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Abstract

As one of the branch of chemistry, electrochemistry not only deals with the
chemical change caused by the charge transfer between electrode and electroactive
reactants in the solution, but also any other form of changes (e.g. physical, electrical,
structural) that affect the system of interest in electrochemical manner. This is why
electrochemistry encompasses a huge variety of phenomena such as electroanalytical
sensors, batteries, fuel cells, corrosion, electroplating, and even many others that
may not look like very chemical. Discovering the extensiveness of applications and
potentials related to electrochemistry, this dissertation reports two very different
researches, both of which belong to electrochemistry although the second one might
be seemingly distant from the very field. In Part 1, we present the utilization of
Fourier transform electrochemical impedance spectroscopy (FT-EIS) for in situ,
real-time analysis of the system during the chemical process. In Part 2, we report on
a noticeable development of iontronic devices based on charged hydrogels toward

the futuristic, biomimetic ion-based information processing platform.

Part 1: Implementation of Fourier Transform Electrochemical Impedance
Spectroscopy (FT-EIS) for Real-time Analysis

As a novel approach to the in situ real-time investigation of electrochemical
systems, we implemented the step-excitation Fourier transform electrochemical
impedance spectroscopy (FT-EIS). For demonstration, we chose the ITO film

electrode being chemically etched under FeCl;-HCl-based etchant, which is one of
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the most frequently used etchants in lithographic processes. The equivalent circuit
parameters (e.g. R, Ca) continuously obtained by the FT-EIS measurements during
the entire etching process showed an electrode activation at the initial period as well
as the completion of etching. The FT-EIS results were further validated by cyclic
voltammograms and impedance measurements of partially etched ITO films using
ferri- and ferrocyanide solution in combination with FESEM imaging, EDS, XRD
analyses, and COMSOL simulation. We also demonstrated that this technique can
be further utilized to obtain intact interdigitated array (IDA) electrodes in a
reproducible manner, which is generally considered to be quite tricky due to delicacy
of the pattern. Given that the FT-EIS allows for instantaneous snapshots of the
electrode at every moment, this work may hold promise for in situ real-time
examination of structural, electrokinetic, or mass transfer-related information of
electrochemical systems undergoing constantly changing, transient processes not to
mention etching, which would be impossible with conventional electroanalytical

techniques.

Part 2: Development of New Ilontronic Platform for Biomimetic lon-based

Information Processing

Iontronics, which was coined from ‘ion’ and ‘electronics’, ultimately aims at
actualizing ion-based information processing system just like the biological system
by employing aqueous ionic circuits with components that control the flow of ions.

Nevertheless, conventional iontronic devices including ionic diodes, capacitors,
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transistors and logic circuits have had discrepancies from biological units or have
lacked versatilities in terms of substrate material. Herein, we report two major steps
forward in iontronic devices conforming to its essential goals. First, we fabricated
ionic circuits powered by reverse electrodialysis (RED) for the first time without
employing any electronic components just as neurons, which participate in signal
transmission with its own power generated by itself. The RED-driven polyelectrolyte
diode successfully shows rectification behavior which is verified by monitoring
dynamic ion distribution through fluorescence in real-time. We can also turn on and
off the voltage applied to the circuit, and apply an arbitrary voltage by precisely
manipulating the pressure imposed to an elastic connection tube filled with
electrolyte. Furthermore, this new concept containing ionic power source advances
to a more sophisticated ionic OR logic gate. The proposed system paves the way to
develop not only passive iontronic devices (e.g. resistor, diode), but active ones
requiring a source of energy, particularly such as a neuron-like information processor
powered by fully ionic systems, and thereby aqueous computers. Secondly, we report
a new method for fabricating the hydrogel-based ionic circuit on
polydimethylsiloxane (PDMS) microchip. We employed a long duration of
UV/ozone oxidation, proper surface functionalizations of PDMS substrate together
with a novel PDMS-PDMS bonding technique using thiol-epoxy click reaction in
order to photopolymerize the hydrogel that can be robustly attached to the PDMS
microchannel surface for the eventual operation in electrolyte as an ionic circuit. The
ionic diode constructed on PDMS microchip showed a fine rectification ratio even

under tensile stress as well as a stability for long-term storage. We also materialized
iii



an ionic regulator on PDMS microchip based on mechanical switch, which allowed
us to embody an iontronic signal transmission mimicking excitatory and inhibitory
synapses. As a biocompatible iontronic platform, the hydrogel-based iontronics on
PDMS microchip not only diversifies many related fields requiring aqueous, ionic,
elastic and stretchable system, but also renders new opportunities for bioinspired

applications.

Keywords: Fourier transform electrochemical impedance spectroscopy (FT-EIS),
Indium tin oxide (ITO), Chemical Etching, Iontronics, Polyelectrolyte gel (hydrogel),

Ionic circuits, Reverse electrodialysis (RED), Biomimetic information processing
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the series of treatments: 1) UV/ozone oxidation (A) 20 min or (B) 40
min, and ii) silanization (TMSMA or MPTMS) 2 hr. The top and

bottom rows indicate whether the PDMS substrate was treated with

XX



TMSMA or MPTMS after the UV/ozone oxidation. (left column:
hydrogels as photopolymerized, right column: after the gel stability
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Fig. 2-17. Photographs obtained from the hydrogel stability test of (A) the

pDADMAC and (B) pSS gels formed on PDMS substrates prepared
by following the series of treatments: 1) UV/ozone oxidation 3 hr, and
i1) silanization (TMSMA or MPTMS) 2 hr. The top and bottom rows
indicate whether the PDMS substrate was treated with TMSMA or
MPTMS after the UV/ozone oxidation. (left column: hydrogels as

photopolymerized, right column: after the gel stability test procedure)

Fig. 2-18. (A) Schematic illustration of a PDMS microfluidic ionic diode

Fig.

