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Abstract

Daily-life health monitoring using comfortable on-skin electronics is highly demanded for
improving the quality of life. Using high-performance on-skin electrodes to acquire high-quality
signals can improve the stability and accuracy of health monitoring. This study developed the gas-
permeable organic electrochemical transistor (OECT) as on-skin active electrodes for acquiring
and simultaneously amplifying the electrophysiological signals. The gas-permeability of the
electrodes eliminated the risk of irritation to the skin caused by the accumulation of moisture
between the sensor and skin. The superior electrical characteristics of the OECT were utilized to
acquire high-quality signals. The fibrous organic nanomesh formed by electrospinning was used
as the substrate for fabricating the gas-permeable nanomesh organic electrochemical transistor
(NMOECT). Gas-permeable porous solid-state polymer electrolyte (SPE) was developed to be
embedded with the NMOECT.

This study firstly developed the active elements onto the ultra-soft nanomesh substrate. The
NMOECT used as on-skin active electrodes to locally amplify the electrocardiographic signal was
demonstrated. The superior electrical characteristics of the NMOECT enable it to acquire high-
quality signals with higher amplitude and smaller output resistance was achieved. This research
expanded the function of the ultra-soft nanomesh electronics, also making the OECT applicable

for continuously wearing on-skin.

All details of the development of the gas-permeable OECTs are discussed in this thesis,
including the fabrication process, electrical characterization, numerical model, and the application

as an on-skin active electrode.



Chapter 1: Introduction and purpose of this research

1.1 Gas-permeable on-skin electronics for health monitoring

The demand for relieving the pain of healthcare and improving quality of life is growing
quickly® 2. Using the non- or low invasive methods/devices to monitor health conditions in daily
life is the most effective way to get the early disease warning and help people be informed about
the body condition®®. Skin is a suitable candidate to non-invasively acquire body information® °
There is a lot of human body information can be acquired from the skin surface, including the
electric?, physict*3 and chemical signals® * *°, as shown in Figure 11. These signals can reflect
the inside body's activities. On-skin electronics is an emerging technology that aims at developing
flexible electronics that can conformably be wear on the skin surface and monitoring the body

signals harmoniously.
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Figure 1. On-skin physiological signals that can be used for daily life health monitoring.

(Copied from the reference?)
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In recent years, the development of sensors is advancing a lot by incorporating the advances of
materials, mechanical, and electronics. A lot of on-skin sensors with novel functions and better
comfortability have been invented, as shown in Figure 22. These efforts are trying to build smart
skin that can monitor health conditions and improve the quality of life of human beings.
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Figure 2. The research progress of the skin electronics. (Copied from the reference?)

Among the signals from the skin surface, the electric signals are very informative to know the
health condition or inside-body activities %8, For example, the electrocardiographic (ECG) signal
acquired from the skin is used to know the health condition of the heart, which is the most widely
used heart monitoring or disease diagnosis method*®. The electrophysiological signals can be
loaded to the recording equipment by the electrodes that are attached to the skin surface. The

electrophysiological signals from the skin surface are very weak with a tiny amplitude of less than
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1 mV and a high output impedance of more than hundreds kilo-ohm?*®. The signals can be easily
affected by noise such as environmental electromagnetic or motion artifact'®. One method to
reduce the output impedance of the signal is using relatively larger electrodes that increase the
contact area with the skin®, since the impedance is inversely proportional to the contact area. On
the other hand, stable contact between the electrodes and skin can reduce the noise that comes
from the motion artifact, which can also improve the signal quality® *°. Conformal contact between
the electrodes and skin can not only increase the contact area but also maintain a stable contact
between electrode and skin, which is the advantage of using ultra-thin on-skin electrodes for signal

acquiring®®
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The main strategy to achieve better conformability is decreasing the thickness of the electrodes
Researchers demonstrated that the electrodes with a thickness less than 10 um can achieve a stable
contact with the skin?®, which eliminates the mismatch between skin during the motion. A
conformable contact between the electrodes and skin also increases the contacting area between
with skin, which also reduces the contact impedance of the electrodes, rendering the improvement
of signal quality. As shown in Figure 3(a), the ultra-thin electrodes are conformably laminated

onto the skin surface, high-quality EMG signals are acquired and utilized to control the robots?
Much thinner materials, such as graphene was also used, as shown in Figure 3(b), which makes

the electrodes even thinner and transparent, and highly reduces the influence to the normal daily

activities??
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Figure 4 Gas-permeable on-skin electronics in nanomesh structure. (a) On skin nanomesh
gas-permeable conductors (copied from reference 2°). (b) Nanomesh electrodes as in-vivo
electrophysiological sensors (copied from reference®*). (c) Nanomesh acoustic sensor for

continuous on-skin heart sound monitoring (copied from reference?).

While a lot of researches are focusing on developing novel functional device on the ultra-thin
substrate, and multi-modal signal acquisition from skin surface have been achieved, another
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important requirement of on-skin electronics is being concerned, which is the gas-permeability.
The on-skin electronics are designed for long-term and continuous health monitoring. However,
lack of gas-permeability will irritate the skin due to the accumulation of sweat between the skin
and the electronic devices?.

There are several structures of device structures to achieve the porous electronics enabling the
gas-permeability, such as sponge-like polymer?’, fibrous network?®, and laser-etched film?’. In
recent years, ultrathin fibrous nanomesh on-skin electronics have been proposed to solve the gas-
permeability issue?®. The nanomesh is a fibrous network structure with thickness in hundreds of
nanometers. Its porous structure allows the penetration of sweat while being used as on-skin
electrodes. This kind of nanomesh structure is a very promising approach for practical on-skin
electronics. Various nanomesh on-skin sensors have been developed, including
electrophysiological electrodes?*, strain sensors?’, pressure sensors 2, and acoustic sensors 2°.
Figure 4 shows the schematics and device structure of these gas-permeable nanomesh devices. The
devices were fabricated using electro-spun fibrous polymers. The devices are substrate-free or the
fibers are directly used as the substrate, rendering the gas-permeable structure of the devices.

1.2 Active on-skin electrophysiological electrodes

Although ultra-thin, gas-permeable on-skin electrophysiological electrodes have been
developed to build a very good interface between the electrode and the skin, the improvement of
the signal quality is limited. In the practical application, a pre-stage amplifier is usually used to
further reduce the output impedance and improve the amplitude of the acquired signals®®, as shown
in Figure 5(a). After the pre amplifier, the signal contains less output impedance, which can be
easily processed by the following components, such as using filters to cut the signals that are not
needed for health monitoring. Also, the signals after the amplifier have higher power, which can

be strong enough against the influence of noise®.

To further improve the quality of acquired signals, the active electrodes were proposed!. The
on-skin electrophysiological electrodes integrated with the amplifying elements are called active

electrodes. By using the active electrodes, the acquired signal can be immediately amplified before



loading to the recording equipment, as shown in Figure 5(a). The active electrodes can acquire

high-quality signals, which can be easily recorded and processed.
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Figure 5 (a) The schematic of an electrophysiological signal acquisition elements. (b) The
active electrodes using CNT-TFT (copied from reference®?), OTFT (copied from reference®?),

and OECT (copied from reference®*), respectively.

To achieve comfortable on-skin active electrodes, active elements such as transistors should be
flexible, so a good interface between skin can be formed. With the development of flexible
electronics technologies, many ultra-thin flexible transistors technologies have been implemented
for active electrophysiological electrodes. The representative flexible transistor technologies
include carbon nanotube-based thin-film transistor (CNT-TFT)%2 3% organic thin-film transistor
(OFTF)3 38 3% ‘and organic electrochemical transistor (OECT)*%*2, as shown in Figure 5(b). A
comparison of the basic electric characteristics of these technologies is shown in Table 1. Among
these technologies, the OECT utilizing electrochemical effect to achieve signal-transducing, shows

extremely high transconductance (g,, = AVg;/Alp) and low working voltage, besides, the OECT
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shows an easy fabrication process, rendering the OECT a promising candidate for the future on-

skin active electrode.

Table 1. The comparison between the flexible transistor technologies.

CNT-TFT % OTFT® OECT#*
Semiconductor CNT DNTT PEDOT:PSS
Mechanism Field effect Field effect Electrochemical
W:300 pm W:10 pm W:10 pm
Size
L: 10 pm L:1pum L:5pum
Vp -5V 2V -0.6V
gm = Alp/AVg 17.1pS 12 uS 2700 pS
gm/| Vol 3.42 psiv 95 uS/v 4500 puS/v
Gas-permeability No No No

As discussed in the above section, gas-permeability is essential for on-skin electronics.
However, all the reported on-skin active electrodes are in film-type structure without gas-
permeability, which could cause the inflammation of skin irritated by the accumulation of sweat.
One challenge is that the fabrication of the transistors into the irregular structure might cause
significant degradation to the device performance* #°. On the other hand, the transistor fabrication
process might not be compatible with the ultra-thin and soft substrate, which will damage the soft

structure. Developing the gas-permeable soft active electrodes is still facing the problem.

1.3 Organic electrochemical transistor (OECT) as active electrophysiological

electrodes
OECTSs are mostly developed as electrophysiological sensors®®: 34 40. 41, 4648 gnd chemical
sensors*®%*, OECT has a similar structure as the conventional field-effect transistor (FET), with

gate, drain, and source electrodes®. The gate and channel of OECT are coupled by electrolyte,
which does not need the precise control of the thickness of the dielectric layer, improving the yield
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of device fabrication, and the robustness against mechanic deformation is also excellent. The most
widely used channel materials for the OECT is poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT: PSS), which is a kind of semi-transparent p-type conductive polymer material.
The chemical structure and illustration of the PEDOT:PSS chains are shown in Figure 6. The
sulfonate anions of the PSS couple with the PEDOT, generating holes in the PEDOT. The
generated holes make the PEDOT: PSS system conductive. The PEDOT: PSS is in very high
conductance, usually used as a conductive layer for organic electronic devices °® %7, or directly
used as on-skin electrodes®* 1 %8, The anions of the PSS allow the doping of cations from the
electrolyte, and the conductance decreased accordingly, enabling the PEDOT:PSS semi-
conductive materials.

(a) (b)
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Figure 6. (a) Chemical structure of the PEDOT:PSS. (b) Illustration of the PEDOT:PSS

chains.

A typical structure of the OECT is shown in Figure 7. The voltage signal from the gate
electrode can control the movement of cations in the electrolyte. When a negative gate voltage was
applied to the gate electrode, cations decoupled with PSS anions, and the holes in the PEDOT
backbone increased, which made PEDOT more conductive, as shown in Figure 7(b). When a
positive gate voltage was applied to the gate electrode, cations were injected and coupled with PSS
anions, then the holes in the PEDOT backbone decreased, which made PEDOT less conductive,
as shown in Figure 7(c). So, the change of gate voltage AV, can change the conductivity of

PEDOT:PSS channel. With a bias voltage Vp , the change of drain current Al can be observed.

The movement of the ions in the electrolyte can be controlled by a small voltage, so the OECT
can work in a small voltage range. Besides, the doping of PEDOT: PSS happens in the whole

polymer layer, rendering high controllability of the gate voltage. Another important advantage of
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the OECT over the FET is the independence on the thickness of the dielectric layer, which makes
the fabrication of OECT easier. Usually, the high-performance FET relies on the thin dielectric
layer to enhance the control of the gate®®. However, the thin dielectric layer is easily broken during
mechanical deformation. OECT can use much thick electrolyte that is stable and robust, rendering

OECT durable against mechanical deformation.
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Figure 7. (a) Typical structure of an OECT device with a gate electrode, the cations in the
electrolyte will couple with anions in PSS and decrease density of holes in PEDOT backbone. (b)
The PEDOT:PSS becomes more conductive when a negative gate voltage is applied. (c) The

PEDOT:PSS becomes less conductive when a positive voltage is applied.

