laser beam is uniformly focused (10 um) on the 2D focal plane, without distortion
aberration, by a long focal distance f-theta lens (f = 103 mm). The prepared sample that consists of
Ag NW percolation networks is placed on the focal plane of the f-theta lens. Figure 1c shows the ns
pulse laser system which consists of a 532 nm ns pulse laser (Tempest 300, NewWave, Redwood City,
CA, USA) and beam expander. The pulse duration and the repetition rate of the ns laser are 5 ns and
10 Hz, respectively. Since the energy of the applied ns pulse laser is extremely high, only one single
shot with proper energy density (m]/cm?) is enough for the enhancement of electrical conductivity
in Ag NW percolation networks. However, excessive laser energy can ablate Ag NW percolation
networks, thus the energy density in the ns pulse laser and the power density (W/cm?) in the cw laser
are carefully controlled by adjustment of the beam waist area through the beam expander and power
adjustment, respectively.

2.3. Laser Processing

Firstly, the prepared sample is placed at the focal plane of the applied laser. Afterwards, the laser
is irradiated on the sample. In the cw scanning LINW process, the diameter of the prepared sample
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is ~36 mm. Additionally, the spot size of the focused laser, the laser scanning speed, and the pitch
of scanning are 10 um, 100 mm/s, and 10 pum, respectively. Since the total processing time in the cw
scanning LINW process is dependent on sample size and laser scanning speed, fast laser scanning
speed is desirable to reduce the processing time. Meanwhile, the laser dwell time, T (T =2W,/v; T,
Wy, and v are dwell time, beam waist, and scanning speed, respectively), is decreased as the scanning
speed increases. Thus, laser energy density (power density by dwell time) and total processing time are
in a trade-off relationship, and a laser scanning speed of 100 mm/s is chosen as an optimum scanning
speed in this study.

In the case of the ns pulse LINW process, the laser beam is expanded by the beam expander to
reduce laser energy density (energy per unit area), since the pulse laser energy is sufficiently high
(see Figure 1c). The prepared sample size of Ag NW percolation networks is 6 mm by 6 mm in the ns
pulse LINW process, and the extended laser beam illuminates and covers the entire prepared sample
area (see Figure S1 in the Supplementary Information).

3. Results and Discussion

Figure 2 shows a photographic image (Figure 2a) and scanning electron microscope (SEM) images
(Figure 2b,c) of Ag NW percolation networks after the LINW process. In the case of the conventional
thermal annealing process, such as a hot plate [15] and convection oven, the thermal annealing process
is often conducted at a low temperature (e.g., below 250 °C) on the flexible substrate due to the low
melting temperature of the polymer substrate. Therefore, it is difficult to find meaningful differences
in the SEM images of Ag NW percolation networks after the thermal annealing process compared to
before the thermal annealing process at a low temperature (below 250 °C).

As-prepared Ag NWs
percolation network

Figure 2. (a) Photographic image of the Ag NW percolation networks on the glass substrate
(30% transmittance). (b) Magnified scanning electron microscope (SEM) images of the Ag NW
percolation networks after the laser-induced welding process. (c) Cross-sectional SEM image of
the junction of the Ag NW percolation networks after the laser-induced welding process. Two Ag
NWs are melted and merged at the boundary of two Ag NWs (yellow dots and blue dots). Red arrows
represent a junction of Ag NWs in (b,c).

However, in the case of the LINW process (same for both ns pulse LINW and cw scanning LINW)
under ambient conditions (room temperature and atmospheric pressure), melted and merged Ag NWs
are found in SEM images after the LINW process, as shown in Figure 2b-i—2b-iv. Since the irradiated
laser energy is intensively absorbed to heat up Ag NWs and the laser irradiation time is extremely
short (from ns to ps), crossed Ag NWs are only melted and merged at the junction, without damaging
the other area of Ag NWs, as shown in Figure 2b.

10
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In order to verify the melting at the junction of Ag NWs, a cross-sectional SEM image at the
boundary which is cut by a focused-ion beam (FIB), is examined. It is confirmed that the crossed area of
two Ag NWs (yellow and blue dotted lines) are melted and fused at the junction, as shown in Figure 2c.
The results for the flexible transparent conductor and stretchable conductor are very noticeable, since
melted and merged Ag NW percolation networks will have better electrical/mechanical properties
such as electrical conductivity, mechanical elongation, and mechanical strength [13,15,18,19].

Figure 3 shows sheet resistance changes at various times under the thermal annealing process
and ns pulse LINW process. The transmittance of prepared Ag NW percolation networks in (a) and
(b) are 95% and 96%, respectively. As shown in Figure 3a, the sheet resistance of Ag NW percolation
networks is gradually increased and gently dropped below 20 ()/sq with long processing time
(over 1 h) under the thermal annealing process. At first, the sheet resistance is gradually increased due
to oxidation formation and the resistance increase of Ag NWs to temperature change, according to
their temperature coefficient of resistance [34,35]. Once the temperature of the hot plate reaches 220 °C
(~1300 s), the sheet resistance starts to drop due to slight melting at the junction of Ag NW percolation
networks. The thermal annealing process ensures stable low sheet resistance in Ag NW percolation
networks and easily scales up the sample size. However, long processing time (over 1 h) is generally
required to increase the electrical conductivity in the thermal annealing process, since a period of
warm-up time for heating is required and only low temperature (below 250 °C) is available for the
flexible substrate.
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Figure 3. (a) Sheet resistance changes at various times in the thermal annealing process and ns pulse
laser-induced nano-welding (LINW) process. The inset graph shows a magnified view of the ns
pulse LINW process. SEM images show the laser ablation results of Ag NW percolation networks.
(b) The sheet resistance changes with various numbers of laser scans and various laser power levels in
the cw scanning LINW process.

In contrast, the sheet resistance of Ag NW percolation networks drops rapidly in the ns pulse
LINW process compared to the thermal annealing process. As shown in the inset graph of Figure 3a,
the sheet resistance drops immediately after the start of pulse laser exposure with proper energy
density (17.4 mJ/cm? and 37.7 mJ/cm?). Even though a single pulse can be enough to improve the
electrical conductivity of Ag NW percolation networks, continued laser pulses (10 Hz repetition rate)
are employed in the sample to further improve the conductivity. However, extremely high laser energy
density (182.4 mJ/cm?) can ablate/destroy Ag NW percolation networks (SEM image of Figure 3a),
resulting in an increase of the sheet resistance of Ag NWs during the laser exposure—so-called
“rebound”, as shown in the inset graph (light blue line) of Figure 3a. Thus, in Ag NW percolation
networks in the ns pulse LINW process, moderate adjustment of the applied laser energy is required.

Similar to the ns pulse LINW process, in the case of the cw scanning LINW process, the sheet
resistance of Ag NW percolation networks drops rapidly below 20 Q3/sq with high power density
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(500 kW /cm?), as shown in Figure 3b. The sheet resistance decreases slightly as the number of scans
increases, while the sheet resistance drops considerably with high power density. The spot size (2Wy)
of the focused laser by the telecentric lens in laser scanning system is ~10 um. Additionally, the dwell
time is 10~* s (10 um /100 mms 1), thus it is also a very short time compared to the conventional
thermal annealing process.

As a result, the LINW process is a more rapid and effective process (due to melting and merging)
for improving the electrical conductivity of Ag NW percolation networks than the conventional thermal
annealing process. Moreover, it is noticeable that there are no significant differences with respect to the
different laser exposure time (from ns to ps) in laser processing. These results are confirmed by SEM
images and electrical conductivity measurements. In addition, since the reaction in Ag NWs welding
is conducted within an extremely short time—5 ns laser exposure time—this LINW process can be
applied to the flexible substrate without any macroscopic damages or deformation of the substrate.

Figure 4 shows SEM images of ablated Ag NWSs when the excessive laser energy is applied to the
Ag NW percolation networks. Two different LINW processes show fairly different results at excessive
laser energy density. Since an extended laser spot is applied to the Ag NW percolation networks in the
ns pulse LINW process, entire Ag NWs are heated and melted, resulting in a queue of molten silver
micro dots (right SEM images in Figure 4a).

.-, l

agnw @D
percolation=="
networks <.

glass

Laser scanning

AgNW
percolation” L.~
networks <

glass

Figure 4. SEM images of Ag NW percolation networks when (a) the ns pulse LINW process and (b) the
cw scanning LINW process are conducted under extremely high power/energy condition.

On the other hand, Ag NWs are selectively melted along the laser scanning direction in the cw
scanning LINW process, as shown in Figure 4b (green arrows in SEM images). Since Ag NWs are
ablated along the laser scanning direction, the remaining Ag NWs are locally connected to each other,
thus this laser ablation technique is applied to fabricate patterned Ag NW mesh for flexible capacitive
touch sensors [31].

As shown in previous SEM images, Ag NWs are easily heated and melted in the LINW process
when the proper laser energy is irradiated to the Ag NW percolation networks. It is well known that
the electromagnetic field enhancements on the surface of Ag NW generate localized thermal heating
due to surface plasmon polaritons (SPP) on the surface of Ag NWs [18,36-39]. This behavior can be
seen in finite difference time domain (FDTD) simulation (Lumerical), as shown in Figure 5. In this
simulation, transverse magnetic (TM) and transverse electric (TE) modes are considered for the two
crossed and stacked Ag NWs. In order to simplify the simulation, the diameter size and shape of Ag
NWs are fixed at 100 nm and circle, respectively. The complex permittivity of Ag is adopted from Palik,
and a simulated pulse covers the wavelength range from 300 to 1000 nm. Total-field /scattering-field
(TF-SF), together with perfectly matched layer (PML) formulation, has been employed.
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Figure 5. Finite difference time domain (FDTD) simulation at the junction of crossed Ag NWs.
(a) Simulation layout of two crossed (left) and stacked (right) Ag NWs. (b) Electromagnetic
field distribution at the junction with various conditions: crossed/contact, crossed/small gap,
stacked/contact, stacked/small gap of two Ag NWs. The white arrow is the polarized direction
of irradiated light. The yellow arrow indicates a small gap between two Ag NWs.

As shown in Figure 5b, the electromagnetic field enhancements are extremely maximized at the
junction of two crossed and stacked Ag NWs. In addition, electromagnetic field enhancement are still
maximized near the junction of two Ag NWs, even though two Ag NWs are separated from each other
by a small gap. The optical absorption, or the volumetric heat source density generated inside the
metal, is calculated by [36]

q(?) = (w/2)Im(5))E(?> ‘2 (1)

As can be seen from the above equation, the optical absorption is directly proportional to the
electrical field intensity, and the simulation result in Figure S2 shows that the optical absorption is
concentrated at the regions where the field enhancement adjacent to the surface of the nanowire is
the largest. This is the reason why Ag NWs are well melted and merged at the junction of Ag NWs,
as shown in Figure 2. Additionally, these results are the reason why 5 nanoseconds is enough to
improve the electrical conductivity of Ag NW percolation networks.

In summary, two different laser-induced nano-welding processes (ns pulse LINW and cw scanning
LINW), as alternative post annealing processes, are investigated to enhance the electrical conductivity
of an Ag NW-based conductor in this study. Thus, various phenomena of Ag NWs are examined when
the laser irradiates to the Ag NW percolation networks. Through the various characterizations (SEM,
FIB, and electrical measurements) and FDTD simulation, it is confirmed that there are no significant
differences with respect to the different laser exposure time (from ns to ps). Additionally, the Ag
NWs can be selectively melted and merged at the junction of Ag NWs within less than 5 nanoseconds
laser exposure.

These results indicate that the LINW process is expected to apply to the flexible polymer substrate
without any macroscopic damages or deformation of the substrate due to the rapid processing
time and the effect of localized electromagnetic field enhancements. In addition, since melted and
merged Ag NW percolation networks will have better electrical/mechanical properties, we expect
that the LINW process will be applied to the fabrication of various flexible/stretchable electronics for
better performance.
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Supplementary Materials: The following are available online at www.mdpi.com/2072-666X/8/5/164/s1.
Figure S1: The sample preparation of Ag NWs percolation networks for the ns pulse (a) and cw scanning
(b) LINW process. The transmittance of the sample is ~91%. Figure S2: Spatial profile of electrical field intensity
and the corresponding optical power absorption.
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Abstract: Selective laser sintering enables the facile production of metal nanoparticle-based
conductive layers on flexible substrates, but its application towards large-area electronics has
remained questionable due to the limited throughput of the laser process that originates from
the direct writing nature. In this study, modified optical schemes are introduced for the fabrication of
(1) a densely patterned conductive layer and (2) a thin-film conductive layer without any patterns.
In detail, a focusing lens is substituted by a micro lens array or a cylindrical lens to generate multiple
beamlets or an extended focal line. The modified optical settings are found to be advantageous for
the creation of repetitive conducting patterns or areal sintering of the silver nanoparticle ink layer.
It is further confirmed that these optical schemes are equally compatible with plastic substrates for its
application towards large-area flexible electronics.

Keywords: laser sintering; metal nanoparticle; micro lens array; cylindrical lens; flexible electrode

1. Introduction

A metal electrode layer, either patterned or in a thin-film form, is an inevitable component of
an electronic device. Fabrication of a metal electrode layer based on conventional photolithographic
means with vacuum evaporation techniques has achieved tremendous success with silicon-based
electronics thus far, however, it has often been found to be improper for flexible and stretchable
electronics. New types of conductive layers based on metal nanoparticle (NP) ink have provided a
possible solution to this problem. As the melting temperature of metal NPs decreases according to its
diameter due to the size effect, [1,2] a metal electrode layer is easily created on an arbitrary substrate at
a mild temperature in ambient conditions through the direct coating and sintering of metal NP ink.
However, despite its advantages, the minimum feature size of the resultant electrode prepared by
metal NPs was relatively coarse due to the limited resolution of the conventional printing techniques
which were employed for the selective deposition of metal NP ink [3]. At the same time, the sintering
scheme remained questionable for a number of heat-sensitive substrates, as it was experimentally
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verified that the conventional sintering step with substantial sintering time can damage the underlying
substrate [4].

As an alternative to the conventional sintering scheme, selective laser sintering of metal NPs was
introduced to conduct patterning and sintering of metal NP ink simultaneously using a focused laser
beam [5,6]. The focused laser beam is employed as a localized heat source based on the photothermal
reaction, [7] and the area subject to heating is mainly determined by the spatial intensity distribution
of the focused laser beam. Yeo et al. [8] demonstrated that the feature size of the resultant electrode
can be easily reduced down to several micrometers using a laser beam focused by a telecentric lens
module, which is difficult to achieve with other printing techniques. In addition, it was confirmed that
the thermal damage on the underlying substrate can be minimized owing to the reduced heat-affected
zone generated by a focused laser. These results suggest that laser sintering can be a convenient
technique for the creation of metal patterns on flexible substrates. At the early stage, noble metal
NPs such as gold (Au) [5,6,9-15] and silver (Ag) NP ink [1,2,4,8,16-23] were employed as the target
materials for laser sintering, but recent studies demonstrate that the application of laser sintering
can be extended to other oxidation-sensitive metal NPs such as copper (Cu) [24-26], even in ambient
conditions, by reducing the local heating time through rapid scanning of the focused laser beam.

Laser sintering, however, is often considered to be inappropriate for mass production since it is a
direct writing method in principle. As the electrode pattern becomes denser, the time required for the
scanning increases linearly. At the same time, a thin-film electrode is another form of electrode that
is difficult to be manufactured by the laser sintering method. Laser sintered thin-film electrodes not
only require raster scanning of the entire area, but also often show imperfect electrical conductivity
due to the discontinuities in electrical path originated from separate scanning steps. In this study, we
introduce extended laser sintering schemes with a spatially modified focused beam to assist in the
facile production of the electrodes with denser patterns or thin-film metal layers. In detail, a focusing
lens is substituted by a micro lens array (MLA) and a cylindrical lens, designated for the fabrication
of densely patterned electrodes and thin-film metal layers, respectively. It is also confirmed that the
proposed optical schemes are still compatible with plastic substrates for their application in large-area
flexible electronics.

2. Materials and Methods

Ag NP ink is firstly synthesized with the two-phase method, as reported in previous studies [8,17].
The resultant Ag NP is ~5 nm in diameter and encapsulated with self-assembled monolayer (SAM) to
prevent agglomeration between NPs. It is confirmed that the Ag NP ink experiences melting when
the temperature reaches ~150 °C, which is significantly lower than its bulk counterpart, due to the
melting point depression from the size effect [2]. The synthesized Ag NP ink is coated on arbitrary
substrates by spin-coating at 1000 rpm, and dried in a convection oven at 70 °C for 3 min to evaporate
the excessive solvent. The target substrate can be either a rigid substrate such as a silicon wafer or a
slide glass, or a flexible substrate. Polyimide (PI) thin film with a thickness of 150 pm is selected as the
flexible substrate throughout the study.

A thin-film composed of Ag NPs is prepared on the substrate after the coating and drying steps,
as shown in Figure 1a. Although Ag NPs are closely packed together, the as-prepared NP ink layer
does not exhibit good electrical conductivity since the Ag NPs exist as separate entities. These Ag
NPs can be transformed into a continuous conductive layer once a focused laser beam is scanned
along the designated path, as shown in Figure 1b. The local temperature of the area subject to the
laser irradiation increases rapidly and the Ag NPs experience melting and solidification steps as a
consequence. The Ag NPs after the laser scanning subsequently show different physical properties
from the as-deposited area, such as reflective color and high electrical conductivity.

An optical system is required to focus the laser beam on a designated spot, and an objective
lens is frequently employed for the focusing, as shown in Figure 2a. The scanning path is controlled
by a programmable motorized stage. Instead of moving the stage, a galvano-mirror together with a
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telecentric lens can be employed to achieve fast scanning of the laser beam over a large area [8,17].
Together with single focusing scheme, an MLA and cylindrical lens have been exploited in this
study as new optical schemes for large-area compatible laser sintering, as depicted in Figure 2b,c.
For single focusing, a green wavelength continuous wave laser (Millenia V, Spectra-Physics, Santa
Clara, CA, USA) is scanned by a 2D galvano-mirror scanning system (hurrySCAN II, Scanlab GmbH,
Puchheim, Germany) while the laser is focused by an f-theta telecentric lens with f = 100 mm.
The laser scanner system is controlled by a computer with CAD software (SAMLight, SCAPS GmbH,
Oberhaching, Germany) to draw arbitrary patterns. For the generation of multiple beamlets, an MLA
with 400-900 nm anti-reflective coating is employed together with a 5 objective lens. More detailed
information on the optical system is included in the Results and Discussions section. The MLA has a
pitch of 300 pm and a focal length of 18.6 mm. For a focal line, the MLA is replaced by a plano-convex
cylindrical lens with f = 50 mm. The laser scanning speed is fixed at 5 mm/s in every case.

(a) SAM encapsulated (b) Laser sintered
metal NP metal NP

Figure 1. Schematic illustration of metal nanoparticle (NP) ink layer on a substrate (a) before and
(b) after laser sintering.

(a) (b)

M' Multiple beamlets

Focusing lens

L —1

Single beamlet

Line focus

Figure 2. Optical schemes for selective laser sintering with (a) a single beamlet, (b) multiple beamlets,
and (c) a focal line.

3. Results and Discussion

Figure 3 shows the sintering results created by the 2D galvano-mirror scanning system with the
single focusing beamlet on a glass substrate in terms of their optical, scanning electron microscope
(SEM) and atomic force microscopy (AFM) images. More information on the optical setting can
be found in the previous studies [8,17]. Laser sintering is firstly conducted on an Ag NP ink layer
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according to the irradiated laser power. Figure 3a shows the optical microscope image of the Ag NP
ink layer after the scanning, whereas the left and the right columns are the bright and dark field
images of the same region, respectively. From the bright field image, it is noticeable that the optical
transmission starts to change at the laser power of ~20 mW, while the dark field image shows no
difference until the power reaches ~60 mW. Electrical measurement reveals that the resultant conductor
line does not exhibit substantial electrical conductivity until it becomes reflective in the dark field
image. We therefore anticipate that the change in optical transmission in the bright field image is due
to the evaporation of the trapped solvent, or from the incomplete sintering between a small fraction of
Ag NPs. The width of the area affected by the laser sintering is slightly bigger in the bright field image,
and it is highly dependent to the drying condition.

Figure 3. Laser sintering results by a single beamlet. (a) Optical images of Ag NP ink sintered at
different laser power. (Left) Bright field; (Right) Dark field images. (b) Scanning electron microscope
(SEM) image of the laser-sintered Ag NP at 100 mW laser power, and (c) its atomic force microscopy
(AFM) image.

Figure 3b is the SEM image of the laser-sintered Ag NP at 100 mW laser power after the removal
of remaining Ag NP ink from the substrate. The area irradiated by the laser remains on the substrate
as a thin electrode while the other Ag NPs are washed away. More detailed information about its 3D
morphology can be confirmed from its AFM image in Figure 3c. The height of the resultant conductor
is ~ 120 nm, and this value can be further controlled by changing the wet processing conditions
including spin-coating speed and drying conditions [17].

In order to generate a spatially extended focused beam, we first modified the optical setting,
as shown in Figure 4a. Since our objective is to split the incident beam into multiple beamlets or to
extend the focus into a focal line, incident laser intensity becomes an important issue. Two achromatic
lenses with different focal lengths have been added in a Keplerian telescope configuration in order to
reduce the beam size for sufficient laser intensity. At the same time, two adjustable slits are installed in
the x- and y- directions to cut the incident laser beam, since a flat-top intensity profile is demanded in
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large-area applications instead of a TEMyy (Fundamental Transverse Mode) Gaussian beam to ensure
spatial uniformity in processing. The truncated laser beam shows a relatively flat-top intensity profile,
but it is not quite perfect and other optical components such as a homogenizer will be required for
further advancement of the proposed technique [18].

(a) Mirry wnor

Lens D —» «— Siitin x-direction

—> <«— Slitin y-direction

Lens T >

H

H
T

Laser

TEMgo

3 Motorized
Gaussian beam E—b
stage

Figure 4. Laser sintering results by multiple beamlets. (a) Optical setting for multiple beamlets and a
focal line (HWP: Half-wave plate, PBS: polarized beam splitter, MLA: Micro lens array). (b) Optical
image of Ag NP ink by sintering with the multiple beamlets at a single exposure and (c) after moving
the stage at a slanted angle.

Figure 4b is the optical image of the Ag NP ink layer after a single exposure to the multiple
beamlets. The multiple beamlets are generated by opening each slit at a width of 600 um, so that
the incident beam covers 2 x 2 = 4 cells in the 300-um pitch MLA. Different from the single beamlet
case, four distinct spots are transformed into the conductive electrode with a single exposure as
confirmed from the reflective color on the dark field optical image. Their relative positions can be
further controlled by changing the parameters in the optical setting. Using the multiple beamlets,
repetitive patterns can be easily created. As a representative example, parallel conductive lines, which
are basic components for various applications including wire-grid polarizer and grid-type transparent
conductors, [17] are created by moving the stage at a slanted angle. Figure 4c shows the resultant
parallel lines produced by a single translational movement of the motorized stage.

For the sintering of metal NP ink over the entire area as a thin-film conductor without any patterns,
a focal line is more suitable compared to the multiple beamlets. The optical components in Figure 4a
(denoted as “A”) are replaced by a cylindrical lens to create a focal line. In the current configuration,
slit width in the y- direction (Ly) determines the laser intensity at the focus, while the slit width in the x-
direction (Ly) controls the length of the focal line, as shown in Figure 5a. In this experiment, L, has been
fixed at ~300 pm throughout the study, while L, is altered from 50 um to 250 pm. Although the intensity
of the incoming laser remains the same, it is found that the sintering characteristics of the resultant Ag
NP ink are different in each case, as shown in Figure 5b. We estimate that the inconsistency comes from
the different heat transfer conditions. For an extended focal line, an equal amount of heat is generated
along the line and hence the major heat dissipation should occur towards a perpendicular direction to
the focal line. However, as the length of the focal line becomes smaller, heat starts to dissipate in every
lateral direction so that the resultant temperature reached by a shorter focal line should be lower at
Ly =50 um. Figure 5b shows that the Ag NP ink at a width of >150 um is successfully sintered by a
single scanning with the cylindrical lens. It is worth mentioning that the resultant conductive layer
does not have apparent boundaries which can be found in the thin-film conductors produced by raster
scanning of a single beamlet, as shown in the inset.
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(a) Cylindrical lens

Cylindrical lens

Figure 5. (a) Schematic illustration of the laser sintering by a focal line. (b) The optical image of the
resultant Ag NP ink after scanning at (Top) Ly = 50 um, (Middle) Ly = 150 pm and (Bottom) Ly = 250 um
(Inset: Ag NP thin-film conductor created by raster scanning of a single beamlet).

In order to verify that the proposed optical schemes are equally compatible with flexible substrates,
parallel Ag NP lines are created on a flexible PI substrate with the modified optical setting. It is
apparent from Figure 6a,b that consistent lines are created on the PI substrate without any apparent
thermal damage. The current-voltage (IV) curve of the resultant conductor is measured to ensure
that their electrical characteristics are suitable for the application of flexible electronics. The IV curve
in Figure 6¢c shows that the sintered lines exhibit ohmic behavior and the calculated resistivity is
estimated to be 7~8 times higher than bulk Ag, while the as-prepared NP film displays insignificant
electrical conductivity.
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Figure 6. Application of the proposed optical schemes for laser sintering of Ag NP ink on a flexible
substrate. Optical image at (a) low magnification and (b) high magnification; (c) current-voltage (IV)
curve of the resultant Ag electrode on the flexible substrate.

In summary, we propose two forms of a spatially extended focused beam intended for the
fabrication of Ag NP conducting layers with dense patterns or in thin-film configuration. It is
demonstrated that the modified optical setting can produce multiple beamlets for repetitive patterns
or focal lines for thin-film conductors. Since these optical schemes are equally compatible with flexible
substrates, it is expected that the proposed techniques will supplement fabrication of large-area
flexible electronics.
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Abstract: Flexible electronics have attracted great interest in applications for the wearable devices.
Flexible solar cells can be integrated into the flexible electronics as the power source for the wearable
devices. In this work, an ultrasonic spray-coating method was employed to deposit TiO, nanoparticles
on polymer substrates for the fabrication of flexible perovskite solar cells (PSCs). Pre-synthesized
TiO, nanoparticles were first dispersed in ethanol to prepare the precursor solutions with different
concentrations (0.5 mg/mL, 1.0 mg/mL, 2.0 mg/mL) and then sprayed onto the conductive substrates
to produce compact TiO; films with different thicknesses (from 30 nm to 150 nm). The effect of
the different drying processes on the quality of the compact TiO, film was studied. In order to
further improve the film quality, titanium diisopropoxide bis(acetylacetonate) (TAA) was added into
the TiO,-ethanol solution at a mole ratio of 1.0 mol % with respect to the TiO, content. The final
prepared PSC devices showed a power conversion efficiency (PCE) of 14.32% based on the indium
doped tin oxide coated glass (ITO-glass) substrate and 10.87% on the indium doped tin oxide coated
polyethylene naphthalate (ITO-PEN) flexible substrate.

Keywords: ultrasonic spray; titanium oxide; flexible perovskite solar cells; low temperature; large area

1. Introduction

With the global energy consumption increasing, cheap, green and environmentally friendly
energy sources are in urgent demand due to the reduction of fossil fuels. Photovoltaic technology is an
ideal solution to alleviate the energy crisis and environmental pollution problems. Organic-inorganic
lead halide perovskite solar cells (PSCs) have attracted great interest due to their rapid increase in
power conversion efficiencies (PCE) from 3.8% to 22.1% within only seven years [1-3]. These great
improvements are mainly attributed to the excellent photo-electronic properties of perovskite materials,
such as high light absorption properties, direct bandgaps, high charge-carrier mobility and a long
electron-hole exciton transport distance (more than 1 um) [4-6]. Compared to the commercial
silicon-based solar cells, PSCs show great advantages with a simplified architecture and a low-cost
solution-processed technology, which give them great potential for the future photovoltaic industry [7].
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Organic-inorganic lead halide perovskite (CH3NH;3Pblz) was first used as a sensitizer in
dye-sensitized solar cells (DSSCs) by Kojima in 2009 [8] with a PCE of 3.8%, but the performance
decreased rapidly due to the dissolution of the perovskite in the liquid electrolytes. Two years
later, the solid-state hole-transporting material 2,2/,7,7'-tetrakis-(N,N-di-p-methoxypheny-lamine)
9,9'-spirobifluorene (spiro-OMeTAD) was introduced by Park and Grétzel, and achieved a reported
PCE of 9.7% [9]. Since the all solid-state-type PSCs were fabricated, the photo-electronic performance
improved rapidly with the use of different electronic/hole transporting semi-conductive materials,
such as TiO,, ZnO, SnO, PCBM, P3HT, etc. [10]. Depending on the different architectures, the PSCs can
be generally classified into mesoscopic, meso-superstructured and planar heterojunction types [11].
Among these types, the planar PSCs have a simplified architecture and are easily produced by a
solution process. In a planar solar cell, the photoactive layer, CH3NH3Pbl;, is sandwiched between an
electron-transporting layer (ETL) and a hole-transporting layer (HTL), which is suitable for large-scale
commercial manufacturing layer-by-layer. The ETL plays an important role as it allows the transport of
electrons while blocking the holes. Thus, it influences the carriers’ injection, collection, transportation,
recombination, and then the overall performance of the PSCs [12]. Anatase TiO; is the most widely
used ETL for planar PSCs, but it still requires a high temperature sintering of the TiO, compact
layer to achieve a high efficiency. In general, this compact layer is prepared by spin-coating or
spray pyrolysis of a TiO, precursor solution with subsequent sintering at 500 °C to transform the
amorphous oxide layer into the crystalline phase (anatase), which provides good charge transport
properties [13]. The involvement of the high temperature sintering process of TiO, has limited the
development of flexible PSCs fabricated on plastic substrates, such as polyethylene terephthalate (PET)
and polyethylene naphthalate (PEN).

Since the first flexible perovskite solar cell was reported [14], more efforts have been devoted
to it and have achieved efficiencies of over 10% on polymer substrates [15,16], demonstrating that
efficient perovskite solar cells can be fabricated at low temperatures with a “regular” design. Atomic
layer deposition [17,18], microwave sintering [19] and inductively coupled plasma (ICP)-assisted DC
magnetron sputtering [20] have been used for deposition of the TiO, compact layer at low temperatures.
A photonic-cured compact TiO; layer has been used on a PET substrate with a high efficiency of 11.2%
by Xiao [21]. Snaith et al. realized flexible PSC with an efficiency of 15.9% on a low-temperature
processed TiO, compact layer by spin-coating the TiO, precursor on fluorine doped tin oxide coated
glass (FTO-glass) [22]. Yang et al. developed a process to fabricate a very dense amorphous TiO, using
DC magnetron sputtering at room temperature and achieved 15.07% PCE based on a flexible PET
substrate [23]. Sanjib et al. used a combination of ultrasonic spray-coating and a low-thermal-budget
photonic curing technology for the first time to fabricate a flexible PSC with an efficiency of 8.1% [24].
Supasai et al. fabricated compact layers of crystalline TiO, thin films using aerosol spray pyrolysis on
FTO-glass for PSCs, achieving the best efficiency of 6.24% [25]. Kim et al. fabricated a mesoporous TiO,
ETL with a large area of 10 cm x 10 cm using electro-spray deposition (ESD) for the first time, which
resulted in an optimized PCE of 15.11%, higher than that (13.67%) of the PSC with spin-coated TiO,
films [26]. Both the aerosol spraying and ESD methods demonstrated great potential in the large-scale
fabrication of PSCs. However, the TiO; films deposited by the above two spraying methods require
high temperature sintering, which is not suitable for the preparation of flexible PSCs. The use of
these technologies has allowed for the development of all-low-temperature processed PSCs on flexible
substrates, but at the same time, has made the process more complicated, resulting in the increase of
the manufacturing cost.

Here, we report a low temperature fabrication (<150 °C) of a compact layer composed of highly
crystalline small nanoparticles of anatase TiO; (diameter <10 nm) dispersed in ethanol. The ultrasonic
spray-coating method was employed for the deposition of the TiO, compact layer, demonstrating the
capability to precisely and reliably deposit thin and uniform layers. Various parameters have to be
considered in the process of ultrasonic spraying, such as the flow rate of the TiO, ethanol solution,
the gas flow pressure which carries the sprayed droplets to the substrate, the distance between the

26



Micromachines 2017, 8, 55

spray nozzle and the substrate, as well as the moving speed of the nozzle during spraying [27,28].
Through the optimization of these parameters, two technological regimes named “wet-film” (w-film)
and “dry-film” (d-film) are compared in our work. The former approach results in a dense TiO, layer
of different thicknesses (30 nm to 150 nm) by changing the concentration of the dispersion. In addition,
a small amount of titanium diisopropoxide bis(acetylaceto-nate) (TAA) (1.0 mol % with respect to the
TiO; content) is added to the colloidal TiO, dispersion, resulting in the highest PCE of 14.32% based
on ITO-glass and 10.87% based on ITO-PEN, both with an active area of 0.4 cm x 0.4 cm. Through the
same method, a large-area flexible PSC of 5 cm x 5 cm is fabricated.

2. Materials and Methods

2.1. Materials

Unless specified otherwise, all the chemicals were purchased from either Alfa Aesar or
Sigma-Aldrich and used as received. 2,2',7,7 -tetrakis-(N,N-di-p-methoxypheny-lamine) 9,9’-spirobifluorene
(spiro-OMeTAD) was purchased from Shenzhen Feiming Science and Technology Co., Ltd. (Shenzhen,
China), and MAI (CH3NHj3l) was purchased from Lumtec, Taiwan.

2.2. Substrates

Indium doped tin oxide coated glass (ITO-Glass) and polyethylene naphthalate (ITO-PEN) were
etched by zinc powder and hydrochloric acid, then followed by ultrasonic cleaning in detergent, pure
water and ethanol for 15 min, respectively. The substrate (ITO-Glass or ITO-PEN) was cut into suitable
size and plasma cleaned for 5 min to remove any organic material on the surface. Especially, the flexible
ITO-PEN substrate was mounted onto glass micro-slides before using.

2.3. Synthesis of TiO; Nanoparticles

The anatase titanium oxide nanoparticles were synthesized according to previously reported
method published elsewhere [29]. Briefly, 0.5 mL of anhydrous TiCly (99.9%, Aladdin, Shanghai, China)
was added dropwise into 2 mL of anhydrous ethanol (Sigma-Aldrich, Shanghai, China), stirring for
5 min till the mixed yellow liquid was cooled down to room temperature. Then the whole content was
transferred into a vial containing 10 mL anhydrous benzyl alcohol (Aladdin, Shanghai, China), with
the color of the clear solution changing to light yellow. The solution was heated to 80 °C and reacted
for 9 h. After the reaction the solution was cooled down to the room temperature, and a translucent
dispersion of very fine TiO, nanoparticles was obtained. Then add 36 mL of diethyl ether to 4 mL of
the above solution to precipitate the TiO, which was centrifuged at 4000 rpm for 5 min, washed with
ethanol and diethyl ether. The above steps were repeated three times and the final precipitation was
redispersed in 10 mL of anhydrous ethanol, resulting in a colloidal solution of approximately 12 mg
TiO, /mL ethanol but easily aggregated. The TiO, ethanol solution was further diluted into 0.5 mg/mL,
1.0 mg/mL and 2.0 mg/mL respectively for the late ultrasonic spraying. In order to disperse the TiO,
nanoparticles and enhance the adhesion as well as the connection between nanoparticles, a small
amount of TAA was added into the diluted dispersion with a mole ratio of 1.0 mol %, 2.0 mol % and
3.0 mol % respectively. The solution was left to stand for at least 2 h before spraying, but could be
stable for months.

2.4. Deposition of the TiO, Compact Layer

The low-temperature processed TiO, compact layer was deposited by ultrasonic spraying the
colloidal dispersion of anatase particles in anhydrous ethanol, formulated with TAA, followed by
treating at 135 °C for 1 h to remove ethanol solvent. Figure 1a shows the schematic representation of
setup for the spray coating. Figure 1b showed the spray nozzle moving path during the spray. Spray
coating was carried out in an Exacta Coat Ultrasonic Spraying System (Sono-Tek Corpration, Milton,

27



Micromachines 2017, 8, 55

NY, USA) equipped with an AccuMist nozzle. The thickness of the compact layer was tuned by the
concentration of TiO, nanoparticles (0.5-2.0 mg/mL).

TiO, dispersion

Generator

— Substrate
(a) (b)

Figure 1. Schematic representation of (a) setup for the spray coater and (b) the spray nozzle
moving path.

2.5. Device Fabrication

After deposition of the TiO, compact layer, the substrate with appropriate size (1.5 cm x 1.5 cm
for small devices and 5.0 cm x 5.0 cm for large area devices) was transferred into a N filled glove
box. The perovskite and hole conductor solutions were prepared in a N, glove box before deposition.
The perovskite was deposited by spin coating 25 pL of a 1.25 mol/L solution of CH3NH3I and Pbl,
(molar ratio 1:1) in DMF at 6500 rpm for 30 s using the gas-assisted method [30], meanwhile a 60 psi
dry N gas stream was blown onto the film for 8 s from the third second of spinning. For the fabrication
of flexible devices with large area, 200 uL perovskite solution was coated on TiO, compact layer and
spin-coated at 5000 rpm for 30 s, followed by dropping 200 uL chlorobenzene (CBZ) at the fifth second
of spinning. The films were subsequently annealed on a hot plate at 100 °C for 10 min in the glove box.
After letting the films cool for 5 min, 20 pL spiro-OMeTAD/CBZ solution (68 mM spiro-OMeTAD,
150 mM tert-butylpyridine and 25 mM lithium bis(tri-fluoromethanesulphonyl)imide) was spin-coated
at 3000 rpm for 30 s. Promptly after the hole transport material deposition, a gold counter electrode
(60 nm) was evaporated under high vacuum to complete the device.