(PMID) composed of pSS and pDADMAC hydrogels. (Inset: optical
microscope image of the diode junction with a photograph of the
bended PMID) (B) Cyclic voltammogram of the PMID as fabricated.
(scan rate = 10 mV/s, rectification ratio = 16.10) (C) Cyclic
voltammograms of the PMID with varying scan rates; 0.1, 0.05, 0.02
and 0.01 V/s. Black arrows in (B) and (C) indicate that the voltage
sweep started from 1.0 V toward negative potential. Solution filled

inside the PMID was 10 mM KCI (aQ).......cccvveerrvierennciiireeniieeeenns 92

2-19. Cyclic voltammograms of a PMID measured immediately

(black solid line), 1 day (red solid line), 1 month (blue solid line) after
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the fabrication. The rectification ratios were 23.78, 22.60, 22.98,
respectively. The solution filled inside the PMID was 10 mM KCl

(aq). (Scanrate = 10 MV/S) coeeeeiiiiiiiiiiiieeiee e 93

Fig. 2-20. (A) Photographs of the PMID before and after elongation, and

(B) PMID stress-strain curve. (C) Cyclic voltammograms measured
at several stretched states of the PMID; initial (0%), 10%, 20%, 30%,
and recovered state. (D) Rectification ratio values for each diode CV
in (C); 10.29 (initial, black), 5.85 (10%, red), 5.42 (20%, blue), 5.17
(30%, cyan), and 10.35 (recovered, magenta). Solution filled inside

the PMID was 10 mM KCI (aq). (Scan rate = 20 mV/s)................ 94

Fig. 2-21. Photographs of the ruptured PMID after the tensile test........ 95

Fig.

Fig.

2-22. (A) Schematic illustration of the working principle of
mechanical pressure-based switch integrated on PDMS microchip. (B)
Ionic current recorded under constant voltage (= 1 V) applied to the
PDMS microchannel with ca. 3 s of five switch actions. The
microchannel was filled with 10 mM KCI solution. The channel
length and width were 16 mm and 1.3 mm, respectively. The inset

image represents the PDMS microchip used for the test................ 99

2-23. (A) Schematic illustration of the PDMS microfluidic ionic
regulator (PMIR) device. Area marked with blue dashed rectangle

indicates an ionic circuit of interest to be driven by PMIR. S; and S»
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represent the ionic switch for each corresponding microchannel. V;
and V> are two external voltages, Vo the voltage applied to the
targeted ionic circuit, and /i, the total ionic current. (B) Conceptual
illustration of iontronic synaptic signal transmission triggered by
external mechanical pressure imposed upon switches S; and S, on
PMIR. Circuit diagram represents the antiparallel diodes and
succeeding output load (Z.) driven by PMIR. (C) Vou and /i recorded
with individual switch operation. Duration of each switch action was
approximately 3 s. Vi and V> were maintained at 1.0 V and -2.0 V,
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Fig. 2-24. Full equivalent circuit diagram of the PMIR device presented in

Fig.

Fig. 2-23A. Ry and R, indicate the resistances of the two
microchannels connected to each input voltage, respectively. S; and
S, represent the mechanical ionic switches, Z the total resistive
component of the ionic circuit of interest, Vo the voltage drop across
Z, i1 and i, the partial ionic currents flowing through R; and R»,

respectively, [ the total ionic current flowing through Z............ 101

2-25. Primary features of current iontronics expressed as a Venn
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1. Implementation of Fourier Transform Electrochemical
Impedance Spectroscopy (FT-EIS) for Real-time

Analysis

1.1 Introduction

Electrochemical impedance spectroscopy (EIS) has been deemed a powerful
technique which gives a full knowledge of the faradaic components as well as the
non-faradaic ones at the electrode surface.' Conventional EIS methods rely on phase
sensitive detection (PSD) or frequency response analyzer (FRA) which normally
takes a long time from several minutes to hours depending on the frequency range
of interest.” Instead, Fourier transform electrochemical impedance spectroscopy (FT-
EIS) uses excitation signals containing all the frequencies of interest is used as an
excitation signal, and its current response is mathematically treated, i.e. Fourier
transformed, for an immediate impedance calculation, which makes them a perfect
electroanalytical tool for time-resolved impedance studies about transient
phenomena. In the case of step-excitation FT-EIS being so-called the second
generation FT-EIS (2G FT-EIS)**, a step voltage, the integrated form of Dirac-8
function that contains sinusoidal waves of all frequencies with identical phase and
magnitude, is applied to the electrochemical system for perturbation. The first
derivative of the chronoamperometric data is then Fourier-transformed for
impedance calculation.™*” Owing to a dramatic decrease of the measurement time,
one can monitor the electrochemical system in situ and in real-time while tracking

the change of the system impedance. We chose the wet chemical etching process of
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ITO film electrode in order to demonstrate the usefulness of the step-excitation FT-

EIS.

As one of the transparent conducting oxide (TCO) materials, indium tin oxide
(ITO) film has been widely used in a variety of applications such as liquid crystal
displays (LCD)*’, light-emitting diodes (LEDs)'®", thin-film transistors (TFTs)'>"?,
thin-film photovoltaics (PV)'*!* due to its good electrical conductivity and optical
transparency.'® The majority of the aforementioned usages require the patterning of
ITO film electrodes which is easily accomplished by chemical wet etching process
because of its high throughput and inexpensiveness.'™'® Among many of the
examples using patterned ITO electrodes are light-emitting diodes (LEDs) with ITO
layer or patterns'®'""  LCD devices®, and numerous bioanalytical sensing
platforms**** including 3D interdigitated ITO electrode array (IDA)*', enzyme-
modified ITO microelectrode array®®. In consideration of its versatility as electrode
material and a huge scale of industrial uses, it is undeniable that a thorough
understanding of electrical and electrochemical aspects of ITO electrode in relation
to its etching process is necessary for further development of relevant devices and

material itself.

Alongside the extensive utilization of thin film ITO electrode in numerous devices,
the wet chemical etching process of ITO film has also received considerable attention
in terms of its physical, (electro)chemical properties, mechanism, kinetics and so
on.”# In general, the wet etching of ITO has been performed under acidic aqueous
solutions such as phosphoric acid®’, aqua regia®***, oxalic acid****, and solutions

based on halogen acids.'”'#3***3*4! In particular, halogen acid or its mixture with



ferric chloride is considered as one of the most widespread chemical etchants, and
there even exist some commercialized products of HCI and FeCls solution such as
ITO etchant TE-100, CE-100, CE-200 (Transene, USA). Consecutive works
conducted by Van den Meerakker demonstrated that undissociated halogen acid
molecules (HXs) participate in the chemical dissolution of ITO, and the addition of
I, or Fe’* as oxidizing agents significantly increases the ITO etch rate with
improvement of etched edge characteristics. They also proposed a chemical
mechanism of ITO etching process in HCI solution containing FeCls."** Su et al.
examined the change of Sn/In ratio during the ITO etching under FeCl3-HCl solution,

and suggested the wet etching mechanism in the aspect of crystalline structure.'’