The response time of OECT usually in the microsecond to millisecond range, which is in kilo
hertz range in the frequency domain, and could be used in the bio signal range. Biological
electrophysiological signals are usually in the hundreds hertz range 6. The response of OECT is
fast enough for acquiring the full waveform of the electrophysiological signals. Utilizing the

OECT to amplify various electrophysiological signals has been demonstrated, such as
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electrooculography (EOG)*, electroencephalogram (EEG)*8, and electrocardiogram (ECG)3. The

output impedance of the signals significantly reduced after the amplification.

(a) (b)
VD. .E|D VD. tElD
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Figure 8. (a) Schematic of OECT. (b) Using the OECT as on-skin active electrode.

Figure 8 shows a schematic of using the OECT as the on-skin active electrophysiological
electrode. In this case, the gate electrode is not used, instead, the bio tissue or human skin are
directly coupled to the channel of OECT by the electrolyte, as shown in Figure 8(b). The potential
change on the tissue's surface controls the doping of ions into the PEDOT: PSS channel; the
electrophysiological signals are simultaneously acquired and amplified. High-quality signals can
be read. The output resistance of the signal is decided by the resistance of the OECT channel.
OECT is especially suitable for implanted in vivo measuring, where the fluids in the tissue can be
used as an electrolyte to support the function of OECT. For the on-skin applications, the solid-
state polymer electrolyte is needed to avoid the dysfunction caused by the dry of liquid electrolyte.
However, the gas-permeable OECT for on-skin application has not been developed before this

study.

1.4 Purpose of this research

The purpose of this research is to develop gas-permeable on-skin active electrodes, to
simultaneously acquire and locally amplify the electrophysiological signals, enabling high-quality
signal acquisition using ultra-soft and comfortable on-skin electrodes. The approach will make the

recording of high-quality electrophysiological signals easier and more comfortable.
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The conventional device fabrication processes are not compatible with the ultra-thin, flexible,
and gas-permeable substrates. Exploring the novel approach for device fabrication, including the
materials deposition, patterning, and characterization is needed. Understanding the difference
between devices in gas-permeable structure and in film structure is also essential. These methods
are meaningful for the future development of on-skin electronics. Besides, the proper design of
signal processing circuits is needed to coordinate the signals with existing signal recording

equipment.

The superior electrical characteristics of OECT is utilized to develop high-performance on-skin
active electrode. The method to fabricate the OECT into the gas-permeable structure was
investigated. Besides, the gas-permeable solid-state polymer electrolyte was developed to be
embedded with the OECT for the on-skin application. The converting and processing of the signal
acquired by the OECT were also investigated for practical applications.

This thesis is organized as follows:

In Chapter 1, the background of the on-skin gas-permeable electrodes and the active electrodes
for electrophysiological signal acquiring are presented and discussed. The basic knowledge of the
OECT is also introduced.

In Chapter 2, the development of the fibrous nanomesh organic electrochemical transistor
(NMOECT) was discussed. The process of fabricating the device on the ultra-thin nanomesh
substrate was discussed. The spray coating was utilized to coat the PEDOT:PSS polymer as the
channel of the NMOECT. The thickness of the PEDOT:PSS could be controlled to several
hundreds of nanometers. The process was optimized to maintain the gas-permeability of the
nanomesh substrate. The steady-state and dynamic electrical performance of the NMOECT were
characterized. We demonstrated the NMOECT is robust against mechanical bending, rendering it
suitable for the on-skin application. The model used to better fit the electrical characteristics of the

NMOECT was also proposed.

In Chapter 3, the demonstration of using the NMOECT as the on-skin electrocardiographic
(ECG) electrode was investigated. The setup to make the signal read by NMOECT readable by the
conventional equipment was designed. The ECG signals read by NMOECT electrodes were

presented and analyzed. The amplifying characteristics of the NMOECT with various supply
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voltages and loading resistors were characterized. The locally amplified electrocardiography (ECG)
signals acquired by the NMOECT electrodes were demonstrated, and analog filters were utilized
to cut the DC voltage in amplified signals for the first time. The high signal-to-noise ratio (SNR)
of 25.896 dB was achieved in the ECG signals acquired by the NMOECT. A feasible setup for

wireless reading the electrophysiological signals acquired by the NMOECT was also proposed.

In Chapter 4, the porous chitosan-based electrolyte was developed to be embedded with the
NMOECT, to make the gas-permeable electrolyte embedded OECT. The natural polymer
chitosan-based porous SPE was developed using the freezing dry process. The composition of the
SPE was optimized. We discussed the development of the fabrication process to form the porous
structure of the SPE and the NMOECT embedded with the porous SPE, enabling the gas-
permeability on-skin active electrodes. The composition of the porous SPE was optimized to form
the porous structure, at the same time maintaining sufficient ion conductivity. The porous SPE
embedded NMOECT fully utilizes the high humidity environment of the skin surface to achieve
sufficient response speed for ECG signal acquiring.

In Chapter 5, we summarized the main achievement of this research and discussed the prospect
of the research on the gas-permeable on-skin active electrodes. The possible approaches to further
improve the performance of the on-skin active electrodes were proposed.
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Chapter 2: Nanomesh organic electrochemical transistor (NMOECT)

As discussed in the last chapter, the conventional OECT consists of channel part (drain/source,
and polymer channel), gate electrodes, and electrolyte. For on-skin application, the skin can be
regarded as the gate. When the channel part is connected to the skin and loaded with electrolyte,
the potential change on the skin surface can be recorded by measuring the current change in the
channel with a drain voltage, as shown in Figure 8(b). The channel part of the OECT and the
electrolyte form an on-skin electrode. In this study, we proposed fabricating the channel parts of
OECT onto the fibrous nanomesh substrate, which allows the gas-permeability of the OECT. This
chapter will discuss the details about the NMOECT, including the fabrication process, the basic
electrical characterization, and the stability against mechanic deformation. In this chapter, the
liquid electrolyte was used for device characterization. In chapter 4, the study of the gas-permeable
solid-state polymer electrolyte will be discussed, which can be embedded with the NMOECT and
be used as gas-permeable on-skin active electrodes.

2.1 Fabrication process of NMOECT

PEDOT:PSS on nanomesh

Au on nanomesh

A
Nanomesh y \is\\\

substrate Wiring nanomesh ) \<>
(Parylene/Au on nanomesh) N

Figure 9. The conceptive schematic of the channel part of the NMOECT.

To fabricate the gas-permeable OECT electrode, the fibrous nanomesh substrate was
implemented for device fabrication. The device structure was conceived as shown in Figure 9. In
this structure, the Au was evaporated onto the nanomesh, forming a porous conductive fibrous
nanomesh, being used as drain/source electrode. The parylene was coated onto parts of the Au, to
encapsulate the Au and avoid the direct contact between electrolyte and conductive Au, which can
reduce the leakage current. The PEDOT:PSS was coated onto the area between drain and source
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electrode, working as the channel of the NMOECT. The whole device is in a porous structure. The

following parts will describe the details about the device fabrication.

(a)

Feeding
controller ]  Syringe

Lé PU solution
)

High voltage
[V] 20kv)

Needle

PU fibers

Silicone coated
paper

5 ¥

Figure 10. (a) Setup of an electrospinning equipment. (b) Optical image of the fabricated
fibrous PU nanomesh. (scale bar: 30 pum)

First, the electrospinning was used to form the fibrous network sheet for device fabrication. The
setup is illustrated in Figure 10(a). A 15% Polyurethane (PU) solution was made (Rezamin M-
8115LP) with a solvent [N,N-dimethylformamide (DMF)/methyl ethyl ketone at a weight ratio of
7:3]. During electrospinning, the PU solution was placed in a syringe with a 27G needle, and a
silicone-coated paper (TOYO ALUMINIUM EKCO PRODUCTS Co., Ltd.) was placed on the
grounded counter electrode. A voltage of 20 kV was applied between the needle and the ground,
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then the PU fibers were formed and coated onto the silicone-coated paper. The feed rate of the
syringe was 0.6 mL/h. The total electrospinning time was 4 min. After the process, a sheet of
fibrous PU was formed on the surface of the silicone-coated paper. The optical image of the
fabricated PU nanomesh is shown in Figure 10 (b).

The nanomesh is extremely soft and easily broken during the fabrication process. To
temporarily holding the nanomesh, a 2 um parylene on 125 um polyimide (PI) frame was made
and used as supporting film. The fabrication flow of the parylene/polyimide frame is shown in
Figure 11 (a) to (c). A fluorescent layer of NOVEC was coated onto the PI film by spinning coating,
which was used to reduce the adhesion between the PI film and the later coated parylene layer.
Then the parylene layer was coated onto the PI film by chemical vapor deposition (CVD), which
was used as the final support frame for manipulating the NMOECT. After that, an open window
(5 mm x 4 mm) as shown in Figure 11 (c) was cut using a laser cutter. Later the PU fibrous sheet

will be laminated onto the frame, forming a freestanding fibrous sheet on the open area.

1. Make temporary substrate for processes during fabrication

(a) Polyimide film (b) CVD parylene  (c) Frame cut by laser
(coated with fluorinated polymer)

Figure 11. The process of making the supporting frame for device fabrication

Then, the PU fibrous sheet was coated onto the silicone-coated paper, using the electrospinning
method as shown in Figure 10(a). The PU fibrous sheet can be easily peeled off from the silicone-

coated paper.

2. Fabricate PU nanomesh sheets

(a) Silicone coated paper (b) E-spinning PU fibers  (¢) peel off nanomesh
to form nanomesh sheet ¢phoet

Figure 12. The process of making the fibrous PU sheet.
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Next step, the peeled-off PU fibrous sheet was transferred to the frame that we made before. As
shown in Figure 13 (a). To enhance the connecting junction between fibers, another 250-nm
parylene was coated onto the nanomesh using chemical vapor depositing (CVD) system. The CVD
can achieve the uniform coating of parylene around the fibers, as shown in Figure 13(b). Then the
100 nm Au drain/source electrodes and wires were coated by physical vapor deposition (PVD) and
patterned by a shadow mask. The width and length of the transistor were designed to be 200 um
and 100 pum respectively. Then, to avoid the leakage current from the gate to the wires, a 250 nm
parylene was coated by CVD as encapsulation. After that, the drain and source electrodes at the
channel parts was exposed by reactive ion etch (RIE). Next, the channel polymer PEDOT: PSS
was coated by the spray coating method. The coating of PEDOT:PSS will be discussed in the
following parts. The fabrication steps are shown in Figure 13 (a) to (f).

....................................................................................................

(a) Transfer nanomesh (b) CVD Parylene
sheet onto frame

1
I
1
1
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1

Cross-section ‘\

PU fiber
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PU fiber

(d) CVD Parylene (e) RIE (f) Spray coating

(Encapsulation) (Expose electrode) PEDOT:PSS

Parylene
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PU fiber

Figure 13. The process of fabricating the OECT on to the nanomesh substrate.
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After the fabrication finished, the device was peeled off from the polyimide frame together with
the 2 um parylene, and the parylene was used as a supporting layer for the freestanding NMOECT.
The thin parylene layer can release the mechanical mismatch between the nanomesh and the
recording components of characterizing equipment, to avoid the damage of the NMOECT during

the characterization, as shown in Figure 14.

4. Cut and Peel off device (OECT on nanomesh connected with Au/parylene pad)
' from supporting frame

Device cut by laser i
<—Nanomesh i

| «—Parylene film

Figure 14. Peel off the NMOECT from the supporting frame.
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Figure 15. Specimen fabrication and tensile testing of the nanomesh substrate. (a) Polyimide
(P film (125 um) spincoated with a fluorinated polymer layer on top, as the supporting film, for
easily holding during process. (b) Chemical vapor deposit (CVD) a 2-um parylene film on the Pl

film. (c) Cut a window (5 mm x 3 mm) on the parylene/P1 film using a laser, forming a window
frame to make nanomesh freestanding. (d) Transfer the PU nanomesh onto the window frame.
(e) Deposit 500-nm parylene on the PU nanomesh. (f) Cut the parylene/PI film. (g) Peel off the

parylene from PI film, forming a freestanding nanomesh (3 mm x 3 mm) with two parylene film
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holders on both sides. (h) The specimen is holding by grips of testing system, which extends the

sample and measure the forces. (i) Results of the tensile testing.