2.6. Characterizations

The morphologies and microstructures of the prepared low-temperature processed TiO, compact
and the cross-sectional structure of the perovskite solar cells were investigated using a field-emission
scanning electron microscopy (FE-SEM, Zeiss Ultra Plus). To examine the surface roughness, the films
were characterized by BY2000 atomic force microscopy (AFM). The TiO, anatase phase was tested by
an X-ray diffractometer (XRD, D8 Advance). The photocurrent density-voltage curves of the PSCs were
measured using a solar simulator (Oriel 94023A, 300 W). The intensity (100 mW/ cm?) was calibrated
using a standard Si-solar cell (Oriel, VLSI standards). All the devices were tested under AM 1.5 G sun
light (100 mW /cm?) using a metal mask of 0.16 cm? with a scan rate of 0.01 V/s. Some parameters
would be mentioned to evaluate the performance of PSCs, such as open circuit voltage (V ), short
circuit current (Jsc), fill fact (FF), and power conversion efficiency (PCE).

3. Results and Discussion

Anatase-type TiO, nanoparticles were synthesized through a method published elsewhere [29],
using titanium tetrachloride (TiCly) as the precursor, and anhydrous ethanol and benzyl alcohol
as solvents. The TiO, nanoparticles synthesized via this method are highly crystalline, shown
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in Figure 2a,b. In the XRD pattern of the TiO, powder prepared by drying the as-synthesized
nanoparticles at 135 °C to evaporate the ethanol solvent, three typical diffraction peaks occur at
25.5°,38.5° and 48°, which respectively belong to the (101), (004) and (200) planes of the anatase TiO,
crystal. The as-synthesized TiO, nanoparticles could easily be dispersed in ethanol, which can be used
for ultrasonic spraying directly. After the deposition of the TiO, layer, the films had to be treated at
135 °C for 1 h, replacing the high-temperature sintering process. The size of the TiO, nanoparticles
was around 5 nm, as shown in the TEM image (Figure 2a), which can also be calculated by the Scherrer
equation using the (101) diffraction peak through the formula reported elsewhere [31]. Figure 2c shows
the XRD patterns of ITO-glass with/without the TiO; layer, in which just a weak diffraction peak of
TiO; occurs at 25.5° due to the thin thickness of the TiO, layer.
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Figure 2. (a) Transmission electron microscopy (TEM) image of the TiO, nanoparticles dispersed in
ethanol at a concentration of 1.0 mg/mL; (b) XRD pattern of the TiO, powder drying at 135 °C; and
(c) XRD patterns of ITO-glass with/without the TiO, compact layer coated by the ultrasonic spraying.

In order to obtain uniform and dense films of TiO, compact layers, two technological regimes of
ultrasonic spraying were built. During ultrasonic spraying, many parameters influence the uniformity,
roughness, and coverage of the TiO, film, such as the flow rate of the TiO, ethanol solution, the gas
flow pressure which carries the sprayed droplets to the substrate, the distance between the spray
nozzle and the substrate, as well as the moving speed of the nozzle. The ultrasonic spraying technology
was employed in the deposition of polymer films such as polyvinylpyrrolidone (PVP) by Sanjukta
Bose et al. in 2013 [27]. Parts of the parameters have been discussed, resulting in uniform organic
films with small roughness compared to the thickness of the films. Based on the work mentioned
above, we optimized the process of spraying, and employed it to deposit inorganic TiO, film. Figure 1a
shows the schematic representation of the setup for the spray-coating. Figure 1b shows the ultrasonic
spraying trajectory over the substrate. Snaith et al. realized low-temperature processed PSCs with
power convention efficiencies (PCE) of up to 15.9% using a spin-coating method, demonstrating the
optimum thickness of TiO, to be approximately 45 nm [22], while the thickness of TiO, prepared
by high-temperature sintering at 500 °C is around 30 nm [7]. Based on these reports, we tuned the
thickness of ultrasonic spraying TiO, compact layer ranging from 30 nm to 100 nm by changing the
spraying parameters and the concentration of the TiO, ethanol solution.

During the spraying, two different technological regimes were termed “wet-film” (w-film) and
“dry-film” (d-film), depending on the drying type of the ethanol solvent. The former regime means
that the ethanol solvent evaporates after the droplets are sprayed onto the substrate, forming a very
uniform thin liquid membrane layer before the ethanol evaporates. A few seconds later, the solvent
begins to evaporate, resulting in a uniform thin compact layer of TiO,. The latter regime means that
the processing of ethanol evaporation occurs mainly before the droplets are sprayed onto the substrate,
without forming the liquid membrane. The TiO, compact layer prepared by the former regime was
influenced by the “coffee-ring” effect, which is described by Deegan et al. as the result of capillary
flow [32], where liquid evaporates faster from the pinned contact line of a deposited solution and
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is replenished by additional liquid from inside; however, this did not happen in the latter regime.
During the spraying of the w-film regime, the pressure of the N flow was set to 0.3 psi, the flow rate
of solution was set to 1.2 mL/min, and the speed of the moving nozzle was set to 50 mm/s, which can
result in a thin liquid membrane on the surface of the substrate before the solvent evaporates; during
the d-film regime, the three parameters were respectively set to 1.0 psi, 0.3 mL/min, and 20 mm/s.
Figure 3 showed the AFM surface images of the TiO, compact layers by ultrasonic spraying using
1.0 mg/mL of the TiO, (without TAA) ethanol solution. The TiO; film prepared by the w-film regime
presented a root-mean-square (RMS) surface roughness of around 3.3 nm, while it increased to 44.6 nm
rapidly with the d-film regime. It was attributed to the big holes between the TiO, nanoparticles
prepared through the d-film regime. In the film of the d-film regime, the connection between the
particles was so weak that big holes appeared because of the evaporation of ethanol before the droplets
were deposited on the substrate. In addition, more spraying cycles were needed to obtain the optimum
thickness of the TiO, film through the d-film regime, which increased the roughness of film, while just
one cycle was enough to achieve the thickness with the w-film regime. Thus, it is better to fabricate the
TiO, compact layer using the w-film regime.

Figure 3. Atomic force microscope (AFM) images of the surface of the TiO; layers sprayed by (a,b) the
w-film; (c,d) the d-film using the TiO, ethanol solution without TAA.

In order to discuss the influence of the thickness of the ultrasonically sprayed TiO, compact
layer on the performance of PSC devices, ITO-glass substrates coated with TiO, films of different
thicknesses (30-100 nm) were made into complete planar PSC devices. The thickness of the TiO, film
was tuned by changing the concentration. Table 1 shows the photovoltaic parameters obtained from the
current-voltage measurements of devices with different compact layers. It is obvious that the optimal
concentration for the performance was 1.0 mg/mL, with a thickness around 60 nm. Figure 4 shows the
surface image of different functional layers, and a dense TiO, compact layer was obtained (Figure 4b).
Each functional layer can be clearly distinguished in the cross-section scanning electron microscopy
(SEM) image (Figure 4d). The clear interface between the TiO; layer and perovskite layer confirmed
that the TiO, layer was not utilized as a mesoscopic scaffold. It can be concluded that the uniform TiO,
compact layer with low roughness is suitable for the preparation of perovskite (Figure 4c), and the
optimal thickness ranges around 60 nm. Figure 5a shows the current-voltage curves of PSCs prepared
with a TiO; solution of 1.0 mg/mL using the w-film regime, with an average PCE of 10.79%, and the
highest PCE of 11.23%.
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Table 1. The performance of devices fabricated based on the w-film ultrasonically sprayed TiO, with
different thicknesses tuned by the concentration of TiO, dispersion.

Concentration of

Average Thickness

2 o, o,
TiO, (mg/mL) of TiO; Layer (nm) Voc (mV) Jse (mAfem?) FF (%) PCE (%)
0.5 30 654 18.74 0.38 4.61
1.0 60 896 17.57 0.69 10.82
2.0 100 838 15.72 0.59 7.81

— s
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<

Figure 4. Scanning electron microscopy (SEM) image of (a) PEN-ITO substrate; (b) TiO, compact layer;
(c) perovskite prepared by the gas-assisted method; and (d) cross-section SEM image of the PSCs.
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Figure 5. J-V characteristics of the gas-assisted processed PSCs based on TiO, compact layer deposited
by the ultrasonic spray-coating of TiO, solution with the addition of TAA (a) 0 mol %; (b) 1.0 mol %;
(c) 2.0 mol %; (d) 3.0 mol % with respect to the TiO, content.
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In addition, more works have been done to improve the performance of TiO, by adding a small
amount of TAA (1.0 mol %, 2.0 mol %, 3.0 mol % with respect to the TiO, content), with almost a
negligible influence on the thickness of the TiO, film. The solutions with different amounts of TAA
were ultrasonically sprayed on the substrates but with a similar thickness of the TiO, compact layers,
around 60 nm. The RSM increased to 7.6 nm from 3.3 nm without a significant change of the roughness
of the bare ITO after 1.0 mol % TAA was added to a TiO; solution of 1.0 mg/mL (Figure 6). It was
found that the RMS increased with the additional increase of TAA. Furthermore, the increasing size of
the large aggregates on the surface of the TiO; film was observed in the AFM images (Figure 6).

(a) ITO sheet without TiO,

o
rms = 2.4 nm (b) 1.0mol% TAA

nm - nm. = rms=7.6 nm

60

40

20

0 1 2 pm3 2 pym 3
(c) 2.0mol% TAA (d) 3.0mol% TAA
- rms = 14.1 nm rms =20.4 nm

Figure 6. AFM images of the surface of the TiO, layers sprayed by the TiO, ethanol solution with
the addition of TAA, (a) ITO sheet without TiO, film; (b) 1.0 mol % TAA; (c) 2.0 mol % TAA; and
(d) 3.0 mol % TAA with respect to the TiO, content.

The devices with the highest performance were prepared based on the TiO, compact layer sprayed
using the TiO; solution with 1.0 mol % of TAA. The highest PCE of 14.32% was achieved, with a
Voc of 1.008 mV, a Jg of 20.82 mA /cm?, and a FF of 68.3%. The improvement of the performance
was attributed to the addition of TAA, which enhanced the connection of the TiO, nanoparticles.
However, the addition of TAA increased the roughness of the film, which had a negative influence
on the preparation of the perovskite. It was also observed that the hysteresis of the PSCs increased
with the addition of TAA (Figure 5). To study the stability of PSCs based on ultrasonically sprayed
TiO,, a typical PSC on ITO-glass was placed in a N»-filled glove box for long-duration stability testing.
The PSC showed a good stability, as shown in Figure 7. The PCE of the device increased after two
days, which can be attributed to the increase of the FF, caused by the enhancement of the connection
between the TiO; particles and the oxidation of the Spiro-OMeTAD.

The optimized process of the ultrasonic spraying of 1.0 mg/mL TiO, solution with an
addition of 1.0 mol % TAA was employed to fabricate PSCs on the flexible ITO-PEN substrate.
A photographic image of the flexible device with a large area of 5.0 cm x 5.0 cm is shown in Figure 8a.
The best-performing cell exhibited an outstanding photovoltaic performance with a Vi of 945 mV, a Jsc
of 20.68 mA /cm?, a FF of 55.6% and a PCE of 10.87%, tested under AM 1.5 G sunlight (100 mW /cm?)
using a metal mask of 0.16 cm? (Figure 8b), which offers great potential for flexible PSCs with a
large area. Figure 9 shows the current-voltage curve of a flexible large-area PSC with an active area
of 13.5 cm?, tested without a mask under standard sunlight. A PCE of 4.33% was achieved for the
large-area flexible PSC.
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Figure 8. (a) Photographic image of the flexible device with a large area of 5.0 cm x 5.0 cm and (b) J-V
curve of the flexible device fabricated by using the optimized parameters of ultrasonic spraying on
polymer ITO-PEN substrate, tested under AM 1.5 G sunlight (100 mW /cm?) using a metal mask
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Figure 9. (a) J-V characteristics of a typical flexible PSC of 5 cm x 5 cm with an active area of 13.5 cm?,
tested without a mask. Inset photograph is the typical flexible PSC. (b) Photocurrent density measured
as a function of time for the same flexible PSC held at 2.5 V forward bias. (c¢) Normalized PCE of the
large-area flexible PSC after bending tests using 50 mm radii of curvature.
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4. Conclusions

In summary, using an ultrasonic spraying technology, we prepared a low-temperature processed
TiO, compact layer with low roughness compared to the thickness of the TiO, film on both rigid and
flexible substrates with a large area. Two different drying process-related regimes were studied. The
spraying method of the w-film regime showed advantages in preparing low-temperature processed
TiO,, resulting in a film with a RSM of 3.3 nm. A small amount of TAA was added into the TiO,
dispersion to enhance the connection of the particles, thus improving the performance of the PSCs. The
best-performing device was achieved with a PCE of 14.32% based on ITO-glass, and a PCE of 10.87%
based on ITO-PEN. This method provides a potential route for the fabrication of efficient large-area
flexible PSCs.
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Abstract: This study presents a new and improved approach to the rapid and green fabrication of
highly conductive microscale silver structures on low-cost transparent polyethylene terephthalate
(PET) flexible substrate. In this new laser direct synthesis and pattering (LDSP) process, silver
microstructures are simultaneously synthesized and laid down in a predetermined pattern using
a low power continuous wave (CW) laser. The silver ion processing solution, which is transparent
and reactive, contains a red azo dye as the absorbing material. The silver pattern is formed by
photothermochemical reduction of the silver ions induced by the focused CW laser beam. In this
improved LDSP process, the non-toxic additive in the transparent ionic solution absorbs energy
from a low cost CW visible laser without the need for the introduction of any hazardous chemical
process. Tests were carried out to determine the durability of the conductive patterns, and numerical
analyses of the thermal and fluid transport were performed to investigate the morphology of the
deposited patterns. This technology is an advanced method for preparing micro-scale circuitry on an
inexpensive, flexible, and transparent polymer substrate that is fast, environmentally benign, and
shows potential for Roll-to-Roll manufacture.

Keywords: laser direct synthesis and patterning; flexible electronics; laser direct write;
transparent conductors

1. Introduction

The market and applications of flexible, stretchable, and wearable electronics have increased
remarkably in recent years. The search for rapid and cost-effective ways to combine electronics with
flexible and stretchable substrates has also grown enormously. One central issue that challenges the
fabrication of flexible electronics is that most flexible substrates, such as polymers, are unsuitable
for the conventional photolithography used in microelectronic fabrication because they have poor
chemical and thermal resistance. The thermal issue also leads to poor adhesion between the
metallic materials and the polymer substrate caused by significantly large differences in thermal and
mechanical properties [1]. To overcome these problems, especially the thermally related limitations,
several advanced low-temperature manufacturing techniques have been developed that allow high
resolution patterning [2]. These include nano-imprinting [3], transfer printing [4], precision deposition
and low temperature process using nanoparticle ink [5], and laser-assisted direct sintering and
patterning of nanomaterials [6-8]. These techniques take advantage of the melting point depression
effect of nanomaterials, which allows the nanoparticles of metal to be easily sintered at moderate
temperature [9]. The material is deposited on the substrate from a solution followed by low temperature
sintering to form highly conductive nano-/microscale structures. The pattern can be produced by

Micromachines 2017, 8, 52 37 www.mdpi.com/journal /micromachines



Micromachines 2017, 8, 52

selective deposition or selectively sintering. The nanomaterial-based fabrication technique is fast,
maskless, and gives reasonably good resolution mainly depending on the laser parameters and optics.
Large area processing for Roll-to-Roll manufacturing is also possible by the laser-nanomaterial-based
microfabrication technique.

However, all these nanomaterial-based processes require the synthesis of metal nanomaterials,
which is usually a complex, time-consuming, and costly procedure. The coating and recycling of
nanomaterial on a polymer substrate is also very challenging. The novel laser direct synthesis and
pattering (LDSP) technology presented here provides a low temperature, green, nanoparticle-free
process that does not require masks, or vacuum, and is ideal for the rapid fabrication of flexible
electronics [10,11]. In contrast to the nanomaterial-based laser-assisted manufacturing processes such
as laser direct write that utilizes a pre-synthesized metal nanomaterial solution to deposit the material
followed by laser sintering, a transparent and particle-free metallic ion reaction solution is applied to
the polymer substrate in the LDSP process. A focused continuous wave (CW) laser beam is scanned
across the polymer surface to create a pattern. The laser energy absorbed by the tinted polymer
substrate heats the reaction solution near the interface. Metallic ions are reacted and precipitate to
form the predetermined pattern on the substrate surface. LDSP uses a nanoparticle-free metal ion
precursor—not metal nanoparticle ink—which makes the process significantly faster. The process
is simpler and green when compared to conventional laser direct sintering of metal nanoparticles.
However, one limitation of the LDSP process is that the polymer substrate needs to absorb the scanned
laser light. In other words, if an economic CW visible laser is to be used as a heat source, then the
polymer substrate has to be tinted. However, for applications needing highly transparent and flexible
electrodes, such as touch panels and flexible solar cells, a transparent polymer substrate has to be
used. In such a case, the reactive ionic solution itself must absorb the incident laser light. A possible
solution is to pre-deposit an absorbing layer on the substrate [12]. However, this could induce the
complexity of the fabrication process and could also affect the transparency of the substrate. Another
straightforward solution involves mixing the transparent ionic solution with a highly absorptive dye.
The laser beam can then be directed through the transparent substrate to the top surface from below
where it will be absorbed by the adjacent solution to initiate a thermochemical reaction and cause
silver synthesis and patterning.

Although conceptually promising, the feasibility and the consequences of this approach remain to
be proved. In addition, for realization of economic flexible electronics, low-cost transparent substrates
such as polyethylene terephthalate (PET) film should be used. However, this kind of substrate is
usually vulnerable to elevated temperature during the fabrication process. The thermal impact on
the PET substrate subjected to the modified LDSP process also needs to be investigated. In this study,
an improved LDSP process has been modified as described. Specifically, a red dye was added to
the transparent nanoparticle-free reactive ion solution. The solution was applied to the transparent
PET substrate, after which the LDSP process, where a focused laser beam was directed through the
underside of the transparent PET substrate, was carried out. The red-colored reactive solution serves as
the absorber of photon energy and converts it to thermal energy for the chemical reaction. The effects
of the additive materials, concentration and the number of laser scans were all investigated. Electrical
conductivities and the mechanical durability of the resulting nano-/microscale conductive patterns
on the transparent PET substrate were measured and discussed. It is emphasized that, and shown in
the results, using the red dye to make the reactive solution absorptive is a simple and cost-effective
way to expand the application of the LDSP technology to include transparent polymer substrates.
Unlike the other possible types of additives where nano-powders are used to form adsorptive colloids,
the reactive solution mixed with red dye used in this study is free from precipitation and unwanted
chemical reactions caused by the use of additives. Numerical simulation was also carried out on the
heat and flow transport near the laser focal spot. Discussions of the impact on the resulting silver line
structures from the temperature and velocity fields are also provided.
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2. Materials and Methods

2.1. Processing Solution Preparation

The transparent reactive silver ion solution was prepared following a reported procedure [13] with
modification. In brief, 1.0 g of silver acetate (anhydrous 99%, Alfa Aesar, Ward Hill, MA, USA) was
dissolved in 2.5 mL of aqueous ammonium hydroxide (28%~30%, ACS Reagent, ].T. Baker, Phillipsburg,
NJ, USA) at room temperature with vigorous stirring, followed by the drop-wise addition of 0.2 mL of
formic acid (88%, ACS Reagent, ].T. Baker). The solution was filtered through a 220 nm poly(vinylidene
fluoride) (PVDF) filter. The resulting particle-free clear ionic solution contains approximately 22%
silver. Separately, a red dye, Allura red AC, was dissolved in ethylene glycol (EG, 99%, Alfa Aesar)
under sonication to give solutions with molarities of 8 mM, 16 mM, and 32 mM. The red-EG was then
mixed with the ionic solution at a volumetric ratio of 1:1 to complete the preparation of the EG-silver
ion reaction solutions. Consequently, process solutions with red-dye concentration of 4 mM, 8 mM,
and 16 mM were utilized in the current study. It should be pointed out that the red dye was chosen in
the current study owing to its effective absorption to the green light laser energy, as also to be shown
and discussed in the following section regarding the optical property of the red dye.

2.2. The LDSP Process

The diagram in Figure 1 illustrates the setup of the experimental apparatus used in the LDSP
process. The 50-um-thick PET film with an area of 5 cm x 5 cm used for this experiment was cleaned
by rinsing with ethanol and DI water consecutively. The film was then treated with oxygen plasma
in an Atmospheric Pressure Plasma Cleaner (Output voltage: 10,000 V to 50,000 V, output frequency:
4 MHz to 5 MHz) for 10 s to make the surface hydrophilic and improve adhesion of the silver to
the polymer surface. The PET substrate was then placed carefully on a glass slide sample holder.
The process solution was pipetted onto the substrate surface to form a liquid film typically 2~3 mm
thick. The thickness of the process solution was controlled by controlling the amount of the solution
being dispensed. It should be noted that the LDSP process may be sensitive to liquid film thickness as
discussed in our previous studies [10,14]. As also to be shown from the numerical simulation results,
the range of temperature and fluid flow in the process solution affected by the focused laser is confined
within 1 mm surround the focal point. Therefore, 2~3-mm-thick process solution in the current study is
sufficient to prevent the impact from the liquid-air boundary. The laser beam from a continuous wave
(CW) diode laser (A = 532 nm) was aligned and focused to 50 um in diameter on the top surface of
the PET substrate from underneath with the assistance of a beam expander and beam profile analyzer
(BeamGage® Beam Profiler SP620U, Ophir Optronics®, Jerusalem, Israel). The focused laser beam
was then directed by a programmable galvanometer scanner system (SCANLAB hurryScan® 11-7,
SCANLAB GmbH, Munich, Germany) to selectively scan a predetermined light pattern through the
transparent PET substrate, the energy of which was absorbed by the process solution. Since the PET
substrate is transparent and thin, there was no significant extinction of the laser light and the process
solution absorbed the laser energy very effectively. Figure 2 shows the absorption coefficient of the
process solutions with respect to the concentration of the red dye. Measurements were carried out
using a UV-Vis spectrophotometer (Genesys 10S, Thermo Scientific, Waltham, MA, USA). Due to the
limited measurement range of the spectrophotometer, three diluted solution concentrations were used.
Assuming negligible scattering and from extrapolation of the measured absorption coefficient using
the fitted curve as shown in Figure 2, the penetration distance attributed to absorption by the 16 mM
process solution was approximately 65 um [15]. This estimated result suggests that the absorption
of the incident laser energy, and consequent heating of the process solution, would be confined to a
vicinity of ~O(10? pm) to the PET surface. A small and well controlled thermal impact area is essential
for the LDSP process to ensure good resolution as well as the recovery of unreacted process solution.
After the LDSP process was completed, the PET surface was washed carefully with deionized water
and ethanol and air-dried to remove any remaining process solution.
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Figure 1. Experimental apparatus for the modified laser direct synthesis and pattering (LDSP) process.
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Figure 2. The absorption coefficient with respect to the red dye concentrations in the process
(Ag-EG) solution.

3. Results

In this study, the laser power was fixed at 100 mW, and the laser scan speed was 10 mm/s.
The number of laser scans and the red-dye concentrations were varied to conduct the parametric
studies. Figure 3 shows the silver lines fabricated by the LDSP process on PET substrate with a
range of different laser scans (10x, 20x, 30x) and red-dye concentrations (4 mM, 8 mM, 16 mM,
based on the mixed process solution). It can be clearly seen that the 4 mM red-dye process solution
did not yield a continuous silver line even when the maximum number of scans (30x) was applied.
The formation of such broken lines also indicates that the thermochemical reduction of silver ions on the
PET surface is not uniform and steady. The temperature and the reactant concentration are two major
factors affecting the chemical reaction rate and it is possible that the concentration of reactants and the
red dye was not uniform along the laser scan path. In these experiments, the red dye in the reactive
solution absorbs laser energy and participates in radiative heat transfer. The reaction temperature
and thermally induced convection is affected by the absorption of the red dye in the solution and
although the process solution appears to be homogenous, there could still be microscale fluctuations
in concentration. Thermally induced fluid motion such as buoyancy-driven flow, the Soret effect, and
Brownian motion will also affect the concentration of species in the solution [16]. These fluctuations
are highly random, especially for solutions of low red-dye concentration, and increasing the number
of laser scans can build the line incrementally. Nevertheless, for a real application, the number of
scans should be minimal and the red-dye concentration was increased to improve uniformity and
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the absorption of laser light. As can be seen in Figure 3, the silver lines fabricated using a red-dye
concentration of 8 mM yields continuous conductive lines after 20 laser scans and 10 laser scans
were enough to give continuous lines with a 16 mM solution. The width of the deposited line is
approximately 50 pm. The size and the resolution of the conductive patterns being fabricated by the
LDSP process is mainly controlled by the size of the heat affect area [14], which are determined by
the process parameters such as the laser intensity, scanning speed, and heat transfer properties of
the process solution. In addition, the size and morphology of the LDSP deposited patterns could
also be controlled with the assistance of microfluidic dispensers [17] in conjunction with adjusted
laser parameters. Figure 4 shows the electrical resistivity, where measurable, of these silver lines.
The resistivity decreased to become stable with an increase in the number of laser scans or red-dye
concentration. It should be noted that, for the 16 mM solution, silver lines with 20 laser scans
and 30 laser scans yield compatible resistivity, which suggests that the effective thickness of the line
did not increase significantly with more than 20 laser scans. A similar trend had also been observed
earlier [10,14]. This effect is attributed to the fact that, as the thickness of the silver line increases,
it begins to reflect the incident laser light, the energy is no longer absorbed by the process liquid, and
the chemical reaction therefore stops.

Number of laser scans

Concentration of red dye

Figure 3. Silver lines fabricated by the LDSP process on the polyethylene terephthalate (PET) substrate
with different numbers of laser scans: 10x, 20, 30x and red-dye concentrations in the process solution
of 4 mM, 8 mM, and 16 mM.

Figure 5 shows the silver line fabricated with the 16 mM process solution and 30 laser scans.
The rough surface mainly results from solution flow and the possible sintering of silver nanoparticles
that were produced during the laser scan [18], which could be improved by increasing the viscosity of
the fluid [10]. The cross section of the silver line exhibits a concave shape. This surface morphology is
one of the typical shapes found for patterns fabricated by laser chemical vapor deposition (LCVD),
which is similar to the mechanism of LDSP. The formation of the morphology is closely related to the
temperature distribution, the transport of reactants and products in the liquid (in this case, possibly
silver nanoparticles being produced during the laser scan) and the surface diffusion of species [19].
The concave and round shape indicates strong impact from capillary-driven flow and thermophoresis,
which are significant when the local temperature gradient in the fluid near the laser focal spot is large.
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Figure 4. Electrical resistivity of silver lines with respect to the red-dye concentration and number of
laser scans.

Figure 5. Scanning electron microscope (SEM) image of a silver line fabricated using a 16 mM process
solution and 30 laser scans.

Figure 6 shows the results of energy dispersive X-ray analysis (EDX) analysis. It can be seen
that the PET substrate after the LDSP in the process solution without silver acetate (but with red dye)
contains no silver element, and the ratio of carbon to oxygen slightly increased compared with the
original PET substrate. It can be assumed that very little red dye would be sintered and deposited on
the PET substrate during the LDSP process. Silver lines fabricated with the process solution containing
silver acetate shows dominant silver content and a small amount of carbon and oxygen. The carbon and
oxygen could be from the red dye embedded in the silver line. These carbon and oxygen components
in the conductive pattern are thought to be the main reason for its higher resistivity compared to
pure silver.

Figure 7 shows the morphology of the cross section of the silver lines fabricated with LDSP
(16 mM process solution, 30 laser scans). The measurements were carried out using a white light
interferometer. The concave morphology can be clearly seen. The negative value at the center of the
silver line could be attributed to slight melting of the PET substrate during the LDSP process. Using
the average altitude profile shown in Figure 7 to calculate the cross-sectional area of the line, and
assuming the canyon at the center under the plain substrate surface does not contribute to significant
electrical conductivity, the electrical resistivity of the silver line was estimated to be 2.25 x 1077 Q-m,
which is approximately 10 times that of pure silver. This can again be attributed to the fact that
the composition of the conductive line contains a fraction of carbon and oxygen. Nevertheless, the
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conductivity of the line is sufficient to conduct electricity effectively as demonstrated in Figure 8.
The durability test apparatus and the results are shown in Figure 9. After 10,000 repetitive bends, the
drift in electrical resistance of the silver line was approximately 3 times higher than the initial value.
Referring to the microstructures of the silver line showing in Figure 9b, there are silver micro-flakes
that tend to be easily deformed and deteriorated. The variation in the electrical property is mainly
attributed to the change in mechanical structure of the line. Further effort should be made to improve
the mechanical robustness and the durability of the conductive patterns fabricated by this technique.
It should also be noted that the processing speed could be increased by increasing the laser intensity,

the absorptivity, and/or the reactivity of the process solution. The productivity of the LDSP process
can thus be improved.

100mW, 10mm/s , 30 times
100

I silver acetate
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Figure 6. Energy dispersive X-Ray analysis (EDX) elemental analyses.
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Figure 7. The morphology of the cross section of a silver line fabricated with LDSP (16 mM process
solution, 30 laser scans).

Figure 8. Demonstration of conductive silver line fabricated by LDSP on the transparent PET substrate.
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Figure 9. (a) Bending test apparatus; (b) resistance drift.

Numerical simulations were carried out to further investigate the transport phenomena during
the fabrication process. COMSOL Multiphysics® software (COMSOL Inc., Burlington, MA, USA) was
applied in the current study. Details of the numerical model can be found in an earlier report [14]
and in [19,20]. In comparison to our previous numerical study of transport phenomena in the LDSP
process, the main difference in the current numerical model is the absorbing material. In earlier studies,
the substrate (polyimide film) served as a laser light absorbing material, while in the current study
the laser energy was absorbed by the process solution. The heat source Q,},s from the absorption of a
Gaussian laser beam moving in the liquid can be determined by [3,20,21]:

B 2
QabS(l_R)ylpkeXp{_« “) ‘<y>2‘yz} &

w

where R is the reflectivity, y is the absorption coefficient of the process solution estimated from Figure 2,
Ipk is the peak laser intensity, and w is determined from the size of the laser beam on the x-y plane
of the PET substrate. In the current simulation, the surface reflectivity from the PET substrate and
the interfaces of the PET and process solution were assumed to be negligible. Chemical reactions
and liquid-vapor phase change were also neglected in this analysis considering that there was no
significant boiling observed during the process.

Figure 10a shows the temperature profile of the cross section at the center of the laser beam in the
scan direction. It can be seen that the highest temperature spot is inside the reaction fluid and is some
tens of microns above the PET surface. In contrast to the previous studies where the laser beam energy
was absorbed by the polymer substrate itself, so that the highest temperature in the reaction fluid was
on the interface between the solid substrate and the fluid, the process solution absorbs the incident
laser energy gradually along the laser path within the fluid, and the hottest spot is in the interior
of the process fluid region. This, in turn, results in a strong in-plane flow right on the PET surface
below the hottest spot. Strong in-plane flow, especially near the centerline (the symmetric line), could
adversely affect the deposition and adhesion of the reduced silver (from the hottest spot) on the PET
surface. Additionally, the symmetric swirling flow as shown in Figure 10b indicates that the reduced
silver could precipitate on the shoulders along the laser scanning path, which also corresponds to the
morphology of the silver line patterns shown in Figure 5. It should also be noted that the upward flow
at the centerline due to buoyancy exists with an absorptive substrate (polyimide) or an absorptive
fluid as in the current case. The morphology of the deposited pattern, however, is closely related to
the intensity of the buoyancy flow, which generally increases with laser intensity, which determines
the temperature of the focal point [19]. Other forces such as surface tension would be important for
improving the surface morphology [22]. Furthermore, the roughness of the surface of the deposited
patterns could yield a random scattering of the incident laser irradiation [23]. Thus, the reflectance
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to the laser light by the deposited patterns should be carefully considered. Continuous study in this
regard is being carried out.
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Figure 10. (a) Temperature (unit: °C) profile; and (b) velocity (unit: mm/s) profile near the laser
focal point.

4. Conclusions

In the current study, a new and improved approach to the rapid and green fabrication of highly
conductive nano-/micro-scale silver structures on low-cost transparent polyethylene terephthalate
(PET) flexible substrate was successfully demonstrated. Predetermined silver pattern was formed
by photothermochemical reduction of the silver ions induced by the focused CW laser beam in a
processing solution containing a red azo dye as the absorbing material. The effects of the additive
materials, concentration, and the number of laser scans were all investigated. The electrical resistivity
of the silver line was estimated to be 2.25 x 10~7 Q)-m, which is approximately 10 times that of pure
silver. Numerical simulation was also carried out on the heat and flow transport near the laser focal
spot to provide insights of the impact on the resulting silver line structures from the temperature and
velocity fields. The concave and round shape of the conductive lines indicates strong impact from
capillary-driven flow, thermophoresis, and buoyancy flow in the current LDSP configuration. This
study and the revised LDSP technology provides a potential approach for preparing nano/micro-scale
circuitry on inexpensive, flexible, and transparent polymer substrates that are fast, environmentally
benign, and cost-effective.
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Abstract: Over the past few years, there has been an increasing demand for stretchable electrodes
for flexible and soft electronic devices. An electrode in such devices requires special functionalities
to be twisted, bent, stretched, and deformed into variable shapes and also will need to have the
capacity to be restored to the original state. In this study, we report uni- or bi-axially wrinkled
graphene-silver nanowire hybrid electrodes comprised of chemical vapor deposition (CVD)-grown
graphene and silver nanowires. A CVD-grown graphene on a Cu-foil was transferred onto a bi-axially
pre-strained elastomer substrate and silver nanowires were sprayed on the transferred graphene
surface. The pre-strained film was relaxed uni-(or bi-)axially to produce a wrinkled structure.
The bi-axially wrinkled graphene and silver nanowires hybrid electrodes were very suitable for
high actuating performance of electro-active dielectric elastomers compared with the wrinkle-free
case. Present results show that the optical transparency of the highly stretchable electrode can be
successfully tuned by modulating input voltages.

Keywords: graphene; silver-nanowires; wrinkles; elastomer actuators; tunable transparency

1. Introduction

Smart windows, which can control the level of light transmission, have recently been attracting
great interest, because they can be applied to a variety of applications, including vehicle windows,
exterior wall windows and skylight windows. Until now, most smart window technology has been
based on the redox reaction of a molecular element and a chromic material in response to external
stimuli such as light, electricity, or temperature [1-4]. However, such materials are chemically unstable
during the conversion processes, and are further disadvantageous in that they are difficult to control [4].
As a result, there is a need for a new smart window that is efficient in manufacturing, simple to
implement, durable to operate and has a fast response time.

Among various approaches to smart window technology, there has been recent interest in
techniques for modulating transmittance by changing the surface morphology of an elastomer actuator.
In order to generate such a morphological change of soft materials, a flexible and stretchable conducting
material should be used as compliant electrodes, which can be stretched or shrunk according to the
movement of the soft material, such as nanowires, graphene, and hybrid materials [5-12]. In particular,
techniques using a soft dielectric elastomer and stretchable electrodes are being studied for controlling
surface morphology by applying electric input voltages. Smart window technology based on such soft
materials can be applied to micro-lens arrays [13,14], flexible electronic devices [15,16], and variable
diffraction gratings [17].

However, since most devices were operated with flat electrodes, the changes in transmittance
were not so large, resulting in a limited application. In order to resolve this performance problem,

Micromachines 2017, 8, 43 47 www.mdpi.com/journal /micromachines



Micromachines 2017, 8, 43

research on smart windows using graphene and silver nanowire hybrid electrodes has been carried
out, but a wrinkled structure implemented with stretchable hybrid materials has not been reported yet.

In this study, we developed a wrinkled hybrid electrode, comprised of CVD-grown graphene
and silver nanowires, and reported a tunable transmittance by applying electrical fields to the
dielectric elastomer actuators sandwiched with the wrinkled graphene-silver nanowire hybrid
electrodes. A monolayer of graphene grown by CVD on a Cu-foil was transferred onto a bi-axially
pre-strained elastomer substrate and silver nanowires were sprayed on the transferred graphene
surface. The pre-strained film was released bi-(or uni-)axially to develop a wrinkled structure.
The morphological and electrical characteristics of the wrinkled structures with bi-(or uni-)axially
compressive strains were investigated using scanning electron microscopy (SEM). Also, the bi-axially
wrinkled graphene and silver nanowire hybrid nanostructures were successfully applied to produce
high actuating performance compared with the wrinkle-free case. Using the fabricated electrode, we
demonstrated a device whose optical transparency was tunable with input voltages.

2. Preparation and Experiment

2.1. Materials

VHB 4905 film (3M Corp., Maplewood, MN, USA) is an appropriate material for dielectric
elastomer actuators because the film is easy to handle, and both sides of the film are sticky enough for
coating with electrode materials such as graphene and silver nanowires. In addition, the VHB 4905
is almost transparent, with a thickness of around 5 mm and a density of 960 kg/m?. The dielectric
constant of the VHB 4905 film is 3.21 at 1 kHz. The dissipation factor and dielectric breakdown strength
are 0.0214 and 630 V/mm, respectively [18,19].

Silver nanowires (AgNWSs) are nanostructures, generally with a diameter of ten to several hundred
nanometers and lengths of tens of microns. Silver nanowire material is a kind of grayish powder and
is often dispersed in solvents, such as water, ethanol, and isopropanol [20]. The silver nanowires used
in this study were synthesized by the polyol process [21-23]. A cleaned two-neck flask was placed in a
heating mantle. Polyvinylpyrrolidone (PVP, Mw = 55,000) 5.86 g in 190 mL of glycerol was heated
at 150 °C for 2 h to remove moisture in the PVP. The solution was injected into the cleaned two-neck
flask and cooled down to 55 °C. A mixture of 0.059 g of sodium chloride, 0.5 mL of deionized water,
and 10 mL of glycerol was added into the prepared solution with 1.58 g silver nitrate. The suspension
was heated up to 155 °C and left for 20 min for the additional reaction. The final product was washed
using glass filters and stored in methanol.

2.2. Fabrication

The fabrication process of the graphene and silver nanowire hybrid electrode with a wrinkled
structure is illustrated in Figure 1. In this process, the wrinkled structure of the elastomer surface was
formed mainly due to the difference in modulus between the elastomer film and the graphene and
silver nanowire electrode.

The first step is the transfer of the CVD-grown graphene onto the surface of the pre-stretched
elastomer film. In this step, the copper layer is removed using a wet-etching process to allow the
graphene transfer. In order to maintain electrical conductivity between the graphene islands on
the elastomer surface, silver nanowires were sprayed on the wrinkled graphene surface. Then,
the pre-stretched elastomer film was released, to prepare a hybrid electrode with a wrinkled structure.
In order to fabricate a dielectric elastomer actuator with a wrinkled structure, the electrode formation
method described above was also applied to the opposite side of the elastomer. Using this method,
a wrinkled elastomer actuator whose light transmittance could be controlled was manufactured.