In spite of several efforts focusing on the examination of chemical etching of ITO,
there has been few researches on real-time electrochemical change of ITO film
during the process. Although Brumbach et al. reported the acid activation
phenomenon with ITO samples and differences in kinetic parameter from
voltammograms*', the observed electrochemical change was a point-to-point
comparison that had only resulted from the very initial stage (< 10 s) of acid
treatment. Our work aims to fully investigate the electrochemical change of ITO film
electrode in situ during the entire etching process in real-time manner, and provide
property-based criteria to monitor and control the etching, whereas the general
etching procedure has only been controlled by its time duration that highly relies on

the manufacturing method of ITO and the etching environment.

In this dissertation, we report on the utilization of step-excitation FT-EIS for the

in situ, real-time electrochemical analysis of ITO film electrode during the entire wet



etching process under HCI solution mixed with FeCl;. We observed the electrode
activation during the chemical etching, the progress and completion of the ITO
etching process by constantly monitoring the fluctuation of equivalent circuit
parameters (e.g. charge transfer resistance (R.), double layer capacitance (Cqa)) that
were simultaneously calculated from the FT-EIS data, which was also examined with
field emission scanning electron microscopy (FESEM) images, energy dispersive X-
ray spectroscopy (EDS), high resolution X-ray diffraction (HRXRD) and COMSOL
simulation. We further applied this technique in order to procure undamaged
interdigitated array (IDA) electrodes by preventing an excessive etching of ITO films
with sophisticated pattern, and screening abnormal samples. The cyclic
voltammograms and EIS measurements were carried out with partially etched ITO

3-/4-

samples and solution containing [Fe(CN)s]”"" redox couple to validate the observed

FT-EIS results.



1.2. Experimental Section

1.2.1. Materials

All chemicals were used without further purification. ITO coated glass (TIXZ003,
200 nm thick ITO on 0.7 mm thick borosilicate glass, ~10 ohms/sq of surface
resistivity) fabricated by magneton sputtering at 300 °C was purchased from
Techinstro. Hydrochloric acid (HCI, 37%), ferric chloride hexahydrate (FeCl;-6H,0,
97%), potassium hexacyanoferrate(III) (Ks[Fe(CN)¢]), potassium

hexacyanoferrate(Il) trihydrate (K4[Fe(CN)s]-3H,O) were purchased from Aldrich.

1.2.2. Fabrication of PR-coated ITO micropatterns

The PR-coated ITO micropatterns (i.e. microdisk array, interdigitated array
pattern) were fabricated by following a general photolithography procedure.
TIXZ003 ITO coated glasses (75 mm % 25 mm, 0.7 mm thick, Techinstro, USA)
were used as substrates. The substrate was rinsed with acetone, ethanol, and
deionized (DI) water (NANOpure Diamond, Barnstead, USA) several times. After
removing the moisture on the surface with an air blower, the cleaned ITO coated
glass was dehydrated on a hot plate at 150 °C for 10 min and then cooled to room
temperature. The slide was then spin-coated (YS-100MD, Won Corp., Korea) with
hexamethyldisilazane (HMDS; Clariant, Switzerland) at 6000 rpm for 30 s. After
soft baking the PR on a hot plate at 120 °C for 90 s, it was then coated with a
photoresist (PR; AZ4620, Clariant, Switzerland) at 6000 rpm for 30 s. After soft

baking the PR on a hot plate at 100 °C for 90 s, the substrate was cooled to room
5



temperature and aligned under a pattern mask. The PR on the slide was exposed to
UV light (365 nm) with an intensity of 21 mW c¢m™ for 13 s (MDE-4000, Midas,
Korea) and AZ 400 K developer (Clariant, Switzerland) for 150 s. The PR-coated
substrate was then washed with DI water, and the PR was hard-baked on a hot plate

at 120 °C for 15 min.

1.2.3. FT-EIS measurements and fitting of the impedance data

The step-excitation FT-EIS measurements were conducted by using our
homemade fast-rise potentiostat, which had a rise time of <50 ns/V. The 15 mV
continuous square wave voltage was generated from a NI PXIe-5412 14-bit arbitrary
waveform generator (NI, USA) and was applied to the electrochemical cell, which
was followed by the data acquisition via NI PXIe-5922 24-bit high-speed digitizer
(NI, USA) with 200 kS/s of sampling rate. The acquired voltage and current data
were computed to be first derivatives, and then transformed to Nyquist plots in the
frequency domain via discrete Fourier transform (DTFT) method’ with frequencies
ranging from 1/t,us (1 Hz) to S/4 (50 kHz), where S means the scope sampling rate.
The obtained EIS plots were simultaneously fitted by complex non-linear least
square method (CNLS) for calculating the equivalent circuit parameters (e.g. R and
Ca). All these operations were controlled by our customized LabVIEW program.
The data acquisition system was interfaced to the PXIe-1082 express chassis (NI,

USA) equipped with PXIe-8135 Core 17-3610QE controller (NI, USA).



1.2.4. Electrochemical measurements

All electrochemical measurements except the FT-EIS were performed with a CH
Instruments (Austin, TX, USA) model 660E electrochemical analyzer. A
conventional three-electrode cell assembly was employed in the experiments with
ITO microdisk pattern electrode as a working electrode, Ag/AgCl reference electrode
in 3 M NaCl (RE-5B, BASi, UK), and platinum wire as a counter electrode. All
potentials were reported versus Ag/AgCl reference electrode. In the case of
experiments at room temperature, the ITO microdisk substrate was mounted in a
custom-made teflon cell so that the ITO micropattern could be exposed through a 6
mm-diameter hole. When the solution temperature had to be heated, a specially
designed glassware connected to a circulating water bath (SH-WB-11CDN, SH

Scientific, Korea) was utilized as an electrochemical cell.