The stiffness of the device was characterized by tensile testing. The experiment was performed
in a high-precision mechanical system (AG-X, Shimazu) using a standard tensile testing method.
The PU nanomesh was transferred to parylene (2 um)/polyimide (125 pum) window frame film and
then coated 500-nm parylene, identical with the nanomesh substrated used for the fabrication of
NMOECT. Then the frame was cut and the parylene was peeled off to form the specimen for the
test, as shown in Figure 15 (a) to (g). The schematic of the final specimen is shown in Figure 15(g),
with two parylene films on the edges, between which is the nanomesh sample. Peeling of thin
parylene window frame from polyimide film (125 um) was done to avoid the damage caused by
the mechanical mismatch between thin freestanding nanomesh (~1.2 um) and the thicker
polyimide film (125 pum). The two parylene films were fixed to the grips of the testing system.
After that, the grips slowly extending the specimen, and the elongation (AL) between the grips was

recorded against the applied force (Force) of the grips simultaneously, as shown in Figure 15 (h).

The initial length of nanomesh was set to L, then the strain was calculated as %. The tensile
0
stiffness was plotted by Force versus strain, as shown in Figure 15(i).

Table 2. Comparison of PEDOT: PSS coating methods.

Spin coating % Drop coating * Spray coating
Thickness range 50 nm ~ 357 nm ~Hm 100 nm to ~pum
Soft substrate Difficult Possible Possible
Uniformity Good Limited Good
Pattern method Lift-off / Etch Lift-off / Etch Shadow mask

The PEDOT:PSS channel is the most important layer for the NMOECT. Properly control the
coating of PEDOT:PSS is essential for controlling the performance of NMOECT and maintain the
gas-permeable structure of nanomesh. As shown in Figure 16, without the proper control of
PEDOT:PSS coating, the pores of the nanomesh will be blocked after coating, which eliminates
the gas-permeability of the device, on the contrary with the target to make the gas-permeable
NMOECT. Conventionally, for the film-type OECT, the spin coating is widely used, as it can
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coat a thin and uniform layer®. However, it cannot be used for depositing on the ultra-soft and
gas-permeable nanomesh substrate. Here, the deposition of the PEDOT:PSS is going to be

discussed.

(b)

) e~ f .
s A

A7

L bt

/4

"/
\

<

K

>

Figure 16. Coating of PEDOT:PSS on nanomesh without optimization. (a) The nanomesh
substrate (scale bar: 20 um). (b) The nanomesh after coated with PEDOT: PSS (scale bar: 20

pm).

Table 2 shows the typical coating method of PEDOT:PSS, including spin coating, drop coating
and spray coating. The spinning coating is the most used method to coat the PEDOT:PSS for the
fabrication of OECT?6 47-61. g thin layer with a thickness of tens nanometers can be formed.
However, the substrate should be uniform and smooth for coating high-quality film using spinning
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coating, which is not applicable for coating the PEDOT:PSS to the fibrous nanomesh substrate.
Drop coating is easy and can coat the polymer materials to a broad type of substrate, but the drop
coating is implemented to coat thick film with a thickness of hundreds of micrometers®, which is
too thick for the OECT operation. Thick PEDOT:PSS layer will block the pores of the nanoemsh,
and also slow down the response of the OECT. In this study, the spray coating was picked to coat
the PEDOT:PSS onto the nanomesh. The spray coating is suitable for coating materials on the
irregular substrate and can deposit thin film with a thickness of hundreds of nanometer®, and the
patterning is also easier compare with the spin coating. The thin and small thickness of
PEDOT:PSS layer can keep the porosity of the nanomesh, also it is essential to achieve high-speed
OECT characteristics.

The following part will discuss the approaches to maintain the gas-permeable structure after
coating the polymer materials. The electrical performance of the NMOECT after coated with
PEDOT:PSS will also be discussed in the next section.
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Figure 17. The schematic of the spray coating system.

A schematic of the spray coating system used in this study is shown in Figure 17. The atomized
nitrogen gas was used to compress the PEDOT:PSS solution to be mist and eject from the nozzle
at a high speed. The solution was split up to be a beam of solution spray and finally reach the

substrate. The nanomesh with supporting frame was suspended by two 10 cm high holders
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underneath. During the coating process, the nozzle was moving in both the x-axis and y-axis
direction with a speed of 200 mm/s. The coated solution was patterned by a shadow mask that
defines the channel patterns. After coated with the solution, the sample was dried and annealed
under 140 °C in the oven for 1 hour.

The thickness of the coated PEDOT: PSS was firstly characterized by using parylene coated
glass as the substrate. We first optimized the movement speed of the nozzle, the pressure of the
atomized gas, and the open area of the nozzle, to get a uniform layer. Then, the amount of
PEDOT:PSS was controlled by controlling the spray coating cycles, which was increased with the
increasing of coating cycles. The thickness is measured by the profiler. The resul is shown in
Figure 18. The thickness can be varied from 80 nm to 500 nm for one-cycle coating to four-cycle
coating respectively. The results reveal that the system can coat hundreds of nanometer level
PEDOT:PSS film.
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Figure 18. The thickness of PEDOT:PSS coated on parylene/glass with various coating

cycles.

To maintain the gas permeability of the nanomesh after coating of the PEDOT:PSS. In this
study, the fiber density of nanomesh and coated amount of PEDOT:PSS was optimized, to
maintain the gas-permeable structure and keep the good electrical performance of the NMOECT.
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Figure 19 shows results of coating PEDOT:PSS onto the high-density nanomesh and low-
density nanomesh respectively. On the high-density nanomesh, most of the pores will be blocked,
while on the low-density nanomesh, most pores can be maintained. To keep the gas-permeability
of the NMOECT, low-density nanomesh was used in the fabrication.

Figure 19. The PEDOT:PSS coated on to the nanomesh with (a) high fiber density and (b)
low fiber density (scale bar: 20 pum).

Another optimization is the amount of coated PEDOT:PSS on the nanomesh. Even on the low-

density nanomesh, coat a large amount of PEDOT:PSS will also result in the block of pores of the
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nanomesh, which reduces the gas-permeability of the device, as the result shown in Figure 20. The
nanomesh coated with less PEDOT:PSS shows a better porous structure.

(a)

(b)

Figure 20. The PEDOT:PSS coated on to the nanomesh with different amount of
PEDOT:PSS. (a) Four cycles spray coating. (b) Two cycles spray coating. (scale bar: 20 um).

To maintain the gas-permeability of the device, and keep the NMOECT with adequate electrical
performance, in this study, the fibrous sheet formed by four-minutes electrospinning was used as
substrate. The spray coating was also optimized to coat the PEDOT:PSS less than 500 nm.

The microstructure with a smaller scale was checked by SEM image. The SEM image of a

fabricated NMOECT is shown in Figure 21 (a). The drain/source electrodes, and the polymer
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channel are in a porous structure. The PEDOT:PSS is conductive, which is showing the white color
in the SEM image. In the channel area, most parts are still porous that ensures gas-permeability,
while some pores of the nanomesh are blocked by the PEDOT:PSS film, as shown in Figure 21(c)
and Figure 21(d).

Nanomeshsubstrate”

Figure 21. SEM image of the fabricated NMOECT with various scale bar values.

The image of a fabricated NMOECT electrode that is laminated onto the skin surface is shown
in Figure 22. The NMOECT electrode is conformably attached to the skin surface. The Au
electrodes on the parylene film are used for characterization in the research, to reduce the
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mechanical mismatch between the device and external cables, which can be replaced by the other

gas-permeable wiring technologies®* in future on-skin applications.

(a) (b)
NMOECT on finger skin
: a PEDOT:PSS on nanomesh

Wiring nanomesh

Wiring Pad (Parylene/Au on nanomesh)

(Au on parylene) [—

Figure 22. (a) A NMOECT electrodes on the skin of a finger. (Scale bar: 5 mm) (b) The
enlarged NMOECT electrode. (Scale bar: 1 mm).

2.2 Electrical characteristics of the NMOECT

To characterizing the electrical performance of the NMOECT, a planer gate with PEDOT/Au
structure was also coated and patterned during device fabrication. The gate was used for loading
the controllable signals from the measurement equipement (semiconductor analyzer) to the
NMOECT, which can be used to quantificational characterizing the device, such as
transconductance, response speed, and so on. Two devices with different patterns are shown in
Figure 23. The area of the gate is much larger than the channel size, and the PEDOT:PSS on the
gate was used, to reduce the impedance between gate and electrolyte and avoid the voltage drop
on the gate electrode®?. The parylene frame was used to support and manipulate the device during
characterization. The gold wires are extended from the nanomesh to the parylene frame, to reduce
the mechanical mismatch between the characterizing cables and the NMOECT. The cables were
connected with the pads by tapes. Phosphate-buffered saline (PBS) solution was used as the
electrolyte. The PBS solution is widely used to simulate the liquid environment in the tissue, which
is in good biocompatibility, can also be used for the on-skin application. The PBS solution has an
ion conductivity around 0.01 S/m, which is sufficiently high for the operation of the OECTS, and
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the intrinsic performance of the NMOECT can be observed. In Chapter 4, the solid-state polymer
electrolyte is developed and embedded with the NMOECT for the practice application.

(a) Parylene frame (b)  Parylene frame

v/ - -

ey =

o . |
| 1 |

1 | Nanomesh -————"’:_ v B _|
jmg W

Nanomesh /"':_

!

Figure 23. Two patterns of the fabricated NMOECT for electrical characterization (scale
bar: 5 mm).

The setup for the characterization of the NMOECT is shown in Figure 24. The top-view
schematic and real device are shown in Figure 24(b) and (c) respectively. As discussed in the
section on device fabrication, the parylene/PI frame was used as the supporting layer during the
fabrication and characterization. The NMOECTs were not peeled off from PI supporting film
during electrical characterization, for easily handling the devices. A 5-uL PBS solution was
dripped onto the channel part of NMOECTS that was suspended on glass beneath the edge of Pl
film, to avoid PBS solution contact with the surface beneath the device. The droplet of PBS
solution was confined on the channel because of the surface tension of PBS solution, as shown in
Figure 24(a). The PBS solution connected the gate electrode and the channel part. The gate, drain,
and source wiring pads were connected to the copper wire using tapes to the semiconductor
analyzer for inputting and outputting signals, as shown in Figure 24(c). The I-V electrical
characterization of the NMOECT was conducted in a semiconductor analyzer (Keysight B1500)
using a source measure unit (SMU) module. The time response of the NMOECT was measured by
the waveform generator/fast measurement unit (WGFMU) module.
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(a) Cross-section schematic of channel part
PBS solution

vgs.pL PBS solution

Au i
PEDOT:PSS |
I Nanomesh

_____________________________________________________________________________________________________________________

(b) Top-view illustration
PBS solution

Pl frame

nanomesh PBS solution

19zAjeue
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Glass

nanomesh Pl frame TN

Figure 24. The device setup for electrical performance characterization. (a) Cross-section
schematic of the channel part of NMOECT during characterization. (b) Top-view schematic of
the NMOECT used for electrical characterization. (c) Photography of the actual device during

the characterization (scale bar: 5 mm).

The electrical performance of NMOECT is dependant on the amount of PEDOT:PSS coated on
the channel part. To characterize the electrical characteristics systematically, in this study, the
NMOECT with various amounts of coated PEDOT:PSS were fabricated. All the fabrication
processes were identical except for the coating of PEDOT:PSS. The amounts of coated
PEDOT:PSS were controlled by varying the repeating times of the spray coating cycle from one

to four times.