48



Micromachines 2017, 8, 43

Cu-layer Etching AgNWs Coating
As-grown Pre-strained Elastomer I ) .

wnunag
o** v

.
.
Releasing \‘

Graphene
- \ e
- - . B v

+D FeCl,

0 P
RATTI T

Wrinkle
Generation

Figure 1. Fabrication process of the wrinkled graphene-AgNWs hybrid electrode.

2.3. Experiment Method

To induce the electro-mechanical deformation of the dielectric elastomer actuator, a high input
voltage over 1 kV needs to be applied to both electrodes. For this purpose, a high voltage power
supply (Trek Model 610E, Lockport, NY, USA) was connected to both the top and bottom electrodes
of the actuator. To connect each compliant electrode to a cable from the power supply, conductive
copper tape was used instead of the conventional cable-wires. Actuation testing was performed on an
experiment table, and video data was acquired using a complementary metal-oxide-semiconductor
(CMOS) image sensor to show the areal expansion of the actuator. To observe the variation in optical
transmittance under actuating conditions, we placed the fabricated actuator on the sample holder of a
UV-VIS spectroscopy. The optical transmittance was then examined, as input voltages were applied to
the actuator.

3. Results and Discussions

3.1. Uni- and Bi-axially Wrinkled Electrode

Figure 2 shows SEM images of the hybrid electrode, which forms a wrinkled structure in the uni-
and bi-axial directions on the elastomer film. Because the as-transferred graphene layer is fragmented,
it has low electrical conductivity, and so by itself cannot function as an actuator electrode. In order to
solve this problem, we additionally used silver nanowires to act as conductive bridges between the
graphene islands. Silver nanowires with a length of about 10 to 20 um were used, and the synthesized
silver nanowires were thermally annealed at a temperature of 120 °C.

In Figure 2b,c, the surface morphology of the wrinkled structure formed along the uni- and
bi-directions can be observed. A stretching-releasing method was used to create the wrinkled structure
of the hybrid electrode. Pre-stretching was used to elongate the state of the elastomer film, which was
used as the elastic body of the actuator. Different wrinkled structures can be formed depending on the
pre-stretching direction. In this experiment, we formed wrinkled structures with uni- and bi-directions.
The wavelength of the wrinkles is about 5 to 15 um, as shown in Figure 2b,c.

Figure 2. SEM images of the graphene-AgNWs hybrid electrode: (a) flat surface morphology,
(b) uniaxially compressive strain of 20% and (c) biaxially compressive strain of 20%.
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3.2. Morphology Variation with Tensile Strength

The working principle of the elastomer actuator is based on an attraction force which is generated
between the two electrodes. This force causes an expansion of the electrode area in the in-plane
direction. In order to examine the change of the surface in the multilayered elastomer-electrodes
according to the pulling forces in the in-plane direction, the surface morphology was examined under
tensile conditions, as shown in Figure 3. The uni- or bi-axial mechanical forces were applied to make
uni- or bi-axially wrinkled patterns. The upper figure shows a wrinkled structure formed in one axis
direction, and the lower figure shows a wrinkle structure formed in two axis directions. The surface
patterns were observed as 0 to 50% tensile strain applied along the wrinkle direction. As the strain
value increases, it can be seen that the wrinkles spread out. In the strained condition, it was confirmed
that the interval between the pitches is increased, the height of the wrinkles and the density of electrical
networks are lowered.

Released (Strong Networking)

Uni-directional
wrinkle

Bi-directional
wrinkle

Figure 3. Morphology changes in the electrode surfaces with mechanical tensile strains.

3.3. Electrical Measurement

The relative resistance of the electrodes was examined in order to investigate the influence of
the wrinkling morphology. Three types of specimens with different compressive strain values were
prepared for this experiment. The compressive strain values applied to the specimens were 20%,
33% and 42%, respectively. As shown in Figure 4, the relative resistance (AR/Ry) remains stable
in the initial section, and as the strain value is increased, the magnitude of the relative resistance
value is changed sharply. These results can be explained based on the wrinkled structure of the
electrode. As shown in Figure 3, when the value of the tensile strain is increased, the hybrid electrode
material, that is, the connectivity between the graphene and the silver nanowires, is weakened. For this
reason, it can be understood that the resistance increases sharply in the section where there are fewer
wrinkled structures.
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Figure 4. Resistance changes of wrinkled hybrid electrodes according to mechanical tensile strains.
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3.4. Electromechanical Transducer with Elastomer Films

The dielectric elastomer actuator has a sandwich structure consisting of an elastomer film with
two electrodes on both sides. For application, the elastomer film was fixed in a rigid frame made of
polyacetal. Figure 5a illustrates the working principle of the elastomer actuator. When an input voltage
is applied to the electrodes, electrons are accumulated on both sides of the wrinkled electrode. At this
time, Maxwell stress is generated in the thickness direction of the elastomer film. Deformation occurs
in the in-plane direction from the active area where the electrodes are formed.

In order to verify the operating performance of the actuator, we connected the electrode of the
actuator to a DC high voltage supply capable of generating 0-10 kV. Then, the applied voltage was
gradually increased from 0 to 6 kV, and the change in the area of the actuator was examined. For more
precise performance analysis, it is essential to determine the area of the increased actuator under
electrical stimuli. For this purpose, the moving images of the actuator were captured frame-by-frame,
and analyzed using an image processing program. The actuation of conventional dielectric elastomer
actuators using a high input-voltage caused the electrodes to expand with an isotropic areal strain as
shown in Figure 5a. Isotropic behaviors of the dielectric elastomer actuator can be differently realized
by the morphological configuration of hybrid electrodes. Figure 5b shows the experimental results
to confirm the performance difference of the wrinkled and wrinkle-free electrodes when electrical
input voltages are applied to two dielectric elastomer actuators. The actuator sample with wrinkled
electrodes shows an areal change (AA/Ag) of 33%. Within 4 kV, the areal change of the actuator is
almost similar in both cases, but there is a remarkable maximum difference of about 6% at 6 kV.

Elastomer film 40 48— Non-wrinkled Electrode
Bottom 35 —@— Wrinkled Electrode
Voltage g 301
OFF
o 254
Top g’
electrode < 20
=
Rigid O 151
frame ]
@ 10
< 5]
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ON 0 - .
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Input Voltage (kV)
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Figure 5. Actuation behaviors: (a) concept of isotropic elastomer actuation, (b) comparison of areal
changes of wrinkle-free and wrinkled elastomer actuator.

As the applied voltage increases, the strength of the interaction force in the thickness direction
increases in the elastomer actuator. This force has the effect of reducing the thickness of the film and
increasing the area of the electrode. At this time, the transmittance of the active area is increased
due to the reduced thickness of the film and the change in surface morphology on the surface of the
elastomer film. Figure 6 is a graphical representation of the relationship between the rate of areal
change and transmittance obtained when a voltage is applied to the actuator. Using a sample without
the wrinkled electrodes, experimental results confirmed that the areal change rate was about 27% and
the transmittance at 550 nm was changed by about 8%.

Using the same method as that used for the wrinkle-free sample, the change in active area of
the dielectric elastomer actuator with wrinkled graphene-AgNWs hybrid electrodes was measured
with respect to the applied voltages. Then, the transmittance change according to area changes was
also examined. The wrinkled electrode structure exhibited about a 33% change in area ratio, and a
transmittance change of about 15%. That is, although the wrinkled structure showed the same area
change rate, it can be confirmed that the transmittance was about twice as large as that in the case
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of the wrinkle-free sample. When compared with the structure without wrinkles, the cause of this
phenomenon is understood to be the difference in transmittance due to the scattering of light.

60 60
o = 40
g 8
s c
g 40 ’/,_._,_/ g //_’_,_,‘
= Oy —
5 —— 8% £ 201
c 0
S g 15 %
= I
20 : T : . . . . 04— T T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Areal Change (%) Areal Change (%)
(@) (b)

Figure 6. Optical transmittance control of (a) a wrinkle-free and (b) wrinkled elastomer actuator with
electrical input.

4. Conclusions

A novel dielectric elastomer actuator with wrinkled graphene and silver nanowire hybrid
electrodes was developed in this study. Graphene and silver nanowires were used to realize the
highly conductive and compliant electrodes. The developed dielectric elastomer actuator with the
wrinkled surfaces exhibited a large in-plane deformation of up to 33%. As compared with wrinkle-free
electrodes, the proposed actuator with wrinkled electrodes exhibited a 10% higher areal change rate
because of the synergistic effect of the ultrahigh conductivity of the silver nanowires and the remaining
capacitance of the graphene under large deformation. This novel elastomer actuator with wrinkled
hybrid electrodes may be a candidate to tune the transmittance of a smart window system.
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Abstract: This paper presents NHj3 sensing with ultra-low energy consumption for fast recovery and
a graphene sheet based on a suspended microheater. Sensitivity and repeatability are important
characteristics of functional gas sensors embedded in mobile devices. Moreover, low energy
consumption is an essential requirement in flexible and stretchable mobile electronics due to their
small dimension and fluctuating resistivity during mechanical behavior. In this paper, we introduce
a graphene-based ultra-low power gas detection device with integration of a suspended silicon
heater. Dramatic power reduction is enabled by a duty cycle while not sacrificing sensitivity.
The new oscillation method of heating improves the sensitivity of 0.049 (AR/Ry) measured at a
flow rate of 18.8 sccm NHjg) for 70 s. Our experimental tests show that a 60% duty cycle does not
sacrifice sensitivity or recovery by dropping the total power consumption from 1.76 mW to 1.05 mW.
The aforementioned low energy consuming gas sensor platform not only attracts environmentally-related
industries, but also has the potential to be applied to flexible and stretchable mobile electronic devices.

Keywords: graphene; sensor; heater; NHj3; oscillation; pulse; sensitivity; recovery; energy; flexible

1. Introduction

Graphene’s unique and excellent electrical and mechanical properties make it a tremendous
contribution to flexible and stretchable electronics [1-3]. In particular, gas detection at low temperatures
has been one of the main topics explored in applications based on 2D materials [4-6]. Among
many gases, ammonia (NH3) is a one of major target compounds of toxic gases in the field of safety
monitoring [2] Conventional toxic gas detection relies on catalytic reactions based on metal oxide,
however recent study suggests that the sensitivity can be greatly enhanced by integration of atomically
thin layered materials. There are multiple known advantages of graphene. First of all, graphene
sheets can be used electronically in single electronic detectors operating at room temperature and in
ultra-high sensitivity sensors with mechanical strain or magnetic fields [3]. In terms of mechanical
aspects, graphene strength is an essential characteristic for wearable and embedded gas sensors
in mobile devices, and graphene-based gas sensors are known to tolerate extreme sensitivity [4].
Thus, many attempts have been made recently to increase the performance of gas detection using
chemical doping, array structures and UV-light exposure. The large arrays of sensors can raise
the sensitivity due to broadening of the active detecting area [4]. However, there is a limit in size
because small size and high sensitivity are required in order to match modern electronic devices.
Increased concentration of charge carrier in graphene induced by adsorbed gas molecules can be
useful in highly sensitive sensors [5]. Metal oxide semiconductor and solid electrolyte sensors with
a wide typical detection range at an operating temperature of a few hundred degrees Celsius are
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commercially available. Although these types of sensors are inexpensive and robust, they require
high energy consumption and cannot be fabricated on flexible substrates [6]. Other research revealed
that the UV light exposure shows much improved sensitivity [7], but there are critical limitations to
the method, specifically with respect to its reliability, as the sensor eventually loses its performance
due to UV exposure. This is because single-walled carbon nanotube, sensing probes, are gradually
removed by the continuous UV light irradiation [8]. In addition, several researchers focused on
reducing recovery time. According to the experiment by Schedin et al., adsorbates can be removed by
annealing the device at 150 °C [3]. Additionally, another experiment showed that the low temperature
in range of 50~150 °C also increasingly contributed to molecular desorption. Semantic et al. fabricated
micro-scale suspended hot plate arrays and deposited metals onto the plate by post-chemical vapor
deposition (CVD) method [9,10]. The post-CVD method for metal deposition can provide thermal
shock effects on the device. In addition, the study also indicated that the manufacturing process of the
suspended heater structure is a challenging task. As a separate study, Fowler et al. made a suspended
nitride heater and deposit graphene dispersion using spin-coating [11]. However, those suspended
heaters have large dimensions (100-500 um?), that are three-fold larger compared to the device in
this paper. UV exposure for a short time offered an alternative to thermal annealing, however use
of UV exposure is not recommended in general due to possible corrosion of carbon on the sensing
sheet [8]. The temperature-programmed desorption curve using the Monte Carlo simulation methods
and force-field parameters gives predictable data to grasp the fast recovery rate [12]. Therefore,
there are clear needs for a device which can detect toxic gases at low power consumption without
compromising sensitivity and recovery time. In this paper, a silicon-based microheater and single
layered graphene are implemented to enable ultra-low energy consumption. The suspended structured
heater is fabricated by surface micromachining followed by backside wet etching. Then, the graphene
is deposited via poly-methyl-methacrylate (PMMA) transferring method. Then the sensing probe,
covered with graphene, is formed by e-beam lithography. We have demonstrated ultra-low power
consumption of up to 1.05 mW by implementing several factors including various input vibration
parameters such as air-suspended microheaters, voltage, duty cycle and power input frequency.
Multiphysics simulations are used to predict the temperature of a silicon heater and the results are
used when designing a suspended heater.

2. Device and Methods

2.1. Structure

Figure 1a shows the working principle of low-power gas sensor. Gas molecules are absorbed on
the graphene and sensing electrodes placed on top of silicon nitride layer. A structural side view of
the sensor is shown in Figure 1b. The microheater layer is sandwiched between two low-stress silicon
nitride (LSN) membranes and suspended in the air to minimize heat loss. Ti and Pt are patterned to be
electrically connected to the graphene and the packaging. A single layer of graphene on the copper
film synthesized by CVD is transferred onto the device surface and patterned by e-beam lithography as
shown in Figure 1c. The graphene sheet, as an absorber, is located on the narrow bridge region of the
microheater layer. Each device has four sensors which perform independently and they are positioned
on top, left, right and bottom in Figure 1d. Each sensor has four yellow-colored Ti/Pt legs at the center
of the device. Two square shaped electrical connecting pads in the middle are opened to the input
power source. The other two pads on the outside are connected to the electrical measurement setup.
In Figure le, the device is mounted on a packaging platform that can be connected by wire bonding.
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Figure 1. Schematic view of the sensor. (a) Concept of a microheater-based graphene gas sensor.
Molecules are adsorbed on the graphene and fast recovery is achieved via heat-assisted desorbtion.
(b) Cross-sectional view of the sensor. Heater is suspended in air to reduce heat loss. (c) The graphene
is patterned on the bridge of the heater that generates high temperature due to narrow carrier pathway.
(d) Top view of the device consists of four sensors on a single device. (e) A device is connected to a
silicon-package by wirebonding. LSN: low-stress silicon-rich nitride.

2.2. Working Principle

A mechanism of adsorption and desorption of NH3 molecules is shown in Figure 2. When the
graphene surface is exposed to a stable environment composed of atmospheric pressure and room
temperature, the graphene sheet exhibits an ohmic response before gas adsorption as shown in
Figure 2a. When the graphene is exposed to NHj3 as shown in Figure 2b, molecules are adhered on
the graphene surface. This NHj() sensing is based on changes in the resistivity due to molecular
adsorption on the graphene sheet that act as donors [5]. Figure 2c shows desorption by air purification
and annealing to accelerate the desorption rate. Molecular desorption reduces the electrical resistance
by removing molecules from the graphene surface. The device is then purged with dry air to return
graphene to its original resistance value [13]. In addition, the ultraviolet irradiation on graphene is
known to increase the electrical resistance of the graphene [14]. Ultraviolet radiation catalyzes the
sensitivity of graphene for sensing different types of gases, but graphene has weak light absorption
and therefore light irradiation systems are difficult to apply to microelectronics [15]. The sensor’s
sensitivity has a strong relationship with the activation temperature, therefore, accurately knowing the
temperature is important.

@33&& é§¢€ RTV,

NH3 Molecules Adsorption “ Heating up ,;
”&“qﬂ Ff L
e e S &

(c)

Figure 2. Conceptual process of interaction between molecules and graphene sheet. (a) The graphene
has a steady condition without gas adsorption. (b) Molecules are adhered by interaction bonding.
(c) Desorption occurs by air purging and annealing that accelerates desorption.

However, due to the size of the microheater, it is difficult to directly measure the temperature
of the microheater. We have predicted the temperature of the heater to be about 200 °C by the 2 V
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input source using commercial finite element analysis (FEA) packaging. In addition, a silicon heater
with the same dimensions was fabricated and tested with thermal couple on top of it to monitor the
temperature variation along with voltage input. The heater’s micro-scale bridge can be used over
a wide temperature range of up to 800 °C, driven by input power. The emission of a ‘U’ shaped
microheater (bridge structure) on the left side of Figure 3 shows a silicon heater that glows around
an input voltage of 8 volts with an expected temperature of 900 °C.

............ 60%(0.65) 0.4s 100%
W= o |
Heater ~Wave ™. 0% ’ .
Generator ., OV
1sec
(a) (b) (c)

Figure 3. Schematic view of connection with microheater and power wave generator. (a) A 0%
duty cycle means non-heating. (b) A 60% duty cycle of oscillation with 2 V shows 1.05-mW energy
consumption. (c) Full duty cycle (continuous heating) generates 1.76 mW of energy consumption.

The zero duty cycle in Figure 3a has no energy consumption, and the 60% duty cycle with 2 V in
Figure 3b means the generator releases 2 V power source for 0.6 s, then takes a rest for 0.4 s. Overall
energy consumption during 1 s is equivalent to 1.05 mW of power consumption. In Figure 3¢, the overall
duty cycle shows a continuous power supply, reaching a higher energy consumption of 1.76 mW.
Consolidating the duty cycle in the operation of the microheater greatly reduces power consumption.

2.3. Device Fabrication

The fabrication process of the sensor is shown in Figure 4. (a) First, a low-stress silicon-rich
nitride (LSN) of 100 nm is deposited on 500-um-thick silicon substrate using low-pressure chemical
vapor deposition (LP-CVD). (b) A boron-doped poly-silicon is deposited by CVD. Then the substrate
is annealed at 1050 °C. Micro heater structure is patterned by photolithography process followed
by reactive ion etching (RIE) of silicon. (c) LSN on the top surface is removed by plasma etching.
(d) The LSN is deposited to make a sandwich structure on both sides of the heater. (e) The LSN is
patterned to open the electrical connection between the poly-silicon and Ti/Pt that is formed. (f) Ti/Pt,
10/90 nm, are deposited on the top surface and patterned for the electrical pathway using supplemental
items including a graphene connector and wire bonding pads. The device is annealed at 350 °C for 1 h
in a nitrogen environment. (g) The silicon substrate is etched from the bottom by KOH solution for
the suspended microheater. (h) The PMMA-coated graphene sheet is transferred onto the top surface.
(i) The PMMA is patterned to shape the graphene sheet as an absorber on the heater region using
e-beam lithography. The graphene layer is etched to define the heater region. Single-layer graphene
synthesis is as follows.

(a) f —
—_— — (e)
(c) = e
— F = 1
(d (h)- e
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EEEeeseeeee—— e

SiWafer wmmm [SN === Poly-Si Ti/Pt === Graphene PMMA

Figure 4. Fabrication process of suspended graphene gas sensor mounted on silicon based heater.
Details of each process (a~i) are explained in above paragraph.
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The single-layered graphene is grown using the CVD process. A copper film is used for the growth
substrate. The film is exposed to H; for 100 sccm for 1 min and CHy for 30 scem for 3 min in the 550 °C
furnace. Then, 10 sccm of H; flows for 100 min in the 1050 °C furnace. After a pre-heating process,
the film is exposed to both Hj of 10 sccm and CHy 22 sccm for 85 min simultaneously. The urnace is
shut-off after 25 min in a growth process. All gas valves are closed after 85 min. The film is stored
in the furnace for cooling to room temperature overnight. Based on the characterization by Raman
spectroscopy, the grown film is identified by matching the characteristic wavelength of the single layer
graphene [16].

2.4. Measurement

Figure 5 shows an experimental setup for the gas adsorption and desorption. The test is performed
in ambient pressure and room temperature environment. Here, 18.8 sccm of air is supplied from the
syringe on the left side of the schematic image. The liquid form of ammonium hydroxide NHjy,
evaporates and dissolves in the air. Then the air containing NHj3 molecules is pumped into the next
flask containing drierites, which absorbs water vapor from a mixture of NH3 and air. Then dry NH3(g)
molecules penetrate a test chamber. For desorption of the molecules, a wave form generator (SDG1025,
Siglent, Shenzhen, China) is used to generate power for the heating. Multiple sets of temperatures
and input power are tested by varying input voltage (0~2.5V), duty cycle (45%~100%) and frequency
(1100 Hz). As a reference, the same set of tests is performed using argon(g) gas. A multi-meter and a
digital oscilloscope (TBS1052B, Tektronix, OR, USA) is used to measure the resistivity and wave form
of the system. The detection capability is evaluated by the relative change in resistance per adsorption
and desorption time (R; — Rg)/Ro. NH;3 (g 70-s adsorption and air desorption 70 s was repeated four
times. This is a cycle that repeats every 70 s.

ir ) -
l:r = ?—éJ IM—?I Drain E--SI!E!M
& i ]

E Wave Generator
e | ]
&l E Oscilloscope
Sensor H
NHB3(Liquig) Drierite Chamber Multimeter

Pump

Figure 5. Experimental setup to flow target gas and measure the output from the gas sensor. MFC:
mass flow controller.

3. Results

The graphene-based sensor is evaluated as a change in electrical resistance based on NHj3 gas and
ultraviolet exposure. When the sensor is exposed to gas/UYV, the resistance increases in both UV and
NHj;. However, low temperature heating between room temperature and 100 °C does not significantly
improve sensitivity /recovery of UV detection. On the other hand, the adsorption sensitivity of NHz
increases by 40% when 0.5 V is applied compared to the same test conducted at room temperature.
Argon (Ar) gas is supplied through a mass flow controller (MFC) in the gas tank. While heating from
100 to 200 °C, AR/Ry per 10 s recovery rate is monitored to be in the same range over all temperature
ranges. The 200 sccm of Ar flow also provides 26% faster response than at 10 sccm. The air purging by
uncovering with higher temperature gives a 6%~10% faster rate than 200 sccm Ar purging in detail.
Using the air purging is the simplest method to refresh the sensor’s surface. In addition, the air is able
to be regularly utilized when the sensor is operating on the wearable device. Thus, NH3 and the air
worked in shifts for the evaluation of gas sensing and recovery. When the heater is heated to 100 °C
or more by applying 1.5V, the recovery speed is significantly reduced. In other words, the faster the
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recovery speed, the better the high voltage, but the constant power input of 2.0 V greatly reduces the
sensitivity. Based on the tests, input power ranging between 1.5 and 2.0 V can serve as optimized
refreshing input power, satisfying both reasonable recovery and sensitivity. As shown in Figure 6,
increasing the temperature around 200 °C by 2 V input voltage with 60% duty cycle of oscillation
improves the sensitivity and the recovery rate of NHg(g) sensing. It is noted that a test without heating
(no input power source) clearly shows the poorest recovery for the gas. Consolidating the duty cycle to
reduce power consumption significantly reduces power consumption over continuous heating without
compromising sensitivity and recovery time. If the total input power is fixed at 0.6 mW through 40% of
the duty cycle, the influence of the input frequency is not apparent. A 1-Hz input frequency improves
performance if the total input power is fixed at 1.76 mW over 75% of duty cycle and 1.05 mW over
60%. For example, red (1 Hz) represents a higher absorption and desorption response than orange
(100 Hz) with a total input power of 1 mW. However, the 45% and 75% of duty cycles with 1 Hz of
frequency give low adsorption/desorption rates that are 0.041/0.041 and 0.038/0.047 (AR/Rg) per 70s,
respectively, compared to the rates 0.049/0.052 (AR/Ro) per 70 s at 60%. Next, the NHj(g) sensing
device’s dependence on input power frequency is tested and a small noticeable difference is observed
as shown in Figure 7a,b. The 60% duty cycle at 1 and 100 Hz reaches the highest AR/ Ry of sensitivity.
A 1-Hz frequency shows a higher sensitivity /recovery rate than 100 Hz. Lastly, in an optimal test
condition, ultra-low 1.05-mW energy consumption is achieved by a 2.0-V 1-Hz 60% duty cycle input
power source that shows as high as 0.049 (AR/Ry) sensitivity with 18.8 sccm of NHy ) input flow.

Oscillated Heating and Continuous Heating

008  NH3 AT NHs  Ar  NHs  Ar  NHs OMW._ Non-Heating
1.05mW

0.04
o <— Oscillated Heat
£ 9 <— Contiuous Heat
f] 1.05mW* Oscillated Heat

004 | * X '

A D
008 50 ptiog St 1.76mW Contiuous Hea
0 70 140 210 280 350 420 490 560
Time (sec)
0V (noheat) —1.5V (cont.heat)——2.0V (cont.heat)

~=2.0V 100Hz 60% —2.0V 1Hz 60%

Figure 6. Comparison of sensing and recovery with varying duty cycles (0%, 60%, 100%). Adsorption
cycle with NHj(,) 18.8 scem for 70 s and desorption cycle with air for 70 s are repeated for four cycles
each. Ultra-low 1.05-mW energy consumption by optimized heating mode (2.0 V, 1 Hz, 60% duty cycle,
red color) shows significant adsorption rate 0.049 (AR/R) per 70 s of sensitivity and desorption rate
0.052 (AR/Ry) per 70s of recovery.

(a) 2V 1Hz Duty 45,60,75% (b) 2V 100Hz 45,60,75%
NH3, Air [NH3; Air |NH3, Air NH3, Air NH3, Air NH3, Air NH3, Air NH3, Air

0 70 140 210 280 350 420 490 560 0 70 140 210 280 350 420 490 560

Time (sec) Time (sec)
~—2.0V1Hz45% ——2.0V 1Hz60% ==2.0V 100Hz 45% ==2.0V 100Hz 60%
—2.0V 1Hz 75% —2.0V 100Hz 75%

Figure 7. (a,)b) shows a dependence of the frequency. A 60% Duty cycle achieves the highest 0.049
(AR/Ry) of sensitivity. A 1-Hz frequency of all duty cycles shows higher sensitivity /recovery to gas.
An optimized heating mode (2.0 V, 1 Hz, 60% duty cycle) shows the best performance.
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4. Discussion

Various types of interaction, from weak van der Waals to strong covalent bonding, occur between
adsorbed molecules and the graphene atoms during the experiment. This leads to a noticeable change
in electrical conductivity of graphene [17]. Molecules adsorbed on the graphene sheet act as scattering
centers, resulting in an increase in the resistivity of graphene [18]. Higher density of gas can decrease
the greater conductivity. It can also be seen that, depending on the change in the emission of the
microheater, the heater can generate various temperatures by changing the input power, as well as
predicting the temperature in the low temperature range of 100 to 300 °C. The desorption is accelerated,
especially with an input voltage of 1.5 V or more. This simulation shows that the 1.5 and 2.0 V input
voltages produce approximately 100 and 200 °C respectively. Thus, the relationship between simulation
and experimental data can accurately predict low heating temperatures. It is noted that when thermal
energy is added, separation of molecules can be accelerated. This is because as the temperature
increases, the hydrogen bond network is reorganized, and the NH3 molecules are gradually desorbed
from the surface by breaking of their intermolecular hydrogen bonds [12]. Moreover, there are
various binding energies between molecules and graphene within one hexagon of graphene [19].
Thus, the bindings are increasingly broken as time goes on when the graphene is heated. Heating
generally increases the sensitivity and at the same time increases the desorption rate. However, when
the continuous heating is applied, the sensitivity of continuous heating does not show significant
improvements compared to both non-heating and optimized oscillations. The optimized oscillation
input is therefore suitable for overall performance and energy consumption. To further reduce energy
consumption, the sensor can employ an oscillating power delivery scheme that uses a variety of duty
cycles, frequencies, and voltages. According to various sources, high temperature and continuous
power can gradually increase the supported recovery rate by weakening the interatomic coupling due
to absorption of external atomic energy.

5. Conclusions

Ultra-low power consumption with graphene and micro-electro-mechanical-system (MEMS)
based gas sensors have been successfully fabricated and demonstrated. A suspended microheater
structure plays a key role in reducing power consumption. In addition, the duty cycle is integrated to
further reduce power consumption to 1.05 mW. Although NHj gas is tested as one of the typical toxic
gases, the platform is open to other types of gas detection through simple calibration. The sensor shows
rapid recovery through heating of the silicon heater. As the temperature increases, the desorption
gradually increases by reducing hydrogen bonding. With optimized configuration parameters,
a 60% duty cycle of 2.0-V 1-Hz input power oscillation reduces energy consumption to 1.05 mW.
The suspended microheater structure is suitable for preventing heat transfer which contributes to very
low energy consumption. The pulsed input power may reduce damages of graphene and structures.
The aforementioned low-energy consumption gas sensor platform will be an attractive platform for
flexible and flexible mobile electronic devices.
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Abstract: A one-dimensional analytic thermal model for the flexible electronic devices integrated
with human skin under a constant and pulsed power is developed. The Fourier heat conduction
equation is adopted for the flexible electronics devices while the Pennes bio-heat transfer equation
is adopted for the skin tissue. Finite element analysis is performed to validate the analytic model
through the comparison of temperature distributions in the system. The influences of geometric and
loading parameters on the temperature increase under a pulsed power are investigated. It is shown
that a small duty cycle can reduce the temperature increase of the system effectively. A thin substrate
can reduce the device temperature but increase the skin surface temperature. The results presented
may be helpful to optimize the design of flexible electronic devices to reduce the adverse thermal
influences in bio-integrated applications.

Keywords: flexible electronics; thermal analysis; human skin

1. Introduction

Recent advances in flexible electronics enable the development of epidermal electronics [1,2],
which could be mounted onto the skin and retain conformal contact with the skin under compression
and tension. Knowledge on heat transfer within skin tissue due to the physical coupling of epidermal
electronics to the skin is critical for the use of epidermal electronics since even only a few degrees in
temperature increase may induce uncomfortable feelings.

Many researchers have performed the thermal analysis of flexible electronic devices by adopting
the Fourier heat conduction equation. Kim et al. [3], Lu et al. [4], and Cui et al. [5] studied the
heat conduction of flexible micro-scale inorganic light-emitting diodes under a constant power
experimentally and analytically. Relevant experimental results are presented as surface temperature
contours, which can be captured by QFI Infra-Scope Micro-Thermal Imager [3]. Results of experiment
agree well with analytic ones. Kim et al. [6] and Li et al. [7] investigated the thermal properties
of flexible devices on various substrates under a pulsed power. They developed an analytic
axi-symmetric model to explore the dependence of device temperature on the geometric dimensions,
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material properties and loading parameters. There exist several reviews of thermal and mechanical
analysis of flexible electronics [8,9].

The heat transfer in skin tissue is much more complicated than that in flexible electronic devices
due to the influences of blood perfusion and metabolism and the complex multilayered structure
consisting of four layers: stratum corneum, epidermis, dermis and fat as shown in Figure la.
The Pennes bioheat equation has been widely used to investigate the thermal response of skin tissue
under surface heating. Jiang et al. [10] studied the skin burn process resulting from a high temperature
heat source to the skin surface by using finite difference method to solve the Pennes bio-heat equation.
Ozen et al. [11] presented a one-dimensional multi-layer model to characterize the temperature rise
resulting from skin exposure to microwaves. Im et al. [12] carried out a numerical study on the
temperature profiles as a result of local heating of human skin. An extensive review on heat transfer of
skin tissue was given by Xu et al. [13].

(a) (b)

Stratum corneum 0 Natural convection h T,

hy encapsulation layer 1 Q
Epidermis hy substrate layer 2
hy Stratum corneum layer 3
< hy epidermis layer 4
hg dermis layer 5 (blood perfusion)
Blood :
Dermis perfusion
I fatlayer 6
6
Fat
T,

Figure 1. (a) Schematic illustration of the skin tissue structure; and (b) schematic illustration of
one-dimensional geometry of the analytic modeled device-skin system.

The above heat transfer analyses are either for flexible electronic devices or human skin. There are
few studies on the system of flexible electronic devices integrated with the human skin. For better
understanding of the thermal properties of device and establishing design guidelines for flexible
electronic devices to minimize the adverse thermal effect, we aims to develop an analytical model
for the flexible electronic devices integrated with human skin under both constant and pulsed power.
Basing on the Kim'’s experimental results and analytical model for the device on top of a metal
trunk [3,4], this paper aims at the device integrated with human skin. For flexible electronic devices
with the in-plane dimension on the order of a few millimeters, which is much larger than the device
thickness, the heat mainly transfers along the thickness direction. It is reasonable to perform a
one-dimensional thermal analysis. Such treatment simplifies the theoretical model significantly
with enough accuracy. Moreover, the finite element models are also established to validate the
analytic solutions.

2. Thermal Analysis under a Constant Power

The human skin is modeled as a multi-layer structure consisting of four layers: stratum corneum,
epidermis, dermis and fat. The flexible electronic device consists of the functional component on
a flexible substrate (e.g., polydimethylsiloxane (PDMS)) encapsulated by an encapsulation layer
(e.g., SU8). The functional component could be modeled as a planar heat source with heat generation
power density Q (W/m?) since its thermal conductivity (~100 W/m/K) is much larger than that of
substrate or encapsulation layer. Figure 1b shows the one-dimensional geometry of the analytic model
with the flexible device on the human skin. The origin of the coordinate (z) is established on the top
surface of encapsulation layer with the positive direction pointing from the flexible device to the skin
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tissue. The total thickness of the system is denoted by H. h; denotes the thickness for each layer with
the substrate i (i = 1, 2, 3, 4, 5 and 6) for the encapsulation, substrate, stratum corneum, epidermis,
dermis and fat layer, respectively. The top surface of encapsulation layer has the natural convection
boundary with & as the coefficient of heat convection. The bottom surface of fat layer has constant core
body temperature Ts.

The temperature in the device satisfies the Fourier heat conduction equation

leT,- _

klP—O(i:LZ) 1)

while the temperature in the skin tissue satisfies the Pennes bio-heat equation [14]

d>T; ,
kile + Jmet = 0 (l = 3/4/6)

2T, )
k5?25 — @p0pcp (T5 = Ts) + Gmet = 0

where k; represents the thermal conductivity of corresponding layers; p, and ¢, are the density
and specific heat of blood, respectively; @, is the blood perfusion rate; and gmet is the metabolic
heat generation. Here, we assumed that the blood temperature is just the same as the core
temperature [14]. The main difference between two heat conduction models mentioned above is
confined to blood perfusion effect and metabolism. The blood perfusion is effected by @, which varies
from 0-1 mL/(mL:s) [15]. While the metabolic heat generation is almost constant for healthy person.
It should be noted that the blood perfusion only exists inside the dermis layer [13].

Let AT = T(z) — Ts denote the temperature increase from the core temperature.
Equations (1) and (2) then become

2AT.
kiddﬁzT’ =0(i=1,2)
A2AT; )
kz-?z’ + Gmet = 0 (i = 3,4,6) ®3)
d2AT:
5?25 — @pPpCpAT5 + Gmet = 0

The temperature increase in each layer can be given

ATy = A1z + By

AT, = Arz+ By

ATg = —qmet22/2k3 + B3Z + C3

AT4 = 7qmetzz/2k4 + B4Z + C4

ATs = Asexp (zv/n/ks) + Bsexp (—zv/n/ks) + gmet/M
AT = —Gmetz>/2ke + Bsz + Cs

©

where 1 = @;,p,¢p, and the coefficients A;, B; and C; are to be determined by the boundary conditions
and the interfacial continuity condition. At the top surface of encapsulation layer (z = 0), the natural

convection condition gives
dAT

—klﬁ Y = —h- (AT — ATy)|,— (5)

where ATy = To — Ts, Ty denotes the ambient temperature, k; is the thermal conductivity of
encapsulation layer and / is the coefficient of heat convection. At the encapsulation/substrate interface
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(z = hy), the temperature is continuous while the heat flux satisfies the surface heat source condition,
which gives,
dAT

z=hi = AT'z:hl’ and ky Tdz

dAT
_ k2 dz

z=h;

AT)|

=Q (6)
z:h?r

where k; is the thermal conductivity of substrate layer. At the interface between any other two layers,
both the temperature and heat flux are continuous, which give

AT| , +=AT| , -and k(ns1) AT
2=(L ) 2=(L ) dz

i=1 i=1

dAT
+ =ky ——

2=(% hy)
i=1

. @

where 1 = 2, 3,4, and k;, is the thermal conductivity of layer n with n = 2 for substrate 1 = 3 for stratum
corneum, 1 = 4 for epidermis, and n = 5 for dermis.