1.2.5. COMSOL simulation

The finite element analysis software, COMSOL Multiphysics® v 5.4 was used to
model the cyclic voltammograms and EIS plots on an ultramicroelectrode (UME) at
Eeq. The electroanalysis interface in electrochemistry module was used to simulate
the desired model system. Redox couple, the reduced species (Red) and oxidized
species (Ox) represent ferrocyanide ([Fe(CN)s]*), and ferricyanide ([Fe(CN)s]*)
respectively. Their diffusion coefficients, Dox and Dred, Were chosen to be 7.2 x 107
0and 6.7 x 107'° m%*/s from one of the relevant literatures.*’ The transfer coefficient,

0, was assumed to be 0.5. The standard rate constant (k°) and electrode capacitance



(Ca) were calculated from the impedance measurement at FE.q carried out on
macroscale ITO electrode with 0.5 mm of diameter in 10 mM [Fe(CN)s]*"* with 100
mM phosphate buffer (pH = 7.4) solution. According to eqn (1-1) and (1-2) below,
K is calculated from R and bulk concentration of the redox species C*, where R =
8.3145 J K'mol!, T = 293.15 K. As the measured R, R«, and Cq were 508.19 Q,
56.171 k€2, and 22.015 nF, respectively, k" and Cg can be calculated as 2.37x10° m/s

and 11.21 uF/cm.

io = o = FAK"Coy" "™ Crea™® = FAKOC* (where Coy" = Crea” = C7)
ct
(1-1)
o_ _ RT .
k” = F2R, AC* (1-2)

1.2.6. Investigation of near-surface characteristics of etched

ITO samples

Field emission scanning electron microscopy (FESEM) (SUPRA 55VP, Carl Zeiss,
Germany) was used for observing surface morphologies of ITO substrates at several
points during the chemical etching process. High resolution X-ray diffraction
(HRXRD) (SmartLab, Rigaku, Japan) and energy-dispersive X-ray spectroscopy
(EDS) (SUPRA 55VP, Carl Zeiss, Germany) were used to examine the

crystallographic change and atomic composition of the etched ITO surface.



1.3. Results and Discussion

1.3.1. FT-EIS measurement of the ITO sample being etched

CE Analyzer

RE FT-EIS ‘

AZ4620 WE
PR coating

Teflon cell

5 X 5 ITO microdisk array (FEWF‘*“) 5-15 mV (vs Ref.)

Scheme 1-1. Schematic illustration of FT-EIS analysis of 5 x 5 ITO microdisk
patterns coated with AZ4620 photoresist under chemical etching process in 3 M
FeCls, 1 M HCI etchant at 47 °C. The distance between two nearest microdisks was
200 um. The PR thickness was about 5 um. The diameter of teflon cell hole through

which the ITO pattern was exposed to etchant was 6 mm.

As depicted in Scheme 1-1, we designed an ITO micropattern composed of 25 (5
x 5 configuration) microdisks with a diameter of 20 um in order to investigate the
electrochemical change in real-time during the whole etching process. The pattern
was fabricated through a common photolithographic procedure using AZ4620 as
positive photoresist (PR) for the formation of insulation layer on ITO substrates.
While these ITO microdisks undergo the chemical etching in HCI-FeCls etchant,

they also act as working electrode for the in situ FT-EIS measurement in 3-electrode
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configuration. Fig. 1-1A shows that the continuous square wave signal with small
amplitude was applied to the working electrode for the FT-EIS measurement as each
impedance plot (Nyquist plot) was recorded at every rising and falling step."**7 We
only chose the impedance data from rising steps to extract Nyquist plots with
controlled measurement condition. It is unnecessary to add additional redox material
into the etchant for impedance analysis because the electrochemical reduction of
inherent ferric ions can already occur. The concentration of ferric ion in etchant,
[Fe’'], is kept constant throughout the entire process because the etching is Fe*'-
catalyzed chemical reaction at the ITO surface according to the reported
mechanism.'® The FT-EIS analysis at a constant potential using square wave signals
for the purpose of monitoring temporal changes differs from many other reported
applications, most of which have been based on the staircase voltammetry FT-EIS

(SCV FT-EIS) with changing potential.*>*

10



EIS (rising step) EIS (falling step)
Macro (0.5 mm diam.)] !
2001 Micro (20 um diam.) [
100 4 !
|
—~ o]
< i
= -100- 1
S [
©
= -2004 |
3 |
O 0] |
-400 :
500 1 0.490V
]

VOI.Z OTO 02 04 DTG 058 1?0
Voltage (V vs. Ag/AgCI)

Fig. 1-1. (A) The square wave signal used in the FT-EIS measurement in Scheme 1-
1. (B) Cyclic voltammograms measured immediately after the immersion of ITO
macroelectrode (0.5 mm diam., red solid line) and the ITO microdisk array electrode

depicted in Scheme 1-1 (black solid line) into the etchant. The scan rate was 0.1 V/s.
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Fig. 1-2. (A) Accumulated Nyquist plots obtained from the FT-EIS measurement
during the etching process in 3 M FeCl;, 1 M HCI etchant at 47 °C. The EIS
frequency range was 50 kHz ~ 1 Hz with 2 s of time resolution. (B) Equivalent circuit
used for fitting of the impedance data shown in (A). R indicates solution resistance,
Ca double layer capacitance, Ry charge transfer resistance, and Wingspn Warburg
element of semi-infinite spherical diffusion. (C) Temporal change of the fitted R,
Ca parameters, and (D) RuCa value. (E, F) Magnified versions of (C, D) in the time

range of 0 to 4 min. The inset shows the R.Ca value change during the initial 1 min.

12



Surface: Concentration (mol/m”)

0 x10°
) wet

0 5 10 %x10°m

Surface: Concentration (mol/m®)

10.1

5 um

0.2 um

10 pm 10.01

0 5 10 15 %10 m

Fig. 1-3. Model geometries of the ITO microdisk electrode for COMSOL simulation
for one-electron transfer reaction, Ox + e «» Red, with 2D axisymmetric
configuration (A) when etching is still in process, and (B) when etching is finished.
Red solid line indicates the ITO electrode surface. The 5 um-wall stands for the PR
insulation layer. The scale of the length might be different from the real dimension.
Concentration profiles of Ox species at Eeq (= 0 V) on cathodic scan when Cox =
Cred = 10 mM (C) for geometry of (A), and (D) for geometry of (B). (k"= 2.37x10°
S m/s, Ca= 11.21 uF/em? a = 0.5, Dox=7.2x10™"" m%s, Dgrea= 6.7x107'° m%s, Scan