First is the measurement of the steady-state characteristics, including the transfer curves (Ip —
V) and output curves (Ip — Vp), as shown in Figure 25. During the measurement, the source
electrodes were connected to 0 V, while the gate and drain electrodes were applied with voltage
signals. The transfer curves were measured under V, = —0.6 V while the gate voltage (V) was
swept from -0.3 V to 0.3 V. The transfer curves are plotted in black solid lines. The NMOECT
exhibits typical P-type depletion-mode transistor behaviors; the absolute value of the drain current

decreases when the gate voltage was swept towards the positive direction.
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Figure 25. (a—d) Transfer curve (black) and corresponding transconductance (blue) and
output curves of NMOECT with PEDOT:PSS spray coating for (a) one cycle, (b) two cycles, (c)

three cycles, and (d) four cycles.
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The transconductance in each figure was extracted from the transfer curve by the following

equation:

Alp

—— 1
The g, represents the ability to transfer the change of gate voltage to the change of drain
current. The transconductance values versus gate voltage are plotted using blue dashed lines in

Figure 25.

For the output curves, the drain voltage V,, was swept from -0.6 V to 0 V, while the gate voltage
V; was biased from -0.3 V to 0.3 V with a step of 0.1 V. The output curves in Figure 25 show a
good ohmic contact between the channel and drain/source electrodes. They also reveal that the
PEDOT:PSS based OECT is rarely working in the saturation region. According to the theoretical
equation fitting of the experimental results, a threshold voltage of 0.75 V can be extracted. So the
pinch-off voltage is in the range of -1.05 V to -0.45 V corresponding to the gate voltage from -0.3
V to 0.3 V. So at Vp = —0.6 'V, only the V; > 0.15 V is showing the pinch-off behavior or
saturation region. The detail about the fitting of the characteristics of the performance of NMOECT

will be discussed in the next section.

11
10F

09 B .

. —1
ool §/
04l E/

0.3}

Im, max (MS)

1 2 3 4
Spraying cycles

Figure 26. The maximum transconductance of NMOECTSs with various amount of
PEDOT:PSS.
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To see the variation, the NMOECTSs with various amount of PEDOT:PSS were fabricated multi
times. The statistic results of the maximum transconductance (g, max) are plotted in Figure 26.
The g max INcreased with the increasing amount of the PEDOT:PSS, while a larger variation was

also observed. A maximum transconductance from 0.38 to 0.88 mS was observed in each figure.
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Figure 27. Results of response speed of the NMOECT with various amount of coated
PEDOT:PSS.

The above characterizations are steady-state performance, which is using slow signal sweep to
make sure that the NMOECT fully responds to applied signals. However, if the change of applied
signal is too fast, the response of NMOECT might not follow the change. A NMOECT with enough
fast response speed is necessary to fully acquire the electrophysiological signals. To investigate
the dynamic response speed of the NMOECT, the response time was extracted from the change of
drain currents caused by an applied gate pulse, as shown in Figure 27. A gate pulse of 10 ms with
amplitude of 100 mV was applied to the gate, while the drain voltage was biased at -0.6 V. A
current change could be observed. By fitting the current change using the following exponential

decay equation, the time constant can be extracted.
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t—to
Alp = Alp ax (1 —e T ) (2)

Alp is the change of drain current, Al .4, is the change of drain current when the NMOECT
fully responds to the gate pulse. t, is the time when the gate voltage was applied. t is the time

constant and also the parameter used to define the response time of the NMOECT.

The results in Figure 27 show that with an increasing amount of PEDOT:PSS, the response
times of the NMOECTS increased from 361 to 636 us, revealing that the bandwidths of the
NMOECTs are more than 1 kHz, which can fully cover all frequency ranges of bio-

electrophysiological signals.
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Figure 28. Dynamic drain current responses to a gate pulse with 10-ms width (top black

curve) at V, = —0.6V. The amplitudes of gate pulses are (a) 50 mV and (b) 100 mV respectively.
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In the experiment of characterizing the response speed, the influence of the amplitudes of gate
pulse can be neglected, as shown in Figure 28. The response times were measured by using 0.1 V
and 0.05 V gate pulse respectively. The time constants were estimated to 332 ps and 328 ps
respectively, with only a 1.2 % difference. According to the physics mechanism of OECT®, the
transient behavior of an OECT can be modeled by a charging ionic current between the gate and
channel, using an equivalent circuit consisting of a resistor in series with a capacitor (RC circuit).
This equivalent circuit implies that the time required for the channel current in an OECT to respond
to a change in the gate voltage is characterized by an RC time constant defined by the ionic circuit
between the gate and channel. For the RC charging model, the time constant is irrelevant to the

applied voltage, so the applied voltage does not matter for the time constant.
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Figure 29. The response time of NMOECTSs with various amount of PEDOT:PSS.

The statisctic results of the response time are also plotted versus spray-coating cycles,
respectively, as shown in Figure 29, to show the relationship between the amount of the
PEDOT:PSS and electrical performance. The response time increased with an increasing amount
of PEDOT:PSS. A deviation of about 25.6% was observed due to the randomly distributed
nanomesh structure and the formation of freestanding PEDOT:PSS film. Although the maximum

transconductance increased with the increasing amount of PEDOT:PSS, the response time
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increased because more time was needed for fully doping or de-doping the ions into the
PEDOT:PSS. A relatively large deviation was observed in this study. In the future, novel coating
methods that can uniformly coat the PEDOT:PSS onto the surface of nanomesh fibers can be
utilized for solving this issue. In the actual application as on-skin active electrodes, NMOECTSs
with two cycles of spray coating were chosen for experiments and demonstrations because they

are more gas-permeable and have enough high transconductance, which is preferable for on-skin

use.
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Figure 30. The comparison of OECT fabricated on glass substrate and nanomesh substrate.

(a) transfer curves. (b) Transconductance.
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Figure 31. The comparison of OECT fabricated on high-density nanomesh and low-density

nanomesh. (a) transfer curves. (b) Transconductance.

One concern of the NMOECT is the influence of the non-uniform structure comparing with the
film-type device. To investigate the effect of the porous nanomesh structure on the performance
of the NMOECT, we fabricated the OECT using the glass as the substrate and follow the identical
fabrication process of the NMOECT. The steady-state electrical characteristics of the OECT on
nanomesh and glass were compared. The results are shown in Figure 30. To make the comparison
clear, the data were normalized. The OECT on nanomesh has smaller drain currents and less

transconductance, which is about 40% of the OECT on glass. The porous nanomesh structure
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makes the polymer channel less continuous, resulting in higher channel conductance, so the drain

current decreases. At the same time, the transconductance was also decreased.

The fiber density of the nanomesh substrate also affects the continuity of the coated
PEDOT:PSS. On the high-density nanomesh, the PEDOT:PSS tends to fill more pores, forming
more continuous film, which results in lower channel resistance. To exam this effect, the
NMOECTSs were fabricated on low-density nanomesh and high-density nanomesh with identical
fabrication processes respectively. The densities of the fibers were controlled by controlling the
electrospinning time. The time for forming low-density and high-density nanomesh were 4 minutes
and 10 minutes respectively. The electrical performances of the NMOECTSs were compared, as
shown in Figure 31. The results were normalized to show easier comparison. From the results, we
can see that the NMOECT on higher fibrous density shows a higher drain current and higher
transconductance. However, the high-density nanomesh is less porous, as discussed before. For
the NMOECT used as on-skin electrodes, a more porous structure is prepared because of its better
gas-permeability. Therefore, the low-density nanomesh was used for the fabrication of our

electrophysiological electrodes.

One limitation of the organic materials-based electronic device is the instability after repeating
use. To check the stability, the cycling measurements of transfer curves and transconductances of
NMOECT were performed. The transfer curves of the NMOECT were measured for 100
consecutive cycles, as shown in Figure 32 (a), with depicting every 25 cycles. The normalized
transconductance at Ve=0 V for each cycle is plotted in Figure 32 (b). After 100 cycles, the
transconductance of the PEDOT:PSS degraded to 88% of the initial device. The cycling stability
is consistent with previously reported PEDOT:PSS based OECT®,
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Figure 32. (a) Cycling measured transfer curves of NMOECT. The device was measured for

100 consecutive cycles at Vp = —0.6 V, and the normalized transfer curves of 1%, 25t 5ot 75t

and 100" cycles are plotted. (b) The normalized transconductances at Vc=0 V of each transfer

curves.

2.3 Mechanical durability of the NMOECT

The human skin is not flat and can be stretched during daily-life activities®®. The on-skin
electrodes should be durable against mechanical deformation during real application. To
investigate the durability against the mechanical deformation of the NMOECT, the mechanical
bending was loaded to the NMOECTSs. We measured the transfer curves of the NMOECTSs after

bending with various bending diameters. Repeating bending experiments were also performed.
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Figure 33. The mechanical bending characterization of the NMOECT with bending direction
perpendicular to the channel. (a) The planer NMOECT with parylene frame before bending
(scale bar: 5 mm). (b) The NMOECT is in bending state (The photo shows that the device is bent
with diameter of 0.56 mm). (c) The schematic of bending state of the OECT. (d-e) The
normalized transfer curves and transconductance at Ve=0 V of the NMOECT in various bending
diameter from 0.56 mm to 10 mm, respectively. (f) The normalized transconductances of
NMOECT during 100 bending cycles at Ve=0 V, the transfer curves were measured after each

10 mechanical bend.

The NMOECT is in a 2-D layout, so the bending direction could be either perpendicular or
parallel to the drain-channel-source direction. To control the bending direction and bending area,
two different patterns of NMOECTSs were fabricated. As shown in Figure 33 (a) and Figure 34 (a).
The device fabricated for bending experiments was in an in-plane gate structure, with gate
electrodes close to the channel. To avoid the effect of rigid parts during bending (the connection
wires), the wiring pads parts were kept stable and the bends were always in the same direction,
while the channels were designed to be bent perpendicularly or parallel to the bending direction
respectively, as shown in Figure 33 (b) (c) and Figure 34 (b) (c). First, the influence of the bending

diameters was checked. The NMOECT was bent to various bending diameters from 10 mm to 0.56
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mm, and the transfer curves were measured after each bending. To check the repeatability, the
bending with a diameter of 0.56 mm is repeated for 100 cycles. The results are shown in Figure
33 (d) to (f) and Figure 34 (d) to (f). The transconductance of the NMOECT kept practically
unchanged after bending in diameters from 10 mm to 0.56 mm, for both the parallel and
perpendicular bending. After repeating bending in a diameter of 0.56 mm for 100 cycles, the
degradation of the transconductance were less than 2.93 % and 3.67 % in the perpendicular or

parallel direction respectively, revealing the good flexibility of the NMOECTS.
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Figure 34. The mechanical bending characterization of the NMOECT with bending direction
parallel to the channel. (a) The planer NMOECT with parylene frame before bending (scale bar:
5 mm). (b) The NMOECT is in bending state (The photo shows that the device is bent with a
diameter of 0.56 mm). (c) The schematic of the bending state of the OECT. (d-e) The normalized
transfer curves and transconductance at V=0 V of the NMOECT in various bending diameter
from 0.56 mm to 10 mm, respectively. (f) The normalized transconductances of NMOECT during
100 bending cycles at Vec=0 V, the transfer curves were measured after each 10 mechanical
bend.