6
The ambient temperature at the bottom surface (z = }_ ;) of fat layer gives
i=1

=0 ®)

It should be noted that the stratum corneum usually has the same thermal property as that of
epidermis, i.e., k3 = ky. The coefficients in Equation (4) are then determined by the boundary and
continuity conditions in Equations (5)—(8) as

y[—Esinh(y) + Fcosh(y)] — Ecosh(y) + Fsinh(y) — M
y [Csinh(y) 4+ Dcosh(y)] + Ccosh(y) + Dsinh(y)
ko AT,
Aq f
B (k1A1 — Q) /k2
A hA; + By — hy Ay
By [klAl - Q + Jmet (hl + hz)] /k3
Bs Ag (I + 1) + A1 + By — 1 Ay + Gumet (I +112)? / (2Kk3) — B3 (i + h2)
0 b= A= Q-+ et (i + o)l /s ©)
4
s Ay (1 +ha) + Iy Ay + By — Iy Ag + Gmet (1 + 12)? / (2K3) — B3 (hy + h2)
As [(C+ D) Ay + E — F e~ Unthathsth)vn/ks ;p
Bs [(C—D)A; +E+F elthths+hy)vn/ks /o
gﬁ y (CAy + E) sinh(y) /g + y(DA; — F)cosh(y) /he
° +qmet (1 + B + I3 + hy + hs) /K
(CA1 + E) cosh(y) + (DAy — F)sinh(y) + Gmet/n
+Gmet (h1 +hy + hy + hy + h5)2/2k6 — Bg (h1 4+ hy + h3 + hy + h5)
where,

C= hl +k1/h+k1h2/k2 +k1 (h3 +l’l4)/k3
D = ki/vksn
E=—(ha/ko+ (h3 +hs) /k3)Q — Gmet (h3 + 1a)*/ (2k3) — Gmet/n + ATp
F= (Q“Ff]met (h3 +h4)) /\/ﬁ
M = Gmet/N — Gmeth?/ (2ke)
y = hsvn/ks
In order to validate the analytical solutions in Equation (9), finite element analysis (FEA) is
performed using ABAQUS software (6.13-1, Dassault Simulia, Waltham, MA, USA) to study the
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thermal properties of this system with continuum element DC3D8. The thicknesses of encapsulation,
substrate, stratum corneum, epidermis, dermis, and fat are taken as 7 um, 2 mm, 0.02 mm, 0.08 mm,
1.5 mm and 4.4 mm, respectively [15]. The thermal conductivities of encapsulation, substrate, stratum
corneum, epidermis, dermis, and fat are 0.2 W/(m-K), 0.15 W/(m-K), 0.21 W/(m-K), 0.21 W/ (m-K),
0.37 W/(m-K) and 0.16 W/ (m-K) [4,15]. The top surface of encapsulation layer has a natural convection
boundary with the coefficient of heat convection h =25 W/ (m2-K) [2,16]. The ambient temperature
is set as 25 °C. The core body temperature at the bottom surface of substrate is 37 °C. The metabolic
heat generation in the skin tissue is 368 W/m? [15]. The product of mass density and specific heat
capacity of the blood is 4.218 x 10° J/(m3-K) [17]. The blood perfusion rate inside the dermis layer
is 0.03 mL/(mL-s) [15]. Figure 2 shows the comparison of temperature increase along the thickness
direction between the analytic predictions and FEA under the input power density 2500 W/m?.
The good agreement validates the analytic model. With the distance to the top surface of encapsulation
layer increasing, the temperature increase first increases inside the encapsulation layer then decreases
in other layers. The temperature increase of the heat source can reach about 28 °C while the temperature
increase at the device/skin interface is about 9 °C. Compared to the temperature increase of skin
away from electronic device, which is about —1.5 °C, the constant input power causes a remarkable
temperature increase.

Fat ]

3 Corneum and Epidermis
M A S
) 27 . — Analytic |
Ll

o 24t ' a FEA .
2 2l i ]
s N Substrate
5 18F ! ° E
=] 1284

15F ' ]
® PN
3 12 1 2 Encapsulation ]
e o : 0.000 0.005 1
g : : .
g o " Dermis
(]
=
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z/H

9
6
3[Substrate:
0
0

Figure 2. The comparison of temperature increase along the thickness direction between the analytic
prediction and finite element analysis with the total thickness H = 8.007 mm.

3. Thermal Analysis under a Pulsed Power

As shown in Figure 2, the temperature increase of the device/skin interface is much more than
that the human can stand. It may induce uncomfortable feelings or even tissue lesion in bio-integrated
applications. Clearly, the temperature increase can be reduced by decreasing the input power density.
However, the devices can hardly operate properly under small input power. In order to solve this
dilemma, Kim et al. [6] and Li et al. [7] changed the input loading method from constant power to
pulsed protocol, which has proven pretty effective on modern devices. The operation of flexible
electronic devices (e.g., flexible light-emitting diodes) in a pulsed mode could significantly reduce the
temperature increase to reach the goal in thermal management. In this section, an analytic model is
developed to investigate the thermal response of flexible electronic devices on human skin.

Under a pulsed power, the temperature in the system increases to saturation in a fluctuation
way [12]. We are interested in the saturated temperature since it gives the maximum temperature that
could reach in the system. The pulsed power Q(t) is defined in Figure 3 with Qy as the peak value
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and T as the heating duration in one period ty. The duty cycle D is given by D = 7/t;. Under a pulsed
power density Q(t), the temperature increase from the core body temperature in the system satisfies,

AT, .y

ki—gr = pici’5t (i=1,2)
0%AT; .

k=7 + met = 0ici %" (i =3,4,6) (10)
0%ATs 9ATs

592 @pPpCpAT5 + Gmet = P5C5 55>

where p; and ¢; are the mass density and the specific heat capacity for each layer. The boundary and
continuity conditions are the same as those for the case under a constant power in Equations (5)-(8)
except the constant power density Q in Equation (6) should be changed to Q(t), i.e.,

OAT OAT

AT'z:h{r = AT'z:hl’ and ky y'z:h; —r it =Q(t) (11)
o)
9
T
t
)

Figure 3. The pulsed power density Q(t) with Q as the peak power density, t as the during time and ¢,
as the period.

The solution for Equation (10) is the summation of the specific solution, which is given in
Section 2 without the input power, and the homogeneous solution, which is to be determined below.
The homogenous solution for Equation (10) satisfies

. 2 ;
3§tT, - Aif’affl =0(i=1,23,4,6)
12)
IATs . PAT (
75 - %725 + @,AT5 =0

where A; = k;/(c;p;) is the thermal diffusivity with ¢, p and k as the specific heat capacity, mass density
and thermal conductivity, respectively.

The method of superposition is adopted to obtain the temperature increase after saturation
(i.e., homogeneous solution) under a pulsed power density, which could be written via Fourier
series by

1 0<t<nt i
Q) =0 T =Qo a0+ aycosnwt + bysinnwt 13)
() 0 0 T<t<t 0 (40 ngl(n n ) (
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where w = 27t/tg, a9 = D = T/ty, ay = sin (2nnD)/ (n7), and b, = %. The temperature

increase after saturation due to each sinusoidal power density Qpcosnwt (or Qpsinnwt) in Equation (13)
corresponds to the real (or imaginary part) of the solution due to a power of Qe . The power of
Qoe" ! yields the temperature increase as 0 (z; nw) ¢"“*, which gives the real and imaginary part
as |6 (z;nw)| cos (nwt + B,,) and |8 (z;nw)|sin (nwt + B,,), respectively. Here f,, (nw) is the phase
angle of 0 (z; nw). Therefore, the temperature increase due to the pulsed power can be obtained by

o0 sin (2n7D) cos (nwt + B,)

AT (z,t) = DB (2;0) + ) [0 (z;nw)| M

nrm

(14)
sin (nwt + 3,,)

where 0 (z; nw) is to be determined from Equation (11) and boundary conditions. The substitution of

0 (z;nw) e"®* into Equation (11) gives the governing equation of 0 (z; nw) as
d’e;
dzzl — %0, =0(i=1,2,3,4,6)
420 (15)
Gz~ (@B3+n/ks)es =0
where the g2 = nwi/A. 0 (z;nw) satisfies the following boundary and continuity conditions:

7k]ae/az‘2:0 =—h- 9|Z:O, S\Z:hr = 6|Z:h;,k1 80/82|Z:hf 7k2 ae/az\zzhr = Q(), 6|Z:(ihv + =
i=1 !
0 w k(1) 00/0z B =k, 00/0z W -, 0
‘z:< Y . ST - ) Lt
=1

9

The solution of Equatlon (15) takes the form of

0; = Ajexp (z\/%) + Biexp (fz\/%) (1=1,2,3,4,6) 16)
05 = Asexp (z\/qé +n/k5) + Bsexp (—Z\/qé +n/k5)

where the unknown coefficients in Equation (16) are to be determined by the boundary and continuity

conditions as
T1Rcosh (h6 \/qz> + msRT,sinh (hé \/%)

Aﬁ (P151 + m1P2T1) cosh (l’le \/qiz) + ms (P1Sz + mleTz) sinh (h(,\/%)

B, (kny /a2 = 1) Av/ (k1f+h)

A/

B (P1+m1P2)A1 R]e~m V4

A% (P] — mle) A1 + R} ehl\/%

Bg G+ H) ¢~ (n+h2) /a3

A, (T (G- HyelmtVE an

I+)) o~ (nthathsthy)\/g3+n/ks

I-)) e+t +hy)\/gE+n/ks

K+L) e~ Untotha+hy+hs) /72
)
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where
kl \/;cosh <h1 \/%) + hsinh <h1 \/%)
ki3 +
ky \/%sinh <h1 @) + heosh <h1 \/%)
- ki@ +

Qo

2K/

[ cosh <h2\/%) cosh ((h3 + hy) ﬁ) cosh <h51 /q? +n/k5)
+mpsinh <h2 \/17%> sinh ((h3 + hy) ﬁ) cosh <h5 )
+mycosh (h2\/?%> sinh ((h3 + hy) \/;) sinh (h5 2 +n/k )

| +mamysinh (hz\/%) cosh ((h3 + hy) \/17) sinh <h5 +n/k5) |

[ sink (hz\/%) cosh ((h3 + hyg) \/7) cosh (h51 /a2 +n/k5)

T = +mycosh (hz\/%> sinh ( hs + hy) \/7) cosh <h5\/q5 +n/k5)
+mgsinh (o[ @3) sinh ((hs + ha) \/a3 ) sinh (hs /& +n/ks

| +mpmycosh (hz\/%> cosh <(h3 + hg) \/7) nh (hs‘ /q5 +n/k5)

[ cosh (M\/%) cosh ((h3 + hyg) \/17) sinh <h5 q5 5)

. +mysink (hz\/%> sinh( hs + ha) \f ) sink (h +n/k5>
+mycosh <h2 \/17%) sinh ( (h3 + hy) \/7> cosh )
| +mamysink <h2\/;) cosh ((h3 + hy) \/;) cosh (h +n/k5> |

[ sink (hz\/%> cosh ((h3 + hy) \/7> sinh <h5,/q5 +T]/k5)

T, — +mypcosh (hz\/q»%) sinh ( (h3 + hy) \/7> sinh (h5, /q% +n/k5)
+mysinh (hz\/%> sinh < (h3 + hy) \/7) cosh (h5‘/q5 +n/k5)

| +mamacosh (hz \/q?) cosh ((h3 + hy) \/7> (h51 /q5 +n/k5>

7
kH\/Z (i=1,2,3)

kay/a3

R =

S1

I ﬂ%

N—

+
=3
S~
=

757

my = ————
ksy/q%+n/ks

. ks\/q%+n/ks
s— VDB T

Key/72
G= {Plcosh (hz\/qz> + mq Pysinh (b\/ﬂé)} Al — Rsinh <h2\/%>
H=m; { |:P1$inh <h2\/%> + my Pycosh <h2\/'7)} A’ — Reosh (’m/%) }
I = Gcosh |:(h3 + hyg) \/qz} + Hsinh {(h3 + hy) \/%}
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J=my {Gsinh {(l’lg + hg) \/%} + Hcosh {(h3 + hyg) \/qg} }
K = Icosh (h5\/q§ +T]/k5> + Jsinh <h5\/q§+n/k5>
L =ms {Isinh <h5\/q§ +n/k5> + Jcosh (hm/qé +n/k5>]

Thus, the temperature increase of heat source and device/skin interface can be given as follows,

ATgevice(Ew) = ATinigial (1) + D91(h1}Q)<2 o) f
SN Zn7t. surrace
+ f 161 (hy;nw)| - { 1ﬁ?os(2;:;)<r.lwt+ K )f } o
= +—2 " sin (nwt + BT ace>
ATinterface (5 W) = ATinitial (M1 + h2) + D02 (I + ?22; OE))) ;
sm(Zn7t. surtace

+ T (02 + s naw)| - { B e >f } )

n— ST sin (nwt + B ace)

nrt

where AT, denotes the specific solution [initial temperature increase field in Equation (4) when
there is no input power, given by

k
ATiwisal (1) = (f + hl) A1+ ATy (20)
and L .
ATiwiral (I + ) = (ﬁ +h + }(—22) A1+ ATy (@1)
Here 01 (h1; nw) and 03(hy + hy; nw) can be obtained from Equations (16) and (17) as
0 (h;nw) =2 {kl \/cosh (hl \/q?> + hsink (hl\/q?ﬂ AL/ (kl\/;% + h) 22)
and

0> (hl + hy; nw) =2 |:P1A£COSI’I <—h2\/%> + (mle — R) sinh <—h2\/%>:| (23)

To validate the analytic model under a pulsed power, we also performed FEA to obtain
the temperature increase after saturation due to the pulsed power. The continuum element
DC3D8 in ABAQUS is used to discretize the geometry. The material and geometry parameters
such as thicknesses and thermal conductivity of each layer are the same as those in Section 2.
The thermal diffusivity of encapsulation, substrate, stratum corneum, epidermis, dermis and
fat are 1.4 x 1077 m?/s, 1.1 x 1077 m2/s, 6.6 x 1078 m?2/s, 6.6 x 1078 m?/s, 1.3 x1077 m?/s,
8.1 x 1078 m?/s, respectively [6,14]. The metabolic heat generation is set as 368 W/m?> [14].
The natural convection boundary with the coefficient of heat convection 25 W/(m?K) is applied
on the top surface of encapsulation layer. The ambient temperature is set as 25 °C. The core body
temperature at the bottom surface of substrate is 37 °C. The thermal properties of blood and skin tissue
can be found in Section 2 or in reference [14].

Figure 4 shows the influence of duty cycle on the maximum and minimum heat source
temperature increase under the pulsed peak power density of 2500 W/m? (here we fix this peak
power density to ensure that devices operate properly) with period as 500 ms. The analytic prediction
agrees very well with FEA. Both the maximum temperature increase and minimum temperature
increase of the heat source decrease as the duty cycle decreases. This trend can qualitatively be
understood since the average emitted heat from the electronic device is reduced. For the case of
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constant power density corresponding to a duty cycle of 100%, the maximum temperature increase
of heat source is 28.6 °C. As the duty cycle decreases to a smaller duty cycle of 10%, the maximum
temperature increase of the heat source drops rapidly to about 0 °C. When the duty cycle is smaller
than 10%, the temperature increase may become negative. This is because the temperature increase is
defined from the core body temperature instead of the ambient temperature. A negative temperature
increase means that the temperature is lower than the core body temperature.

It is necessary to mention that time period also has an influence on the results in a pulsed protocol.
According to a transient heat transfer FEA, we obtained that the characteristic time of the temperature
profile to reach a steady state is about 280 s. When the time periods used in the pulsed protocol are
much smaller than the characteristic time, just as 500 ms we set above, the changes in time periods
have only minor effects on the maximal heat source temperature. However, if the duration (7) of the
pulse is much longer than the characteristic time, the maximal heat source temperature is expected to
be the same as if the electronic device is always turned on (constant protocol).

30
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heat source temperature increase ("C)
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Figure 4. The maximum and minimum heat source temperature increase after saturation versus
duty cycle.

Figure 5a compares the temperature increase of heat source after saturation from the analytic
model in Equation (18) and FEA under the pulsed peak power density of 2500 W/m? with duty cycle
D as 50% and period as 500 ms. The good agreement between the analytical prediction and FEA
validates the analytical model. The temperature increase of heat source decreases with the increase
of substrate thickness. Figure 5b compares the temperature increase of skin surface after saturation
versus time from the analytic model in Equation (19) and FEA under the same condition in Figure 5a.
With the change of substrate thickness, the temperature increase of skin surface shows the opposite
trend to Figure 5a, i.e., the temperature increase of skin surface increases with the increase of the
substrate thickness. These results clearly show that the pulsed operation is very effective at reducing
the temperature increase in the system. A thin substrate can reduce the device temperature increase
due to the heat sink effect of skin while increase the temperature increase of skin surface due to the
influence of heat source.
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Figure 5. Temperature increase comparison between the analytic prediction and finite element analysis
for the pulsed peak power density 2500 W/m? with 50% duty cycle and period 500 ms: (a) heat source;
and (b) skin surface.

4. Conclusions

A one-dimensional analytic thermal model, as validated by the finite element analysis, for the
flexible electronic devices integrated with human skin under a constant power and pulsed power is
presented in this paper. This model combines the Fourier heat conduction equation for the flexible
electronic devices and the Pennes bio-heat transfer equation for the skin tissue. The influences of
geometric and loading parameters on the temperature increase under a pulsed power are investigated.
The results could provide design guidelines for flexible electronic devices to minimize the adverse
thermal effect in bio-integrated applications.
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Abstract: Wearable technology has attracted significant public attention and has generated huge
societal and economic impact, leading to changes of both personal lifestyles and formats of healthcare.
An important type of devices in wearable technology is flexible and stretchable skin sensors used
primarily for biophysiological signal sensing and biomolecule analysis on skin. These sensors
offer mechanical compatibility to human skin and maximum compliance to skin morphology and
motion, demonstrating great potential as promising alternatives to current wearable electronic
devices based on rigid substrates and packages. The mechanisms behind the design and applications
of these sensors are numerous, involving profound knowledge about the physical and chemical
properties of the sensors and the skin. The corresponding materials are diverse, featuring thin elastic
films and unique stretchable structures based on traditional hard or ductile materials. In addition,
the fabrication techniques that range from complementary metal-oxide semiconductor (CMOS)
fabrication to innovative additive manufacturing have led to various sensor formats. This paper
reviews mechanisms, materials, fabrication techniques, and representative applications of flexible
and stretchable skin sensors, and provides perspective of future trends of the sensors in improving
biomedical sensing, human machine interfacing, and quality of life.

Keywords: flexible electronics; stretchable electronics; skin sensors; precision medicine; health
monitoring; wearable technology

1. Introduction

Rapid growth in electronic technology yields miniaturized electronic devices and recent
evolution of wearable electronic technology that can be integrated on human bodies and conduct
diverse functions, such as mobile computation [1], health monitoring [2,3], activity tracking [4-6],
and rehabilitation [7]. Wearable electronic devices can combine with portable electronic gadgets
such as cell phones, laptops, and tablets to offer access to remote resources and enable data
exchange, analysis and diagnosis. The wearable devices demonstrated both by various commercial
available devices [8] as well as devices under exploration [9] have shown great promise to enrich
personal health records and facilitate biomedical informatics, both of which are considered essential
elements in the newly proposed precision medicine [10,11]. However, current wearable devices are
predominately realized by encapsulating integrated circuits on solid substrates in rigid packages,
which are mechanically incompatible with soft and curvilinear human body, resulting in unreliable and
unrepeatable measurement results due to unreliable skin contact and changing measurement locations.

Some wearable devices are based on flexible and stretchable skin sensors, which are used primarily
for biophysiological signal sensing and biomolecule analyzing on skin. These sensors can serve as
activity tracking devices to record basic biophysiological parameters, or used for facilitating diagnosis
and treatment of certain diseases such as diabetes [12], cystic fibrosis [13], dermatitis [14,15], and
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peripheral vascular disease [16]. In addition, they can be used as human-computer interface to
assist human with speech and action disorders [17,18]. Additional use of skin sensors may involve
monitoring exogenous parameters such as air qualities, environmental temperature, ultraviolet (UV)
exposure, and humidity, allowing comprehensive assessment of health-related issues by considering
both environmental and internal effects. The skin sensors offer mechanical compatibility to human skin
and maximum compliance to skin morphology and motion. Stretchability is essential for these skin
sensors, as the sensing precision, repeatability, stability and adhesion to skin are all determined by the
capability of the sensors in following the skin motion, which causes skin deformation up to 30% [19].
The skin sensors contain unique structures constructed by either intrinsically soft materials or thin
film materials on elastomer substrates. They can be simply mounted on bodies using fixtures such as
bandages and body straps or use improved approaches that allow spontaneous skin attachment by
van der Waals force using ultrathin and soft materials [14,18,20]. In addition, pressure sensitive silicon
adhesive [21,22] can also be used to enhance the interface between the sensors and the skin, and offer
reversible adhesion for long-term skin integration. Although the underlying mechanisms and relevant
techniques of the skin sensors have been studied in many research papers that focus on various
aspects [20,23,24], it will be beneficial if a systematic summary can be offered with comprehensive
review of the state-of-the-art technology in flexible and stretchable skin sensor development.

This paper reviews some essential elements of flexible and stretchable skin sensors, including
their mechanisms, materials, fabrication techniques, and applications, all of which represent recent
progress in both theoretical and applied research of skin sensors. The fundamental mechanisms that
determine the stretchability of the sensors are first presented, followed by materials used in skin
sensors and their processing techniques. Finally, representative applications of the skin sensors are
presented to demonstrate their capability in the areas of biomedical sensing and daily activity tracking.
Flexible and stretchable skin sensors hold the promise to replace current wearable sensors based on
rigid substrates and packages, and may eventually lead to the revolutionary changes in the formats of
continuous, long-term health monitoring devices to improve social health levels.

2. Mechanisms of Flexible and Stretchable Skin Sensors

Flexible and stretchable skin sensors offer maximum compliance to the skin, and, thus, minimum
reaction force from the sensor in response to the deformation, allowing less influence to the normal
functions of the skin. The stretchability of the skin sensors can be achieved at the structural and
material levels. The former refers to unique designed structures that offer tolerance to certain levels of
deformation within the limits of the fracture strain of the constituent materials, while the latter can
be attributed to intrinsically soft materials that are mechanically elastic to allow reversible extension
and compression in response to external forces. The following section summarizes details of these
two approaches.

2.1. Stretchable Structures

Materials used in skin sensors follow a simply rule that the bending strain of the materials
decreases linearly with thickness of materials [23]. As a result, composition materials of skin sensors
such as semiconductors, polymers, and metals are used in formats of ribbons, wires, and membranes
with thickness in the scale of tens of nanometers to a few micrometers. They can be readily bended
to reach a radius of curvature of ~150 mm with ~0.1% strains [25,26], which is less than the facture
strain of these materials [26]. Two design approaches have been developed to make intrinsically
rigid materials stretchable on elastomeric substrates. The former design uses out-of-plane buckling
of ultra-thin nanoscale wires, ribbons, or membranes to release stress caused by in-plane prestrain
applied to the substrates. The latter uses stretchable interconnects as bridges to connect with rigid
islands, which typically contain functional components such as sensors [27,28], electronics [29-31],
and commercial off-the-shelf components [32]. Both of these strategies have been widely used in
layout of stretchable skin sensors.
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2.1.1. Out-of-Plane Design

The formation of out-of-plane design with buckling structure is illustrated in Figure la.
The ultrathin ribbons can be fabricated using conventional lithography process, followed by bonding
the nanoribbons on to a prestrained elastomeric substrate. Releasing of the prestrain leads to periodical
wavy structures on both ribbons and the substrate. The wavelength (A) and magnitude (A) of the wavy
structures can be determined by following equation.

1/3
E Epre — Eappli
)\zznhf<3ff) A = hyy | PreTapplied 4 )

s £

in which £ is the thickness of the stiff ribbons, E¢ the Young’s modulus of the elastic substrate, Eapplied
the applied strain, ¢pre the prestrain level, and ¢ the critical strain for the buckled ribbons. The peak
strain in the ribbon is approximately equal to

€peak A 2 (spre - Eapplied) € (2

As a result, the maximum stretchability of the wavy structures can be determined by equating
€peak tO facture strain of the ribbon materials.

Recent development of wavy design has led to more complicated three-dimensional (3D)
structures that buckle at higher orders, indicating potential applications of these technologies to
form miniaturized flexible and stretchable electronics with highly spatial complexity and capability
to achieve predefined shape shifting and function alternation [33]. The wavy design has been wildly
available to integrate silicon [24], carbon nanotubes [34-36], graphene [37] and ferroelectrics [38]
in formats of nanoribbons (Figure 1b) [24], nanowires (Figure 1c,e) [39], and nanomembranes
(Figure 1d) [40]. However, the stretchability of the wavy design is determined by the prestrain
levels of the substrates and the bending curvature of the materials as shown in Equations (1) and (2),
limiting the applications of this technology in situations that require larger stretchability and less
complex fabrication processes. As a result, island-bridge configurations have been developed to offer
improved stretchability with both out-of-plane and in-plane structures in which islands based on
functional sensing and circuit elements are mechanically and electrically connected with bridges made
of narrow polymeric and metallic strips. The bridges, which contain either straight or serpentine
interconnects, are freely suspended or bond on substrates between two islands. The stretchability
of such structures are achieved either by deformation of the spatially buckled bridges (Figure 2a) or
planar deformation of the interconnects (Figure 3c).

Novel substrate-free spatial helical structures have also been developed using diverse twisting
modes, and have been used to act as sensors and power harvesters. Shang et al. have explored a
carbon nanotube (CNT) yarn supercapacitor utilizing the helical loop structure. The entire structure
can withstand strain of ~150% and repeated high frequency stretching (up to 10 Hz over 10,000 cycles).
A helical spring based on copper nanowire [41], as shown in Figure 2b, offers higher stretchability
(~700%). Similar structures can be formed by other metallic nanowires, showing variety of potential
applications in wearable sensors and interconnects that can deform with the gradual growth of
body parts.
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Figure 1. Mechanism of out-of-plane stretchable structures: (a) formation of out-of-plane nanoribbons
(Reprinted with permission from Ref. [30] Copyright 2006 American Association for the Advancement
of Science); (b) scanning electron microscope (SEM) images of a wavy nanoribbon (Reprinted with
permission from Ref. [24] Copyright 2010 American Association for the Advancement of Science);
(c) a large area optical micrograph of silicon nanowires (Reprinted with permission from Ref. [39]
Copyright 2009 American Chemical Society); (d) optical micrographs of 2D wavy Si nanomembranes
with various thickness (55, 100, 260, 320 nm) on polydimethylsiloxane (PDMS), formed with a thermal
prestrain of 3.8% (Reprinted with permission from Ref. [40] Copyright 2007, American Chemical
Society); and (e) an atomic force microscopic image of wavy SWNTs on a PDMS substrate (Reprinted
with permission from Ref. [34] Copyright 2008 American Chemical Society).
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Figure 2. Examples of out-of-plane strcutres with high stretchability: (a) SEM images of arrays
of complementary metal-oxide semiconductor (CMOS) inverters with spatially buckled bridges
(Reprinted with permission from Ref. [29] Copyright 2008 National Academy of Sciences); and
(b) helical-structured copper nanowire (CuNW)-based electrodes (Reprinted with permission from
Ref. [41] Copyright 2014 Nature Publishing Group).
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2.1.2. In-Plane Design

Improved deign without using prestrained substrates can be achieved by in-plane island-bridge
design. The polymeric and metallic interconnects are typically in forms of serpentine or fractal [42—46]
meshes that are completely bonded onto elastomeric substrates. In some cases, the island structures can
be further omitted, resulting in continuous self-similar serpentine or fractal structures as both sensors
and interconnects. Compared to wavy structures, these planar serpentine or fractal design effectively
accommodate much larger applied strain through in-plane structural deformation without requirement
of prestrain on substrates, and eliminate the concern of delicate spatially-buckled structures that can
be easily broken under external scratch.

However, design of serpentine interconnect is still largely empirical, only a few theoretical
models have been developed to analyze the deformation and stretchability of serpentine geometry.
Fan et al. formulated an analytic model of in-planar serpentine interconnects based on finite
deformation theory [47]. As illustrated in Figure 3a, a serpentine interconnect is simplified as three
straight wires with length L or L/2 connected with two arcs with an identical radius R and an arc
angle «. Three dimensionless parameters, width/radius ratio @ = w/R, arm length/radius ratio
L = L/R and arc angle «, can then be used to represent the shape of the serpentine interconnect.
As W of the non-buckled interconnect is usually much smaller than 0.5, such interconnect can be
modeled as a curved, Euler-Bernoulli beam. When the serpentine interconnect is subjected to a tensile
displacement of Uapp, /2 at the end, the effective applied strain eapp, of the serpentine interconnect can
be represented by

€app = 4R si uapp
sin(ot/2) 4 2L cos(oc/2)

®)

The peak value of maximum principal strain in the serpentine interconnect can be related to the
applied strain and the geometric parameters by

€max—nonlinear = WH (Z’ &, Eapp) “)

where F; (L, &, €app) is a function that can be determined numerically using an approximate model
based on finite deformation theory.
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Figure 3. Mechanisms of serpentine and fractal structures: (a) a serpentine interconnect
subjected to an axial stretching (Uapp) at the two ends (Reprinted with permission from Ref. [47]
Copyright 2016 Elsevier); (b) schematic illustration on the geometric construction of self-similar
serpentine interconnects (Reprinted with permission from Ref. [48] Copyright 2013 Elsevier);
and (c,d) representatives of fractal structures (Reprinted with permission from Ref. [45] Copyright 2014
Nature Publishing Group).

A fractal design concept that allows formation of stretchable layouts through stepwise iterations of
basic shape units has been introduced to realize highly stretchable lithium-ion batteries [43] as well as
several epidermal sensors [31,44,49]. As illustrated in Figure 3b, a fractal-based layout is created from
the first order of serpentine geometry, and then constructed by connecting multiple copies of the unit
cell forming self-similar design that offers increased area coverage and improved stretchability [48].
Theoretical models have been developed to analyze the deformation and stretchability of the fractal
geometry. Fan et al. [45] have studied the deformations of various fractal layouts (Figure 3d), using
a finite element method (FEM) followed by experimental evaluation. They also introduced a high
precision approach to measure the elastic-plastic transition (or the elastic stretchability) through
measuring differential resistances of the fractal interconnects, showing reasonable consistency with
numerical analysis (Figure 3c). Several analytical models have been developed to determine elasticity
for fractal interconnects. For example, Zhang et al. [48] have developed analytical models of flexibility
and elastic stretchability, through establishing recursive formulae at different fractal orders. The
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analytical models show that the stretchability of system increases with the order of self-similar
interconnect, and a surface filling ratios of 50% would yield 70% stretchability. In addition, the
tensile stiffness for fractal interconnects has been determined by analytic approach, and has been
verified by finite element analysis and experiments [50].

2.2. Intrinsic Elastic Materials

The stretchability of skin sensors can be achieved at the material levels using intrinsic elastic
materials. Major materials in this category include elastomers and liquid metals, all of which adopt
the stretchability due either to the flexible and long polymer chains or to weak intermolecular forces.
This section offers a general review of the mechanism of these materials, while a detailed list of these
materials will be given in next section.

One of the most widely used materials in stretchable skin sensors is silicone-based elastomers
represented by polydimethylsiloxane (PDMS), fluorosilicone and various commercially available
products under different tradenames such as Ecoflex, Dragon Skin, and Solaris. Silicone-based
elastomers are notable for their high electrical resistivity (e.g., 2.9 x 10 O-cm for PDMS), low glass
transition temperatures (e.g., —125 °C for PDMS), large thermal coefficient of expansion (typically
4.8 x 10~* K1) and high flexibility (with Young’s module of 1 MPa). The polymer chains of the silicone
contain siloxane backbones that consist of alterative sequences of silicon and oxygen and two organic
substituents connected to each silicon atom, resulting in various properties (e.g., chemical resistance,
elasticity, and phase) and processibility (e.g., curing time, and curing temperature). The elastomers
obtain their stretchability through highly flexible siloxane backbones, which can be stretched under
external forces. Another material that widely used in stretchable skin sensors is polyurethane (PU),
which contains urethane groups connected with other groups such as ester, ether, amine and urea.
The PU elastomers adopt their elasticity from the elastic polyol parts in the polymer chains, and offer
large tear strength and abrasion resistant than silicone rubbers, making them ideal materials to
construct substrates for skin sensors when frequent surface scratch and impact are expected.

3. Materials in Skin Sensors

The major materials of stretchable skin sensors can be classified into two categories. One involves
various intrinsically stretchable materials, such as elastomers, liquid metals, and composite materials.
The other includes materials such as solid metals, semiconductors, polymers, and inorganic
compounds, which are rigid as bulk materials, but can be used as ultrathin films or membranes
designed into special stretchable structures with thickness ranging from tens of nanometers to tens of
micrometers. Therefore, the Young’s modulus of the materials for stretchable skin sensors are wildly
distributed from 0 to 10'2 Pa [51].

3.1. Physically Soft and Stretchable Materials

3.1.1. Elastomers

Elastomers are available in different compositions with varied stretchability. As the fundamental
materials in stretchable skin sensors, elastomers are mainly used as substrates, binders and adhesion
layers. Among the available elastomers, PDMS is most commonly used. The mechanical properties
of PDMS can be tuned by varying the curing conditions such as chemical ratios, temperature, and
time, resulting in a Young’s modulus in a controllable range from 1 to 150 MPa, and a stretchability
up to 100%. By alternating the side groups as well as the lengths of the polymer chains, it is possible
to obtain different types of elastomers with different physical and chemical properties. For example,
PU and acrylic elastomer are two alternatives for skin sensor substrates, and are softer than PDMS
due to its low Young’s modules. The maximum stretchability that can be achieved is 300% [52].
The low-temperature curing silicone is a type of adhesive that can provide pressure sensitive reversible
bonding between the skin and the devices. Besides of mold casting, silicone such as PDMS and
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polyurethane acrylate (PUA) can be photocurable to allow pattern definition through traditional
photolithography processes [53,54] or even 3D printing techniques [55].

3.1.2. Liquid Metals

Liquid metals such as eutectic gallium-indium (eGaln) and gallium-indium-tin (Galinstan) are
intrinsically elastic with low resistivity (~2.9 x 1077 Q-m), low viscosity (~2 x 1073 Pa-s), and low
toxicity [56]. Their melting points are 15.5 °C [57] (75 wt % Ga and 25 wt % In) and —19 °C [58]
(68.5 wt % Ga, 21.5% In, and 10.0% Sn), respectively, resulting in their liquid states at room temperature.
Various functional components such as pressure sensors [59,60], strain sensors [61], antennas [62,63],
and soft wires [64] have been fabricated by injecting liquid metals into microfluidic channels. Devices
made of liquid metals can withstand deformation of microchannels at very high strain (up to 800%) [65].

3.1.3. Conductive Polymers

Conductive polymers (CPs) applied in stretchable electronics can be achieved by intrinsically
conductive polymers (ICPs) [66] or conductive polymer composites [67]. Intrinsically conductive
polymer materials such as synthetic poly(acetylene) (PA), poly(pyrrole) (PPy), poly(thiophene) (PT),
poly(aniline) (PANI), and poly-(3,4-ethylenedioxythiophene) (PEDOT) can be realized by conjugation
of polymer backbone, forming high energy orbitals with loosely bonded electrons to corresponding
atoms, allowing maximum facture strain at the level of 1000% [68]. The conductive polymer composites
are composed of polymers and conductive fillers (e.g., metal nanoparticles, metal nanowires, graphite,
carbon nanotubes, and graphene). Conductive polymers are subject to influence of strain, which may
lead to increased resistivity with strain. Park et al. have demonstrated a conductive composite mat
using electrospun poly(styrene-block-butadiene-blocks-tyrene) (SBS) rubber fibers embedded with
silver nanoparticles, leading to high conductivity even under large deformations (¢ ~ 2200 S-cm ™"
at 100% strain) [69]. Shang et al. have achieved an elastic conductive nanocomposite composed of
multiwall carbon nanotubes (MWNTs) and polyurethane (PU), which has initial conductivity of more
than 5.3 S-cm ! and stretchability of more than 100% [70]. Niu et al. have realized buckled single-wall
carbon nanotube (SWCNT) electrodes by fabricating directly grown SWCNT films with continuous
reticulate architecture on pre-strained PDMS [71]. The electrodes can stretch under a strain of 140%
without significant change of resistance.

3.1.4. 1D and 2D Materials

The applications of one-dimensional (1D) and two-dimensional (2D) materials to construct
stretchable electronics represent important trends in constructing stretchable electronics.
Representative 1D and 2D materials include multi-walled or single-walled carbon nanotubes [72,73],
silicon nanowires [74], metal nanowires [75,76], graphene [77], and transition metal dichalcogenides
(TMDCs) [78]. Among them, both carbon nanotubes and graphene possess high electron mobility
(~10° em?-v~1.s71 for carbon nanotube [79] and ~2 x 10° cm?-v~1.s~! for graphene [80] at room
temperature) and excellent mechanical flexibility (~1 Tpa Young’s modulus) [81], making them
promising materials for high performance electronic devices, such as top-gated transistors [82-84].
When used as sensors, the large surface-to-volume ratios of the 1D and 2D materials can lead to
improved capabilities, such as highly sensitive biochemical sensing and large interfacial adhesion [85].
In addition, the optical transparency of graphene and carbon nanotubes allows construction of fully
transparent sensors that possess high flexibility and softness [86,87]. Some excellent reviews about the
1D and 2D materials used in flexible and stretchable electronics have been provided by the following
articles [88-90].

3.2. Unique Stretchable Structures

As mentioned in the previous section, raw materials that are rigid in their bulky formats
can also offer stretchability in ultrathin configurations and unique stretchable design. Some
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major materials used for constructing skin sensors include metals, semiconductors, polymers, and
inorganic compounds.

3.2.1. Solid Metals

Solid metals are intrinsically hard conductive materials that would become flexible when appear
as thin films. Dominant metals used in skin sensors include Au, Cu, Al, Cr, Ti and Pt, which are used for
conductive interconnects, electrodes, sensors, contact pads and other circuit components (e.g., resistor,
inductors, and capacitors). These metals are typically tens of nanometers to a few micrometers in
thickness, and are deposited on target substrates through physical deposition, electrochemical plating,
and direct printing approaches. Many of these metals are ductile with a fracture strain of less than 1%.
However, the stretchability of the metallic thin films can reach more than 100% when designed into
special formats such as self-similar serpentine [91], fractal [28], helical [92] and prestrained bulking [29].

3.2.2. Semiconductors

Various active components such as diodes, transistors, and light emitting diodes (LED) can
be made of inorganic semiconductor materials (e.g., silicon [30], GaAs [93], ZnO [94], InP [95],
GaN [96]) as well as organic semiconductor materials (e.g., poly(3-hexylthiophene) (P3HT) [97],
Poly(p-phenylene)vinylene [98], and Poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene)
(pBTTT)) [99]. The bending stiffness and bending-induced strain of these rigid semiconductor
materials can be exceptionally small due to cubic and linear scaling of these quantities with thickness
of the materials. These semiconductor materials can be patterned into nanomembranes [100],
nanoribbons [101], and nanowires [95] through complementary metal-oxide semiconductor (CMOS)
fabrication processes.