rate = 50 mV/s)
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The square wave applied to the ITO electrode in FT-EIS measurements is a signal
biased at £ (Fe*'/Fe’") with 15 mV of amplitude and 2 s of period (see Fig. 1-1A).
The E° was experimentally determined to be approximately 0.490 V, the middle
point of the two peak potentials of cyclic voltammogram (CV) of Fe*"/Fe*" redox
couple on macro ITO electrode as seen in Fig. 1-1B. According to Fig. 1-1B, the
estimated £ is located in the vicinity of the onset potential of Fe** reduction current
in the CV of ITO microdisk array, rather than at the half-wave potential. This may
be ascribed to a relatively sluggish kinetics of Fe*'/Fe*" couple in comparison with
the well-known (quasi)reversible redox compounds. Therefore, the FT-EIS
measurements on ITO microdisk array was conducted near the onset potential of Fe**
reduction. As only the FT-EIS data calculated from rising steps were monitored, the
time resolution of analysis is identical to the step period. The etchant composed of 3
M FeCl;, 1 M HCI aqueous solution was used with the operating temperature
maintained at 47 °C, which conforms to a general etching condition in most
photolithography processes. The 3D impedance plot in Fig. 1-2A demonstrates the
temporal change of Nyquist plots. The impedance plots were simultaneously fitted
with the equivalent circuit in Fig. 1-2B by using Levenberg-Marquardt algorithm®>’
to give R and Cq parameters in Fig. 1-2C to 2F. The equivalent circuit contains the
semi-infinite spherical diffusional Warburg impedance that corresponds to the
concentration profiles at E.q obtained from COMSOL simulation in Fig. 1-3. It is
improbable that the diffuse layers of the individual microdots overlap because the
dots were isolated 200 um apart from each other, which is acceptable to the criterion
of microelectrode array design by Fletcher and Horne.*® In Fig. 1-2D, the R«Ca value

was also plotted as an indicator of electrochemical activity of ITO electrode.
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According to eqn (1-3), the forward rate constant of an electrochemical redox
reaction between Ox and Red, £, is related to standard rate constant, £°, where o is
the charge transfer coefficient, F' the Faraday constant, R the gas constant, 7 the

absolute temperature, and E the potential applied.’’

ke = kO exp [ 25 (B — £ (1-3)

Here, k¢ can also be expressed as the following equation (eqn (1-4))*-%,

k = ﬁ |1+ exp (2 - )] (1-4)
0 RT (A-a)nF a)nF

= a2 (57 €~ E) e (-5 @ - )] a9)

where R;, is the polarization resistance obtained from impedance measurement, 4
the electrode area, Co  the bulk concentration of oxidized species Ox. The R,
becomes identical to R when the impedance is measured at the formal potential, E” .
Thus, the £” which represents the electrochemical kinetics is inversely proportional
to R, and 4 when the other parameters (Co , E, E”) are fixed (see eqn (1-5)), which
implies that the R«Ca values obtained from the FT-EIS analysis indicate the
electrochemical activity of the electrode surface because all the measurements are
carried out at the constant potential without significant change in chemical

composition of the etchant.
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1.3.2. The initial period of etching
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Fig. 1-4. (A) Nyquist plot of the ITO microdisk under 3 M FeCls, 1 M HCI etchant
at 47 °C obtained from FT-EIS measurement during the etching process (¢ = 1 min,
frequency range = 50 kHz ~ 1Hz). (B) Nyquist plots obtained from COMSOL
simulation under the geometry of Fig. 1-3A at E.. Red symbol : Coy =20 mM, Cred'
= 0 mM, Black symbol : Cox = Cred = 10 mM. (C) Cyclic voltammograms and (D)
Nyquist plots obtained from COMSOL simulation with varying PR thickness under
the geometry of Fig. 1-3A. Vertical blue dashed line at £ = 0V indicates Ecqin (C).
(scan rate = 50 mV/s, frequency range = 100 kHz ~ 1 Hz) The same electrochemical

parameters (k°, Ca, 0, Dox, Dred) Were used as in Fig. 1-3.
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Fig. 1-2D shows the activation behavior of ITO that was observed immediately
after the immersion of the sample into the etchant, and it lasted for more than 4 min
until the sharp increase of RCa occurred. When focusing on the early activation
period up to around 4 min, the typical Nyquist plot is composed of a RC semicircle
and a small proportion of diffusional Warburg impedance as shown in Fig. 1-4A,
which is similar to the simulation result in Fig. 1-4B in that the RC semicircles are
dominant in the EIS plot. Although there only exists the Ox species (Fe’") in the
etchant, the simulation results in the presence of both Red and Ox species are also
valid in EIS analysis near Ecq because the simulation gives identical EIS plots in both
the cases (see Fig. 1-4B). One can see that R decreases while Cy slightly increases
in a gradual manner, and that the activation effect is remarkable for the first 1 min
and becomes saturated for the rest of the period as depicted in Fig. 1-2E and F. The
height of insulation layer does not affect the RC semicircle in EIS plots but only
alters limiting current levels in CV when etching is still in progress (see the
COMSOL simulation results in Fig. 1-4C and D). Thus, the changes of R, Ca should
not be caused by a subtle change of thickness of the ITO film resulted from etching,
but by electrochemical and morphological changes of the electrode itself. A mild
increase of Cq before the rapid transition period in Fig. 1-2E may be attributed to the
exposure of the roughened ITO surface as a result of chemical etching, which is in
accordance with the change in surface morphology observed by FESEM as seen in
Fig. 1-5. The decrease of R« should be partially ascribed to the increase of electrode
area (Ca) (see Fig. 1-5Ato D), but primarily to the electrochemical activation of ITO
because R.Ca dropped more severely than Cg increased. Being analogous to the
observation reported by Su ef al., the EDS analysis of the partially etched ITO thin
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films in Table 1-1 shows an increase of Sn/In ratio near surface region as the etching
proceeded.'” Though a higher rate constant of dimethylferrocene redox couple
(DMFc/DMFc") was observed on ITO electrodes that had been manufactured to be
intrinsically higher in Sn/In ratio,*' it is not yet clear if the activated electrochemical
kinetics is related to the atomic composition of Sn and In near the ITO surface. The
X-ray diffraction pattern for 2 1 1), (22 2),(400),(431),(440)and (6 2 2)
crystalline planes in Fig. 1-6A matches well with the indium oxide reference peaks
at body-centered cubic (BCC) (JCPDS file No. 06-0416). A consistent decrease of
XRD peaks along the etching procedure except the (2 2 2) facet of relatively slight
intensity decrease implies that the etching proceeds with weakening of surface
crystallinity, and that the (2 2 2) facet becomes dominant as the intensity ratio /220/7400
increases (see Fig. 1-6B), which accords with the observation in the related
litterature.*® Although the predominance of (2 2 2) facet on etched ITO surface might
be related to the change of electrochemical activity, more detailed investigations are
required for unraveling their correlation. The time duration required for this initial
activation might be increased or decreased depending on the temperature or the
chemical composition of etchant, which could be easily monitored through the FT-
EIS by properly modulating its time resolution. Accordingly, the usage of this FT-
EIS technique in combination with etching process could be enlarged to procure ITO