An even more serious deformation was also implemented to the NMOECT, as shown in Figure

35 (a), the shape of the device can be recovered after crumping. The transfer curves before and
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after the crumping were measured, as shown in Figure 35 (b), revealing that the degradation of the
transfer curves can be neglected after the crumpling deformation. The results suggest that the
NMOECT is in excellent flexibility against the mechanical bending, rendering it suitable as the
on-skin electrode.
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Figure 35. Electrical performance of a four-cycle-spray-coating NMOECT before and after
crumpling. (a) The planer NMOECT with parylene frame before, during, and after crumpling,
respectively (scale bar: 5 mm). (b) The transfer curves at Vp=-0.6 V of the NMOECT before and

after crumpling, respectively.
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2.4 Models of the NMOECT

To more deeply understanding the performance of the NMOECTSs and properly design the
circuit and connection during the application, the mathematical equations that describe the channel
currents under the controlling of gate voltage and drain voltages are utilized to fit the experimental
data of electrical performance. The model can be used to fit the experimental data. The parameters
used in the model, such as the threshold voltage, can be used to explain the characteristics of the
NMOECT.

The conventional models used to fit the steady-state of NMOECT was originally proposed by
Daniel Bernards and George Malliaras®® , as shown in the following equation:

( O, for VG > VT

CWd . VG_%VD
u — — —————

Vh, forVe < Vg, andVp >V;—V
I = { L Vo D G T D G T

(3)
B CW_d(VG - VT)Z’

L L ZVT for VG < VT, and VD < VG — VT

Three regions are used, cut-off region, linear region, and saturation region, as described

following.

(1) Vg > Vg In the cut-off region, all the anions in the PEDOT:PSS channel are compensated
by the doping of cations in the electrolyte, so there is very little holes in the PEDOT:PSS
channel, the OECT can be regarded as off state.

(2) V¢ < Vp,and Vp >V, — V. Inthis region, because Vi < Vr, the coupling between anions
in the PEDOT:PSS and cations in the electrolyte released, the PEDOT:PSS becomes more
conductive, OECT goes to on state. In this case, V, >V, =V, or V; =V, < Vg, the
whole channel is in on-state. The drain current is linear with the drain voltage. This region
is called linear region.

(3) Vg < Vr,and Vi, >V — V. Inthis region, the channel is in on state due to Vg < V. While,
the difference is V, < V; — Vp, or Vi —Vp > V5, some parts of the channel will be in
pinch-off state, then the drain currents will be saturated. This region is called saturation

region.
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Figure 36. The experiments and fitting results of a NMOECT using the conventional OECT
model. (a) transfer curve and (b) transconductance curve.
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Based to this model, according to the definition of transconductance, it can be derived from the

: : a1 .
channel currents equation using g, = #, the results are shown as following:
G

0, fOI‘VG > VT
wav,
oI, |-pc—=2, for Vg < Vo, andVp > Vg — Vg
gm=g5=1  LVr (4)
wd (Vg — V.
i d (Vo — Vr) for Vg < Vp, and Vp < Vg — Vip

L vy
This model can be used to roughly fit the transfer curve and output curve of experimental results.

However, the transconductance results do not have a good similarity with experimental results.

According to this model, when V, > Vi — Vr and Vi < Vg, the g, should be a constant value of
(—nC

this research, the transconductance curve is not showing the constant value. As the fitting results

WTdZ—D) that is not related to the Vg, but in experimental results in both previous reports* and
T
and experimental results shown in Figure 36, in the fitting curve, the g,,, decrease when the Vg

goes towards the negative direction.

Even the OECT has been investigated for many years, the precise explanation and modeling of
the OECT has not been reported in the literature®® 68, Nissa and the coauthors proposed using
several regions to describe the characteristics of the OECT °°, however, the calculated results are

discrete and still have some gap to the experimental results.

(a) Conventional model Vo
Gate o O
Gate
Drain Source
Drain Source \
o0 o
Vb
(b) Proposed model Ve
9 @
Gat Gate
ate
* Drain ,-Q-\_é \ Source
Drain :‘3 Source AN /|D
H L BN <
Vb

Figure 37. (a) The schematic of the conventional OECT model. (b) The propose OECT model

in this study, a serial resistance is implemented.
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In this study, we made an assumption that the decrease of the transconductance is caused by a
serial resistance in the channel part. Usually, the serial resistance between the channel and
electrodes can be ignored because the channel resistance is much higher. However, for the OECT,
its PEDOT:PSS channel is in a very low resistance, which is comparable with the contact resistance
and the serial resistance. The contact resistance is occupying some part of the applied drain voltage,
resulting in the actual voltage applied to the channel is less than V. Especially when the Vg is
going towards the negative direction, the channel resistance is further decreased, the channel
resistance is much close to the contact resistance. To better fit the electrical characteristics of the
NMOECT, a new model that implement a serial resistance with the channel is build, as shown in

Figure 37.

The characteristics of a OECT can be described by the following two equations:

( O, fOFVG >VT
1
ALY PRI AL dVy > Ve — V.
11— , for , an —
Ip = 4 U L Vi DO G T D G T (5)
wd (Vg — Vp)?
- C_—, fOFVG < VT, and VD < VG _VT

\ L 2Vp
IDR + VDO = VD (6)

Here, Vp, is the voltage drop on the OECT, R is the serial resistance. The equations can be

solved using the numerical method.

Figure 38 shows the experimental and fitting results of a NMOECT using the proposed model.
The fitting result is showing better overlap with the experimental results, and the trends of the
transconductance curve are more similar than the conventional model, revealing that by
implementing a serial resistance in the channel, the model can better fit the experimental data. The
proposed model also shows better fitting for the output curves, as shown in Figure 39. The model

can be utilized to help the circuit design based on the OECTs.

The proposed model used a constant resistance to improve the fitting of the transfer curve,
however, the fitting results still need to be improved. The serial resistance could be mainly from
the contact between the PEDOT:PSS and the Au drain/source electrodes, and it will change with

the change of channel resistance. A more precise model to estimate the contact resistance between
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the PEDOT:PSS and Au can be utilized in the OECT model and gives better fitting for

experimental results.
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Figure 38. The experiments and fitting results of (a) transfer curve and (b) transconductance

curve, using the proposed OECT model.
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Figure 39. Experimental and fitting data of the output curves.
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Chapter 3: NMOECT works as on-skin active electrodes

The Chapter 2 discussed about the fabrication process and characteristics of the NMOECT. In
this chapter, the configuration of utilizing the NMOECT as on-skin active electrophysiological
electrodes are discussed. The setup to make the signal read by NMOECT readable by the
conventional equipment is designed. The ECG signals read by NMOECT electrodes are presented
and analyzed. A feasible setup for wireless reading the electrophysiological signals acquired by
the NMOECT is also proposed.

3.1 Signal converting and filtering

oV Vout

A ® ® Vsupply
I_ e |
I I
I I
NMOECT i :
. I |Convertto
Source /_\Draln I |Voltage I

1

PN
Vin

Figure 40. The schematic of configuration for converting the current signal to voltage signal

using loading resistor.

In this study, the NMOECTs were developed as the active on-skin electrodes for
electrophysiological signal acquiring, its high transconductance makes it a powerful amplifier that
outputs high-amplitude current signals. However, the commonly used existing
electrophysiological monitoring equipment is recording the voltage signals instead of current
signals. Especially for some minimized portable signal reading microcontroller board. To make
the signals acquired by NMOECT compatible with the existing electrophysiology recording
equipment, it is necessary to convert its outputting current signals into voltage signals, as discussed
in the literature. For this purpose, we connected the NMOECT in series with a loading resistor

(Rioaa) to a supply voltage ( Vsupply ), as shown in Figure 40. For used as on-skin
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electrophysiological electrodes, the small signals are the target signals. In this circuit, for the small

signal, the change of voltage at the output terminal can be expressed using following equation:
AVout = Alp * Rigoa (7)
Using the transconductance g,, to represent the change of output currents, we have:
Alp = gy - AV (8)

The above two equations can be used to build the relationship between the change of input
voltage to the change of output voltage, which is also described as voltage gain:
AV t AID 'Rl d
A\;u = AIDaO = ImRiaoa (9)
1 —
Im

gain =

So the voltage gain is related to both the transconductance of the NMOECT and the loading

resistor.

To investigate the voltage converting performance, the voltage experimental transfer
characteristics were measured by measuring the output voltage (V,,:) While sweeping the input
voltages (V;,). Figure 41(a) show the voltage transfer curves in a voltage supply of —1.5V, with
loading resistors of various resistances. To avoid the breakdown of the NMOECTSs, we controlled
the sweeping range of the V;, to ensure that the voltages between the gate and drain electrodes
were less than 0.9 V (|Vip, — Vouel < 0.9V), and the dashed line in the figures represent this

limitation.

Bases on the data in Figure 41 (a), we extracted the voltage gain using the following equation:

. _AVout
gain = AV, (10)

The voltage gain is plotted in Figure 41 (b). From Figure (b), we can see that in a certain supply
voltage and a certain input voltage bias, a smaller resistor brings higher voltage gain. The reason
is that loaded with a smaller resistor gives a larger absolute value of V5 to the NMOECT, which
increased the g,,. As discussed in the last section, the NMOECT usually works in the linear region,
in the linear region, the transconductance of the OECT is proportional to the absolute value of the

drain voltage. Increasing of g, leads to the increase of the voltage gain.
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Figure 41. The voltage transfer curve and corresponding voltage gain with various resistance
of loading resistors with supplying voltage of -1.5 V. (a) Voltage transfer curves. (b) Voltage

gain extracted from the voltage transfer curves.

To improve the Vpg of the NMOECT, a relatively larger supply voltage is needed, as the results
shown in Figure 42, a higher supplying voltage of -6 V is applied. With the increasing of supplying
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voltage, the voltage drop on the NMOECT can be larger, which keeps a larger g,,,. A voltage gain
about 2 can be achieved around V; = 0 V. In a certain supply voltage, the same as supply voltage

of -1.5V, a smaller loading resistor also results in a higher Vps.
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Figure 42. The voltage transfer curve and corresponding voltage gain with various resistance
of loading resistors with supplying voltage of -1.5 V. (a) Voltage transfer curves. (b) Voltage

gain extracted from the voltage transfer curves.
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For full characterization, various supply voltages and loading resistors were connected, and the
voltage transfer characteristics were measured. A supply voltages of —2 , —3, and —4.5 V were
loaded with various loading resistors, respectively. Then, we extracted the voltage gain at Vg =
0 V (the biopotentials are approximately 0 V) from the measurement data and plotted it in a color
map, as shown in Figure 43. The color represents the voltage gain of each measuring point, which
reveals that at Vs, pn1, = —6 V and Rjgaq/Roecto = 8, the circuits achieved the highest gain. The
high supplying voltage (—6 V) and a smaller loading resistor confirmed the high voltage drop on
the channel of NMOECT for the high transconductance. However, the supply voltage cannot be
too large and the loading resistor should not be too small, otherwise, the voltage drop on the
NMOECT will be too large, which will break down the electrolyte and the PEDOT:PSS channel.

® measured data |AVout /AVin |

12

10

(00]

Rload / ROECT
o

-2 -3 -4 -5 -6
Supply voltage (V)
Figure 43. The color map of the voltage converting circuit at V; = 0 V, with various

resistance of loading resistor and various supplying voltage.

Table 3 compares the basic performance of the amplifiers consisting of a transistor and a resistor.
From Table 3, we can see that because of the high transconductance and low voltage characteristics
of the NMOECT. The NMOECT based amplifier can use a relatively smaller resistor and supply
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voltage to achieve a bigger voltage gain. By incorporating with more complex circuitry design,

such as complementary circuits with N-type OECT, an even higher voltage gain can be expected.

Table 3. The performance comparison between resistor-load amplifiers.