3.2.3. Polymers

Polymers offer mechanical and electrical supports to skin sensors. They can be used as structural
layers, electrical insulation layers, and dielectric layers in the skin sensors. Many polymers have been
used to construct skin sensors, including some most prominent ones such as polyimide, poly(methyl
methacrylate) (PMMA) and parylene. These polymers offer high mechanical strength that are ideal as
structural layers to support the skin sensors. In addition, these polymers are typically thermal setting
materials that can be easily obtained through spin-coating and dipping followed by curing at escalated
temperature. Parylene is an excellent dielectric material, its fabrication process involves chemical
vapor deposition (CVD), allowing pinhole-free uniform layers on curved or irregular surface.

4. Fabrication Techniques

Fabrication of skin sensors involve a series of techniques that combine conventional fabrication
methods such as microelectromechanical systems (MEMS) technology, CMOS process, and mechanical
milling with emerging techniques such as printable electronic, additive manufacturing, and laser
process. Under the support from diverse fabrication techniques, many materials can be processed to
yield structures in stretchable skin sensors.

4.1. Conventional Microfabrication Processes

Fabrications of active and passive components in flexible and stretchable electronic skin
sensors can be achieved by MEMS and CMOS technology. The fundamental challenge of using
MEMS and CMOS technology to make skin sensors involve application of ultrathin membranes as
compared with rigid or brittle materials used in traditional MEMS and CMOS fabrication processes.
Processes for fabricating flexible and stretchable skin sensors can be categorized into device-last and
device-first approaches. The former involves fabricating active components on silicon membranes on
silicon-on-insulator substrates, and then transfer-printing the membranes to destination substrates for
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further processing. While the latter refers to thinning down a thick semiconductor substrates integrated
with functional components using physical sanding or chemical etching methods. The device-last
approaches have been described by several research works. For example, Kim et al. [26] have
developed stretchable integrated circuits, which combine multilayer neutral mechanical plane layouts
and “wavy” structural configurations, including logic gates, ring oscillators, and differential amplifiers
on silicon nanomembrane with thickness of 250 nm (Figure 4a). The device-first approaches have
been demonstrated by MOS capacitors [102,103], memory cells [104,105], batteries [106], and MEMS
switches [107].

ubstrate

Device Receiving

Substrate

Retrieving Printing

Figure 4. (a) Stretchable integrated circuits fabricated based on CMOS technology (Reprinted with
permission from Ref. [26] Copyright 2008 American Association for the Advancement of Science); (b) a
schematics of the screen printing process; and (c) a schematics of the transfer printing process.

Simplified approaches for making active and passive components involve using both organic
materials as conductors, semiconductors, and dielectric to construct electronic devices. The major
fabrication processes include chemical or physical vapor deposition, spin-coating and dip coating,
which are much convenient than conventional microfabrication processes of inorganic materials, whose
fabrications typically require thermal diffusion, ion implantation, and highly corrosive acid etchant
used in inorganic materials. However, drawbacks of using organic materials are their low conductivity
(1000 S-cm~') and low charge mobility (approximately 1072 to 10> cm?-v—1.s71) [108,109], which
hinder the applications of organic materials in high performance electronics.

4.2. Printable Electronics

Continuous development of printing electronic technology enables the application of such
technology in developing flexible and stretchable electronics. Printable electronic technology allows
direct generation of patterns on soft substrates through additive manufacturing technology such
as screen-printing, slot-die coating and inkjet printing. In addition, a special printing approach
used primarily in flexible and stretchable electronics is based on transfer printing, which transfer
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components fabricated on donate substrates onto target substrates that are typically thin plastic films,
metal foils, and elastomer membranes.

4.2.1. Screen Printing

Screen printing is a low-cost, high-throughput printing technique used to construct skin sensors.
The working principle of screen printing system is illustrated in Figure 4b. A screen printing system
typically contains a flood blade that moves across a screen with open meshes with pore sizes ranging
from 10 to 200 um [110,111] and fills the meshes with ink. A squeegee is then moved in an opposite
direction to push the inks in the meshes towards the substrates. Eventually, the adhesion force
from the substrates pulls the inks down in a close distance, resulting in pattern formation that
is determined both by the properties of the inks and the size of the meshes. Screen printing is
notable for its low fabrication cost and capability to print single or stacked layers onto variety of
soft materials such as fabrics and plastic films. The ability of screen printing technique has been
demonstrated majorly in the area of printing organic devices such as organic light-emitting diode
(OLEDs) [112], organic field-effect transistor (OFETs) [113,114], thin film batteries [115-117], and
organic solar cells [118,119]. In addition, it has been widely used to fabrication various flexible and
stretchable electronic components, including antennas [120], metal conductors [121,122], and thin-film
transistors [123-125]. Limitations of screen printing include limited selection of ink materials, short
processing time influenced by solvent evaporation, and low printing resolution (>10 pum).

4.2.2. Inkjet Printing

Inkjet printing is considered as an additive manufacturing technique that is attractive for making
electronic components on flexible substrates without using any photomask. Inks that contain either
fully dissolved chemicals [126,127] or nanoparticles [128-131] can be deposited through inkjet nozzles,
which are actuated through a number of mechanisms such as piezoelectricity and aerosol. Post sintering
processing after inkjet printing using direct heating, microwave, laser, and pulsed light can enhance the
performance of the printed patterns by converting individual nanoparticles into connected matrixes.
Inkjet printing techniques have been used to fabricate various electronic devices. Passive components
such as resistors [132-134], capacitors [135-137] and inductors [138] have been printed on polymer
substrates with various functional inks. Active components such as thin film transistors [139-141]
and LED [142-144] have also been fabricated using inkjet printing methods. Development of colloidal
solution for proper ejection of droplets on a targeted area by keeping an acceptable quality of the
printed circuits is challenging due to the influence of evaporation rate of the solvents and orientation
of the active particles. Despite the advancement of both control electronics and nozzle technology in
inkjet printing, its printing speed (at the scale of 10 mm-s~!) are still low as compared with screen
printing methods, and its capability in printing complex structures such as serpentine and meander is
still demanding further improvement. In addition, possibility of nozzle clogging and limited numbers
of nozzles that can work simultaneously making inkjet printing methods more a rapid prototyping
tool in labs rather than an acceptable mass fabrication method for industry. The spreading of the
printed ink on target substrates and chaotic behavior of droplets during the time of flight further add
to the issues of inkjet systems.

4.2.3. Transfer Printing

Transfer printing is an essential procedure to obtain flexible CMOS/MEMS devices. The target
devices can be firstly fabricated on a donate substrate and then transferred to a receiving substrate
using a viscoelastic stamp (usually a PDMS stamp) (Figure 4c). In this process, the adhesive strength is
directly proportional to separation speed of the stamp from a surface. The effective separation speed
between the stamp and the substrates is approximately 10 cm-s~! or greater during a retrieval process,
and is a few mm-s~! or less for the printing process. Transfer printing technique has been extensively
exploited to assemble diverse classes of materials (e.g., semiconductors, metals, carbon, and organic),
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thereby providing an effective method to fabricate various devices ranging from simple light emitting
diodes [145], transistors [146,147] and sensor elements to fully integrated circuits [148].

5. Applications of Flexible and Stretchable Skin Sensors

Mechanisms, materials and fabrication approaches mentioned above can be used to construct
diverse skin sensors that offer broad applications in health monitoring, daily activity tracking, and
rehabilitation. These skin sensors have been used to record biophysical signals such as biopotential,
skin strain, temperature, and hydration. In addition, initial efforts have been made to conduct specific
biomolecule analysis using body fluids (e.g., sweat and blood) through direct contact or transdermal
sensing approaches.

5.1. Biopotential Measurement

Biopotential measurement using skin sensors represents one of the most important applications
of skin sensors. Due to the capability to be mounted on different locations of human skin, electrodes
based on stretchable conductive meshes typically made of copper and gold have been used to conduct
electroencephalogram (EEG), electrooculogram (EOG), and electrocardiogram (ECG) measurements
on body. Yeo et al. [149] have introduced a multifunctional epidermal electronic systems measuring
electrophysiological based on skin-contacted metallic electrodes or meshes made of gold and copper,
which can measure ECG, EMG, temperature and strain (Figure 5a). Due to close skin contact,
the flexible and stretchable skin electrodes can directly contact with skin with a contact resistance at a
scale of 35 k(), which is compared smaller than conventional dry electrodes (~40 k(). Non-contact
biopotential sensing is also feasible. Jeong et al. have demonstrated capacitive electrodes that can
measure biopotential signals without direct contact with skin [18] (Figure 5b). They have also presented
another skin sensor that measures EMG signal induced by arm and wrist movement to control
unman drone.
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Figure 5. Examples of skin sensors for biopotential measurement: (a) biopotential measurement
using skin-contacted metallic electrodes (Reprinted with permission from Ref. [91] Copyright 2013
John Wiley and Sons); and (b) an epidermal electronic system (EES) with a capacitive sensor for
electrophysiological (EP) measurement (Reprinted with permission from Ref. [18] Copyright 2014 John
Wiley and Sons).

85



Micromachines 2017, 8, 69

5.2. Strain Sensing

Strain sensors can be directly attached on skin to measure strain induced by skin deformations
caused by respiration, heartbeat, bending of body joints and muscle activities. Strain sensors can be
fabricated by diverse materials and methods [17,150,151] with applications ranging from personalized
health-monitoring [152,153] to human-machine interfaces [154,155] and soft robotics [156-158].
Park et al. [17] have achieved a stretchable graphene strain sensor using a layer-by-layer assembly
method, in which stretchable yarns are repeatedly dip-coated with poly(vinyl alcohol) and graphene
nanoplatelets bilayer. This strain sensor can be attached to throat and monitors the motions caused
by speaking with maximum stretchability of ~100% (Figure 6a). Surface matrixes made of carbon
nanotube and silicone rubber have been used to make strain sensors (Figure 6b). Carbon nanotubes
were first coated onto a patterned polyimide film through air spraying, and were then transferred onto
an Ecoflex film by casting uncured Ecoflex onto a polyimide film. The carbon nanotubes and Ecoflex
form surface matrix that can be separated from the polyimide after the curing of the Ecoflex, resulting
in conductive composite with high stretchability (~500%), linear temperature response (R? = 1) and fast
time response (~332 ms) [150]. Majidi et al. [151] have developed thin-film curvature sensors composed
of microfluidic channels filled with liquid metal (eGaln) embedded in PDMS or Ecoflex substrates.
The sensors can offer up to 1000% stretchability and measure both bending curvature and strain within
the substrates with a gauge factor of 2 and a Young’s modulus of 0.1~1 Mpa. Roh et al. [87] have
realized a transparent and patchable strain sensor that is made of a sandwich-like stacked piezoresistive
nanohybrid film of single-wall carbon nanotubes (SWCNTs) and a conductive elastomeric composite of
polyurethane (PU)-poly(3,4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS). This sensor
can offer stretchability of up to 100% and optical transparency of 62%, which can detect small strains
on human skin (Figure 6c).
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Figure 6. Examples of skin sensors for strain sensing: (a) graphene strain sensor embedded in an
elastomeric patch that is bendable and stretchable, for detection of the motions of throat (Reprinted
with permission from Ref. [17] Copyright 2015 American Chemical Society); (b) application of
the CNT-Ecoflex nanocomposite based strain sensors to human motion detection (Reprinted with
permission from Ref. [150] Copyright 2015 IOP Publishing); and (c) a transparent strain sensor
consisting of three-layer stacked nanohybrid structure of PU-PEDOT:PSS/SWCNT/PU-PEDOT:PSS
on a PDMS substrate (Reprinted with permission from Ref. [87] Copyright 2015 American
Chemical Society).
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5.3. Skin Temperature Monitoring

Temperature sensors are essential components for many health monitoring systems to determine
both physiological and psychological conditions associated with cardiovascular health, cognitive state
and malignancy. Skin temperature sensors can be conformably attached to skin surface, and, thus, can
accurately measure body temperature with minimized influence from the environmental temperature.
Examples of skin temperature sensors include arrays of meander metal wires that determine body
temperature through measurement of spatial mapping, and temperature mapping devices based on
PIN diodes made of silicon nanomembranes [159] (Figure 7a). To improve capability of long-term
integration without disturbing the functions of skin, skin temperature sensors can be integrated with
breathable substrates made of porous, semipermeable PU films (Figure 7b). The entire sensor is
permeable to air and waterproof. It can realize continuous body temperature measuring for up to
24 h [28]. Organic materials can also be used to construct temperature sensors. Trung et al. [160]
have realized a resistive and gated temperature sensor array purely by elastic organic materials with
stretchability of ~70% and sensitivity of ~1.34% resistance change per degree Celsius. The sensing
layer of this device can be formed by imbedding conductive and graphene oxide nanosheets into an
elastomeric PU matrix (Figure 7c).
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Figure 7. Examples of skin sensors for temepature measurement: (a) epidermal sensors that can
monitor skin temperature using metallic and semiconductor sensors (Reprinted with permission from
Ref. [159] Copyright 2013 Nature Publication Group); (b) breathable and stretchable temperature
sensors (Reprinted with permission from Ref. [28] Copyright 2015 Nature Publication Group); and
(c) transparent and stretchable temperature sensors (Reprinted with permission from Ref. [160]
Copyright 2015 John Wiley and Sons).

87



Micromachines 2017, 8, 69

5.4. Hydration Sensing

Accurately measurement of skin hydration levels is important for analyzing various diseases
(e.g., dermatitis [161], psoriasis [162], eczema [163] and pruritus [164]) in the fields of dermatology and
cosmetology, and evaluating factors (e.g., environmental [165], age [166], and hormone [167]) related
to abnormal skin responses. In addition, hydration can also be used for assessing effectiveness of
anti-aging treatment, moisturizing treatments and other medical therapies.

Skin hydration can be determined by measurements of electrical impedance, thermal conductivity,
spectroscopic property, and mechanical characteristic in conventional approaches. The application of
epidermal electronic techniques gives hydration sensing many advantages over traditional methods.
Huang et al. have realized several types of epidermal hydration sensors based on detection of skin
electrical impedance. The sensors consist of two electrodes connecting with a data acquisition system,
which provides alternating electrical current at frequencies between 1 and 100 kHz. The skin electronic
impedance can be reflected by resulting attenuation and phase shift of the electrical current. Devices
capable of conducting differential monitoring [14] (Figure 8a), regional mapping [27] (Figure 8b), and
wireless sensing [15] (Figure 8c) have been developed based on the impedance detection. In addition,
hydration can also be assessed through measurements of skin thermal conductivity, which can be
determined by time response of skin to constant thermal energy input [159].
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Figure 8. Examples of skin sensors used for hydration sensing: (a) epidermal sensor that can monitor
biopotential on skin using metallic meshes (Reprinted with permission from Ref. [14] Copyright 2013
John Wiley and Sons); (b) hydration sensor that can conduct regional mapping based on the impedance
detection (Reprinted with permission from Ref. [27] Copyright 2014 IEEE); and (c) hydration sensor
capable of passive wireless detection (Reprinted with permission from Ref. [15] Copyright 2014 John
Wiley and Sons).

5.5. Biomolecule Analysis

Flexible and stretchable skin sensors can be utilized for biomolecule analysis. Various
biomolecules in sweat (e.g.,, sodium [12,168-170], potassium [12,169], ammonium [171,172],
glucose [173], and lactate [12,174]) have been regarded as indicators for human physiological health.
Huang et al. have explored materials and design strategies for integrating stretchable wireless
sensors on porous sponge-like elastomeric substrates for epidermal analysis of biomolecules in sweat
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(Figure 9a). The porous substrates allow sweat collection through capillary forces, without need for
complex microfluidic handling systems. Colorimetric measurement is achieved in the same system by
introducing indicator compounds into the substrates for sensing specific components (OH~, H*, Cu*,
and Fe?*) in sweat [13]. Bandodkar et al. [175] have developed an epidermal tattoo-like sensor using a
bluetooth enabled wearable transceiver for real-time monitoring of sodium in human perspiration with
concentration range of 0.1-100 mM. This sensor can withstand strain caused by bending, stretching and
poking (Figure 9b). Gao et al. [12] have designed a fully integrated sensor array for in situ perspiration
analysis, which can simultaneously and selectively measure sweat metabolites (e.g., glucose and
lactate) and electrolytes (e.g., sodium and potassium ions) as well as the skin temperature for sensor

calibration (Figure 9c).
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Figure 9. Examples of skin senosrs capable of conducting biomolecule analysis: (a) a skin sensor
that can monitor biomolecules in sweat based on colorimetry approach (Reprinted with permission
from Ref. [13] Copyright 2014 John Wiley and Sons); (b) a skin sensor that can monitor sodium in
perspiration using electrochemical methods (Reprinted with permission from Ref. [175] Copyright 2014
Elsevier); and (c) a integrated system that can analyze multiple compositions in sweat simultaneously
and selectively (Reprinted with permission from Ref. [12] Copyright 2016 Nature Publishing Group).
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5.6. Other Sensing

Flexible and stretchable skin sensors also have other applications, including oximetry [21,176,177],
pressure sensing [178,179] and wound healing monitoring [180,181]. For example, Yokota et al. [177]
have developed optoelectronic skins integrated with OLED and organic photodetectors, which
can measure the oxygen concentration of blood based on a photoplethysmogram (PPG) approach
(Figure 10a). Choong et al. [182] have demonstrated a stretchable resistive pressure sensor within which
the conductive electrode is built on the micro-pyramid PDMS arrays grafted with a PEDOT:PSS/PUD
composite polymer. The sensor offers a pressure sensitivity of 10.3 kPa~! when stretched by 40%
(Figure 10b). Hattori et al. [180] have established an epidermal electronics system that can monitor
cutaneous wound healing by recording time-dynamic temperature and thermal conductivity of skin.
This system consists of metal traces with fractal and filamentary serpentine (FS) configurations,
which can offer stretchability of ~30% (Figure 10c).
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Figure 10. Skin sensors used for other sensing applications: (a) a skin sensor that can measure oxygen
concentration of blood (Reprinted with permission from Ref [177] Copyright 2016 The Authors);
(b) a stretchable resistive pressure sensor (Reprinted with permission from Ref [182] Copyright 2014
John Wiley and Sons); and (c) an epidermal electronics system that can monitor cutaneous wound
healing (Reprinted with permission from Ref. [180] Copyright 2014 John Wiley and Sons).
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6. Conclusions and Perspectives

This paper reviews the mechanisms, materials, fabrication techniques, and the representative
applications of flexible and stretchable skin sensors. These sensors are constructed by various
intrinsic soft materials or stretchable thin film structures with applications in biophysiological signal
measurement and activity tracking, offering improved precision and effectiveness of body integration.
Flexible and stretchable skin sensors can collect massive amount of data associated with personal
biomedical information and life-style. These data can be used to assist more specific diagnosis and
effective treatment of disease, and can potentially be used to reveal the underlying connection among
biomedical information, environmental effects, and various diseases.

Despite the rapid progress in skin sensors, development of flexible and stretchable skin sensors
has encountered several critical issues such as power supplies and system complexity. Firstly, most of
the devices mentioned above focus on sensing functions of the stretchable electronic devices. However,
power supply, signal conditioning, data communication, and data storage still largely rely on bulky
instruments or integrated circuits based on rigid substrates. Some researches tackle the issues of power
supplies with stretchable batteries [48,183], piezoelectric generators [184,185], solar cells [186,187],
and wireless power harvesting [188], showing promising future in replacing current bulky power
sources with components that mechanically and geometrically match stretchable electronic devices.
While for signal conditioning and data communication, and data storage, these functions can be
realized by integrating multiple commercial-off-the-shelf components connected by flexible and
stretchable interconnects. These systems can be best represented by the work of Xu et al. [44] who
realized a complex measurement system to detect biopotential, acceleration, temperature and achieve
signal processing and wireless data communication with an operational amplifier-based circuit and a
voltage control oscillator. The sweat sensing system [12] mentioned in the previous section has also
demonstrated the possibility of integrating flexible circuits made of commercial components with
stretchable skin sensor for precise analysis of sweat contents. These comprehensive systems will lead to
capability to assess multiple biophysiological signals to improve accuracy in diagnosis and treatment.
Discrete stretchable electronic components based purely on thin film materials and stretchable
structures have been demonstrated as signal amplifiers [189], logic circuits [190,191], oscillators [192],
and nonvolatile resistive memory [193,194]. However, a fully stretchable and integrated system has
not yet been achieved due to the challenges in the fabrication of different functional components,
interconnection of transfer printed components, and low electronic performance as compared to
conventional devices based on rigid materials.

Furthermore, some fundamental knowledge of device mechanisms has not yet been well studied
mechanically and electrically, and the interaction between the biological tissues and the flexible and
stretchable skin sensors has not yet been well understood. For example, the electromagnetic properties
of the stretchable structures such as serpentine, wavy, and out-of-plane buckling are largely unexplored,
and the negative effects of the biological tissues to electromagnetic signal and optical signal have
not yet been addressed to achieve optimized sensor performance. It can be expected that special
properties offered by the sensor/skin interaction may be used to achieve more unique functions such
as spontaneous actuation and transduction through skin motions, and the skin barrier functions may
be overcome to allow analysis of biomolecules in blood and interstitial fluids using skin sensors.
With more understanding of the fundamental knowledge of flexible and stretchable skin sensors,
more sensing functions and powerful integrated systems may be developed based on the skin sensor
platform, allowing revolutionary changes in the formats of continuous, long-term health monitoring
devices to improve social health levels.
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Abstract: Flexible transparent electrodes (FTEs) with high stability and scalability are in high
demand for the extremely widespread applications in flexible optoelectronic devices. Traditionally,
thin films of indium thin oxide (ITO) served the role of FTEs, but film brittleness and scarcity
of materials limit its further application. This review provides a summary of recent advances in
emerging transparent electrodes and related flexible devices (e.g., touch panels, organic light-emitting
diodes, sensors, supercapacitors, and solar cells). Mainly focusing on the FTEs based on carbon
nanomaterials (e.g., carbon nanotubes and graphene) and metal materials (e.g., metal grid and
metal nanowires), we discuss the fabrication techniques, the performance improvement, and the
representative applications of these highly transparent and flexible electrodes. Finally, the challenges
and prospects of flexible transparent electrodes will be summarized.

Keywords: flexible transparent electrodes; flexible electronics; metal nanowire; metal grid;
optoelectronics devices

1. Introduction

Flexible transparent electrodes (FTEs) are essential components for numerous flexible
optoelectronic devices due to their excellent capacity for transparency and flexibility, including
organic light-emitting diodes [1-6], solar cells [7-12], touch panels [13,14], and wearable devices [15].
Conventionally, transparent conductive oxides (TCO) such as the indium tin oxide films (ITO), fluorine
doped tin oxide (FTO) [16], ZnO:Al (AZO) [17], and ZnO:Ga (GZO) [18,19] have governed the domain
of optoelectronic devices for several decades. However, some innate drawbacks of the TCO films
such as brittleness due to its ceramic nature [20] and high cost for the scarcity of materials such as
indium limit the widespread use in flexible devices, where stretching, twisting, or bending are usually
requested. Recently, potential alternative materials to TCO have been widely explored, including
ultra-thin metallic film [21,22], carbon-based nanomaterials (e.g., carbon nanotubes (CNTs) [23,24],
and graphene [25-28]), conducting polymer [29,30], and metallic materials (e.g., metal grid [7,31,32]
and metal nanowires [33-37]). To replace conventional TCO films, new types of FTEs should have
low processing costs and mechanical flexibility while maintaining a low sheet resistance (Rs) and
high optical transparency (T). As for FTEs based on conducting polymer, although the flexibility is
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improved, low conductivity and T limit their optoelectronic performance, and stability in ambient
atmosphere is not good enough. Commonly, CNTs with percolating networks cannot process a low Rg
and a high T simultaneously. The low conductivity of the CNTs remains the main limiting factor of the
overall conductivity. For example, to achieve an R, of the CNTs based FTE less than 10 Qo !, the T
will decrease drastically because the required thickness of CNTs exceeds 100 nm [38]. There remain
challenges to improve the electrical conductivity of CNT-based FTEs.

Monolayer graphene only absorbs 2.3% of visible light and can sustain 4% strain with negligible
cracking [39,40]. The theoretical Rs of the graphene is as low as 30 Qo1 [41]. However, the R
of synthesized graphene usually exceeds several hundred Qo' using different synthesis methods
(e.g., epitaxial grown graphene on silicon carbide, chemical vapor (CVD) deposited on Cu catalysts),
due to lower quality graphene with polycrystalline structures and plenty of defects [42,43].

Metallic based FTEs constructed from random networks of nanowires or regular metal grids
regarded as another potential alternative to TCO, due to their better Rs-T performance than other
alternatives. The metal nanothough networks can obtain a FTE with Rs of 2 Q0! at a transmittance
of 90% [44]. In addition, the fabrication of metal structures coincides with printing and roll-to-roll
technology, which reduces the cost for mass-production of FTEs significantly. However, the stability of
the metal-based FTEs needs to be investigated further.

In this review, we provide a summary of recent advances in emerging FTEs and related flexible
optoelectronic devices, mainly focusing on works reported in the past three years. For early
work on FTEs, readers can refer to the review by Hecht et al. [45] and Ellmer et al. [46].
Carbon-based nanomaterials and metallic nanomaterials are promising to replace the dominance
of the TCO films due to their superior performance, which will be the focus of our review. Then, we
discuss the fabrication techniques, the performance improvement, and the representative applications
of these FTEs. The challenges and prospects of the FTEs will eventually be summarized.

2. Currently Emerging Materials

Among those emerging alternatives, carbon-based materials and metallic materials are considered
promising candidates for next-generation FTEs, due to their high mechanical flexibility paralleling
good optical transparency and electrical conductivity. The material properties, combined with low
material costs and fabrication techniques, make these emerging materials very attractive for FTEs.

2.1. One-Deminsional CNT-Based Nanomaterials

Carbon nanotubes (CNTs) have been evaluated and verified as one of the future FTEs relying on
their remarkable characteristics. In the past several years, transparent, conductive, and flexible
CNT-based FTEs have been investigated widely, involving many applications (e.g., OLED and
supercapacitor). They can be fabricated using different methods [47—49], including wet and
dry processing, which could be further exploited by combination with the roll-to-roll process.
Both single-walled CNTs (SWCNTs) and multiwalled CNT (MWCNT)-based FTEs have been fabricated
via solution approaches [24,50,51]. In detail, the SWCNT powders made from the CVD process are
centrifuged to remove large conglomerations, before blending into an SWCNT solution. After that, the
FTEs can be fabricated by various methods with the solution, including spray coating, dip-coating,
and infiltration. Wu et al. have reported a simple process for the fabrication of FTEs using pure
SWCNTs [52]. Low sheet resistance of 30 Q0! was obtained with 90% transmittance. However,
owing to the SWCNTs tendency of twining during the CVD process, only a small part of them can be
efficiently used, which increases the production costs.

To explore cost-effective method, Feng et al. employed a straightforward roll-to-roll process
to fabricate flexible and stretchable MWCNT films as FTEs, where the CNTs possess excellent
performance with low sheet resistance (208 Q') and high transmittance (90%) [47]. In the
work, CNT arrays are obtained by batch growth. Lin et al. reported polyaniline composite
films incorporated with aligned MWCNTs, which were fabricated using an easy electrodeposition
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process [48]. Additionally, Recep et al. reported FTEs based on SWCNTs (Figure 1a), which exhibited
an optical transmittance of 82% with 0.02 mg SWCNTs (Figure 1b). The supercapacitors fabricated by
the SWCNT FTEs showed good capacity retention (94%) upon cycling over 500 times (Figure 1c) [49].
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Figure 1. (a) SEM image of a SWCNT thin film with a sheet resistance of 75 Qo~;
(b) Optical transmittance characteristics of the full devices with respect to total SWCNT weight in
both electrodes; (c) Cycle performance of flexible supercapacitors at a current density of 1.25 A/g.
Reproduced with permission from Reference [49]. Copyright 2014, American Chemical Society.

2.2. Two-Dimensional Graphene-Based Nanomaterials

Graphene, a two-dimensional carbon allotrope, becomes a popular material for transparent
electrodes due to the excellent performance [25,53,54]. Generally, the Rs of synthesized graphene
usually exceed several hundred Q0! [42,43]. To improve the photoelectric performance, combing
graphene with other conductors is an effective method.

Liu et al. prepared the graphene/ITO flexible hybrid transparent electrode, which showed
excellent mechanical and optoelectronic characteristics [55]. Figure 2a shows the optical image of
the graphene/ITO hybrid electrode. The SEM image shows the surface of ITO bridges on left and
right sides as well as the graphene film upon them. Figure 2b is the transmittance spectra of the
samples on the PET substrate. Besides, combination of graphene with metal materials can significantly
improve the optoelectronic performance. The metal materials and the graphene offer extra conductive
paths for each other. Qiu etal. reported the combination of the metal grid with graphene oxide
films via a facile, green, and room-temperature method [56]. The excellent photoelectric properties
with the sheet resistance of 18 Qo~! and the transmittance of 80% can be obtained. Hong et al.
demonstrated omnidirectionally stretchable and transparent graphene electrodes with good mechanical
durability and performance reliability (Figure 2c) [57]. The multilayered graphene based FTE exhibits
a transmittance of 87.1% at 550 nm (Figure 2d). Figure 2e,f show that sheet resistances of the
graphene/PDMS film systematically monitored under various bending and stretching conditions,
respectively. The textured graphene/PDMS film sustains its electrical properties when the film is
folded with a bending radius (r) as small as r = 0.5 mm or stretched up to 30% of the tensile strain.
Deng et al. developed a full roll-to-roll production of FTEs based on metal NWs (AgNWs and CuNWs)
encapsulated by a monolayer graphene film, as shown in Figure 3a—c [26]. The R; of the encapsulated
NWs film show a 60%-90% decrease relative to the pure one (Figure 3d), which is due to the graphene
conduction channel. Meanwhile, the encapsulated film processes lower R than pristine graphene
because metal NWs provide additional conduction channels.

In addition to the graphene-based hybrid FTEs, doped graphene-based FTEs also exhibit good
performance [41,58]. Bae et al. demonstrated roll-to-roll production and wet-chemical doping of
predominantly monolayer 30-inch graphene films grown by CVD [41]. The doped graphene based
FTEs have sheet resistances as low as ~125 Qo' with 97.4% optical transmittance. Park et al. found
that AuClz doping on graphene could improve the conductivity and shift the work function of the
graphene FTEs, which results in improved power conversion efficiency of the OPV devices [58].
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Figure 2. (a) Optical image of graphene/ITO hybrid electrode; (b) Transmittance spectra of the
samples on PET substrate. (a,b) Reproduced with permission from Ref. [55]. Copyright 2016, Springer
Nature; (c) Photograph of a graphene/PDMS free-standing film; (d) Transmission spectra of a flat
PDMS substrate (black) and multilayered graphene on a flat PDMS substrate (red); (e) bending radius
and (f) tensile strains (insets: actual test images for a graphene/PDMS film); (c—f) Reproduced with
permission from Reference [57]. Copyright 2016, American Chemical Society.
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Figure 3. (a) Schematic diagram of the fabrication process includes coating of metal nanowires on
polymer substrate (EVA /PET), hot-press lamination with graphene/Cu foil, delamination of graphene
and Cu foil by electrochemical bubbling method, and the reuse of Cu foil to grow graphene by
a continuous chemical vapor deposition system. The detailed structural schematic of the hybrid
film labeled in the red cycle shows that nanowires are partly embedded into the EVA substrate
and fully encapsulated by monolayer graphene film; (b) SEM image of the monolayer graphene;
(c) Enlarged side-view SEM image of the hybrid film of graphene and AgNWs; (d) Sheet resistance
versus number density of AgNWs for pure AgNW film and graphene/AgNW hybrid film. Reproduced
with permission from Reference [26]. Copyright 2015, American Chemical Society.
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2.3. Metallic Materials

As mentioned above, the progress in carbon-based FTEs is exciting, but the R is still not low
enough. For the realization of the next generation of flexible and large-area electronics, further
improvement in Rs-T performance is required. Metal-based FTEs have gained prominence in both
academic and industrial use in flexible electronics. Metal-based FTEs can be constructed from random
distribution metallic NWs works [33-37] to regular metal grids [7,31,32], which have demonstrated
great potential in optical transparency, electrical conductivity, and mechanical flexibility.

2.3.1. Random Distribution Metallic NWs as FTEs

Most metals have excellent electrical conductivity due to their high free-electron density. To utilize
metal materials in FTEs, high transparency should be satisfied. Among common metallic nanomaterials,
silver nanowires (AgNWs) are commerciogenic due to the excellent electrical conductivity and high
transmittance in a broad wavelength range [33-37].

The fabrication of AgNW FTEs has been explored by many researchers in various fabrication
processes [59], which can achieve a low R (8-50 Qo Ywitha high transmittance (80%-98%). However,
metal NW-based FTEs suffer from degradation of the Rs-T performance because of high junction
resistances, which have been systematical investigated by several groups [60,61]. Mutiso et al.
demonstrated that a higher NW aspect ratio could decrease the Rs while keeping the T a constant [61].
To obtain Ry < 10 Qo' at T = 90%, the aspect ratio should exceed 800 at a given junction resistance of
2 KQ. Commonly, the strategies to reduce junction resistance involve bulk heating [62], plasmonic
treatment [63], and chemical modifications [64], which tend to damage the plastic substrate and are
not suitable for flexible applications. Therefore, other additional processes are introduced to produce
hybrid structure electrodes. For example, Xiong et al. exhibited electroless-welding of an AgNW
network coated with conductive ion gel that significantly reduces junction resistance between AgNWs,
while its effect on the T of the FTEs (Rs of 8.4 Qo1 at T = 86%) is negligible [65].

In addition, the material of AgNWs exhibits the limitation of high surface roughness, which
leads to low carrier transport. Currently, AGNW-based composite materials have become promising
materials as FTEs, exhibiting excellent optical and electric properties [34,66]. Lee et al. reported a
percolating network of AgNWs with densities above the percolation threshold integrated into graphene
as hybrid FTEs [67]. The hybrid structure can reduce Ry down to 33 Qo1 with a transmittance of
94%. Other research groups demonstrated the combination of an AGNW network with graphene
or graphene oxide could enhance electrical conductivity and decrease surface roughness [68-70].
Xu et al. mixed Ag NWs with graphene oxide and obtained Ag-doped graphene fibers, whose
electrical conductivity increased from 4.1 x 10*S/mt0 9.3 x 10* S/m, exhibiting a 330% enhancement
factor [71]. Meanwhile, chemical and thermal stabilities also can be further improved. It is obvious
that the composite materials enhance electrical properties of FTEs by decreasing junction resistance or
providing new conductive pathways.

Not merely AgNWs, copper NWs (CuNWs) and gold NWs (AuNWs) are promising candidates
for FTEs, due to the similarly excellent conductivity (Figure 4a—c) [34,72,73]. Cui et al. have reported a
new synthetic approach for obtaining ultrathin high-quality CuNWs (Figure 4b), where oleylamine
is used as a coordinating ligand [72]. Maurer et al. have demonstrated that ultrathin AuNWs can
be synthesized at room temperature [73]. Triisopropylsilance (TIPS, 2 mL) is added into the solution
after the gold salt was completely dissolved. The AuNWs will format standing for two days until the
color turns from yellow into dark-red (Figure 4c). A high transparency of 79% can be achieved and
maintained over 80 stretching cycles.
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Figure 4. (a) SEM image of AgNWs. Reproduced with permission from Reference [34]. Copyright 2016,
American Chemical Society; (b) Synthesis of ultrathin copper nanowires. Reproduced with permission
from Reference [72]. Copyright 2015, American Chemical Society; (c) SEM image of monolayer AuNWs
on PDMS substrate. Reproduced with permission from Reference [73]. Copyright 2016, American
Chemical Society.

2.3.2. Metal Grids

The randomly dispersed network in the whole scale cannot be used immediately as prepared.
Subsequently, patterning processes are necessarily adopted depending on different device architectures.
In particular, metal grid FTEs offer advantages over other NW FTEs due to the nature of artificial
design. For example, the electrical and optical properties can be managed by modulating the grid
pitch, width, and thickness.

Uniform metal grids as FTEs fabricated by many processes, including nano-patterning techniques
such as photolithography, crackle, electroless plating, nano-transfer printing, and electrospinning [74-78].
Almost all of these processes involve deposition of a metal film onto a template to form inter-connected
network excluding junction resistance. In contrast to the limited material choices for NWs, a variety
of metallic materials can be exploited in different applications. Cui et al. employed electrospun
and metal deposited technique to generate nanotrough networks. Correspondingly, the width and
thickness of the networks are 420 nm and 80-100 nm, respectively. The new kind FTEs exhibited both
superior optoelectronic performance (Rs of 2 Q0! at 90% transmission) (Figure 5a) and remarkable
mechanical flexibility (Figure 5b,c) [44]. The Rs-T performance achieved is much better than that of
TCO, carbon-based materials, or solution processed mental NWs networks.

100

@ g A ©3,000 o~ Metal film
g 0w - ~ 2,000 .
£ PR 5o ® l $ 2500 —+ Nanotrough
S K ‘/.'.‘ Y 1500 2,000
& o b 2
HE e wtoe | B 1,000 \ § 1500

o / e | £ 500~ ITOfim 2 1000

Au(100nm) / CNT x +—Nanotrough & 500

#huteommy” frivig Odr—r——e o re sty o

; ; ; :
@ e 1 10 100 0 10 20 30 40 50
Sheet resistance (2 07) BEnding radius (mm) Stl’aln (%)

Figure 5. (a) Sheet resistance versus optical transmission (at 550 nm) for copper, gold, silver, and
aluminum nanotrough networks, described by percolation theory. The performances of device-grade
ITO, CNTs, graphene, silver nanowires (NWs), silver grid, and nickel thin films are shown for
comparison; (b) Rs versus bending radius for bendable transparent electrodes consisting of gold
nanotrough networks or ITO films on 178-um-thick PET substrates; (c) Rs versus uniaxial strain for
a stretchable transparent electrode consisting of gold nanotrough networks on 0.5-mm-thick PDMS
substrate. Reproduced with permission from Ref. [44]. Copyright 2013, Nature Publishing Group.

In another work, Han et al. proposed the cracked TiO, gel film as a template to make Ag
networks [75]. The Ag networks with diameters of 1-2 pm, and widths of 4-100 um, exhibited good
electro-optical properties. The transmittance ranges from 82% to 45%, and correspondingly the R
ranges from 4.2 Q0! to 0.5 Qo' To further improve the Ry-T performance of the NWs based FTEs,
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Hsu et al. introduced a mesoscale metal-wire concept in conjunction with NWs [78]. The mesoscale
metal-wire networks show the extraordinary Rs-T performance with the Rs being 0.36 and the T being
92%. However, fabricating metal grid FTEs usually employs the physical deposition of metal materials
involving thermal evaporation or sputtering, which requires expensive vacuum-based processing.
Therefore, the fabrication process is not simple and cost-effective.