samples with desired electrochemical activity.
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Fig. 1-5. Field emission scanning electron microscopy (FESEM) images of partially
etched ITO microdisk array samples at several time points. The images represent the
center area of a microdisk marked with yellow dashed rectangle area at (A) 0 min,
(B) 1 min, (C) 2 min, (D) 3 min, and (E) the beginning, (F) the midpoint, (G) the
late stage of the rapid transition period, and (H) at the end of the etching process.
For each sample, the etching process was terminated as soon as the sample had

reached the desired R«Ca monitored from FT-EIS analyzer.
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Etch duration (min)
0 0.5 1 1.5 2 2.5
Relative composition (%)
In 2327  21.01 18.56  16.77  10.70  7.70
Sn 2.23 2.02 1.80 1.67 1.09 0.81
Sn/In  0.0958 0.0961 0.0970 0.0996 0.1019 0.1052

Table 1-1. Near-surface atomic composition of Sn and In obtained from EDS

analysis for ITO films with various etch durations.
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Fig. 1-6. (A) The XRD spectrum of partially etched ITO thin film samples whose
durations of etching are marked in blue color at the left. The corresponding
crystalline facets are marked above each XRD peak. (B) Change of the XRD peak
intensity ratio l»2/ls0 with the time duration of etching. The ITO samples were
prepared by cutting the ITO-coated slide glass into individual rectangular pieces (1

cm x 1 cm) with a diamond cutter.

21



1.3.3. Monitoring termination of etching process via FT-EIS

analysis

After the etching process proceeds for more than 4 min, R«Cq leaps as R rapidly
increases whereas Cq decreases as observed in Fig. 1-2C and D. In view of the
FESEM images in Fig. 3E-H, this transitional period is represented by a sudden loss
of the effective area of ITO which can function as electrode. All the FESEM images
in Fig. 1-5 throughout the entire process indicate that ITO grains are eroded quite
uniformly from the whole exposed area until the majority of the area is etched,
leaving only a small sidewall of ITO (Fig. 1-7). The RC semicircle is predominant
in Nyquist plots after the transitional period with very small contribution of Warburg
component as displayed in Fig. 1-8A just as the COMSOL simulation showed a
similar result with the Nyquist plot almost without Warburg component (Fig. 1-8B).
In common with the geometry before completion of etching, the effect of electrode
depth, i.e. PR thickness, is negligible for RC semicircle in EIS plots despite the
change of limiting current level (Fig. 1-8C and D). More importantly, the R:Ca
should remain constant even with the geometry change after the termination of
etching process if the standard rate constant, £, of the electrode reaction is
unchanged (Fig. 1-9). Therefore, the sharp rise of R.«Ca observed in the etching may
imply that the sidewall ITO that has undergone the chemical etching has a smaller k°
for the same electrochemical reaction than that of the initial ITO surface. It appears
that the morphological and crystallographic nature of the etched sidewall ITO differs
from that of the pristine ITO surface as shown in the tilted FESEM image of the

same ITO microdisk whose PR layer was removed with acetone after the etching
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process (Fig. 1-10). However, further sophisticated investigations are necessary to
verify if this ‘deactivation effect’ exists at the moment of the termination of ITO
etching because the exact geometry of PR-covered etched samples is hard to be
defined for an accurate simulation. Once the RCa had increased after the
termination of etching process, the value was almost maintained as shown at the end

of the period (> 6 min) in Fig. 1-2D.

Fig. 1-7. (A) FESEM image of a PR-covered ITO microdisk with 5.00 kX
magnification when the etching process was completed, and (B) the magnified image
of the edge area marked with yellow dashed rectangle with 50.00 kX magnification

ratio.
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Fig. 1-8. (A) Nyquist plot of the ITO microdisk under 3 M FeCls, 1 M HCI etchant
at 47 °C obtained from FT-EIS measurement after the etching is completed. (¢ = 6
min, frequency range = 50 kHz ~ 1Hz). (B) Nyquist plots obtained from COMSOL
simulation under the geometry of Fig. 1-3B at E.,. Red symbol : Coy =20 mM, Cred'
= 0 mM, Black symbol : Cox = Cred = 10 mM. (C) Cyclic voltammograms and (D)
Nyquist plots obtained from COMSOL simulation with varying PR thickness under
the geometry of Fig. 1-3B. The vertical blue dashed line at £ = 0V indicates E¢qin
(C). (scan rate = 50 mV/s, frequency range = 100 kHz ~ 1 Hz) The same

electrochemical parameters (K", Ca, 0, Dox, Dreg) were used as in Fig. 1-3.
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Fig. 1-10. (A) FESEM image of an etched ITO microdisk whose PR layer was
removed with acetone after the etching process. FESEM images of the edge area of
the same sample with magnification ratio of (B) 50.00kX and (C) 100.00kX. (D)

Tilted FESEM image for focusing on the remaining sidewall area.
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In consideration of the FT-EIS observations, we exploited this technique for the
etching process of ITO interdigitated array (IDA) electrodes as an example of more
sophisticated patterns which could be prone to damage during the etching. As
displayed in Fig. 1-11A, we designed a micropattern composed of 3 pairs of 5 pm-
wide interdigitated ITO microelectrodes, which are situated 10 um apart from each
other. The chemical etching process under the same condition was carried out while
the change of R«Ca value was continuously tracked at the same time via FT-EIS
measurements (Fig. 1-11B), which allowed us to successfully fabricate the 5
undamaged ITO IDA electrodes as presented in Fig. 1-11C and Fig. 1-12A. It was
possible to terminate the etching right after the actual completion of the process
because the temporal changes of RCa for the samples showed the early electrode
activation as well as the completion of the etching process visualized by a sharp
increase of R Cq likewise with Fig. 1-2D. On the contrary, the other 5 IDA samples

chemically etched for 10 min®**"¢°

under the assumption that the optimized etching
condition was unknown showed a number of broken, damaged electrode patterns
(Fig. 1-11D and Fig. 1-12B). As summarized in Table 1-2, the etching durations of
the IDA samples in Fig. 1-11B range from 4.60 to 5.50 min, which suggests the

usefulness of FT-EIS in optimizing the etching condition for a given ITO sample and

etchant, and screening out abnormalities or sample failures.
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Fig. 1-11. (A) Simplified illustration of the ITO interdigitated array (IDA) electrode.