CNT-TFT® OTFT”  OECT (this work)

Semiconductor CNT Pentacene PEDOT:PSS

Mechanism Field effect Field effect Electrochemical

Vbp 15V 60 V 6V
Loading resistor 10,000 kQ 40, 000 kQ 12 kQ
Gain (T2 2 1.92 4.5

As discussed above, a higher supply voltage is preferable to achieve a higher gain; however, this
results in a higher DC level in the output signals, which is not necessary for the
electrophysiological graph, such as the electrocardiogram. Meanwhile, higher DC levels in the
signals will waste the accuracy of the analog to digital converter (ADC) module, resulting in less
accuracy and less signal-to-noise ratio. To reduce the DC levels in the output signals, in this work,

an electronic high-pass filter is used for the NMOECT circuits.
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® ¢ ? Vsupplv
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Figure 44. The schematic of the NMOECT circuits with loading resistor and high-pass filter.

r
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The high-pass filter consisting of the series combination of a capacitor and a resistor, and the
voltage across the resistor is used as an output. Before laminating the NMOECT on the skin, we

first demonstrated the performance of the filter using the circuits shown in Figure 44.

In the frequency domain, the relationship between the voltage signals before and after the filter

can be expressed using the following equation:

R¢; 1
file
Vout = Vbefore = 1 = Vbefore 1 (11)
R; +— 1+
Fiter T joCripeer JoRsuterCritter
Ifwesetfy =——  and f = ﬁ, then we have:
2nRfiiter Crilter 2m
1
Vout = Vbefore—f (12)
1—j22
f

The absolute value of the V,,; can be represented as following:
V Z_
V, before
before _ fo (13)
B )
1+(l) [+ (£
\/ f fo

At high frequency, f > fy, then voy¢ = Vperore. While at low frequency, f < fj, Vo = 0, and

Vout =

the signal is cut-off. The f; is defined as the cut-off voltage of the high-pass filter.

For demonstrating the characteristics of the configuration. The output voltage (V,,¢) was
measured while a 5-Hz sine wave of 20-mV amplitude was input. The experiments were performed
in various supply voltages from -2 to —6 V respectively. Figure 45 shows the signals before the
filter (Vpefore), demonstrating that a higher voltage gain (AV,,;/AVi,) could be achieved with a
higher supply voltage. But the higher supply voltage also results in higher DC levels. As the output
signals (Vour) shown in Figure 46, the DC levels in the signals were cut off after the 1-Hz high-
pass electronic filter (Rgjjeer = 82 k€, and Cjjeer = 2.15 pF), and a high gain with a higher Vg, 51y
was maintained, which shows the feasibility of using RC filters for cutting the DC signal output

by NMOECT.
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Figure 45. The input signal and output signal with various supplying voltages.
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Figure 46. The output signals after the high-pass filter.
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3.2 Electrocardiographic signal acquired by NMOECT

This section discussed implement the NMOECT as on-skin electrophysiological signal, the in-
vivo ECG acquisition was demonstrated. The NMOECTSs electrodes with only channel parts were
fabricated as described in last chapter. Then, the electrodes were laminated on the skin of a healthy
human volunteer (27 years old, male) to acquire the electrocardiography (ECG) signals.

_______________________________________________________________

(b) NMOECT electrode on skin
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Figure 47. (a) Photograph of a NMOECT electrode prepared for on-skin ECG signal
acquiring (Scale bar: 3 mm). (b) Photographs of the NMOECT electrode on the skin of a
fingertip with a scale bar of 200 um (top) and 5 mm (bottom) respectively. (c) Schematic of the
interface between skin and NMOECT.

As shown in Figure 47. The electrodes are wired out to the measurement equipment using cables.
Figure 47 (a) shows a freestanding NMOECT electrode connected with the Au pads. The Au pads

are on the parylene film for wire bonding. The process flow of device fabrication is the same as
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that described in the device fabrication section. Figure 47 (b) shows the on-skin NMOECT
electrodes; only the NMOECT nanomesh parts are necessary to be laminated on the skin. The
ultrathin NMOECT conformably contacted and attached to the skin surface even though its surface
is not adhesive. In Figure 47 (c), a schematic of the interface between NMOECT and skin is
depicted; the PBS solution was used to provide ions for doping and dedoping PEDOT:PSS; the
human skin works as the gate of the NMOECT, and the potential signals from the skin surface are
directly loaded to the PEDOT:PSS channel via the PBS electrolyte. Before ECG acquiring, the
channel part of NMOECT was laminated onto one left-hand fingertip. Then, 5uL PBS solution
was dripped onto the channel part of the OECT, and the PBS penetrated to the skin/NMOECT
interface due to the porous structure of nanomesh. After the configuration shown in Figure 47 (d)
was set, the signals were measured by a semiconductor analyzer (Keysight B1500) using a SMU
module. The sampling rate for measuring was set to 100 Hz. The measured signals were processed
by digital fast Fourier transform filtering, with a band-pass filter (1-100 Hz) and a notch filter (45-
55 Hz). The study protocol was thoroughly reviewed and approved by the ethical committee of the

University of Tokyo (approval number KE19-33)

The schematic of circuits configuration for ECG acquiring is shown in Figure 48, where the 0-
V terminal was connected to the other position on the skin using the gel electrode as the 0-V

reference, which follows the lead 1 connection method in clinical applications.

t
® * Vsupply
I High-pass filter : Y I
| | 1
| : | 1
| Coiter = | | |
b= ~ = 1 |[converttol
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Figure 48. The schematic of the circuits configuration used for ECG signal acquiring.
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To compare the signal before and after the filter, the signals before the filter was also monitored
by connecting the node with the semiconductor analyzer. As characterizing results in last section,
the amplitude of the small signals is dependent on the supply voltage. With a larger supply voltage,
the NMOECT circuit has a higher voltage gain. The same performance was also verified when the
NMOECT was used as on-skin electrodes, while the skin working as the gate electrode. As shown
in the Figure 49, different supply voltage of -2 V, -3V, -4.5 V, and -6 V were applied to the setup.
In each case, the small ECG signals can be observed. The DC levels in the signals are increased
with increasing of absolute value of the supply voltage, the amplitude of the small ECG signals
were also increased.

0 .
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Figure 49. The acquired ECG signals with various supplying voltages before the high-pass
filter.

Figure 50 shows the ECG signals after the 1 Hz filter. All the ECG peaks are around 0 V,

without containing of the DC levels. The ECG signals acquired using higher supply voltage has a
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higher amplitude, revealing the filter is effective for cutting the DC signals. The signals after the
filter shows higher signal to noise ratio. This is because without the DC signals, more digits of

ADC can be used to read more accurate signals, and the noise comes from the accuracy error was

suppressed.
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Figure 50. The acquired ECG signals with various supplying voltages after the high-pass
filter.

Another benefit of using the active electrodes is the signal can be locally processed. We
demonstrated the signal processing using the filters with various cut-off frequencies. The signals
in different frequency ranges can be utilized to extract the features of the signals, which is widely
used for diagnosis using the machine learning’. The filters with various cutoff frequencies (1, 10,
20, and 50 Hz) were also demonstrated by varying the resistance of Rger (82, 8.2, 4.3, and
1.6 kQ), as shown in Figure 51. According to the literature, the frequencies of the ECG wave are

different, the P and T waves are 3 Hz, and the QRS wave is 20 Hz'2. The results in Figure 51 show
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that, by using a 10-Hz filter, the P and T waves were suppressed, and with 20- and 50-Hz filters,
the QRS peaks were also significantly suppressed. The analog RC filter was proven to effectively

process the ECG signals during signal acquisition.
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Figure 51. The acquired ECG signals with various high-pass filters with various cur-off

frequencies.
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Figure 52. ECG signals acquired by the NMOECT configuration and the original signal

measured by gel electrodes.
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Figure 52 are the ECG signal acquired by NMOECT circuits and conventional methods using
passive electrodes respectively, revealing that the ECG acquired by the NMOECT had a higher
amplitude of peaks. In the case of NMOECTS, the amplitude of the QRS peak was 2.14 mV, and
the standard deviation of the signal was 0.1 mV, resulting in a calculated SNR of 25.896 dB, which
is higher than previously reported results. A signal with high amplitude is easier for the signal
reading system; the reading speed is related to the accuracy of the analog to digital converter.

Signal with higher amplitude allows less digits of the converter to read the signal.
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Figure 53. Continuous 100-second ECG signals measured by NMOECT. (a) The ECG signals
of first two seconds, (b) The ECG signals of the last two seconds, and (c) total 100 seconds ECG
signals.

The NMOECT circuit configuration can repeatable acquire high-quality signals, as shown in
Figure 53; the signals remained stable after more than hundreds of ECG peaks.

3.3 Wireless signal measurement of the NMOECT

The wireless signal monitoring is the necessary for the daily life wearable healthcare system?

6573 The wireless signal transmission eliminated the burden of wearing the monitoring equipment
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and cables. Using wireless signal transmission, the users can monitor the signals using a mobile
device, such as smartphone, pad, and so on. In this study, a simple solution for wireless transferring
the electrophysiological signal acquired by NMOECT electrodes to the mobile device is
introduced. A microcontroller platform and Bluetooth module was used for the signal control and
data transmission. A high accurate analog to digit converter (ADC) with 14-bit accuracy. The

general schematic of the configuration is shown in Figure 54.

3V (chemical battery) R

| I_D_ Controller and wireless module
/T
)

| Microcontroller, Arduino nano |

I Bluetooth module, HCO5 I

i . ( C
| ADC (amplifier), MCP3432

Figure 54. The schematic of the equivalent setup for wireless transmission of the

electrophysiological signal acquired by NMOECT.

In this setup, as we discussed in previous section, most of the microcontrollers can only read
the voltage signals. To convert the currents signals of NMOECT to the voltage signal, the
NMOECT is connected with a serial resistor. The circuit is powered by two chemical batteries,
which provides 3 V voltage supply. The chemical battery was used because of its stable voltage
output with ultra-low noise. It is very important for our setup, otherwise the noise comes from the
voltage supply will overwhelm the electrophysiological signal acquired by the NMOECT. The
microcontroller used in this study is Arduino Nano, which has a small size. The Arduino Nano is
connected with the ADC module (MCP3424) and the Bluetooth module (HC-05), and controlling
the signal reading and transmission. A mobile charger can be used to provide a USB power supply

for the Arduino board.

The high accuracy ADC module (MCP3424) was used for signal reading, which can provide a
programmable differential amplification of the signal and a maximum 18-bit reading resolution.
The resolution is dependent on the sampling speed. Higher resolution results in low sampling rate.
Considering the sampling rate and accuracy for the electrophysiological signals, 14-bit resolution

with a sampling rate of 60 samples per seconds is used. In this setup, a minimum signal amplitude
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of 15.6 YV can be acquired. The ADC module communicate with the microcontroller using the
Inter-Integrated Circuit (12C) bus.

A simple procedure of signal reading is described here. First, the voltage signal comes from the
NMOECT is read by the MCP3424 module. Then the microcontroller read the signal read by the
MCP3424, and stored as variable. Then the data is transmitted from the Arduino Nano to HC-05
module using serial port protocol (SSP). The HC-05 module then send the signal to the smartphone

device that was paired with the HC-05 module using the Bluetooth protocol.

In the future, a printed circuit board on the flexible substrate can integrate all these elements

together and make the recording system more compact.
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Chapter 4: Porous solid-state polymer electrolyte (SPE) for organic

electrochemical transistor

4.1 Introduction of the solid-state polymer electrolyte

Electrolyte is a media that contains the ions. The ions can move inside the electrolyte and
support the function of the ionic devices. The ionic devices are widely used in the energy storage
devices such as batteries™ >, solar cells’® 77, and super capacitors’® ’. lons have high mobility in
the liquid solutions, the conventional electrolyte for the applications are usually liquid electrolyte.
However, the using of liquid electrolyte will cause some hazard such as electrolyte leak, the
production of harmful gases, reaction with the electrode materials, and so on®°. The solid-state
polymer electrolyte is nonvolatile, and stable, which attracts the attention of researchers. The solid-
state polymer electrolyte (SPE) is one kind of solid state electrolyte. The use of polymer materials
enables the electrolyte with flexibility, transparency, and light-weight 8. Another advantage of the
SPE is the easy fabrication process. Thin film can be formed by the solution process, and a wide

electrochemical windows can be utilized®.