Recently, electrohydrodynamic (EHD) jet printing employed to fabricate metal grid FTEs [31,79].
Lee et al. fabricated FTEs by thermal pressing of metal lines, which was provided by EHD jet
printing [31]. The excellent properties have been demonstrated with the sheet resistance of 0.5 Q0!
at the transmittance of 80%. Seong et al. have reported a method of fabricated FTEs by EHD jet
printing. Sheet resistance of 1.49 Q! can be achieved by printing the Ag mesh on the convex
glass [79]. Another route utilized to fabricate FTE by using inject printing [80]. Mohl et al. obtained
grid meshes by inject printing and subsequent chemical copper plating [32]. The printed metal grids
from reactive ink plated with copper can create high performance FTEs. The achieved R is 10 Qo
and transmittance is 80%.

A novel fabrication method via hybrid printing technique has been demonstrated for FTEs with
embedded metal grids [81]. Cui et al. developed high-resolution metal mesh as FTEs by nanoimprinting
technology [14]. The silver nanoparticle inks embedded into the metal mesh, where the metal mesh was
fabricated by the roll-to-roll progress. Low-cost fabrication is the most important advantage of this new
approach. Moreover, high performance could be obtained with the low sheet resistance of 0.69 Q0!
at 88% transparency. Most important is that the fabrication cost can be further decreased by exploiting
their compatibility with printing technologies, attributing to the efficient use of material, a simple
fabrication process, and easy scalability to large scale. In addition, Kiruthika et al. employed the roll and
spray coating methods to fabricate the FTEs by a simple solution process using crackle lithography [82].
A transmittance of 78% and sheet resistance of ~20 Q0! can be obtained (Figure 6a). Figure 6b shows
the optical micrographs of Ag meshes with different widths on PET substrate. Figure 6¢c—f exhibits the
mechanical stability of the metallized Ag in the crackle network. The mesh was subjected to 500 bending
cycles with 1.5 mm radius, the change in the resistance remained within 5%.
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Figure 6. (a) Specular optical transmittance of Ag mesh prepared from crackles of different widths.
The sheet resistances of the samples are mentioned in parentheses. Photograph of the prepared TCE
with 78% transmittance at 550 nm is shown as an inset. (b) Optical micrographs of Ag mesh of different
widths. Scale bar is 1 mm. Relative variations in the resistance of the Ag mesh during (c) the scotch
tape adhesion test, (d) sonication test, (e) bending to different radii, and (f) 500 bending cycles with a
radius of 1.5 mm. The photographs in the inset in (a) show the scotch tape pasted over the Ag mesh
and while peeling off. Reproduced with permission from Reference [82]. Copyright 2015, American

Chemical Society.

Finally, some typical values of sheet resistance and transmission of the novel FTEs up to date

are summarized in Figure 7. Great progress has made in FTEs towards lower sheet resistance and
high transmittance.
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Figure 7. Sheet resistance / Transmission values of FTEs reported in recent works.

3. Applications

Based on the excellent mechanical compliance, high transmittance, and electric conductivity,
the FTEs can be utilized in many essential applications, including supercapacitor, OLED, solar cell,
and touch panel [45,46]. Different performances are needed for different applications, due to the
requirement of technical indexes [60]. To satisfy the requirement of touch screens, the Rs of FTE should
range from 100 Q0! to 1000 Qo ~!, a T exceeds 85% combined with low haze. The FTEs must have
the R ~10 Qo1 for T > 90% to provide solar cells and OLED:s. In addition, for use of FTEs in flexible
optoelectronics, several requirements must be met, including the reduced haze value for the optical
transparency, and ultra-smooth surface of the electrode to avoid the disconnection problem. Finally, a
simple, low-cost, and large-scale process in fabricating FTEs is a necessity for commercial applications.
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To function as an FTE in OLEDs, the metal-based electrodes must alleviate the leakage current by
planarizing its surface. Zhou et al. investigated embedded Ag-grid FTEs as the anode of OLED, which
exhibits a power efficiency of 106 Im-W ! at 1000 cd-m~2 (Figure 8) [1].
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Figure 8. (a) Schematic illustration of the fabrication process of an embedded Ag network on PET
(PEAN) and its optical image; (b) Device structure and performance of flexible white OLED using PEAN
anode. Reproduced with permission from Reference [1]. Copyright 2014, American Chemical Society.

Liu et al. reported a composite electrode developed from poly (3,4-ethylenedioxythiophene): poly
(styrenesulfonate) (PEDOT: PSS) and AgNWs with a template stripping method [3]. The efficiency of
the resultant OLEDs improved by 25% compared to that of traditional PEDOT: PSS FTEs, attributing
to the reduction of surface roughness and the improvement of electric conductivity. Ok and co-worker
developed an ultra-thin and smooth FTE by embedding AgNWs in a colorless polymide (cPI) [2].
The AgNWs-cPI composite electrode exhibited a T > 80%, alow Rs of 8 Qo 1, and ultra-smooth surfaces
comparable to glass (4.1 nm), as shown in Figure 9a. The OLEDs fabricated from such composite
electrodes showed a stable performance with a luminance reduction of <3% after 10 repeated bendings
at a radius of 30 um (Figure 9b).

For applications in display devices and touch screens, high visibility is needed. Haze property is
a vital value to the display industry. Ag networks that are fabricated by cracked template and AgNWs
solution processed methods [75,83] can survive multiple finger touchings. The low R (<10 Qo1 and
the large area fabrication are rapidly improving in the large format touch panels market. Currently,
iV-touch can offer large projected capacitive touch panels from 21.5” to 55” with stunning touch
performance [84].

Similar to the case of OLEDs, the application of NW networks and metal grids as the TCEs
employed in functional organic solar cells. In order to achieve the required Rs (<50 Q1) and T (>90%),
constructing hybrid structured FTEs is a promising technology. Singh et al. demonstrated solution
processed solar cells employing AgNW film binding with a 40 nm thin overlayer of sputtered ZnO
as FTEs [85]. The ZnO overlayer is used to increase adhesion between AgNW and ZnO/buffer layer
and to interconnect the AgNWs junctions. More recently, Li et al. integrated embedded Ag grids and
conducting polymer hybrid electrodes into a perovskite-based photovoltaic cell and demonstrated an
ultrathin flexible device delivering a power conversion efficiency of 14.0% [7]. Wu et al. demonstrated
AgNW grids with multi-length scaled structures as FTEs for an organic solar cell [86]. A power
conversion efficiency of 9% was achieved for the organic solar cell devices.
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Figure 9. (a) Comparison of morphologies by AFM analyses and a diagram comparing the roughness of
various samples; (b) Bending stability of the flexible OLEDs based on AgNWs-cPI composite electrodes.
Reproduced with permission from Reference [2]. Copyright 2015, Macmillan Publishers Limited.

Transparent supercapacitors have been proposed in the past decade, which function both
as a current collector to transport the electrons, and an active material to store electrochemical
energy. For the application in supercapacitors, Lin et al. has synthesized polyaniline composite film
incorporated with aligned MWCNTs through an easy electrodeposition process [48]. The conductive
films are sufficiently used to fabricate transparent, flexible, and efficient supercapacitors with a
maximum specific capacitance of 233 F/g at a current density of 1 A/g. Cai et al. demonstrated that
the electrochemical stability of Ag grid FTEs can be enhanced by coating one layer of PEDOT:PSS [87].
The film sustained an optical modulation and a specific capacitance of 87.7% and 67.2% at 10 A-g~*,
respectively. Cheng et al. reported hybrid electrodes composed of PEDOT:PSS and Ag-grids prepared
via inject printing [88]. The hybrid structures not only compensated for the shortcomings of the single
materials but also fully combined their advantages. The comparatively high Ct (capacitance of the
supercapacitor) and Csc (capacitance of the electrode) of the supercapacitor based on PEDOT: PSS
(three layers)/Ag grid electrodes were 1.13 mF-cm~2 and 4.52 mF-cm ™2, respectively. In addition,
Lee et al. have introduced a highly flexible and transparent supercapacitor based on electrochemically
stable Ag-Au core-shell (AACS) nanowire percolation network electrode (Figure 10) [89]. Figure 10c
confirms that the AACS NW networks possess superior optical transparency, exceeding 85% in the
entire range of the visible wavelength. Figure 10d shows strain-dependent electrical resistance of
Ag—Au core—shell NW electrode on an elastic PDMS substrate.
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The various applications make carbon-based and metal-based FTE one of the most promising
materials in optoelectronic devices. Considering the progress and the ongoing efforts on FTEs, there is
no doubt that performance of these FTE-based flexible devices (OLED, OSC, supercapacitor, touch
screen) can be further improved, and the new applications can served to an amazing degree.
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Figure 10. Fabrication and characterization of Ag—Au core-shell NW-based electrodes. (a) Schematic
illustration of the electrode fabrication through vacuum filtration and transfer method; (b) Digital
image of as-prepared transparent Ag—Au core-shell NW network electrodes at various sheet resistances;
(c) Optical transmittance of the transparent electrodes at various areal NW densities; (d) Strain-dependent
electrical resistance of Ag—Au core-shell NW electrode on an elastic PDMS substrate. Reproduced with
permission from Reference [89]. Copyright 2016, American Chemical Society.

4. Conclusions and Challenges

In conclusion, a comprehensive overview on recent developments and achievements in
carbon-based and metal-based FTEs and related flexible optoelectronic devices is provided in this
review. Carbon-based materials and metallic materials are promising to dominate the FTEs, especially
hybrid FTEs exhibiting superior properties. Although outstanding performances—including low
sheet resistance, high transmittance, and good mechanical properties—have been demonstrated,
there are still many restrictions hindering large-scale fabrication. In addition, more exploration in
the microcosmic aspect and the fundamental theories are needed. The present FTEs already play a
significant role in many optical and electric applications, which urges more studies to improve the
performance (stretchability, flexibility, transmittance, stability, and electric conductivity) from the
material synthesis to device fabrication.
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Abstract: Stretchable electronics represent a new generation of electronics that utilize soft, deformable
elastomers as the substrate or matrix instead of the traditional rigid printed circuit boards. As the
most essential component of stretchable electronics, the conductors should meet the requirements for
both high conductivity and the capability to maintain conductive under large deformations such as
bending, twisting, stretching, and compressing. This review summarizes recent progresses in various
aspects of this fascinating and challenging area, including materials for supporting elastomers and
electrical conductors, unique designs and stretching mechanics, and the subtractive and additive
patterning techniques. The applications are discussed along with functional devices based on these
conductors. Finally, the review is concluded with the current limitations, challenges, and future
directions of stretchable conductors.

Keywords: stretchable conductors; elastomers; patterning techniques; direct printing; transfer printing

1. Introduction

Since the pioneering work on buckling phenomena in metallic film/elastomer composite [1],
researchers started to pay attentions to the field of “stretchable electronics”. Stretchable electronics
represent a new generation of electronics that utilize soft, deformable elastomers as the substrate or
matrix instead of rigid printed circuit boards. Unlike “flexible electronics” which utilize thin plastic
substrates to endow the devices with conformity to bending and twisting [2,3], “stretchable electronics”
are fascinating and challenging because of their capability to stretch and compress over a large scale,
in addition to conformability [4-11].

Materials have been playing an important role in the development of stretchable conductors in
the past two decades. Due to their high stretchability, elastomeric materials are commonly chosen as
the supporting substrate or matrix for stretchable conductors and integrated device systems. Along
with the traditional metallic conductors [1,12-14], several research groups have focused on developing
conductive nanomaterials, including silver nanowires (AgNWs) [15], carbon nanotubes (CNTs) [16],
etc. A substantial amount of work has been done to combine the rigid, brittle conductors with the
flexible and soft elastomers, and overcoming the mismatches between their elastic behaviors. Unique
designs and stretching mechanics have been proposed to harmonize the mismatches and integrate
materials with widely different properties as one unique system. Patterning the conductors is one of the
key techniques for the successful fabrication of stretchable electronic devices. The common patterning
techniques for stretchable conductors include lithography [17,18], screen/stencil printing [19-21],
direct printing [14,22-31], and transfer printing [32-34]. The patterning methods used in wafer-based
electronics have also been adopted in stretchable electronics. Besides that, direct printing is emerging
as an alternative to the conventional subtractive patterning method, with the recent development of
additive manufacturing.
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Despite their short history and limited scalability in manufacturing, it is quite clear that stretchable
electronic devices would have a huge impact on future consumer electronics [4]. Because of their soft
and conformable nature, stretchable electronics have shown great potential in biomedical engineering,
e.g., epidermal electronic devices [18,35] and implantable devices [36,37]. Many studies have
demonstrated the application of stretchable conductors in various devices and integrated systems,
with functions such as sensing, display, and energy storage and conversion.

In this review, we focus on the basic building block of stretchable electronics, the elastomer-based
stretchable conductors. The materials for elastomeric substrates and electrical conductors, and the
mechanics of various types of stretchable conductors, are summarized in Sections 2 and 3. Section 4
reviews the patterning techniques used in stretchable conductors, followed by a brief discussion on
their applications in Section 5. Finally, in Section 6, current limitations, challenges, and the future
directions of stretchable conductors are discussed.

2. Materials

It has been recognized that there are two basic approaches to making stretchable conductors:
to exploit structures that are stretchable and materials that are stretchable [4,8,10,38,39]. The first
approach involves designing commonly used conductors into particular structures that are stretchable.
The latter employs a simple design, but utilizes materials that are stretchable, such as carbon nanotubes,
metallic nanowires, liquid metals, and ionic liquids. Some studies combine these two approaches to
achieve enhanced stretchability [40-47].

In this section, the materials for elastomeric substrate and electrical conductors are summarized.
The preparation, modification, and performance of the stretchable conductive materials are discussed.
Along with these materials, the traditional metallic conductors are discussed, with an emphasis on the
recently developed additive manufacturing methods.

2.1. Elastomers as the Substrate or Supporting Matrix

Elastomers are the fundamental supporting materials for stretchable conductors. They serve
either as the matrix for conductive fillers and networks [48-50], or the substrate for the conductive
films, tracks, and functional devices [13,18,51]. Elastomers not only provide the stretchability when
the whole system is under strain, but also protect the devices and interconnects from large-scale
deformation [12,52-54] and corrosive environments [55]. In epidermal electronics, elastomers facilitate
the conformal contact of human skin with the sensing electrodes, and prevent the unnecessary contact
with other electrical components [18,35,56]. Besides that, elastomers can also be used as functional
dielectric materials [20,57-59].

The most important characteristic of the elastomers is their elasticity. Elastomers can easily
sustain repetitive strain (typically larger than 100%), for thousands of stretch/release cycles. Desirable
properties also include optical transparency, which facilitates optical applications in optoelectronics,
photodetectors, light-emitting devices, solar cells, etc. [8,10]. They also have good biocompatibility,
which makes the elastomers suitable for biomedical applications [60,61]. Elastomers typically have a
high thermal expansion coefficient and have an inherent tendency of swelling in common solvents [62],
which can result in device failures [63,64]. However, thermal expansion and induced deformation
can be exploited to make 3D buckling structures [1], which is one of the most common approaches
to fabricating stretchable conductors. Swelling can also be cleverly utilized to introduce wrinkling
patterns on the substrate surface [65,66].

The most extensively used elastomer is polydimethylsiloxane (PDMS), a commercially available
silicone-based elastomer [55]. PDMS is an ideal choice for a stretchable substrate/matrix as it is
low-cost, transparent, biocompatible, easy to process, and permeable to air [67]. It is also known
to have surface hydrophobicity, which can be modified to hydrophilicity by O, plasma [68,69],
UV/ozone [24,70,71], and chemical treatment [68]. However, after exposure to air for a certain time, the
surface reverts back to its hydrophobic nature. Such property has been utilized to modify the surface
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stiffness (Young’s modulus) of PDMS [66,70,72], and to control the interfacial adhesion of PDMS with
conductive materials [24,69]. Besides acting as the substrate/matrix, PDMS has been widely used in
soft lithography [73], as an intermediate substrate (stamp) to transfer functional materials from the
donor substrate to the target substrate.

Along with PDMS, some other elastomers are also employed as the substrate/matrix for various
purposes. For example, Ecoflex [40,74,75] and polyurethane (PU) [49,76,77] are used in systems that
require stretchability beyond the range of PDMS. Poly(isobutylene-co-isoprene) (IIR) is suitable for
air- or moisture-sensitive applications [55] as it has a good gas diffusion barrier. Some rubbers, like
polyolefin (POE) and poly (styrene-block-butadiene-block-styrene) (SBS), can be made into elastic
fiber mats, taking advantage of their spinnability. These fiber mats have better stretchability than bulk
elastomer blocks due to the network structure [78,79]. SBS fiber mat substrate is shown in Figure 1 as
an example. Other reported elastomers include Dragon Skin [80], Solaris [81], acrylic elastomer [82-85],
and nitrile butadiene rubber (NBR) [86]. Their elastic properties are summarized in Table 1.

y AgCF;C00/alcohol Precursor
7, absorption reduction
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SBS fibre mat Fibre/precursor composite Fibre/Ag nanoparticles composite

/Exlemal strain

Figure 1. The schematic of fabrication process and the photograph of an SBS (styrene-block-
butadiene-block-styrene) fiber mat-based stretchable conductor. Reprinted by permission from
Macmillan Publishers Ltd.: Nat. Nanotechnol. [79], Copyright 2012.

Table 1. Elastomers for stretchable conductors and their elastic properties.

Material Tensile Maximum Young’s Modulus Reference
Strength (MPa) Strain (%) (MPa)

PDMS 6.25 120-160 2.05 (strain < 40%) [52,55]
Ecoflex® 00-30 1.38 900 0.07 (strain = 100%) [87]
Polyurethane 7.32 760 7.82 (initial) [76]
IR 3.51 170 0.41 (strain < 40%) [55]
POE fiber mat - >600 - [78]
SBS fiber mat - >530 0.47 (low strain) [79]
Dragon Skin® 30 3.45 364 0.59 (strain = 100%) [88]
Solaris 1.24 290 0.17 (strain = 100%) [89]
Acrylic elastomer (VHB 4910) 0.69 - - [90]
NBR 10 250 - [91]

2.2. Electrical Conductors

The conductive materials for stretchable conductors have more diversity compared to the
elastomeric materials. They vary from inorganic to organic materials, solids to liquids, and bulk films to
nano-scale percolation systems. In this section, the commonly used electrical conductors are introduced,
including bulk metal films, metallic nanowires, carbon-based nanomaterials, conductive polymers,
liquid metals, and ionic liquids. Bulk metal films have almost the same performance as the regular
metallic conductors, with the exception that they are deformable owing to their ultra-small thickness
(typically smaller than 1 pm) [12]. They have been extensively studied [1,12,13,92,93] and incorporated
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into various stretchable devices [4,35,94-96]. Recently, additive manufacturing has brought the bulk
metal films and tracks to the research scope as materials for maskless, printable conductors [97-99].
Comparatively, conductive nanomaterials are relatively new, but their development has opened
up a whole new area for stretchable conductors. Conductive nanomaterials include carbon-based
nanomaterials and metallic nanowires. They can be incorporated into elastomeric materials by direct
blending, or by fine architectures. Compared to metallic materials, polymeric materials have better
intrinsic flexibility. The discovery of conductive polymers has brought another promising option for
stretchable conductors. Liquid conductors, including liquid metals and ionic liquids, are advantageous
in mobility in comparison to solid conductors. They can easily fit into the shape defined by the channel
and have repeatable conductivity without forming any crack.

2.2.1. Bulk Metal Films and Tracks

Bulk metal films were studied extensively at the initial stages of development of stretchable
conductors. It was found by Whitesides and his colleagues that disordered and ordered buckling
(Figure 2a,b) occurred as the thin gold film evaporated on PDMS due to thermal contraction [1,72].
Researchers utilized this phenomenon to make stretchable gold stripes, which can be stretched up
to 22%, as seen in Figure 2c [12]. Shortly after that, the lithographic method was incorporated and
sinuous patterned gold tracks encapsulated in PDMS were fabricated, with a stretchability of 54% [13].
Gold was initially used because it is the most ductile metal. Later, emerging serpentine geometry
designs were proposed to reduce strain in the metal [100-103]. Copper turned out to be the preferred
material for serpentine-shape conductors due to lower cost and comparable conductivity.
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Figure 2. (a) Disordered buckling of Au film on flat, unconstraint PDMS (polydimethylsiloxane);
(b) Ordered buckling of Au film on PDMS with flat circles (150 um in radius) elevated by 10-20 pum;
(a,b) are reprinted by permission from Macmillan Publishers Ltd.: Nature [1], Copyright 1998;
(c) Normalized change in resistance of the Au stripe on PDMS under tensile strain. The left curve
represents the linear behavior when the strain is below 8%. The inset is a photograph of the stripe
stretched to 16.4%. Adapted from [12], with permission of AIP Publishing; (d) Ink-jet-printed Ag
three-electrode electrochemical sensor. Reproduced from [25] with permission of The Royal Society
of Chemistry.
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With the development of additive manufacturing, direct writing techniques are showing up
as an alternative to the traditional subtractive patterning methods. In the direct printing method,
nanoparticle (NP) or metal-organic decomposition (MOD) inks are used, which are deposited from
a printing head or nozzle to the substrate [98]. NP inks are usually a suspension of metallic
nanoparticles dispersed in solvent. Silver NP inks are primarily used due to their high conductivity,
good solvent-stability, air-inertness, and accessibility. MOD inks contain metal precursor and need
additional steps (i.e., reduction) to generate metallic materials in-situ. In addition, sintering is required
for both types of inks to evaporate solvent, decompose organic additives, and solidify the metallic
particles. Figure 2d shows an optical image of an electrochemical sensor fabricated by ink-jet printing
silver NP ink. The details of printing methods are introduced in Section 4.3.

2.2.2. Metallic Nanowires

Despite the high conductivity of bulk metal films and tracks, their utilization in stretchable
electronics has to rely on special designs based on stretching mechanics due to their rigid and brittle
nature. On the other hand, metallic nanowires are typically arranged into networks (shown in Figure 3a)
where the nanowires with high aspect ratio are connected to each other and form the conductive
paths. The intrinsic stretchability of the networks makes metallic nanowires an ideal candidate for
stretchable conductors.

Silver nanowires (AgNWs) [20,40,59,82,104], copper nanowires (CuNWs) [85,105], and gold
nanowires (AuNWs) [106,107] were reported serving as the conductors in stretchable electronics.
AuNWs are costly, while CuNWs are easily oxidized in air [105]. Comparatively, AGNWs turned out
to be the most popular choice because of their high conductivity and the well-established synthesis
methods [108].

AgNWs were largely studied for transparent conductors [109,110] and were not incorporated
into stretchable conductors until about five years ago [15,40,104]. AgNWs networks are usually
fabricated by solution processes such as drop casting [20,59,82,104,111], vacuum filtration [40], and
spray deposition [112,113]. Because elastomers are at risk to be attacked by the solvent and heat,
AgNWs are typically solution-processed on glass or silicon, and then transferred to elastomeric
substrate after evaporating the solvent. The performance of the AgNW-based stretchable conductors
is related to various factors, such as the aspect ratio of AgNWs [40], the loading density of
AgNWs [82,113], and interfacial adhesion between AgNWs and the substrates [82,112]. A short
AgNW percolation network fabricated on 50% pre-stretched Ecoflex failed at 60% strain, while a
long AgNW percolation network was able to retain conductivity with a strain of more than 80% [40].
Figure 3b shows the conductivity of an AgNW/PDMS conductor as a function of the areal density of
AgNW, in which the conductivity increases with the loading density until the percolation threshold is
reached [113]. The bonding between polyacrylate substrate and AgNWs was enhanced by introducing
acrylic acid (AA) into the polymerization reaction. The sheet resistance of the AgNW /polyacrylate
composite without AA was found to be 26% higher than that with AA [112].

Despite the high conductivity of the nanowires, the significant junction resistance makes the
actual resistance of the whole nanowire network higher than expected [6]. The junction resistance can
be effectively reduced by soldering. Thermal annealing, an effective method to get the junctions fused,
was reported to reduce the sheet resistance of an AgNW network by one third [114]. Soldering with
secondary functional materials or networks [74,115,116] would further improve the performance of the
AgNW-based conductors under large tensile deformation. There are reports where AgNW networks
were soldered by silver nanoparticles [116] and graphene oxides [74]. The conductor made by the
former approach exhibited no obvious change in electrical conductivity, with strain up to 120%, and
that by the latter was stretched to greater than 100% strain without losing electrical conductivity.
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2.2.3. Carbon-Based Nanomaterials

Carbon-based nanomaterials are a burning topic in materials science due to their unusual
structures, which endow these materials with excellent mechanical and electrical properties.
The application of the carbon-based nanomaterials in stretchable conductors is dated back from
1982 [117], where carbon black particles were dispersed in a silicon rubber matrix to make conductive
elastomers. With the progress in materials research, carbon nanotubes [77] and graphene [118] were
subsequently introduced to stretchable conductors. However, carbon-based nanomaterials offer
lower electrical conductivity compared to metallic materials [8]. The simplest way of increasing
the conductivity is to increase the loading density of the carbon-based nanomaterials, at the cost of
sacrificing some of the mechanical properties and the transparency. High loading density would
also make it difficult to obtain a uniform dispersion in solvents. Hence, there is always a trade-off
between electrical performance and stretchability, transparency, and ease of processing. However,
researchers have found clever ways to bypass this challenge and obtain good conductivity as well as
good stretchability.

Dispersing carbon black [50,117,119] or graphite [120] in the elastomer matrix is a simple but
effective method to fabricate stretchable conductors. Such composites have relatively low conductivity,
which is desirable for micro-heaters [50]. Single-wall carbon nanotubes (SWCNTs) were reported to
be made into composite dispersion and aerogel. The elastic conductor made from the dispersion of
SWCNT, ionic liquid, and fluorinated copolymer retained good conductivity up to 134% strain [121].
The resistivity of SWCNT aerogels was found to increase only slightly (14%) at a strain of 100% [122].
Multi-wall carbon nanotubes (MWCNTs) can be dispersed in elastomer using a similar method to
carbon blacks. The MWCNT/ elastomer composites were reported to have percolation concentration
ranging from 0.2-5 wt % [48].

Besides direct dispersion, many designs and processing techniques to assemble CNTs into
stretchable conductors have been proposed. The vertically grown MWCNTs were embedded into
polyurethane, retaining their conductivity when stretched up to 300% strain [76], and into PDMS
for a load-bearing antenna [123]. CNT ribbons drawn from vertically grown CNT forest [124] were
embedded into PDMS and stretched to 120% strain. Figure 3c,d show the SEM images of the vertically
aligned MWCNT forest and the CNT ribbons, respectively. The CNT ribbons were fabricated into
“out-of-plane” and “lateral” buckling architectures, which further enhanced the stretchability [42,43].
Cross-stacked super-aligned CNT film possessed a high intrinsic tensile strain of more than 35%, which
was further improved by embedding the film into PDMS [125]. In addition, gap-island networks
made by the overlapping SWCNT films [41], spring-like CNT ropes [126], hierarchical reticulate
SWCNT architecture [44], etc. were demonstrated for stretchable, transparent, and highly conductive
carbon-based conductors.

Graphene is a two-dimensional material with hexagonal honeycomb architecture and boasts of
very high conductivity, stretchability, and transparency [46,47]. Successful synthesis of graphene in a
large scale by chemical vapor deposition facilitated its application in stretchable conductors [118,127].
Graphene film transferred to a pre-stretched PDMS substrate was able to sustain isotopic strain up
to 12% without change in resistance, as seen in Figure 3e [118]. Graphene was further patterned into
structures such as meshes [47], ribbons [46,128], and serpentine tracks [27,129] for better stretchability
by using pre-designed metallic templates or photolithography.
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Figure 3. (a) SEM image of an AgNW (silver nanowire) network on glass [82]. © IOP Publishing.
Reproduced with permission. All rights reserved; (b) Conductivity of an AgNW/PDMS conductor as
a function of the areal density of AgNW. Reused from [113], under the terms of CC-BY license; (c) SEM
image of vertically aligned CNT (carbon nanotube) forests. Reproduced from [130] with permission of
The Royal Society of Chemistry; (d) SEM image of CNT ribbons drawn from a vertically aligned CNT
forest. Reproduced from [131] with permission of The Royal Society of Chemistry; (e) Resistance of a
graphene film transferred to a pre-stretched PDMS substrate isotopically stretched by 12%. The left
inset shows the case in which the graphene film is transferred to an unstretched PDMS substrate. The
right insets are photographs of the graphene film under vertical and horizontal strain. Reprinted by
permission from Macmillan Publishers Ltd.: Nature [118], Copyright 2009.

2.2.4. Conductive Polymers

Compared to metals, polymers have better intrinsic flexibility. The discovery of conductive
polymers has brought another promising option for stretchable conductors. Conductive polymers like
polyaniline (PAni) [132], polypyrrole [133,134], poly(3,4-ethylenediox-ythiophene) (PEDOT) [49], and
poly(3,4-ethylenediox-ythiophene):poly(styrene sulfonate) (PEDOT:PSS) [27,51,71] have been used
in stretchable conductors despite some limitations such as environmental instability [135] and low
stretchability [49,136]. PEDOT:PSS receives most of the attention among the conductive polymers
because of its good conductivity and ease of processing. However, the breaking strain of a pristine
PEDOT:PSS thin film is below 10% [136,137]. The stretchability of PEDOT:PSS film was improved
by adding dimethylsulfoxide (DMSO) and Zonyl fluorosurfactant with the maximum strain of more
than 20% [137]. The Zonyl modified PEDOT:PSS film on PDMS was found to form a 3D wavy
buckling structure which promotes stretchability. The resistance of the film increased by a factor of
only two at 50% strain [71]. Recently, a strain-insensitive PEDOT:PSS/acrylamide organogel was
reported, which was stretched to more than 350% strain while it retained invariant resistance up to 50%
strain [138]. Besides that, elastomeric conducting polyaniline networks with maximum elongation up to
90% =+ 10% were fabricated by synthesizing polyaniline via molecular templates [139].

2.2.5. Liquid Metals and Ionic Liquids

The most common liquid metal used in stretchable conductors is eutectic gallium indium alloy
(EGaln, with 75.5% Ga and 24.5% In). The advantages of EGaln include mobility, self-healability [140],
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and processability at room temperature [141]. Typically, it is injected into microchannels fabricated by
molding elastomers [53]. Some other methods, such as microcontact printing, stencil printing [142], and
photolithography [143,144], are also used to fabricate stretchable conductors based on liquid metals.

Ionic liquids are molten salts that have conductivity comparable to many organic electrolyte
solutions at room-temperature and are stable up to 300-400 °C [145]. Ma et al. reported the
integration of ionic liquids with various supporting materials, such as cotton fabric, rubber film,
rubber band, and sponge, which exhibited exceptional performance with high conductivity at strain
greater than 600% [78].

3. Mechanics of the Stretchable Conductive Structure

As introduced in last section, elastomers serve as the stretchable substrate or matrix for stretchable
conductors, while conductive materials provide the electrical functionalities. However, they have
huge differences in elastic properties. Substantial effort has been made to combine the rigid, brittle
conductors with the flexible and soft elastomers. From the aspect of the mechanics, many fancy
structures and clever designs were proposed to harmonize the mismatches and integrate materials
with widely different properties as a whole system.

3.1. Blending

Blending is a pure mechanical process which is simple and cost-effective. Several material,
like carbon blacks [50,117,119], silver particles/flakes [19,50,86,146,147], MWCNTs [48,77], and
PEDOTs [49] were reported as blending into elastomers. Such composites can be analyzed by
the percolation theory, where the electrical conductivity is determined by the concentration of the
fillers [86]:

o = 0(Vy — Vo M

where o is the electrical conductivity, oy is the conductivity of the conductive filler, Vf is the volumetric
fraction of the filler, V. is the volumetric fraction at the percolation threshold, and s is the fitting
exponent. The percolation threshold is the key to control the electrical conductivity of composites.
Table 2 gives the percolation thresholds of the conductive fillers in elastomer matrix (in weight percent)
for comparison. As seen in the table, the percolation threshold has a strong dependence on the size
and shape of the materials. Compared to the particle fillers, MWCNT (as a 1D nanomaterial), has
lower percolation threshold due to its high aspect ratio, and thus is the ideal candidate for transparent
stretchable conductors. The electrical properties of these conductive composites are also dependent on
dispersion techniques [48] and properties of matrix [77,119].

Table 2. Conductive fillers for stretchable conductors based on blending.

Material Size Percolation Threshold (wt %) Reference
Silver particles 1-2 um 83 [50]
Carbon black 40-100 nm 10 [50]
Diameter: 60-100 nm
MWCNT Length: 5-15 pm 2 (48]
PEDOT - 23 [49]

The blended conductive composites can be further patterned or used as conductive inks.
Photo-patternable conductive PDMS was fabricated by blending in both conductive fillers and
photosensitizers [146]. A composite ink of soluble silver salt and adhesive rubber was directly filled
into ballpoint pens to write on different substrate to form adhesive conductive tracks [147]. Ag/PDMS
composite ink was stencil printed and screen printed onto PDMS substrate to fabricate soft printed
circuit boards (PCBs) [19].
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3.2. Conductors in Microchannels

Filling the PDMS microchannels with liquid metals is another straightforward method of
fabricating stretchable conductors. The PDMS microchannels are typically fabricated by molding
top and bottom layers from the SU-8 master and adhering these two layers by oxygen plasma treat,
heat, and pressure [144,148]. In the initial stages, solder was melted and filled into PDMS channels
to fabricate stretchable conductors [149]. This process needed heating (up to 180 °C) and cooling
steps, which was hence incompatible with heat-sensitive materials [141]. Filling liquid metals into
the microchannels circumvents the heating during fabrication. The liquid nature endows them with
excellent stretchability and self-healability [140]. Conductors fabricated by filling diamond-shape
PDMS microchannels with EGaln were stretched biaxially to 100% strain [144] while retaining their
characteristics. Wetting of PDMS with the liquid metal was an issue which was solved effectively
by putting on a metal layer [144] or applying silane adhesion promoter [149]. This strategy was also
exploited to strengthen the brittle areas, such as the sharp corners of the diamond-shaped metallic
conductive tracks [150].

3.3. Stretchable Network on/Embedded in Elastomers

As discussed in Section 2, the nanomaterials with high aspect ratio are typically arranged
into networks possessing stretchability. Such network films are ready to be fabricated onto the
elastomeric substrate without applying any other mechanics. Some nanomaterials can be directly
solution- processed onto the modified elastomeric substrate [112]. For example, the self-assembly of
functionalized SWCNTs onto PDMS substrate was reported [151]. Besides the direct fabrication of
network films onto elastomer, transferring a solid film to the elastomeric substrate by conformal
contact (due to the good adhesion between PDMS substrate and the conductive network film),
or using the transfer media [27,41], provides alternative routes to obtain conductive network films on
the elastomer surface [42,43]. In addition to these methods, vacuum suction is also an effective method
to transfer conductive network film from membrane filter to elastomeric substrate [40,75,122].

The nanomaterial-based conductive networks can be embedded into the elastomer as well.
The conductive networks are fabricated on a donor substrate. The conductive composites are
obtained by coating the liquid elastomer precursor onto the donor substrate (thus the precursor
infiltrates into the networks), curing and peeling off [82,104]. This method is also suitable for
fabricating conductive networks with relatively large thickness, such as the vertically aligned CNT
forests [45,76,123]. Figure 4a gives a schematic of such fabrication process of an AgNW/PDMS
stretchable conductor.

3.4. Geometry Design

Designing the geometry of conductive tracks to reduce the strain in the metals, is an intelligent
strategy in the fabrication of metallic film-based stretchable conductors. The realization of the geometry
largely relies upon the patterning techniques, which are discussed in Section 4.

Here, we categorize those geometries which endow stretchability to the conductors into three
types: polygonous, serpentine, and fractal designs. The polygonous designs make metallic tracks
into connected polygonous networks, such as diamond [150,152] and hexagon (honeycomb) [153].
Serpentine designs include zigzag [100], half circle (U-shape) [101,154], sinuous [6,13], and
horseshoe [100,101,155]. Among them, the horseshoe design provided the best stretchability [101].
Parameters such as the linewidth of metal, thickness of metal, and height/spacing ratio of geometry in
the serpentine design play an important role in the performance of these conductive tracks. It was
proven experimentally [13] and with the finite element method (FEM) analyses [101] that subdividing
a wide conductive line into several thinner lines largely improved the stretchability and alleviated
the stretching-induced stress. Analysis of postbuckling of the serpentine interconnects revealed that
the elastic stretchability of the serpentine interconnects increased with decreased thickness [154,156].
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The height/spacing ratio of geometry refers to the ratio of height (perpendicular to the stretching
direction) to spacing width (parallel to the stretching direction). Increased height/spacing aspect
ratio benefits the stretchcability when it is under a certain range [102,154]. In Figure 4b, the simulated
uniaxial stretchability of the horseshoe patterns, with varied height/spacing ratio (arc length), is
given [102]. As shown in the figure, the stretchability keeps increasing until the arc angle reaches 235°.
Fractal designs can be perceived as the assembly of serpentine designs, which enable unusual
mechanics with implications in stretchable device design [102]. In Figure 4c, the stretchability of
a freestanding U-shape serpentine copper interconnect in symmetric buckling mode is demonstrated
both experimentally and with FEM analyses. Some other representative geometry designs are shown
in Figure 4d-g.
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Figure 4. (a) Schematic of the fabrication process of an AgNW /PDMS stretchable conductor. Reprinted
with permission from [21]. Copyright 2014 American Chemical Society; (b) Simulated uniaxial elastic
stretchability for horseshoe patterns as a function of height/spacing ratio (arc angle). Reprinted by
permission from Macmillan Publishers Ltd.: Nat. Commun. [102], Copyright 2014; (c) Experiments
and FEM analyses on the symmetric buckling behavior of the serpentine interconnect with strain
from 0% to 80% (scale bar: 1 mm). Reproduced from [156] with permission of The Royal Society of
Chemistry; (d) Diamond-shaped stretchable interconnects based on liquid metal. Reprinted from [144],
with the permission of AIP Publishing; (e) Honeycomb-patterned polyimide substrate at stretched
state. Reprinted with permission from [153]. Copyright 2011 American Chemical Society; (f) Zigzag
Cu conductive tracks on PDMS [100]. Reproduced with permission from © TOP Publishing. All rights
reserved; (g) Three representative fractal patterns. Reprinted by permission from Macmillan Publishers
Ltd.: Nat. Commun. [102], Copyright 2014.
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3.5. Buckling

The buckling phenomenon was first found in the metal thin film on PDMS. Due to the large
thermal expansion of PDMS, the subsequent cooling processes caused compressive stress in the metal
film, which was calculated using Equation (2).