The width and length of each microelectrode was 5 pum and 1.2 mm respectively.

The microelectrodes were located 10 um apart from each other. The aspect ratio of

the sketched image is different from the actual one. (B) RuCa values of five IDA

samples monitored in situ via FT-EIS analyzer during the chemical etching in 3 M

FeCls, 1 M HCI solution at 47 °C. The end points of each sample indicate where the

etching process was terminated. Optical microscopic images of (C) one of the five

IDA sample chemically etched with FT-EIS monitoring, and (D) one of the other five

that were chemically etched for 10 min without FT-EIS monitoring. The images in

(C) and (D) were taken after removal of photoresist (PR) after the etching process.

All the images of two sets of five etched ITO IDA samples with or without FT-EIS

monitoring are presented in Fig. 1-12.
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Fig. 1-12. Optical microscopic images of (A) the five ITO interdigitated array (IDA)

samples chemically etched with simultaneous FT-EIS monitoring, and (B) the other

five chemically etched for 10 min without FT-EIS monitoring. The etching was

carried out with 3 M FeCl; with 1 M HCI solution at 47 °C. All the images were

taken after removal of photoresist (PR) after the etching process. The red dashed

circles indicate the areas with damaged or broken patterns.

Sample No. #1

#2

#3

#4

#5

Etching duration (min) 5.50

5.07

4.90

4.60

5.13

Table 1-2. Near-surface atomic composition of Sn and In obtained from EDS

analysis for ITO films with various etch durations.
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1.3.4. Validation of FT-EIS results using conventional

electroanalytical techniques

To confirm the observed tendency of electrochemical change of ITO surface under
the etching, we obtained CVs using 10 mM ferri- and ferrocyanide solution,
including the conventional EIS data near E° every 30 s from the initial state to the
end of the process for the same sample by temporarily pausing the etching with DI
water rinsing. The CVs in Fig. 1-13A show an immediate activation by the first 30 s
of etchant immersion, and that the ITO electrode appears to maintain its activated
state for up to 4 min followed by an abrupt decrease of current level afterwards
without a significant shift of E”. As demonstrated in Fig. 1-13B and C, the Nyquist
plots and the fluctuation of the fitted R, Cq parameters follow a similar trend to that
of FT-EIS results in etchant in Fig. 1-2A and C. The increased electrochemical
activity of partially etched ITO electrodes was still maintained even after they had
been taken out of the etchant, indicating that a slight etching can make ITO surface
electrokinetically active. The shape of the obtained Nyquist plots mostly accords
with those computed from COMSOL simulation (see Fig. 1-4B and 8B). Likewise,
the trend of RiCa with the duration of etching in Fig. 1-13D indicates an early
activation period (0 ~ 4 min) followed by the rapid transitional period, and the
termination of etching process, which consists with the FT-EIS analysis (Fig. 1-2D).
The time required to complete the etching was observed as approximately 4 ~ 6 min,
and also not affected by the voltage applied to the ITO for FT-EIS analysis, which is
plausible because the potential applied was near the onset potential of the Fe’*

reduction current on ITO sample (see Fig. 1-1). As reported in the literature, the etch
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speed in FeCl;-HCl-based etchant depends on the surface concentration of Fe** and
[HCI]."® If the potential applied is higher than the onset potential of Fe*" reduction,
the surface concentration of Fe'" is practically identical to the bulk concentration.
Although the electrochemical change of our ITO microdisk array was partially
examined through cyclic voltammetry and conventional EIS in this section, it would
be impossible or extremely time-consuming to implement those conventional
electroanalytical methods in order to continuously monitor the etching process under
etchants with unknown chemical composition, or to handle the process with much

longer time duration, or to detect unexpected abnormal behavior.
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Fig. 1-13. (A) Cyclic voltammograms of the etched ITO samples measured with 30
s of time interval from the initial state. The solution contained 10 mM Ks[Fe(CN)g],
10 mM K4[Fe(CN)s] with 100 mM phosphate buffer (pH = 7.4) as supporting
electrolyte. Black dashed vertical line indicates the formal potential of the system.
The scan rate was 50 mV/s. (B) Nyquist plots obtained from conventional EIS near
E" for the same samples, solution in (A). The inset is magnified image of the Nyquist
plots for the time range of 0 to 4 min. (C) R«, Ca parameters fitted from the EIS data
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of (B), and (D) temporal change of R.Ca value. The inset shows the magnified

version for the time range of 0 to 4 min.
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1.3.5. Electrochemical monitoring of ITO etching process

using conventional electroanalytical techniques

To verify the usefulness and significance of using FT-EIS for the chemical etching
of the ITO film, we conducted several conventional electroanalytical techniques in
real-time during the process: chronoamperometry, cyclic voltammetry, and single
frequency EIS. First, we applied the continuous square wave to the ITO film as
described in Fig. 1-1A. The chronoamperometric response in Fig. 1-14A only shows
the termination of etching process. As shown in Fig. 1-14B, the current level rapidly
decreased at the time range of 4.1 to 4.3 min, together with a decrease of the
amplitude of chronoamperometric response. This signifies a sudden loss of electrode
area (Ca) resulted from the etching. However, one cannot measure the degree of
electrochemical (de)activation of ITO film during the entire process in an accurate
manner, because the current response not only reflects the change in electrokinetics
(R« or k%), but the one in electrode area (Cq). The continuous cyclic voltammograms
in Fig. 1-15 also clearly shows the termination of etching process. The limiting
current started to decrease abruptly from the 13th cycle, and continued to gradually
decrease, which implies that the completion of etching occurred approximately at
4.4 min. Additionally, the slight shift of cyclic voltammogram toward anodic
direction indirectly indicates the electrochemical activation of the electrode at the
initial period of the process, as displayed in Fig. 1-16A. Similarly, the normalized
CVs of the ITO film before and after etching process imply the electrochemical
deactivation of the electrode (see the onset potential shift in Fig. 1-16B). Again,
however, the cyclic voltammetry does not fully offer the electrochemical aspect of
the changes inflicted upon the ITO film, given that the change in limiting current
level comes from that of electrokinetics as well as that of electrode area, which is

hard to be accurately extracted. In other words, despite the convenience in usage, the
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chronoamperometry and cyclic voltammetry can be limitedly employed to detect the

completion of etching process.