Electrolyte is key component for the OECT, providing ions for doping and de-doping of the
semiconductor channels. Using the SPE for OECT enables the application of OECT in the dry
environments*®: % 588289 The OECT embedded with SPE can eliminate dysfunction when the
liquid solution is evaporated. Researchers have demonstrated the active on-skin electrode using
the OECT embedded with bio-degradable SPE materials; the continuous ECG monitoring was
successfully achieved #2 as shown in Figure 55(a). The tactile sensor that uses the OECT to sense
the distribution change of ions caused by the loaded pressure has also been demonstrated®; high
sensitivity of the sensor enables it to detect the subtle pressure signals, rendering a high precise
machine-environment interface, as shown in Figure 55 (b). The easy processability of SPE and
OECT enables the large-scale printing, the customized and quick device fabrication can be

possible.

Usually, the SPE is formed by dissolving the salt into polymer. Both the synthetic and natural
polymers have been developed to be the polymer of the SPE. Compared with the liquid electrolyte,
the crystallized solid polymer reduces the mobility of the ions, which results in lower ion
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conductivity of the SPE. The SPE based devices usually have lower performance®. A proper

choose of SPE materials is important to get sufficient performance of the target application.
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Figure 55. (a) OECT embedded with solid electrolyte for electrophysiological signal
monitoring (copied from reference®?). (b) OECT embedded with solid electrolyte, used as tactile
sensor(copied from reference®®)
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There are many candidates of polymer materials and salt that can be used to form SPE with
high ion conductivity. Considering using the SPE materials for the on-skin application, the bio-
compatibility and the possible degradation caused by the SPE materials is concerned. As shown in
Table 4, the PVA/KOH is in high ion conductivity®-®2, It is the most commonly used materials
system as the SPE. However, the KOH will cause the significant degradation of the PEDOT:PSS.
The conductance of the PEDOT:PSS channel degraded several orders after the contact with the
PVA/KOH solution, which reduced the transconductance of OECT and makes it not suitable as
SPE materials for OECT.

Table 4. The comparison of typical SPE materials.

Materials PVA/KOH®  PEO/LIN(CF3sS02)."*  Chitosan/NaCF3SO2%*
Flexibility Yes Yes Yes
lon conductivity 1072Scm™?! 2.6x107*Scm™t 24%x107*Scm™
Not damage OECT No / Yes
Biocompatibility No No Yes
Gas-permeability No No No

Usually, the lithium based salts are commonly used as salt for the SPE due to its small atomic
mass, and it has made a lot progress for the Li-battery™ 7 %, But it is dangerous of using the
lithium salt for human skin interface, because the reaction of lithium salt might produce toxic
products, which is dangerous for the human. The natural materials based polymer can also be used
for building the SPE with sufficient electrolyte properties. As shown in Table 4, the chitosan based
SPE®: 97 shows comparable performance with other SPE materials. Chitosan is a kind of natural
polymer synthesized from chitin shells of shrimp and other crustaceans®. The chemical structure
of the chitosan is shown in Figure 56. Its high bio-compatibility renders the application for many

medical use, such as scaffold of medicine®.

However, gas-permeability, is also limiting the application of these devices to the practical on-
skin application. Developing the gas-permeable NMOECT embedded with gas-permeable SPE
can be a possible candidate for future wearable or on-skin applications based on OECT.
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Figure 56. The chemical structure of the chitosan.

In this study, the porous chitosan based electrolyte was developed to be embedded with the
NMOECT, to make the gas-permeable electrolyte embedded OECT. We developed the porous
chitosan SPE based on the material composition proposed by Aziz et al.*¢ °’. The sodium based
salt, sodium trifluoromethanesulfonate (NaTf) was used as the salt in the chitosan polymer. In this
study, the fabrication process to form the porous structure of the SPE and the NMOECT embedded
with the porous SPE was developed, enabling the gas-permeability of solid electrolyte embedded
OECT as on-skin active electrodes. The fabrication method of the porous chitosan/NaTf SPE will

be discussed in the following parts.

4.2 Formation of porous solid-state polymer electrolyte film

The freeze-drying process 1% was utilized to form the porous structure of SPE film. The freeze-
drying process utilizes the low temperature to freeze the sample, and then sublimate the ice-state
solvent in low pressure'®’. Under the low pressure environment, the ice-state solvent directly

transferred from solid state to gas-state, then the original shape of the solute can be maintained®.

The formation processes of the porous SPE is shown in Figure 57. First, the SPE solution was
made by mix 3%wt chitosan powder into 2%wt acetic acid solution. Higher weight concentration
of chitosan results in high viscosity, which is difficult to process. The solution was stirred using
magnetic stirrer for 24 hours for fully dissolving the chitosan. After that, the solution was standing
for another 15 hours to eliminate the air bubbles, and a uniform and transparent chitosan solution
was made. Then the 3%wt NaTf and 3%wt glycerol were added into the chitosan solution and
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stirred for another 6 hours to totally dissolve the solute. Finally, the solution was standing for

another 15 hours to remove the air bubbles in the solution.

After the solution was made, the solution was coated onto the substrate by using a syringe with
a 18G needle. The sample was placed in a freezer (-20°C) for 15 hours right after coating. The low

temperature can change the liquid solution to the solid state.

Liquid SPE solution Frozen SPE solution Freeze-dried p-SPE

P

Figure 57. The freeze dry process to make porous SPE film. (a) The SPE solution. (b) The

freeze dry process.

After the solution was frozen, the sample was transferred into the chamber of a freeze dryer.
The chamber was quickly vacuumed to less than 5 Pascal within 5 minutes. A heater beneath the
holder of the sample increased the temperature of the sample in low pressure environment, which
directly change the solid-state solvent to the gaseous state, meanwhile, the chitosan was kept in its
shape in the low-pressure environment. After 15-hours freeze-dry process, the solvent was totally

dried and the porous SPE film was formed.
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Figure 58. (a) The fabricated free-standing SPE film (scale bar: 5 mm). (b) The SEM image
of the SPE film, showing the porous structure (scale bar: 50 um). (c) The profile data of the SPE

film.

Figure 58 (a) shows a free-standing freeze-dried porous SPE film, which shows white color.
Figure (b) shows the SEM image of the porous SPE film, a porous structure can be observed,
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which allows the gas-permeability. The thickness of the film was checked by a profiler, as the
results shown in Figure 58 (c), the average thickness of the porous SPE is 90.5 um, with a standard

variation of 11.6 pm.
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Figure 59. The vapor penetration experiments. (a) The photo of three bottles containing water
and covered with (1) aluminum film (2) porous SPE and (3) nothing. (b) The total weight loss

versus the time.
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To check the gas-permeability of the porous SPE film. The vapor penetration experiments were
performed. As shown in Figure 59 (a), three bottles containing with same amount of water were
covered with aluminum foil, porous SPE, and nothing respectively. The bottle covered with porous
SPE was made as shown in Figure 59 (b), the porous SPE was covered on the aluminum foil with
a hole and sealed by polyimide tape. Figure 59 (c) shows the total weight change of each bottle
against the time. Bottle (2) and (3) shows similar amount of water loss due to the water vapor
penetrate to the open atmosphere. The results suggest that the porous SPE is in good gas-
permeability as the open bottle.
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Figure 60. (a) EDX spectrum of the porous SPE film. (b) The observed sample area. (Scale

bar: 100 um). (c) The distribution of each element in the observing area.
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To characterize the chemical composition of the porous SPE, SEM-EDX (energy-dispersive X-
ray spectroscopy) mapping was performed. Figure 60 (a) is SEM photo of the characterizing region.
The spectrum in Figure 60 (b) shows the existence of Na, F, S, which is the main element of the
NaTf. The N comes from the chitosan. The C, O comes from both the chitosan and NaTf, as well
as the glycerol. The color mapping of each element in Figure 60 (c) shows the elements are

homogeneously distributed in the porous SPE.

_ Ll ) ) |
\ ‘
k4 “ \ -lrzﬂl

Figure 61. SEM images of (a) freeze-dried 1%wt chitosan, and (b) freeze-dried 3%wt

chitosan (Scale bar: 100 pum).
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The composition of the SPE solution in above results has been optimized to make the film in
enough porosity and ion conductivity that can support the function of OECT. In this study, before
we got the optimized results, the study to compare the morphology of the SPE film with various
concentration of chitosan, ion, and glycerol were investigated. The following parts will discuss the

optimizing experiments of the porous SPE by checking the SEM morphologies.

Figure 61 shows the SEM image of the porous SPE film with a concentration of chitosan of
1%wt and 3%wt, respectively. The 3%wt chitosan porous SPE film shows more uniformed
distribution of the porous structure. Meanwhile, high chitosan concentration provides more amount
of polymer skeleton for ion, which is better to be used as electrolyte for OECT. However, a higher
concentration of chitosan makes the solution in high viscosity, which is difficult to coat and

transfer. In this study, 3% chitosan solution was chosen for SPE solution preparation.

The ion concentration of the SPE solution also has effect on the morphology of the porous SPE
film. According to the literature®, relative high concentration of the doping salt provides better
ion conductivity of the SPE. However, with too high salt concentration, the properties of SPE is
closer to the salt crystal, which conversely reduces the ion conductivity of the SPE. To optimize
the performance of the porous SPE, the SPE solution with various concentration of NaTf were
made. And the identical fabrication process using these solutions were processed to make the
porous SPE film. The SEM microscopic was utilized to check the structures. The morphologies of
the SPE with various NaTf concentration from 0%wt to 6%wt are shown in the Figure 62. The
results suggest that SPE with higher NaTf concentration maintains porous structure, however, the

diameters of the chitosan skeleton expended comparing with the less salt concentration cases.
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Figure 62. SEM images of freeze-dried 3%wt chitosan with (a) 0%wt NaTf, (b) 3%wt NaTf,
and (c) 6%wt NaTf. (Scale bar: 100 um)
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Figure 63. SEM images of freeze-dried 3%wt chitosan mixed with 3%wt NaTf with (a) 0%wt
glycerol, (b) 3%wt glycerol, and (c) 6%wt glycerol. (Scale bar: 100 um)
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Figure 64. SEM images of freeze-dried 3%wt chitosan with 3% glycerol with various amount
of NaTf. (a) With 3%wt NaTf. (b) With 6%wt NaTf. (Scale bar: 100 um)

In this study, the glycerol is added to the SPE solution to enhance the ion conductivity of the
SPE film in the low humidity environment, as well as improve the softness of the SPE film®,
Glycerol kept stored in the SPE during the freeze-dry process. So the glycerol in the SPE system
working as non-volatile solute after the dry of water®®. A proper amount of glycerol can make the
SPE works for a long-term period. Figure 63 shows the SEM morphology of the porous SPE film
with various amount of glycerol from 0% to 6%wt respectively. A 3%wt glycerol makes a little
deformation of the porous SPE film, and the porous structure can be maintained. However, a higher
glycerol concentration of 6%wt makes the porous structure degraded, the structure is more close
to the continuous film. The reason is that during the freeze dry process, the chitosan and NaTf kept
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being dissolved in the glycerol, so the porous chitosan scaffold cannot be formed even the water
was freeze dried. To keep the porous structure and confirm good ion conductivity of the SPE film

after freeze dry, 3%wt glycerol was added to the SPE solution for other experiments.

As mentioned above, the higher concentration of NaTf broke the structure of chitosan, making
the system more similar to crystal salt, which also leads to the failure of forming porous chitosan
scaffold. The phenomenon is more obvious when the glycerol was added to the SPE solution. After
the implement of glycerol, higher concentration of NaTf results in worse morphology of the SPE
film, as shown in Figure 64. The 6% wt NaTf SPE solution with 3%wt glycerol shows almost no
porous structure. To keep the porous structure, the concentration of NaTf was kept to be 3%wt in
the application of being embedded with NMOECT.