_ Em(etpy — am)(Tp —T)
(1—vm)

i @
where 0 was the compressive stress in the metal film. E, oc and v were referred to as Young’s modulus,
thermal expansion coefficient, and Poisson’s ratio, respectively. The subscripts m and p referred to
metal film and PDMS, respectively. T and Tp were the real-time temperature and the deposition
temperature [1]. The compressive stress developed in the metal film led to buckling. It is worth
mentioning that an interfacial adhesion layer of titanium or chromium was critical in making metal
film compliant to PDMS. The buckling of metal film on a flat, unconstrained PDMS was however,
uncontrollable. Ordered buckling was obtained by molding the PDMS surface with certain patterns or
by partial modification of the surface [72].

The idea to utilize the pre-stretched elastomer to get buckled metal film further propelled the
application of buckling strategy in stretchable conductors. In this approach, metal film was evaporated
on 15% pre-stretched PDMS with an adhesion layer and patterned by standard lift-off process. Upon
releasing the PDMS from the fixture, the metal film stayed compliant on the surface of PDMS and
buckled. The as-prepared metal film was stretched, with stable resistance up to 25% [92]. Analytical
models were proposed to predict the wavelength and amplitude of the buckling [39,70,157,158].
Interested readers can refer to a review on mechanical buckling [159], where the buckling phenomenon
was studied in cases of compliant/small strain, compliant/large strain, and delaminating.

With the advents of more and more electrical conductive materials in stretchable conductors,
the buckling strategy was explored in stretchable conductors based on CNTs [42,57], graphene [128],
AgNWs [113], conductive polymers [133], and a combination of other interesting mechanics [160].
Figure 5b shows the SEM image of the buckling of an elastomer-infiltrated vertically aligned carbon
nanotube (VACNT) film. This film was reported as having a very small resistance change (ratio of less
than 6%) when stretched to the level of pre-strain (100%).
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Figure 5. (a) The schematic of the fabrication of Au interconnects on PDMS substrate with buckling
strategy. © 2004 TEEE. Reprinted, with permission, from [92]; (b) Cross-sectional SEM image of a
VACNT/PDMS conductive film. The inset shows the magnified SEM image of the composite part.
Reprinted with permission from [45]. Copyright 2014 American Chemical Society; (c) SEM image of an
array of stretchable complementary metal-oxide-semiconductor (CMOS) inverters with non-coplanar
bridges [160]. Copyright 2008 National Academy of Science.
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Buckling was also reported without the pre-strain of substrate. The buckling of AgNW/PDMS
film emerged upon the first stretch/release cycle. Such films could maintain stable conductivity of
5285 S-cm ™! at the strain range of 0%-50% [104]. A similar strategy was employed to fabricate laterally
buckled CNT ribbons on PDMS [43].

3.6. Out-of-Plane Design

According to some studies of stretchable conductors, the conductive materials were supposed to
have good adhesion to the substrate [10,161]. However, it was also pointed out that, for serpentine
metallic lines on elastomer, the lines would deform out of plane of the substrate to alleviate the
strain [101]. The strong bonding with the substrate would constrain such deformation and thus
increase the plastic strain and in-plane shear strain [155].

An innovative approach to fabricate stretchable conductors is to make them free of substrate
constraints. Figure 5¢c shows an array of stretchable complementary metal-oxide-semiconductor
(CMOS) inverters with non-coplanar bridges. The islands with devices are well-attached to the
substrate, while the interconnecting bridges are lifted off from the substrate to accommodate
deformation [160]. Similar structures which contained anchored square islands and S-shaped
suspensions were also reported [162].

3.7. Designs in Substrate

Generally, electrical conductors of a stretchable device are prone to failure. That is why most
of the mechanics of strechability are focused on the electrical conductors. However, designing the
substrate is also a good strategy to broaden the mechanics of stretchable electronics. One way to
enhance stretchability of the substrate is to use two substrates with different Young’s modulus so that
the substrate with a higher modulus can sustain lesser strain [52,53]. For example, in a stretchable
device array, stiff PDMS islands were used for device assembly, while soft Ecoflex substrate was
designed to sustain the deformation. PDMS relief, consisting of raised islands and recessed trenches,
was used as the substrate for rigid GaAs photovoltaics. It was found that stretching the substrate to
an overall strain of 20% induced 123% strain in the trenches and only 0.4% strain at the islands [54].
Fabricating the substrate into a wavy shape would largely improve the stretchability of the whole
system [24,125,160,163]. Besides that, a novel shape-memory shrinkable polymeric substrate utilized
in the fabrication of highly stretchable gold films was reported [164].

4. Patterning Techniques

Patterning is one of the key techniques in the fabrication of both wafer-based electronics and
stretchable conductors. The common patterning techniques for stretchable conductors are lithography,
screen/stencil printing, direct printing, and transfer printing. The techniques from conventional
wafer-based electronics, such as photolithography and lift-off, are subsequently adopted in stretchable
electronics [17]. Besides, stencil printing and screen printing are employed to pattern features that
do not require high complexity and superfine resolution [19-21]. With the development of additive
manufacturing, direct printing emerges as an alternative to the conventional subtractive patterning
method [14,22-31]. Transfer printing generally means to transfer functional materials from one
substrate to another. With a mold-patterned elastomer stamp, those materials can be selectively
transferred from donor substrate to the target substrate [32-34].

4.1. Lithography

Subtractive patterning techniques, such as photolithography and lift-off, are well-developed and
dominatingly used in wafer-based electronics. However, in elastomer-based stretchable conductors,
the elastomers are mostly incompatible with the chemicals and high energy beams used in these
processes. Despite that, the patterning of devices still relies on lithography, where high resolution and
complexity is required. In addition to the photo-defining and etching steps, an extra transfer step is
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needed. The patterning of the conductive materials is initially processed on regular substrates such as
silicon wafer or glass and then transferred to elastomeric substrate. The transfer step can be done by
directly coating the liquid elastomer precursor, curing, and peeling off (similar to the process shown in
Figure 4a) [165]. It is also achievable by picking up and releasing the conducive materials with the
help of an intermediate substrate [102,166,167].

4.2. Stencil/Screen Printing

Compared to the lithographic approach, direct deposition of conductive materials through a
mask, stencil, or screen onto the substrate is relatively simple and cost-effective. It is suitable for
applications that do not require high complexity and superfine resolution. Figure 6a is an SEM image
of stencil-printed Ag/PDMS composite with the highest resolution achieved (linewidth of 150 pm
with spacing of 100 um).

Untreated 0, Plasma

Z
[
K]
o
%]
C

16 Bare| g
. Rough PDMS :
g 2
13 =)

E 4 Wavy PDMS wio top layer
© 2 £
o ‘avy PDMS with top layer §
0 5 10 15 20 25 30 'g
Strain (%) 7]

, PDMS stamp VACNT-embedded PDMS film

E_
W

PDMS stamp preparation Removal and patterning  Patterned VACNT forest transfer

of VACNT forest to PDMS film (Infiltration)
Afer e-sitering G
Cracks recovered <= M

After sintering e
Before bending

d Before sintering
k PDMS

d at 80 °C

7

After bending around a
small tube

R K
/ Ty \\ Prestrained PDMS film

Release (wavy a(ruuure) PDMS/VACNT film bonding
to prestrained PDMS substrate
I Silicon [0 PR pDMS NN VACNT

Figure 6. (a) SEM image of stencil printed Ag/PDMS tracks with the highest resolution achieved
(scale bar: 1 mm). Reprinted by permission from Macmillan Publishers Ltd.: Sci. Rep. [19], Copyright
2014; (b) Photographs from adhesion tests of untreated, O,-plasma treated, and adhesion-promoter
(MPTMS)-treated 2 mm square ink-jet-printed Ag patterns on PDMS under destructive tests. © 2014
IEEE. Reprinted, with permission, from [69]; (¢) Changes in resistance as a function of strain of the
ink-jet-printed silver tracks on PDMS substrate with varied adhesion situations. Reprinted from [24],
with the permission of AIP Publishing; (d) Morphologies of ink-jet-printed silver track on PDMS
before and after sintering, after bending, and after re-sintering (scale bar: 100 um) [26]. © IOP
Publishing. Reproduced with permission. All rights reserved; (e) The schematic of fabrication process
of PDMS/VACNT-film-based wavy-configured stretchable conductors. Reprinted with permission
from [45]. Copyright 2014 American Chemical Society.
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This approach is versatilely utilized with various conductive materials. Gold strip on PDMS was
made by evaporating gold on PDMS laminated with patterned Dupont Riston photoresist film [92].
Liquid metals embedded into elastomer were fabricated using masked deposition [168]. A strain
sensor array was fabricated by cross-folding screen printing AgNW stripes on PDMS [20]. Ag/PDMS
composite was both stencil printed and screen printed to obtain soft PCBs [19]. PEDOT:PSS ink was
stencil printed on Ecoflex to fabricate electrochemical sensors [51].

4.3. Direct Printing

Owing to the development of additive manufacturing, conductive inks can be directly printed
on various substrates without physical contact. Various printing techniques, including laser-aided
direct writing [22], ink-jet printing [23-26], and aerosol-jet printing [14,27-30] have been developed
for printed electronics. The maskless processes are well suited for rapid prototyping. Also, they offer
a cost-effective way to achieve large-area electronics production with minimal materials waste and
without lengthy subtractive processes. Both planar and 3D architectures are achievable by laser-aided
direct writing [169]. Ink-jet printing is a well-established technique for graphical printing and has been
extensively used for printed electronics [170]. In this technique, the ink drop is driven by thermal,
piezoelectric, or electrostatic actuation and delivered through a printing orifice to the substrate at a
demanded area [171]. Aerosol-jet printing is a relatively new technique. Instead of printing the ink
drop by drop, it prints the aerosol mist generated by ultrasonic or pneumatic atomizer. Aerosol-jet
print has the capability of generating smaller feature size [30], as compared to the ink-jet printing and is
compatible with 3D non-planar substrates [170]. The broad applications of such direct printing methods
have been demonstrated by printing various conductive materials, such as metallic NP inks [24,69],
CNTs [28,30,172], conductive polymers [27,173,174], and dielectric materials, such as ion gel [27,174]
and polyimide [28], on not only regular flexible plastic substrate but also elastomeric substrates.

One of the issues in the direct printing technique is that of wetting and adhesion between
elastomers and conductive inks. PDMS is known to have surface hydrophobicity, which can be
modified to hydrophilicity by O, plasma [68,69], UV /ozone [24,70,71], and chemical treatment [68].
The surface treatment of PDMS imparts good wetting of PDMS with various inks and promotes the
adhesion between PDMS and conductive materials. However, in some cases, such adhesion might
not be strong enough and require further deposition of adhesion layer or blending of an adhesion
promoter in the initial stages. Super-thin (5 nm) titanium or chromium adhesion layer was largely used
to bond gold thin film with PDMS [1,12,92,162,175]. Poly-dopamine adhesion layer was employed
to significantly modify the surface property of PDMS and enhance the adhesion between PDMS and
spray-deposited AgNWs [112]. Zonyl, as a non-ionic fluorosurfactant, can be mixed in both elastomer
precursors and conductive inks, which enhances the interfacial adhesion between elastomers and
various conductive materials [7,51,71,176]. Silane adhesion promoter MPTMS (3-mercaptopropyl
trimethoxysilane) is widely used in PDMS-based stretchable conductors. It was used as the adhesion
promoter between PDMS and molten liquid solder [149], evaporated gold film [165,177], and printed
metallic inks as well [25,69]. In Figure 6b, the adhesion tests of the ink-jet- printed silver patterns on
PDMS with blank treatment, O, plasma treatment, and MPTMS treatment are compared. Only the
MPTMS-treated sample survived the three destructive tests. [69]. The influence of the adhesion on the
stretchability of ink-jet-printed silver tracks is demonstrated in Figure 6¢c. The PDMS rough surface
obtained from UV /ozone treatment provided better adhesion, thus making the tracks more stretchable.
Besides that, a top PDMS layer encapsulated the silver tracks, making them compliant to the wavy
PDMS and hence further enhancing the stretchability [24].

Besides the adhesion issue, many other problems, such as the swelling [62], thermal hardening,
and large thermal expansion of the elastomers, still exist in the direct printing of conductive inks [26],
resulting in poor performance of printed stretchable conductors. Cracking [26,31] and low stretchability
are some of the resulting issues found in printed stretchable conductors [14]. As an example, Figure 6d
shows the morphologies of ink-jet-printed silver track on PDMS before and after sintering, after
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bending, and after re-sintering [26], in which the silver track cracked as a result of the thermal
expansion problem. All these problems and issues account for the current situation that most of the
stretchable conductors are not directly fabricated on elastomers. This should be addressed in order to
realize the direct printing of stretchable conductors.

4.4. Transfer Printing

The challenges involved in direct printing of stretchable conductors are discussed above. Transfer
printing is an alternative approach, which effectively circumvents such difficulties. In a general sense,
transfer means switching the substrate of the conductive patterns. As mentioned in Section 4.1, coating
the liquid elastomer precursor onto the donor substrate, curing, and peeling off is a typical transfer
process [82,104,165].

Transfer is also achievable via intermediate media. Poly(methyl methacrylate) (PMMA) is one
of the common transfer media [46,132]. Conductive materials can be embedded into PMMA like in
PDMS and transferred to the target substrate, followed by dissolving PMMA in hot acetone. Some
other materials, such as functional tapes, were also reported as the transfer media. Water-soluble tape
is an adhesive tape which is dissolvable in water. Conductive materials on donor substrate could
be archived by using such tape and releasing them on the target substrate. The tape would totally
disappear when dipped in water, leaving only conductive materials on the target substrate [27,41,56].
Thermal release tape is an adhesive tape which loses its adhesion upon heating. Thermal release
tape was reported as a temporary holder to transfer NW-based devices [178]. Besides the transfer
media, a sacrificial layer is an essential assistant in transfer printing techniques. A sacrificial layer is
typically fabricated as a structural support between the donor substrate and the conductive materials.
This layer can be removed by solvent or etchant, thus lifting off the conductive materials and making
them easily transferable. The commonly used sacrificial materials include copper [101], gold [177,179],
PMMA [160], SiO, [46,157], and hard-baked photoresist [164,180].

Transfer by PDMS stamp is extensively used in soft lithography, where the conductive materials
can be selectively transferred from donor substrate to the target substrate using a mold-patterned
PDMS stamp. Transfer printing by such PDMS stamps is either additive or subtractive [32]. The key
to the PDMS stamp-based transfer process is controlling the adhesion. The adhesion of the PDMS
stamp to the donor or the target substrate can be controlled kinetically, owing to the rate-independent
viscoelastic property of PDMS [33]. The adhesion can also be controlled by manipulating the surface
chemistry and the interfacial properties of the PDMS stamp. [34].

As an example of transfer printing, Figure 6e illustrates the fabrication of stretchable
vertical-aligned carbon nanotube (VACNT) film on PDMS substrate, in which two transfer processes
were involved. A subtractive transfer printing technique was used to remove the undesired part of
VACNT film. The remaining part was transferred by an intermediate PDMS substrate to a pre-stretched
target PDMS substrate.

5. Applicable Devices

Stretchable electronics have been developed into a unique and emerging field of electronics. They
contravene the common idea that people would attach to electronics—stiff circuit board and cold
metals. They make electronics closer to human. Because of the soft, attachable nature, stretchable
electronics show great potential in developing strong intimacy with humans, like conforming to the
skin (epidermal electronics) [18,35] and implanting into the body [36,37]. They have an enormous
potential in future electronics for biomedical use, such as lightweight physiological monitors and
in personalized healthcare [60,61]. Stretchable conductors are the most essential building block of
stretchable electronic devices. They could simply serve as interconnects, or as functional electrodes.
In this section, the applications of the stretchable conductors are discussed by demonstrating the
functional devices based on them.
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5.1. Sensors

Stretchable sensors are probably the most widely studied type of devices in the recent
development of stretchable electronics. Stretchable sensors with various functions have been fabricated,
including strain sensors [181], pressure sensors [20,59,107,182], temperature sensors [18,183], gas
sensors [132,184], and UV sensors [53]. These sensors detect the changes in the outside environment
and reflect these changes in the electrical properties, such as resistance and capacitance. Sensors are
also fabricated based on the performance of devices such as transistors [152] and antennas [21].

Stretchable strain sensors have largely extended the sensing range beyond those of traditional
non-stretchable strain sensors from below 1% [136] to several hundred percent [181]. The strain
sensors are mostly resistive or capacitive. Stretchable conductors with reversible and repeatable
resistance change under strain are suitable for fabricating resistive strain sensors. Carbon-based
materials are widely used in this application due to their intrinsic piezoresistivity [46,47]. Network
structures fabricated from AgNWs [111] or CNTs [41] are also piezoresistive, with mechanisms of
local disconnections and tunneling effects [181]. In capacitive strain sensors, an elastomeric dielectric
layer is sandwiched between two stretchable electrodes. At certain strain, the decreased width and
thickness of the dielectric layer results in changes of capacitance. Both AgNWs and CNTs were
reported as the electrode materials [20,59,80]. Figure 7a shows a resistive stretchable strain sensor
based on AgNW /PDMS nanocomposites. More information on the stretchable strain sensors can be
found in a recent review [181].
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Figure 7. (a) Schematic of AGNW network at relaxed and stretched states and the illustration
of the motion detect function of an AgNW/PDMS strain sensor. Reprinted with permission
from [111]. Copyright 2014 American Chemical Society; (b) Schematic of the sensing mechanism
of an AuNW-based pressure sensor. Reprinted by permission from Macmillan Publishers Ltd.:
Nat. Commun. [107], Copyright 2014; (c) Schematic and photograph of an encapsulated fully stretchable
elastomeric polymer light-emitting devices (EPLED) display with 25 pixels. Reprinted by permission
from Macmillan Publishers Ltd.: Nat. Photonics [185], Copyright 2013; (d) Schematic of the components
of a dynamic SWCNT (Single-wall carbon nanotubes)-based stretchable supercapacitor. Reprinted
with permission from [57]. Copyright 2012 American Chemical Society; (e) Schematic of a rechargeable
stretchable alkaline manganese cell. Reproduced from [83] with permission of The Royal Society
of Chemistry.
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Stretchable pressure sensors detect the vertical deformation caused by pressure and send out
differential electrical signals. Capacitive pressure sensors have a similar mechanism to capacitive
strain sensors. When the capacitor is under pressure, the distance between the two electrodes
decreases, causing changes in capacitance. Capacitive sensing arrays based on AgNWs and various
elastomers have been demonstrated with the functionality as strain sensor, pressure sensor, and
touch sensor [20,59]. A stretchable resistive pressure sensor was fabricated by sandwiching AuNW
coated tissue sheet with an interdigitated electrode between two PDMS sheets, as shown in Figure 7b.
The applied pressure was determined by measuring the changes in resistance caused by the different
loading of AuNWs on the electrode [107].

Noble metals, such as gold and platinum, are resistance-sensitive under varied temperature. Both
traditional temperature sensors and stretchable temperature sensors take advantage of this property.
However, these noble metals are not intrinsically stretchable. To incorporate them into stretchable
temperature sensors, mechanics to enhance their stretchability were employed. Platinum meander
electrodes were employed as temperature sensors in an integrated epidermal electronic system [18].
The buckling strategy was used to fabricate stretchable temperature sensors by transferring gold strips
onto pre-stretched PDMS [183].

In most of these stretchable sensors, rough structures, such as NW networks and buckled
films/strips, are well encapsulated or packaged with elastomers [20,59,183]. However, the influence of
such rough structures on the device performance has not yet been thoroughly discussed, and this is
expected to be addressed in the near future.

5.2. Light-Emitting Circuits

Light-emitting circuits on elastomeric substrates are designed to meet the demands of flexible,
wearable, and foldable displays and light sources. In these circuits, stretchable conductors serve
as interconnects between the power supplies and the light-emitting devices. EGaln liquid metals
embedded into soft elastomeric substrate were used as interconnects to light-emitting diode (LED)
arrays on stiff elastomeric islands [53]. A stretchable heart-shaped light-emitting circuit was fabricated
by installing LED lights onto hand-written stretchable tracks from an adhesive silver-based conductive
ink [147]. In addition, serpentine graphene interconnect bridges were also used as interconnects for
microscale inorganic LED array [129].

Besides interconnects, stretchable conductors were used as electrodes in thin film polymer
light-emitting devices as well. Liang et al. demonstrated an elastomeric polymer light-emitting
devices (EPLED) fabricated by sandwiching an emissive polymer layer in AgNW-PU composite
electrodes. Such a structure was further developed into a stretchable EPLED display array of 25 pixels.
The schematic and photograph of the display array are shown in Figure 7c [185].

5.3. Transistors

Stretchable conductors are utilized in stretchable transistors as interconnects and electrodes for
gate, source, and drain. An SWCNT-based elastic conductor was used to form interconnections
between contact pads of an organic transistor-based active matrix [121]. Polymer-sorted and unsorted
CNTs were used as the semiconductor and conductor, respectively, in a thermoplastic polyurethane
(TPU)-based stretchable transistor [186]. Graphene/AgNW hybrid conductors were used as the
drain/source electrodes of an oxide semiconductor transistor array [187]. A stretchable and transparent
transistor array was fabricated with patterned graphene thin film as the semiconducting channel and
source/drain electrodes. The patterned graphene was transferred to the rubber substrate, followed by
aerosol printing of ion gel and conductive polymer as the gate dielectric and gate electrode, respectively.
Such graphene transistors showed hole and electron mobilities of 1188 + 136 and 422 + 52 cm?/(V-s),
respectively, with stable operation at strain up to 5%, even after more than 1000 cycles [27]. Highly
stretchable polymer transistors made entirely of stretchable components were fabricated on SBS fiber
mat with stacked Au nanosheets as electrodes and poly(3-hexylthiophene) (P3HT) nanofibers as
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channel material. The transistors provided a hole mobility of 18 cm?/(V-s) at a strain of 70% [188].
Recently, an intrinsically stretchable organic thin film transistor was reported with a healable polymeric
semiconductor and CNT/PEDOT:PSS electrodes. Such a transistor was able to sustain a field-effect
mobility of 1.12 cm?/(V-s) ata large strain of 100% [189].

5.4. Energy Devices

Almost all of the stretchable electronic devices with amazing functionality were connected to and
driven by external power sources. Low cost and compatible internal power supplies for independent
stretchable electronic systems are in great demand, as they can facilitate the real-life usages of these
stretchable devices. Energy devices are basically divided into energy storage devices and energy
conversion devices. Although many research works focused on stretchable energy devices such as
supercapacitors [57,58,125,132], batteries [83,84,134,166], solar cells [176], and other environmental
energy harvests, challenges still remain to fabricate stretchable energy devices with high performance
and reliability. Here, in this part of the review, these devices are briefly introduced with an emphasis
on the usage of stretchable conductors. Two recent review papers about stretchable energy storage and
conversion devices can be referred to for further information [38,190].

Supercapacitors are commonly used as energy storage devices. Carbon-based nanomaterials
are ideal for this application due to their good stability, conductivity, and high surface area. Buckled
SWCNT films on PDMS substrate as electrode, together with organic electrolyte and a separator layer
were used to fabricate stretchable supercapacitors [57,58]. The schematic of the components of an
SWCNT-based supercapacitor is shown in Figure 7d. In addition to this, highly-aligned CNT sheets
were fabricated from vertically-grown CNT forest and further used in an all-solid supercapacitor [191].
Micro-supercapacitor array based on P3Ain-wrapped MWCNTs was employed to drive stretchable
graphene gas sensors [132]. Graphene microribbons were also utilized as the electrode materials in
stretchable supercapacitors [125].

Unlike supercapacitors, batteries store energy in forms of chemical energy. Stretchable batteries of
various structures and shapes have been fabricated with several materials till now. Buckled polypyrrole
macrofilm cathodes on elastomeric substrate were reported for battery applications [134]. Porous
CNT/PDMS nanocomposites fabricated by phase separation were used as the anode in a flexible
lithium-ion battery [192]. Intrinsically stretchable and rechargeable cells were fabricated by embedding
chemically reactive pastes (zinc anode and manganese dioxide cathode) and electrolyte gels into an
elastomer matrix, as shown in Figure 7e [83,84]. Although the abovementioned batteries could easily
provide energy by electro-chemical process, they still needed to get recharged by physical contact with
external power sources. Xu et al. demonstrated stretchable battery arrays with an integrated wireless
recharging system. The wireless recharging system, consisting of wireless coil, Schottky diode, and
parallel capacitor, was designed to recharge these batteries without direct physical contact [166].

Energy harvesters exploit environmental energy and generate power for the stretchable devices.
Solar cells are one of the well-developed types of energy harvesters. To fabricate stretchable solar cells,
various stretching mechanics were exploited to incorporate the stiff photovoltaic materials. Stretchable
organic solar cells were fabricated by depositing a PEDOT:PSS electrode, organic photovoltaic
materials, and EGaln as the top contact, sequentially on a pre-stretched PDMS substrate. The
3D wavy buckles appeared in the film upon releasing and imparted the solar cells with reversible
stretchability [176,193]. Stretchable dye-sensitized solar cells were fabricated using elastic conductive
fiber by spinning MWCNT sheets on rubber fiber. Modified titanium wire was wound onto the fiber as
the working electrode, followed by coating with photoactive materials. The devices had open-circuit
voltages of 0.71 V and energy conversion efficiency of 7.13% [194]. Besides the solar cell, other energy
harvesters that have potential but have not yet been well-studied in stretchable electronics include
piezoelectric motion energy harvesters [195,196], RF energy harvesters [60,197,198], the thermal energy
harvester [199], and triboelectric energy harvester [200].
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6. Summary and Outlook

In this review, we went through the materials, mechanics, and patterning techniques of stretchable
conductors and the applicable devices. Stretchable conductors are the basic building block of
stretchable electronic devices. Their compliant, deformable virtues have changed the common idea
that people would have on rigid silicon-based electronics and opened up a new direction of the next
generation of electronics. They have enormous potential in biomedical engineering, which has been
demonstrated in many research works [4,18,60,61,94,167,181,201]. Besides that, they have application
in broad fields such as wearable communication devices [202], prosthetic electronic skins [203],
soft robotics [204], and interactive human—machine interfaces [205]. We foresee a bright future for
stretchable electronics as they bring electronics closer to humans.

Despite the huge advancements in stretchable electronics so far, there still exist some issues and
challenges that should be solved in order to realize the use of stretchable electronics in everyday life.
First, the long-term stable performance of these stretchable electronics, which would be influenced
by the stability of conductors and the aging of substrates [206-208], has not yet been demonstrated
comprehensively. Second, as many stretchable electronics are aimed at biomedical applications, their
biocompatibility should be examined extensively. Although the biocompatibility of some materials
has been demonstrated [209], however, thermal management of the stretchable devices, where the
heat generated may cause tissue lesioning, are relatively less studied [210,211]. Third, the large
mismatches in Young’s modulus, elongation at break, and thermal expansion of various materials
used in stretchable electronics have posed great challenges in integration with the systems. Several
stretching mechanics have been proposed which effectively remedy these integration challenges.
However, problems such as cracking and delamination are still reported when the system reaches
a certain strain. More fundamental understanding of the causes of failure and interfacial properties
between heterogeneous materials is needed in order to achieve better performance of novel stretchable
devices. Fourth, some of the stretching mechanisms and structures are hard to implement in large-scale
manufacturing, such as pre-strain-induced buckling and out-of-plane design. Efforts are still required
to figure out cost-effective, scalable fabrication routes with high reliability, repeatability, and precision
for the purpose of commercialization. For stretchable electronics based on nanomaterials, repeatability
of the device’s performance from batch to batch largely relies on the uniformity of the nanomaterials,
which is also challenging in itself. Lastly, despite stretchable electronics with manifold functional
devices having been demonstrated, integrated internal power supplies are still in great demand for
self-powering stretchable electronic systems.

Based on the current trend, the possible future directions of stretchable electronics are foreseeable.
First, the diversity of materials used would continuously expand. The rate of discovery and
development of new materials are beyond our expectations. Take graphene as an example, it only
took about five years from its first discovery [212] to its first utilization in stretchable conductors [118].
For sure, more and more organic, inorganic, conducting, semiconducting, and dielectric materials
would provide opportunities in stretchable electronics. As for the substrate and matrix, besides the
widely used PDMS, there are emerging elastomeric materials such as rubber fiber mats. Second, the
design of discrete devices and their integration in stretchable systems would grow quickly. Stretchable
electronics with sensing functions have gained considerable progresses. However, devices with other
functions such as memory [213] and communication [202,214] are still in infancy. There is also an
urgent demand for energy devices, and many research groups are working to address this issue.
Third, with the increase of complexity and resolution of devices, higher requirements for patterning
techniques are expected. Direct printing, as an additive manufacturing method, would satisfy such
requirement and offer low cost and high speed in both prototyping and manufacturing. It might be a
solution for cost-effective and scalable fabrication of stretchable electronics.
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Abstract: This article presents an overview on typical properties, technologies, and applications of
liquid metal based flexible printed electronics. The core manufacturing material—room-temperature
liquid metal, currently mainly represented by gallium and its alloys with the properties of excellent
resistivity, enormous bendability, low adhesion, and large surface tension, was focused on in
particular. In addition, a series of recently developed printing technologies spanning from personal
electronic circuit printing (direct painting or writing, mechanical system printing, mask layer based
printing, high-resolution nanoimprinting, etc.) to 3D room temperature liquid metal printing is
comprehensively reviewed. Applications of these planar or three-dimensional printing technologies
and the related liquid metal alloy inks in making flexible electronics, such as electronical components,
health care sensors, and other functional devices were discussed. The significantly different adhesions
of liquid metal inks on various substrates under different oxidation degrees, weakness of circuits,
difficulty of fabricating high-accuracy devices, and low rate of good product—all of which are
challenges faced by current liquid metal flexible printed electronics—are discussed. Prospects for
liquid metal flexible printed electronics to develop ending user electronics and more extensive
applications in the future are given.

Keywords: liquid metal; flexible printed electronics; 3D printing; functional device; additive
manufacture; consumer electronics

1. Introduction

Printed electronics is the technology to fabricate electronic devices based on the principle of
printing [1]. Unlike traditional printing technology, the inks used in the printing machine are
electronic materials with the properties of being conductive, dielectric, semi-conductive, or magnetic.
Printed electronics is closely related to diverse fields such as organic electronics, plastic electronics,
flexible electronics, and paper electronics [2], which indicates that one can not only print circuits on
silicon and glass, but also on plastic, paper, and more flexible substrates. One of the methods to
produce flexible electronics is to directly print conductive materials onto flexible substrates.

Classical flexible electronics refers to the technology by which organic/inorganic electronic devices
are deposited on a flexible substrate to form a circuit [3]. Although the rigid circuit board can protect
the electronic components from being damaged, it restricts the ductility and flexibility of the electronics.
With intriguing properties such as softness, ductility, and low-cost fabrication, flexible electronics
has broad application prospects in the information, energy, medicine, and defense technology fields
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through providing smart sensors, actuators, flexible displays, organic light-emitting diodes (OLEDs),
and so on. The most obvious characteristic of flexible electronics lies in their flexibility compared with
traditional rigid microelectronics, which makes them stretchable, conformal, portable, wearable, and
easy to print quickly [4-8]. Because of their unique merits in terms of electrical, printable, biomedical,
and sensing properties, flexible electronics can find diverse applications in electronic components [9],
printing technology, implantable devices [10], and health monitors [11], with specific uses such as
antennas [12], eyeball cameras [13] and pressure sensors [14], etc. Nowadays, two common strategies
have been adopted to improve the softness of the electronics [15]. One is embedding conductive
materials, which are stiff and rigid, onto a stretchable substrate, such as poly(dimethylsiloxane)
(PDMS). Rogers and coworkers introduced a complex wavy structure to keep the circuit stretchable,
which can absorb the major tension when stress acts on the soft substrate [16,17]. The other is using
inherently stretchable conductors to form the circuit [18]. Russo and coworkers demonstrated a way to
connect the circuit using conductive silver ink, which can directly write conductive text to interconnect
light-emitting diode (LED) arrays and three-dimensional (3D) antennas on paper [12].

Clearly, flexible printed electronics (FPE) combines features of flexible electronics and printed
electronics. In this way, one can quickly manufacture functional flexible electronic devices. Along with
the maturation of printing technology, flexible printing has become a hot topic in research. Several
typical printing technologies have been emerging, such as tapping mode printing [18], aerosol jet
printing, roll-to-roll technology [19], inkjet printing [20], and micropen and brush printing [21,22].
Among them, micropen is perhaps the simplest method: pump the electrical ink into a cartridge
to directly write out conductive texts. This makes it possible to draw a circuit diagram on an A4
sheet of paper. A micropen evidently reduces the complexity of circuit production and improves the
efficiency of electronic circuit manufacturing. FPE have contributed to significant achievements in
different fields, such as flexible display devices [23], thin-film solar cells [24,25], large area sensors
and drivers [26,27], electronic skin [28], wearable electronics and biological prosthetic devices [29],
self-charging system [30], self-powered wireless monitoring [31], etc. If a circuit benefits from the
properties of softness, conformability, stretchability and portability, one can call it a flectional electronic
device. Meanwhile, many laboratories have developed electronic devices with flexibility, such as
warped display [32], folding battery [9], soft field effect transistor [33], stretchable wire [34], and so
on. FPE can also be used in health monitoring, medical examination, vital signs detection, and other
daily life needs. Flexible biomedical equipment has been widely utilized in the field of implantable
devices [10], nerve connection [35,36], health monitoring [11], and wearable medical devices. FPE has
also been used for biological sensing, the most important application of which is electronic skin (E-skin),
such as pressure mapping [37], self-healing sensor [38], prosthesis [39], pressure sensor [14], etc.
There are many research organizations working on different materials applied on flexible electronic skin.
In Bao’s laboratory, they invented a skin-inspired artificial mechanoreceptor system and the receptor
can transform the pressure stimulation signal into electrophysiological signal that human neurons can
perceive [40]. In Rogers’s laboratory, they initiated a wavy structure to realize stretchable epidermal
electronics that can maintain the original shape and function after compressing or stretching [16,41,42],
In Chiolerio’s laboratory, the researchers invented a printable spin-coated silver nanocomposite ink to
manufacture a resistive switching devices for neuromorphic applications and a nanocomposite flexible
liquid state device in a synthetic colloidal suspension [43,44].

Generally, traditional nanoparticle-based conductive ink does not have intrinsic conductivity, and
needs special post-processing (e.g., sintering, annealing) to remove solvent from the conductive ink to
achieve conductive capacity, such as silver nanoparticle, PEDOT:PSS, polyaniline-based ink, nickel and
copper conductive ink [45-49]. The newly emerging liquid metal ink has intrinsically high conductivity,
which enables it to be a kind of ideal conductive ink (Table 1). (In this paper, EGaln refers to Ga-In,
which contains the metal elements gallium and indium, commonly in a mixture of 75.5% gallium and
24.5% indium by weight; Galinstan refers to Ga-In-Sn, which contains the metal elements gallium,
indium, and tin, commonly in a mixture of 62.5% gallium, 21.5% indium and 16% tin by weight.)
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Liquid metal, just as its name suggests, is a kind of metal that remains in liquid phase from room
temperature up to 2000 °C. (However, 2000 °C is a generic number; it depends upon the composition.)
It is superior to many other liquid materials in terms of thermal conductivity and resistivity at
low temperatures or around room temperature [50]. One traditional liquid metal—mercury—is not
accepted on account of its high toxicity to the human body. However, because of its non-toxicity and
benign biocompatibility, a liquid metal eutectic alloy of gallium indium has made important progresses
in the biomedical arena such as being used as the material of bone cement [51], as a vascular contrast
agent [52], and in drug delivery nanomedicine [53]. All of these indicate that liquid metal can be
widely used in the fields of electronics, materials, and biology, which significantly broadens its impact.
Figure 1 shows the typical applications of personalized flexible printed electronics based on liquid
metal, such as implantable devices [35,36,54], electrical skin [55-57] and wearable bioelectronics [58-60]
etc. Along with the development of material science and technology, liquid metal flexible printed
electronics are quickly shaping the field of flexible electronic circuits and allied machines, serving as
a basic way of quickly making functional devices. In this review, we are dedicated to integrating the
liquid metal alloy inks with flexible printed electronics and focus our attention on interpreting the
recent advancements in liquid metal flexible printed electronics.

Table 1. A comparison of the electrical conductivities of several typical conductive inks [61].

Ink Type Ink Composition Conductivity
. Carbon 1.8 x 103S/m

Carbon conductive ink CNT (5.03 + 0.05) x 10°S/m
Polymer conductive ink PEDOT:PSS 8.25 x 10°S/m
N dver ink Ag-DDA 3.45 x 107 S/m
ano-stiverin Ag-PVP 6.25 x 106 S/m
- . EGaln 3.4 x 10°S/m

L link

iquid metal in) BissInys 6Sn16Zn0.4 7.3 % 10°S/m
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Figure 1. Personalized flexible printed electronics based on liquid metal. “Implantable devices”:
Liquid metal nerve connection [35] (https:/ /arxiv.org/abs/1404.5931); Injectable 3D bioelectrode [54]
(Reproduced with permission from Jin, C.; Liu, J. et al., Injectable 3-D fabrication of medical electronics at
the target biological tissues; published by Scientific Reports, 2013.); Electrophysiological measurement
of liquid metal reconnected nerve [36]; “Electrical skin”: Liquid metal circuits on human body [55]
(Reproduced with permission from Guo, C.; Liu, J. et al., Rapidly patterning conductive components
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on skin substrates as physiological testing devices via liquid metal spraying and pre-designed
mask; published by Journal of Mterials Chemistry B, 2014.); Liquid metal tag on human skin [56]
(Reproduced with permission from Jeong, S.H.; Wu, Z. et al., Liquid alloy printing of microfluidic
stretchable electronics; published by Lab on a Chip, 2012.); ECG test by liquid metal electrode [57]
(Reproduced with permission from Yu, Y.; Zhang, J.; Liu, J., Biomedical implementation of liquid
metal ink as drawable ECG electrode and skin circuit; published by PLoS ONE, 2013.); “Wearable
bioelectronics”: Liquid metal wristband [58] (Reproduced with permission from Wang, Q.; Yu, Y.;
Yang, J.; Liu, J., Fast fabrication of flexible functional circuits based on liquid metal dual-trans printing;
published by Advanced Material, 2015.); A wearable data glove [59] (Reproduced with permission
from Matsuzaki, R.; Tabayashi, K., Highly stretchable, global, and distributed local strain sensing line
using gainsn electrodes for wearable electronics; published by Advanced Functional Material, 2015.);
Footwear-embedded microfluidic energy harvest [60] (Reproduced with permission from Krupenkin,
T.; Taylor, J.A., Reverse electrowetting as a new approach to high-power energy harvesting; published
by Nature Communication, 2011.).