4.3 NMOECT embedded with porous SPE

To fabricated the whole gas-permeable solid-state polymer electrolyte embedded OECT, the
porous SPE formation process is implemented onto the NMOECT, as the schematic illustrated in
Figure 65 (a), which can be dissected to be two parts, the NMOECT and the porous SPE. The
fabrication process of the porous SPE discussed in previous sections is implemented using the
NMOECT as substrate. First, the NMOECT was firstly fabricated as described in the chapter 2.
The channel part of the OECT with PEDOT:PSS channel, Au drain/source electrode, and parylene
encapsulated wire are formed on the fibrous nanomesh substrate. For the NMOECT for electrical
characterization, an in-plane gate in the structure of PEDOT:PSS/Au nanomesh was also fabricated,
used as the electrode to load the signals from the gate. Then, the SPE solution (3%wt chitosan,
3%wt NaTf, 3% wt glycerol) was made and coated onto the front side of the NMOECT. The
NMOECT coated with SPE solution was placed in the refrigerator with -20 °C for 15 hours. After
the SPE was frozen on the NMOECT. It was transferred to the chamber of the freeze dryer quickly.
The device was freeze dried for another 15 hours in the pressure of less than 5 Pa, and the

temperature is -90 °C.

78



(b) NMOECT ‘ (c) ..............................
Z PEDOT:PSS on nanomesh p‘SPE
)\ I ;: 3 s v~§ g
X . = AN\ AR a——

Nanomesh
substrate

Wiring nanomesh TS
(Parylene/Au on nanomesh)

Figure 65. Schematic of the OECT embedded with porous SPE. (a) The illustration of the
whole device, which can be dissected into two parts: (b) The NMOECT, and (c) The porous SPE.

Figure 66 (a) show a NMOECT with an in-plane gate. The gate is used for loading signals
during the transistor characterization. Figure 66(b) shows the NMOECT embedded with the porous
SPE. As described in Chapter 2, the parylene frame was utilized as supporting frame for
manipulating the fibrous device during the fabrication and characterization. The white part on the
device is the porous SPE. The supporting parylene frame was also cut to make the channel and
gate parts gas-permeable, which will be attached to the skin surface.
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Figure 66. (a) NMOECT with parylene as supporting frame (scale bar: 5 mm). (b) porous
SPE embedded NMOECT (scale bar: 5 mm)..
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The same electrical characterization method discussed in Chapter 2 was also performed on the
NMOECT embedded with porous SPE. Cadilha et al.'% reported that the transistor gated by SPE
shows humidity dependent characteristics. In higher humidity environment, the moisture absorbed
by the SPE builds pathway for the movement of ions, the ions in the polymer have higher mobility,
resulting in better ion conductivity!®?. The SPE embedded device shows better performance in the
higher humidity. The humidity dependent characteristics was also observed in the pour SPE
embedded NMOECT.
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Figure 67. Transfer curve of a pour SPE embedded NMOECT

Figure 67 shows the transfer (I — V;;) curve of an pour SPE embedded NMOECT in various
relative humidity (RH) environment. The OECT was placed in an isolated chamber with a
humidity meter. The humidity of the chamber was controlled either by desiccant or water in a
dishes, which can decrease the humidity or increase humidity respectively. The humidity level was

monitored by the humidity meter. In a low humidity environment of 10%, the change of drain
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current (Alp) is small. When the humidity increased, the Al becomes larger. The improvement of

transfer curve saturated when the humidity is higher than 40%.
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Figure 68. Response speed experiment results of the OECT in various RH environments.

The RH level also affects the response speed of the pour SPE embedded NMOECT. The
response speed experiments were performed by applying a voltage pulse to the gate electrode and
measuring the change of the channel current (Alp). As shown in the Figure 68. In a higher RH
environment, the response of the drain current becomes steep in the rising edge, as well as the
falling edge. The time constant of the response current is utilized to reflect the speed of the OECT.
Figure 69 shows the time constant extracted from the Al curves in Figure 68. The time constant
decrease with increase of relative humidity, meaning the OECT becomes fast. The
electrophysiological signals from human skin are in the range of less than 50 Hz’2, which means a
response time of less than 10 ms is necessary to fully acquire the whole waveform of the signals.
As shown in Figure 69, the OECT in the environment with a humidity higher than 60% has a

response time less than 1 ms, which can ensure the full acquisition of electrophysiological signals.
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Figure 69. The response time constant of the OECT versus relative humidity.
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Figure 70. The output curve of the OECT in the 60% RH environment.
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Figure 70 shows the output curve of the OECT in the 60% RH environment. It shows a good
ohmic contact when the drain voltage V is small, while the drain current shows saturation

phenomenon when the Vy, is large.

As discussed above, a higher relative humidity is needed for the performance of the porous SPE
embedded NMOECT. Interestingly, the surface of human skin is a high humidity environment.
Several researches demonstrated that the relative humidity level of human skin surface is more
than 60%%% 1% which is suitable for the OECT to work in a response speed that can fully acquire

the electrophysiological signals even the atmosphere humidity is low.
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Figure 71. (a) ANMOECT embedded with porous SPE attached the skin of a finger. (b-d) The

transfer curve (b), output curve (c), and response speed (d) of the OECT on the skin surface.

Figure 71 shows a OECT embedded with porous SPE that is attached to the skin surface and its

electrical characteristics. The electrical characteristics were measured in a 30% RH atmosphere.
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In the 30% RH environment, if the OECT is not loaded onto the skin surface, it shows poor
performance as discussed above. However, after the OECT attached to the skin for more than 2
minutes, the electrical performance of the OECT improved a lot. As she data shown in Figure 71
(b) and (c), which is the characteristics after the OECT attached to skin. A good controllability of
the gate voltage signal was achieved, with a maximum transconductance of 0.8 mS. Figure 71 (d)
is the response speed experiments results of the OECT on skin, revealing that the response time is
8.3 ms while attaching the OECT on the skin surface. From the results, we can see that the relative
humidity level around the skin surface can satisfy the OECT for electrophysiological signal

acquiring.

4.4 Electrocardiographic signal acquired by NMOECT embedded with porous
SPE

The ECG signal recording was performed to demonstrate the electrophysiological signal
recording. Before attached the porous SPE embedded OECT to the skin, we first placed the it to
the humidity controllable isolated chamber and load the ECG signals to the OECT using cables. A
setup was built as shown in the Figure 72 (a).
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Figure 72. Recording of ECG signals with OECT. (a) Schematic of the setup. (b) The
recorded signals while the OECT in various humidity.
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The ECG signals were recorded in various chamber humidity from 20% to 60 %. Figure 72 (b)
shows the recorded signals. In a low humidity of 20%, the ECG signals is rarely seen, because the
low response speed of the OECT is slow. When with the RH level increased, the recorded signal
is more clear and with higher signal amplitude. In the low humidity environment, the OECT cannot
response to the high-frequency peaks, such as QRS peak. With the humidity increased, the
response of OECT becomes faster, as discussed in last section, then the amplitude of the QRS peak

becomes more obvious.

The actual electrode without the gate electrodes was fabricated and attached to the skin surface,
using the skin as the gate electrode, as shown in the Figure 73 (a). The acquired ECG signals is
shown in Figure 73 (b), which is in same amplitude level with the signal acquired in a 60% RH
environment. From the results, we can see that the RH level on the skin surface can satisfy the
requirement of OECT, and the ECG signals can be acquired.

(a)
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______________________________________________
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Figure 73. (a) The schematic of the setup for contacting the OECT on the skin surface as the
active electrode. (b) The ECG signals acquired by the OECT.
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Here, the feasibility of using the porous SPE embedded NMOECT as on-skin ECG electrode
has been demonstrated. As an active element with low channel resistance, the signal amplified by
the OECT contains extremely low output impedance, rendering the signals stable against the
environmental noise. On the other hand, the signal amplified by the active electrode is easier for

locally signal processing, such as using filter to extract the signal in target frequency range.
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Chapter 5: Summary and prospect

5.1 Summary

The gas-permeability is critical for the device that directly contact with human skin. Even the
on-skin electronics have been developed for years, the research focusing on developing the gas-
permeable active on-skin components can rarely be seen, which limited the function and
performance of the on-skin electronic system. In this study, for the first time, we successfully
developed the porous solid-state polymer electrolyte embedded nanomesh organic electrochemical
transistor that can be used as on-skin active electrodes for electrophysiological signal acquiring
and local amplification. The gas-permeable on-skin OECT can eliminate the risk of accumulated

moisture between the skin and the device, rendering the long-term wearing and health monitoring.

The ultrathin and flexible nanomesh was utilized as substrate for the device fabrication. We
explored the process of fabricating the active transistor device onto the irregular and soft naomesh
substrate. The electric performance of the NMOECT were systematically studied. For deeply
understanding the performance of the NMOECT, a more accurate model was proposed for fitting
the electrical characteristics of the NMOECT, which makes the prediction and design of circuit
based on NMOECT easier.

The NMOECT used as on-skin electrodes for ECG signal acquiring and amplifying were
demonstrated. The converting and filtering of the signal acquired by the NMOECT was proposed
and discussed. The superior performance of the NMOECT enables the electrodes working in a low
voltage and outputting a low impedance signals. The high-quality signals make the health
monitoring more stable and safe. A simple prototype for wirelessly transmitting the signal of
NMOECT electrode to mobile device were proposed. The feasibility of using NMOECT as active

on-skin ECG electrodes was proved.

The solid-state polymer electrolyte with porous structure was proposed and to be embedded
with NMOECT for the first time. The composition of the porous SPE was optimized to get
sufficient porosity and ion conductivity that can support the function of OECT. Acquiring of the

ECG signals using the gas-permeable OECT was also demonstrated.
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This study firstly developed the nanomesh type gas-permeable transistor device. The transistor
devices enlarged the function and freedom of the design of the on-skin electronic system, which

advanced the research and development of the ultra-comfortable on-skin electronics.

5.2 Prospect

The OECT has been well recognized with high electric performance, easy fabrication process,
and high biocompatibility. Researchers have utilized the superior characteristics of OECT to
acquire high-quality signals for many different applications, such as electrophysiological sensors,
chemical sensors, printing circuits, and so on. It is promising to use OECT for in-vivo signal
monitoring. However, using OECT for on-skin application is facing challenges, including the
softness of the device, the gas-permeability while wearing on the skin, the signal recording, and

some issues related to the stability of the organic materials.

This study targets at the application of OECT for on-skin application, using the ultra-soft
nanomesh as the substrate for fabrication, and embedded the porous SPE with it, successfully made
the OECT in the porous structure, which is the first gas-permeable transistor-type device for on-
skin application. On the other hand, the porous OECT device also expanded the type of device for
nanomesh electronics, which has been proved as a feasible structure of on-skin electronics. The
methodologies discussed in this study, including the device fabrication, the characterization, the
signal reading, will give an adequate reference for future research and development of the complex

on-skin electronics.

In this study, we mainly focus on the structure of the OECT and the application of on-skin
electrophysiological electrodes, the mature materials are used for fabrication. In the future, the
more advanced materials with better performance will enhance the performance of the NMOECT.
On the other hand, the more complicated design of OECT based circuits can further improve the
signal quality acquired by the OECT electrode. For example, incorporate with n-type channel

materials of the OECT, to build complementary circuits with higher voltage gain.

Another possible issue that limit the further application of the organic materials based sensors
is the stability of the material, which reduced the stability of the devices. The OECT also shows

the degradation after continuously working. In the future, the development of stable and robust
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materials will facilitate the application of organic electronics. The other possibilities will also be

expanded, such as chemical sensor, which requires a better stability.

Gas-permeable electrode is one of the components of the health monitoring system. The
NMOECT can acquire high quality signals, however, the whole system also need other
components, such as power supply, data storage, transmission, and processing, and so on. For
ultimate comfortable on-skin patch that can harmonized with human, the investigating of other

components and system-level design needs further study.
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