2. Basic Properties of Liquid Metal

Generally speaking, alloy elements of low melting point include gallium, bismuth, lead, tin,
cadmium, and indium. Among them, Galny4 5 is commonly used, which is a mixture of 75.5% gallium
and 24.5% indium by weight. For the same composition, a different proportion may lead to quite
varied properties in the alloys. Sometimes, even a small change of mass ratio would cause strong
variation in the material behaviors. If loaded with certain microelements, the alloy may also display
additional properties accordingly. Therefore, one can change the ratio of chemical materials of alloys
or add some microelements to adjust the melting point and other properties to fulfill various specific
needs. Room-temperature liquid metal material, generally represented by gallium and its alloys,
offers a unique for to manufacturing flexible circuits, due to the combined nature of metallicity and
fluidity [62,63], which makes it especially suitable for printing on soft substrates. (In this paper,
the liquid metal alloy refers to gallium and its alloys.) From [62], one can get information on the
main physical properties of frequently used liquid metal alloys, such as combination, melting point,
density, resistivity, and thermal conductivity. In this review, we mainly discuss the resistivity, flexibility,
adhesion, and wettability of liquid metal in flexible printed electronics.

2.1. Resistivity

Resistivity is the ability of an object to conduct an electric current, and generally the conductivity
of metal is better than that of a non-metal. If the liquid metal is applied to print a flexible circuit,
we can calculate the resistance value of a liquid metal wire by the formula:

_elL

R
A

@

where R is the resistance; p is the resistivity and for the same material p is a fixed value; L is the length
of measured liquid metal conductive wire; and A is the cross-sectional area. As can be seen from
Equation (1), the resistance of the material is directly proportional to the length of the material and the
resistivity, and is inversely proportional to its cross-sectional area.

The relationship between the volume and length is:

A= 1. @)

Therefore, one can get the factors associated with resistance change:

R _ ot W (L z 3)
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The volume of the liquid metal conductor is constant when drawing V' = V; the resistivity is also
considered constant, p = py.
Consequently, one can simplify Equation (3) to:

R L\’
n(w) (4)
The resistance variation of a liquid metal conductor has a linear relationship with the square of
the length change of the conductor before and after stretching, confirming the relationship between
resistance and tensile length, which provides theoretical support for the development of a liquid metal
flexible sensor [55].
However, the resistivity c of the liquid metal has a significant relationship with the thermal
conductivity [64,65]:
A o K,23
oT 3e2
Here, A is the thermal conductivity; p is the resistivity; and T is the thermodynamic temperature.
Figure 2B shows the p — T and the A — T curves for BizsIngg¢SnigZngs. With the increase in
temperature from —150 °C to 50 °C, A shows a linear increase while p shows a linear decrease.
pp is the Boltzmann constant. e is the electron charge, e = —1.6 x 1071°C. Equation (5) is the famous
Wiedemann-Franz-Lorenz equation, from which one can deduce that the thermal conductivity of
the liquid metal is proportional to the product of the resistivity and the thermodynamic temperature.
One can get the resistance value of some number of wires connected in parallel by Ohm’s Law [66]:

n -1
R— (21 ;) . ©)

Here, n is the number of wires connected in parallel. R; is the individual resistance values, i.e.,

L dx
Ri=e[ i ™

=245 x 10" 8(W-Q/K?). (5)

where p is the resistivity and the resistivity of EGaln is 29.4 x 107¢ Q) - cm. Gozen et al. demonstrates
that the measured and predicted resistance values show a high degree of agreement with the number
of wires changing [66]. However, there are some non-Ohm’s Law phenomena that the current does not
linearly vary with the voltage (Figure 3A) [67,68]. In Reference [67], the liquid metal marble is coated
with WOj3 and the substrate is gold. It forms an electrical interface across the n-type semiconducting
coating (WO3) without the native oxide layer on the surface of the liquid metal, and the flow of current
is owing to the combination of electron and hole carriers, which forms a n-type semiconductor layer.
Therefore the measured current-voltage (I-V) shows the non-Ohm’s Law phenomena. They have
similar I-V curves between Reference [67] and Figure 3A, however different in theory. In Figure 3A,
the electronic device is composed of one gallium droplet and a layer of gold nanoparticles, and the
gallium droplet is the electrode. The nanoparticle and its ligands form a capacitor. This is the process of
capacitor charging and discharging. Under the threshold voltage, the circuit is not on and the current
is zero. Once up the threshold voltage, the circuit is switched on. Meanwhile, some data demonstrate
the relationships between the resistance, the reactance, and the frequency [57]. Figure 2A shows that
when the frequency changes from 1 Hz to 10 kHz, Ga resistance remains at 0.225 (). However, Ga
reactance closes to 0 Q) from 1 Hz to 100 Hz and has analogously exponential growth from 100 Hz
to 10 kHz. Liquid metal resistance invariance under different frequencies can be applied to measure
some circuit frequency changes.
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Figure 2. (A) The resistance and reactance curves from 1 Hz to 10 kHz of the liquid metal Ga [57]
(Reproduced with permission from Yu, Y.; Zhang, J.; Liu, J., Biomedical implementation of liquid
metal ink as drawable ECG electrode and skin circuit; published by PLoS ONE, 2013.); (B) p (the
resistivity)-T (temperature) and A (the thermal conductivity)-T (temperature) curves of liquid metal
BigsIngg 6SnieZng 4 [64] (Reproduced with permission from Wang, L.; Liu, J., Compatible hybrid 3D
printing of metal and nonmetal inks for direct manufacture of end functional devices; published by
Science China Technological Sciences, 2014.); (C) resistance values of liquid metal line at five different
bending angles [69] (Reproduced with permission from Zheng, Y.; He, Z.; Gao, Y.; Liu, J., Direct desktop
printed-circuits-on-paper flexible electronics; published by Scientific Reports, 2013.); (D) resistance values
of liquid metal line at different bending angles and different bending cycles [70] (Reproduced with
permission from Wang, L.; Liu, J., Pressured liquid metal screen printing for rapid manufacture of high
resolution electronic patterns; published by RSC Advances, 2015.).
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Figure 3. (A) Plot of the measured current and voltage of the electronic device composed of one gallium
droplet and a layer of gold nanoparticles [68] (Reproduced with permission from Du, K.; Glogowski, E.;
Tuominen, M.T.; Emrick, T.; Russell, T.P.; Dinsmore, A.D., Self-assembly of gold nanoparticles on
gallium droplets: Controlling charge transport through microscopic devices; published by Langmuir,
2013.); (B) the advancing and receding contact angle of the liquid metal droplets on the paper towel
and printing paper [71] (Reproduced with permission from Kim, D.; Lee, Y.; Lee, D.-W.; Choi, W.;
Yoo, K.; Lee, ].-B., Hydrochloric acid-impregnated paper for gallium-based liquid metal microfluidics;

published by Sensors and Actuators B: Chemical, 2015.).
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2.2. Superior Flexibility

In order to illustrate the feasibility of liquid metal in manufacturing flexible circuits, Zheng et al.
carried out a test to study the influence of bending on the stability of the circuit through measuring
the resistance value when bending the printed liquid metal wire at —180°, —90°, 0°, 90°, and 180°.
Figure 2C evidently indicates that the resistance variation is very little and the resistance stability of
the liquid metal when bending manifests that liquid metal printed wire can be well applied for making
flexible electronics [69]. Furthermore, Wang et al. bent the PVC plastic film printed by liquid metal at
—180°, —90°, 0°, 90°, and 180° for one cycle, and the resistance value was measured every 50 bending
cycles (Figure 2D). The resistance values fluctuated slightly from 1 to 1000 cycles, which demonstrated
the stability of the liquid metal resistor line [70]. References [72,73] demonstrate that when straining the
liquid metal circuits, the resonance frequency and the resistance value can be changed. All the bending
and stretching tests suggest that liquid metal printed wire has reliable flexibility when employed in
flexible printed electronics.

2.3. Tunable Adhesion

Adhesion is the attraction among different molecules, such as the adhesion between the particle
and the substrate [64—66]. When printing a circuit, the liquid metal is ejected from the spray gun in
the form of droplets [65]. When put in air, the surface of liquid metal droplets may generate a layer
of oxide whose composition is Ga;O3/GayO [74]. As is disclosed on the proportional relationship
between the surface tension of liquid metal droplets and oxide content [75], the smaller the metal
droplets the higher the oxide content, thus the larger the surface tension and the better the substrate
adhesion. Starting from this point, Zhang et al. established a generalized methodology for ubiquitous
printed electronics [65] whereby, through atomized spraying of liquid metal droplets, a circuit can
be quickly fabricated on almost any desired solid substrate surface, whether smooth or rough [65].
Additionally, the greater the oxide content of the metal droplets, the smaller the contact angle between
the droplet and substrate [76].

Based on the Young-Dupre equation [77], one has

Wsp =y (1 + cosB), (8)

where Wgy, is the adhesion work of the liquid metal drop, v is its surface tension, and 0 is the contact
angle between the droplet and substrate. The smaller the droplet, the larger the y; and the smaller
the 6, hence the greater the Ws;, representing better adhesion. In other words, one can regulate the
adhesion of liquid metal ink on a substrate by controlling its oxide layer [78]. Another possible strategy
would be realizing a controlled de-wetting after the metal layer has solidified by a slight temperature
increase [79]. However, the liquid metal alloy ink has strong adhesion to a majority of substrates,
which makes it a challenge to manufacture micro-precision circuits [80].

2.4. Prominent Wettability

Wettability is the ability of liquid to spread on a solid surface. The contact angle usually expresses
the wettability: the smaller the contact angle the better the wettability. The dynamic contact angle is
the contact angle of a liquid moving over a surface. The dynamic contact angle (sliding angle and
advancing-receding angle) plays an important role in quantifying the wetting property of the oxidized
Galinstan droplets compared with the static contact angle [81,82]:

. Rk
sinx = chm—g [coSOec — cOSO,445] - 9)

Here, « is the sliding angle; R is the liquid metal droplet radius; m is the mass of the droplet; 8, is
the receding contact angle; and 6,4, is the advancing contact angle. The liquid metal droplet on the

153



Micromachines 2016, 7, 206

HCl-impregnated flattened paper has the lowest contact angle, while for the non-treated printing paper
it has the highest contact angle (Figure 3B) [71]. Gao et al. have studied the excellent wettability of
liquid metal Galn;o with different substrate materials including smooth polyvinylchloride (Figure 4A),
porous rubber (Figure 4B), rough polyvinylchloride (Figure 4C), tree leaf (Figure 4D), epoxy resin
board (Figure 4E), typing paper (Figure 4F), glass (Figure 4G), cotton paper (Figure 4H), plastic
(Figure 4I), cotton cloth (Figure 4J), silica gel plate (Figure 4K), glass fiber cloth (Figure 4L), and other
substrates with different surface roughness and material properties [63,75]. Kramer et al. investigated
the relationship between the microtextured surface topography of the liquid metal marbles and the
wetting behaviors [83]. Doudrick et al. demonstrated that the oxide surface of the liquid metal alloy
can improve the wettability between the metal material and substrate [80]. When increasing the
oxygen content, the resistivity of the liquid metal alloy decreases while the viscosity and the wettability
increase. For this reason, we can control the thickness of the oxide layer and then the wettability of the
liquid metal wire on the soft substrate to obtain a superior performance of the flexible printed circuit.

Figure 4. Demonstrated wettability of liquid metal printed on different substrate materials [63,75];
(A) Smooth polyvinylchloride; (B) porous rubber; (C) rough polyvinylchloride; (D) tree leaf; (E) epoxy
resin board; (F) typing paper; (G) glass; (H) cotton paper; (I) plastic; (J) cotton cloth; (K) silica gel plate;
(L) glass fiber cloth (Reproduced with permission from Gao, Y.; Li, H.; Liu, J., Direct writing of flexible
electronics through room temperature liquid metal ink; published by PLoS ONE, 2012.) (Reproduced
with permission from Zhang, Q.; Gao, Y.; Liu, J., Atomized spraying of liquid metal droplets on desired
substrate surfaces as a generalized way for ubiquitous printed electronics; published by Applied
Physics A: Materials Science & Processing, 2013.).

3. Printing Technologies and Apparatuses

In ancient China, Sheng Bi, a brilliant inventor who lived around 1041 AD, invented a new type of
printing method: movable-type printing, the convenience of which led to the spread of knowledge and
culture; the basic principle and method of modern letterpress stamping is the same as movable-type
printing in spite of its different equipment and technical conditions. Thus, the invention of an excellent
printing method and the selection of appropriate printing ink can have a huge impact on human life.
Table 1 shows a conductivity comparison of several typical electroconductive inks [61]. The corrosivity
of the liquid metal ink for different substrates (Table 2) prevents liquid gallium from being printed on
specific flexible substrates.
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Table 2. The corrosion between liquid gallium and other metals [84].

Corrosive Behavior Easy to React with Gallium Better Resmfance for Best Res1staimce for
Corrosion Corrosion
Iron, nickel, cadmium, cerium, . . . .
copper, aluminum, gold, Titanium, tantalum, Tungsten, rhenium, sintering
Metal Ppet, L e niobium, molybdenum, BeO, Al,Os, and fused
manganese, platinum, silver, . .
. . . R beryllium quartz, graphite
tin and vanadium, zirconium
A i ion at 200 A i i .
Temperature range ppearing corrosion at 200 °C ppearing corrosion No corrosion even at 800 °C
or even lower above 400 °C

3.1. Printing Electronic Circuit

Nowadays, due to the high surface tension and good conductive ability of liquid metal, printing
circuit using liquid metal ink has attracted more and more attention. The concept of DREAM ink
(direct writing or printing of electronics based on alloy and metal ink) [62], as defined by Liu et al., can
lead to alternative electronic devices in different fields [63,85,86]. So far, these are the different methods
of printing a personal electronic circuit: screen printing [70], atomized spraying [75], microcontact
printing (uCP) [87], masked deposition [88], and inkjet printing [89].

3.1.1. Direct Painting or Writing

Because of its good wettability with multifarious substrates, room-temperature liquid metal
(RTLM) can be directly painted or written on paper, glass, or cloth as liquid metal ink [63]. Sheng et al.
directly painted the liquid metal ink on the surface of VHB 4905 acrylic films to manufacture a capacitor
sensor (Figure 5A) [90]. Because of its gravity and adhesion to substrates, the liquid metal alloy can be
directly installed into the refill as a kind of ink to write conductive texts or lines [91,92]. Zheng et al.
developed the liquid metal roller-ball pen (LMRP), which can write conductive lines or electronic
devices on soft plates with the tip diameters ranging from 200 um to 1000 um (Figure 5B) [93].
Boley et al. illustrated a direct writing system, using the liquid metal alloy to fabricate small-scale
stretchable electronics [73].

(A)

Liquid metal ink -
3m \L\B'ape o

Brush

Flexible/rigid substrate

(B)

Figure 5. Printing methods of direct painting or writing without machine. (A) Direct painting of
the liquid metal ink on the surface of VHB 4905 acrylic films to manufacture capacitor sensor [90];
(B) the liquid metal ink roller-ball pen and conductive tracks written by it [93] (Reproduced with
permission from Zheng, Y.; Zhang, Q.; Liu, J., Pervasive liquid metal based direct writing electronics
with roller-ball pen; published by AIP Advances, 2013.).

3.1.2. Mechanical Printing Methods

Compared to traditional direct painting or writing, mechanical printing methods can realize
digital control, which makes the liquid metal flexible electronical circuits more accurate (Figure 6).
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Zheng et al. have manufactured and demonstrated a versatile desktop liquid metal printer that can
print either a plane circuit or a 3D metal object. The machine is made up of a syringe, a nitrogen gas
tube, a pressure controller, a teach pendant, a stage, the X axis, the Y axis, and the Z axis (Figure 6B) [69].
In order to achieve a match between different material substrate and printing ink, they have designed
a brush-like porous needle to print files of different types. A desktop printer can print a variety
of electrical patterns via computer software. In particular, paper is low-cost and recyclable, which
makes it a common substrate material and allows the concept of printed-circuits-on-paper (PCP) [69].
Along with that, the same group created another fully automatic liquid metal printer for pervasive
electronic circuit printing [18]. Its theory of tapping mode printing is fixing an ink storage tube on the
printing driver, clamping the driver on the guide rail using a sliding wheel, which can make the printer
head move along the guide rail in the X direction, and driving the base plate along in the Y direction
using a motor (Figure 6A). Consequently, one can control the position of the printer head in the
printing area of the base plate. The tapping mode means that the nib can move a small distance in the
Z direction. When printing, the printer head falls to contact the base, uplifts a certain height over the
printing substrate, so as to avoid the printed line. In the process of printing, the printing header bead
rotates due to the basal friction, which makes the liquid metal ink in the pen container run downwards.
One can use the tapping mode method to manufacture various printed-circuit-on-board (PCB) circuits,
antennae, and so on. In addition, other mechanical system printing methods to print personal electronic
circuits using liquid metal include inkjet printing and coelectrospinning (Figure 6C,D) [89,94,95].

(A)alluy '“";::‘“' Moving direction =
Slideway — H
Printi o » é Printing | -
& 5 artifact | u
driver = |
£ |
Printing B | ;-
s = Metal ink ||
Sensor ‘
[
Prin A /
o 2 Outlet Outlet
Substrate -— —_—
Liquid metal = (D)

Polymer solution™

Spinneret
Compound
Generated
liquid metal droplet Talyor cone ~~__

(b) ‘Rayleigh instability at high flow rate’

Steel-rods
collector i

Figure 6. Mechanical printing methods. (A) The tapping mode printer and its printing process [18]
(Reproduced with permission from Zheng, Y.; He, Z.-Z.; Yang, ].; Liu, J., Personal electronics printing via
tapping mode composite liquid metal ink delivery and adhesion mechanism; published by Scientific
Reports, 2014.); (B) The desktop printer to directly print circuits on paper [69] (Reproduced with
permission from Zheng, Y.; He, Z.; Gao, Y.; Liu, J., Direct desktop printed-circuits-on-paper flexible
electronics; published by Scientific Reports, 2013.); (C) inkjet printing of the liquid metal droplet
based on pinch-off and Rayleigh instability [94] (Reproduced with permission from Kim, D.; Yoo, J.H.;
Lee, Y,; Choi, W.; Yoo, K.; Lee, ].B.J., Gallium-Based Liquid Metal Inkjet Printing; published by IEEE
Proceedings, 2014.); (D) coelectrospinning to fabricate a light-emitting coaxial nanofiber with a liquid
metal core and polymer shell [95] (Reproduced with permission from Yang, H.; Lightner, C.R;; Dong, L.,
Light-emitting coaxial nanofibers; published by I ACS NANO, 2012.).
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3.1.3. Mask-Based Printing Methods

Printing methods based on masks are the most commonly used method to manufacture
liquid metal flexible electronics in the laboratory. Kramer et al. provided a masked deposition
method to fabricate liquid metal hyperelastic electronic circuits [88] (Figure 7A). At the same time,
Gozen et al. used the masked deposition method to prepare micro-scale high-density soft-matter
electronics [66]. Wang et al. proposed a rapid fabrication of flexible functional circuits based on
liquid metal dual-trans printing, which can be applied to quickly fabricate a flexible functional
electronic device fitting to any complex surface shape (Figure 7B) [58]. First one can print out a liquid
metal circuit on PVC membrane, then use polydimethylsiloxane (PDMS) solution to cover the circuit.
After a period of time, PDMS solution can be cured and when it is liquid, arbitrary shape objects can
be immersed into PDMS solution. Finally, cool the whole object to make liquid metal solid and one
can completely transfer the initial liquid metal circuit to a PDMS flexible substrate. In the process,
after PDMS curing, one can peel off the PVC membrane and target object to obtain PDMS device
embedded liquid metal flexible circuits. Because the shape of the PDMS substrate completely fits
with objects, one can achieve highly conformal electronic devices. This technology has significant
implications for sensing, monitoring in health care, and households as a corresponding device to
conduct specific functions. Common methods mentioned in the literature also include microcontact
printing [87], atomized spraying [75], screen printing [70], and CO; laser ablation [96] (Figure 8D).
The theory of the atomized spraying and the screen printing methods is that the gun sprays the liquid
metal ink onto the substrate through a specific mask to form a circuit which has the same shape as the
mask (Figure 8B,C).

(Aa PTFE Photoresist (B),

PDMS
Glass slide

l

Galinstan

d Yy )

Figure 7. Mask-based printing methods. (A) The masked deposition process of gallium-indium alloys

for liquid-embedded elastomer conductors, (a) painting photoresist onto tin foil; (b) micro-channel
on the elastomer surface; (c) flooding the surface with galinstan; (d) removing excessgalinstan with a
thin film, cooling the liquid metal in a freezer and encapsulating it by coating (Modified from [88]);
(B) the process of dual-trans printing fabrication [58] (Reproduced with permission from Wang, Q.;
Yu, Y.; Yang, J.; Liu, J., Fast fabrication of flexible functional circuits based on liquid metal dual-trans
printing; published by Advanced Material, 2015.).
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Figure 8. Mask-based printing methods. (A) The microcontact printing process to fabricate the liquid
metal soft-matter circuit [87], (a) laser engraving a thin film; (b) spreading Galn alloy over the stencil; (c)
removing the stencil and inserting the copper wires before sealing; (d) unsealed galinstan heater on VHB
elastomer produced with stencil lithography (Reproduced with permission from Tabatabai, A.; Fassler,
A.; Usiak, C.; Majidi, C., Liquid-phase gallium—-indium alloy electronics with microcontact printing;
published by Langmuir, 2013.); (B) atomized spraying of liquid metal droplets to rapid prototype
circuits [75] (Reproduced with permission from Zhang, Q.; Gao, Y.; Liu, J., Atomized spraying of liquid
metal droplets on desired substrate surfaces as a generalized way for ubiquitous printed electronics;
published by Applied Physics A: Materials Science & Processing, 2013.); (C) the screen printing process
and scanning electron microscopy image of the screen mesh [70] (Reproduced with permission from
Wang, L.; Liu, J., Pressured liquid metal screen printing for rapid manufacture of high resolution
electronic patterns; published by RSC Advances, 2015.); (D) proposed CO; laser ablation mechanism
of the liquid metal alloy on the PDMS substrate (Modified from [96]).

The common method for preparation of liquid metal microfluidic electronics is pouring the
liquid metal alloy into a specific shape of channel to form the functional circuit. Therefore, from the
strict definition, the preparation method of microfluidic electronics cannot be classified as fabrication
of liquid metal flexible printed electronics. However, Figure 9 demonstrates the processing steps
of manufacturing liquid alloy microfluidic wireless power transfer, in which the mask layer and
atomization printing technology are applied and the power transfer displays large flexibility in its
rolled state and can attach to the human arm [97].
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Figure 9. Processing steps of manufacturing liquid alloy microfluidic wireless power transfer (a—c),
an active component mounted in the circuit followed by encapsulation (¢’) and in rolled state and
attached to human arm (d) [97] (Reproduced with permission from Jeong, S.H.; Hjort, K.; Wu, Z., Tape
transfer atomization patterning of liquid alloys for microfluidic stretchable wireless power transfer;
published by Scientific Reports, 2015.).

3.1.4. High-Resolution Nanoimprint Lithography

Unlike the relatively large liquid metal droplets, one can also prepare liquid metal nanoparticles
to print micro-scale or nano-scale wires. John et al. produced small features through mechanically
sintering gallium—-indium nanoparticles to realize high-resolution nanoimprint lithography [98].
As shown in Reference [98], 1 um coalesced EGaln line arrays were formed by reducing the size
of the sintering tool. Via inkjet printing EGaln nanoparticles dispersions on the surface of nitrile
glove, the functionalized elastomer glove with liquid metal micro-wire arrays represents excellent
stretchability when holding a tennis ball.

3.2. 3D Printing

3D printing is a technology to construct an object by means of printing layer by layer; in other
words, it is a kind of typical additive manufacturing technology. Different from traditional subtractive
technology, additive manufacturing is a top-down, layer-by-layer manufacturing process. It can not
only avoid corrosion and contribute to environmental protection, but also saves a lot of raw materials.
This significantly reduces environmental pollution and the cost of materials. Figure 10A shows the
difference between subtractive and additive manufacturing technologies [99]. Next we will introduce
several 3D printing technologies using low melting point metal ink based on the additive mode.

Wang et al. first put forward the concept of liquid phase 3D printing to employ gallium-,
bismuth-, and indium-based alloys whose melting points are higher than room temperature and
lower than 300 °C to accomplish the printing process [100]. The liquid phase 3D printing is achieved
in a liquid environment, and the liquid can be water, ethanol, kerosene, electrolyte solution, etc.
However, the melting point of liquid metal ink must be lower than that of the liquid environment
to ensure the printed item run. In the experiments, Wang et al. introduced BissInag ¢SnjgZng4 as
printing ink because it does not absorb/release as much heat as normal metal in the process of
phase change (Figure 11B) [100]. Shortly after, they originated a late-model 3D printing technology,
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hybrid 3D printing, which means interactive printing of various inks or combination of multiple
printing methods. In Figure 10B, BizsInyg ¢SnjsZng 4 and 705 silicone rubber (nonmetal) inks were
adopted to accomplish hybrid 3D printing [64]. The 705 silicone rubber serves as a kind of waterproof,
anticorrosive, transparent, and insulating adhesive, and can be solidified when absorbing water
vapor at room temperature. Therefore, it is often used as an electrical packaging material. First, one
can print the bottom layer on the substrate using 705 silicone rubber and print the middle layer on
the 705 silicone rubber layer using BizsInag ¢SnicZng 4. After that, one can print the top layer using
705 silicone rubber. When adequately solidified, a sandwich structure can be obtained once taking off
the printed item from the basement. Compatible hybrid 3D printing of metal and nonmetal inks fully
embodies the good mechanical strength and electrical /thermal conductive of metal ink, and excellent
insulation of nonmetal ink, which makes the printing circuit applicable in a harsh environment.
Fassler et al. applied the common freeze-casting method to manufacture various liquid metal based
3D structures (Figure 11A) [101]. Ladd et al. tested the direct-writing microcomponents of the liquid
metal alloy for 3D free-standing liquid metal microstructures at room temperature [102]. Liquid metal
can also be employed as an injectable 3D bio-electrode to measure the electrocardiograph (ECG) or
electroencephalogram (EEG) [54,57,103].

(A) Subtractive technology:
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mm 0 00 000
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—

Figure 10. (A) Difference between subtractive and additive manufacturing technologies [99]
(Reproduced with permission from Kunnari, E.; Valkama, J.; Keskinen, M.; Mansikkamaiki, P.,
Environmental evaluation of new technology: Printed electronics case study.; published by Journal of
Cleaner Production, 2009.); (B) hybrid 3D printing process with BizsInyg ¢SnjsZng 4 and 705 silicone
rubber inks [64] (Reproduced with permission from Wang, L.; Liu, J., Compatible hybrid 3D printing of
metal and nonmetal inks for direct manufacture of end functional devices; published by Science China
Technological Sciences, 2014.).
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Figure 11. (A) The electronical components based on the liquid metal alloy [101] (Reproduced with
permission from Fassler, A.; Majidi, C., 3D structures of liquid-phase gain alloy embedded in pdms with
freeze casting; published by Lab on a Chip, 2013.); (B) liquid phase 3D printing method [100], (a) liquid
metal balls; (b) liquid metal rods; (c) cone structure; (d) cylinder structure (Reproduced with permission
from Wang, L.; Liu, J., Liquid phase 3D printing for quickly manufacturing conductive metal objects
with low melting point alloy ink; published by Science China Technological Sciences, 2014.)

3.3. Printing Devices

Liu et al. have delivered printers that have now been put into practical use (Table 3) [18,100].
Liquid metal circuit printers have completely changed the traditional mode, breaking the technical
bottleneck on personal electronics manufacturing, which makes it a reality to quickly fabricate
electronic circuits with extremely low costs. Through computer control, even people with no electronics
experience can download a circuit diagram from the Internet and print it directly. Inkjet printing
equipment is based on the liquid metal screen printing process. Through a USB cable, the printer
can connect with a computer to realize online printing, and can also print offline via an SD card.
Before printing one needs to prepare .gcode files to control the nozzle movement. A 3D Metal Printer
is a desktop fused deposition modeling (FDM) device; it substitutes traditional metal parts processing
to prepare metal parts with a complex spatial structure.
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Table 3. Three kinds of printers [69] (Reproduced with permission from Zheng, Y.; He, Z.; Gao, Y.; Liu, J.,
Direct desktop printed-circuits-on-paper flexible electronics; published by Scientific Reports, 2013.).

Liquid Metal Printer Personal Circuit Printer Ubiquitous Inkjet Printer 3D Metal Printer

Device type

Printed out items

electronic circuit; art; radio
frequency identification
label; antenna.

circuit; radar;
antenna; molds.

circuit; art; devices; rapid

Application Fields profotyping.

4. Typical Applications

As a novel electronic ink material, the flexibility and shape-preserving of the liquid metal alloy
allows it to play an important role in fabricating components and soft circuit. Its non-toxicity and
benign biocompatibility make it an implant material in the body, with uses such as the selected
low melting point metal skeleton material [51], high-resolution angiography contrast [52], biological
micro-droplets [95], nerve connection [35,36], human exoskeleton [104], and electronic skin [55,56,105].

The technology of directly printing liquid metal electronic circuit transforms conventional rigid
circuits process to flexible desktop manufacturing [106]. With a way to rapidly manufacture various
flexible household electronics with different functions, one can envisage that daily life will undergo
big changes in the near future. Imagine a quilt with flexible functional circuits containing temperature
or pressure sensors that can monitor human sleep quality and adjust the quilt temperature according
to body temperature to achieve intelligent heating or cooling. In fact, all of these needs can be
implemented by liquid metal flexible circuits. Liquid metal flexible printed electronics can be directly
printed on many soft substrates, and could be used to produce lots of complex artwork. Zhang et al.
demonstrated that even leaves can become a circuit board, which provides a solid theoretical basis for
the universality of liquid metal atomized spraying manufacturing flexible electronics [75].

Through the direct-writing method, Li et al. drew a liquid metal thermocouple on paper [85].
The liquid metal thermocouple has many special advantages, such as small contact resistance and
thermal resistance, no need for welding, and a wide working temperature zone. The thermoelectric
effect is the theoretical basis of thermocouple temperature measurement. The thermoelectric power
produced by the thermocouple has nothing to do with its shape or size, but relates to the composition of
the thermoelectric materials and the temperature difference between the two ends. The thermocouple
composed of Ga and EGaln not only has temperature sensing ability but also bending capacity.

Fassler et al. prepared two kinds of capacitors—the square wave capacitor and the spiral
capacitor—and a square planar spiral inductor [107]. They calculated the values of the capacitors
or inductor of various shapes via formula derivation. A soft-matter diode, a new type of flexible
functional equipment component with liquid metal electrodes, was developed by So et al. [29]. Because
the liquid metal EGaln electrodes’ sandwich layers are conductive forward from Ga,O, to Ga while
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nonconductive backward from Ga to Ga,Oy, the soft-matter diode has the function of limiting current
and can pass the current one-way through.

At the same time, because of its flexibility and fluidity, liquid alloy is widely used in sensors and
functional devices; Wu'’s group made important contributions to the field [108]. They revealed a liquid
alloy microfluidic stretchable large-area wireless strain antenna, consisting of two layers of liquid metal
alloy filled microfluidic channels in a silicone elastomer [109]. A stretchable ultra-high frequency radio
frequency identity tag printed on human skin demonstrated that liquid alloy microfluidic electronics
can be applied to electronic skin [56]. Liquid alloy microfluidic electronics can also be fabricated as
antennae with strong stretchability, rolled space [110,111], and liquid alloy microfluidic wireless power
transfer [97]. Matsuzaki et al. designed a wearable data glove with local strain sensing using GalnSn
elestrodes (Figure 12A) [59]; the data glove can judge the degree of finger bending according to the
change in resistance at different monitoring points. Krupenkin et al. modeled a footwear-embedded
microfluidic energy harvester, which is a wearable mechanical-to-electrical energy conversion based
on liquid metal microdroplets [60]. Meanwhile, the liquid metal Galinstan can fabricate a stretchable
loudspeaker to apply audio frequency electric signal (Figure 13A) [112]. When the liquid metal circuit
is cut off, once reconnected, it can work well without additional repairmen (Figure 13B) [113].

Figure 12. Sensors based on liquid metal deformation. (A) A wearable data glove with local strain
sensing using GaInSn elestrodes [59] (Reproduced with permission from Matsuzaki, R.; Tabayashi, K.,
Highly stretchable, global, and distributed local strain sensing line using gainsn electrodes for wearable
electronics; published by Advanced Functional Material, 2015.); (B) hyperelastic pressure sensors with
microchannels of conductive liquid metal alloy [114] (Reproduced with permission from Park, Y.-L.;
Majidi, C.; Kramer, R.; Berard, P.; Wood, R.J., Hyperelastic pressure sensing with a liquid-embedded
elastomer; published by Journal of Micromechanics and Microengineering, 2010.).
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Figure 13. The liquid metal flexible printed electronics functional devices. (A) The fabrication process
of the liquid metal stretchable loudspeaker [112] (Reproduced with permission from Jin, S.W.; Park, J.;
Hong, S.Y.; Park, H.; Jeong, Y.R; Park, J.; Lee, S.-S. ; Ha, ].S., Stretchable loudspeaker using liquid metal
microchannel; published by Scientific Reports, 2015.); (B) Physical separation (a) and reconnection
(b) of the liquid metal circuit with an LED [113] (Reproduced with permission from Li, G.; Wu, X,;
Lee, D.-W., A galinstan-based inkjet printing system for highly stretchable electronics with self-healing
capability; published by Lab on a Chip, 2016.).

5. Discussion and Conclusions

As new-generation inks for flexible printed electronics, liquid metals possess outstanding
versatility and specific merits of fluidity, conductivity, metallicity, and electromagnetic properties.
They thus offer tremendous opportunities for making future flectional electronic devices. However,
there are still challenges in preparing, processing, and utilizing high-performance inks. For example,
the low adhesion to many substrates, easy oxidation, and high surface tension of liquid alloy inks
still restrict the realization of high-precision, stable circuits. To solve such key issues, we can mix
the liquid metal with materials that are metal or non-metal. Therefore, new hybrid functional liquid
metal materials can be made with desired properties of semiconductivity, semi-flexibility, enhanced
adhesion, antioxidant ability, etc. This would enable the inks to adapt well to practical situations and
have more functions. For example, the liquid metal nanocrystallization can improve printing precision,
and one can modify the surface of liquid metal nanoparticles, e.g., by combining with the luminous
substance through metal bond to achieve the self-luminous colorful printing.

So far, liquid metal ink has already been printed on a wide range of soft substrates, such as
plate, paper, cloth, skin, leaves, and so on, which opens up many opportunities for making flexible
electronical components like sensors, actuators, wearable bioelectronics, electrical skin, etc. The
use of such diverse flexible substrates significantly enriches the application field of liquid metal
flexible printed electronics, and one can thus expand related practices from human beings to other
organisms such as animals and plants. For example, one can even print flexible circuits with features
of energy harvesting and light emission on leaves to capture the energy of swinging leaves to supply
light at night.

Various kinds of liquid metal printing technologies are enabling efficient circuit fabrication. At this
stage, a series of technological problems still need to be tackled, such as precise and reliable connection
between the printed liquid metal circuits with the traditional integrated circuits. High precision
printing is critical to achieve the liquid metal integrated circuits. Regarding the specific fabrication,
hybrid flexible printing with planar printing and 3D printing are worth trying. Furthermore, cooling
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of complex liquid metal circuits should be carefully monitored to avoid damage from the “thermal
barrier.” Meanwhile, encapsulation is often a necessity for making ending user devices. For instance,
long-lasting liquid metal skin electronics mainly depend on packaging technology. PDMS is often
applied to package liquid metal flexible circuits. However, for various substrates in different
environments, one needs to consider diverse encapsulation technologies to make the circuit more
secure in order to achieve the desired functionality. For applications in organisms, the non-toxicity
of packaging materials especially needs to be considered. Sometimes, liquid metal’s movement
and shape-shifting under the electric field can produce more self-configurational operations of the
circuits [106,107]. These unconventional, dynamically changing or self-destructive circuits are also
worth pursuing.

In summary, liquid metal flexible printed electronics break through the limitations of traditional
flexible electronics. The process of circuits manufacturing is straightforward, fast, stable, and relatively
compatible with existing integrated circuit technology. Liquid metal flexible printed electronics would
allow us to make high-quality products such as wearable devices, electronic skin, medical implants,
flexible display, and solar panels that will meet the coming demands. The existing liquid metal flexible
printed technology is a combination of a liquid metal soft circuit and rigid components or chips, so not
completely flexible electronics in the larger sense. At the same time, this kind of semi-flexible circuit
may partially limit its application. A basic significance of liquid metal flexible printed electronics lies in
the popularity of liquid metal printing technology: people can discretionarily print their personalized
flexible functional devices on any surface, which can significantly expand traditional electronics
engineering. By overcoming the problems in obtaining a high rate of good product, self-repair of
damaged circuits, long service life, low environmental pollution, and waste recycling, liquid metal
flexible printed electronics can contribute to a bright future.
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