On the other hand, single frequency electrochemical impedance spectroscopy (EIS)
offers more information than two of the aforementioned techniques. We tracked the
change in impedance in real-time during the ITO etching process, as displayed in
Fig. 1-17. We then calculated the change in resistance (Rapp) and capacitance (Capp)
of the system while we assumed that the equivalent circuit is solely composed of a
R-C parallel component (see Fig. 1-18A). Given that the contribution of solution
resistance and Warburg element was eliminated from the original equivalent circuit
described in Fig. 1-2B, the Rqp, and Capp measured are apparent values. The total
impedance of the R-C parallel circuit is expressed as eqn (1-6) and (1-7), where @
indicates the signal frequency, Z the total impedance of the system, Zg. its real part,

and Zin its imaginary part.

1 1 ]
P + jCoppw (1-6)
app
. R, R2,pCapp® .
Z=1Zpe+]jZim = £E - EEAEE—— (1-7)

1+(RappCapp®)?>  1+(RappCapp®)?

Eqn (1-7) can be rearranged so that Ry, and Capp are expressed as equation of Zg.

and Zim (see eqn (1-8) and (1-9)).

2 2
— ZRe+ZIm

Zim
app = (1-8), Capp = (1-9)

W(ZBo+ZE)

R

ZRe

Namely, if the electrochemical system can be regarded as a pure R-C parallel
equivalent circuit, those parameters can be monitored temporally via single

frequency EIS. As demonstrated in Fig. 1-17, the changes in total system impedance
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and phase angle allow us to detect the completion of etching process just as in the
FT-EIS analysis (see Fig. 1-2 and 1-11). This can then be converted to the temporal
change of Rapp, Capp, and RappCapp according to eqn (1-8) and (1-9). Notably, both the
early activation of ITO film and the termination of the process were observed from
all the sinusoidal frequencies except for 100 Hz-AC signal (see Fig. 1-18B to D). Its
deviation from the results obtained from FT-EIS and single frequency EIS using the
other frequencies is not unsurprising, because the contribution of Warburg element
becomes important at lower frequency. In the cases of the other frequencies, the
propensity of parameter changes (i.e. Rapp and Capp) Was observed to be in line with
that measured via FT-EIS, in spite of the value discrepancy among them. This may
also be attributed to the simplification of the equivalent circuit, which implies that
the AC frequency to be used should be sufficiently high to neglect the mass transport
effect. Together, it would be the most appropriate to use an AC frequency where Rapp
and Cappo could be similar to each other for accuracy and reproducibility of the
analysis. If one chooses only to roughly estimate the electrode activation or the
completion of the process, single frequency EIS could be a good choice. By
extension, the efficacy of FT-EIS over single frequency EIS becomes prominent
when it comes to the system composed of only R-C circuit with negligible mass

transport effect.
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Fig. 1-14. (A) Chronoamperometric response during the ITO etching process
under 3 M FeCls;, 1 M HCl solution at 47 °C. The continuous square wave applied is
described in Fig. 1-1A. The ITO sample used was identical to that in Scheme 1-1.

Sampling rate was 2 kS/s. (B) Chronoamperogram for the time range of 3.8 min to

4.5 min from (A).
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Fig. 1-15. Cyclic voltammograms consecutively accumulated during the ITO
etching process using 3 M FeCls, 1 M HCl solution at 47°C. The first 12 cycles (black)
were measured before the etching completion, and the succeeding cycles (red, from
the 13th cycle) after the etching completion. The red arrow indicates that the limiting
current of the CV decreased as the etching proceeded. Scan rate was 0.1 V/s. The

other experimental conditions were identical to those in Fig. 1-14.
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black arrow indicates a slight shift of the onset potential toward positive direction.
(B) The S5th (black, before etching) and last (red, after etching) cyclic

voltammograms normalized so that their limiting current level would be the same.
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Fig. 1-17. (A) Temporal change of total system impedance and (B) phase shift of
the ITO film electrode, recorded by single frequency electrochemical impedance
spectroscopy (EIS). The frequencies of AC signal used were 50 kHz (black), 25 kHz
(red), 10 kHz (blue), 1 kHz (magenta), and 100 Hz (green), respectively. Sample
interval was 2 s for EIS measurements using 50 kHz, 25 kHz, and 10 kHz-sinewaves,
or 1 s for those using 1 kHz and 100 Hz-sinewaves. Bias potential was 0.490 V (vs.

Ag/AgClin 3 M NaCl reference electrode)
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Fig. 1-18. (A) Simplified equivalent circuit of the system with pure R-C parallel

component. Rqpp and Capp indicate the apparent resistive, and capacitive components.

(B) Rapp, (C) Capp, and (D) RappCiapp values calculated from impedance data of Fig. 1-

17. The frequencies of AC signal used were 50 kHz (black), 25 kHz (red), 10 kHz

(blue), 1 kHz (magenta), and 100 Hz (green), respectively. Sample interval was 2 s

for EIS measurements using 50 kHz, 25 kHz, and 10 kHz-sinewaves, or 1 s for those

using 1 kHz and 100 Hz-sinewaves. Bias potential was 0.490 V (vs. Ag/AgCl in 3

M NacCl reference electrode)
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1.4. Conclusion

In this dissertation, we demonstrate a real-time electrochemical examination of
ITO thin film electrode under chemical etching process in situ via FT-EIS using
continuous square wave signal (see Fig. 1-19). By monitoring changes of R and Cq
obtained from simultaneous fitting of in situ FT-EIS data, we successfully tracked
the electrochemical activation phenomenon at the early stage of the process which
lasted for several minutes until the termination of the etching represented by a sudden
increase of R.:Ca. Not only did the COMSOL simulations and additional experiments
using ferri- and ferrocyanide accord with the observed electrochemical aspects from
FT-EIS analysis, but they also ensured the retention of increased electrochemical
activity of ITO film even after removing the etchant. The change of atomic
composition and crystallinity at ITO surface obtained from EDS, XRD analyses
could be correlated to the electrochemical observation. The huge increase of R.Ca
resulted from the process might imply that the remaining ITO sidewall is somewhat
deactivated in comparison to the initial ITO surface. The utilization of FT-EIS in
etching interdigitated array (IDA) electrodes with delicate pattern suggested the
technique as a powerful tool to prevent an excessive etching for individual samples
by optimizing the procedure, or to prepare ITO electrodes with desired activity, and

even to screen out abnormalities.

Although the electrochemical monitoring of the ITO etching process via
chronoamperometry and cyclic voltammetry demonstrated the capability to detect
the completion of the process, those techniques do not offer more electrochemical

information than the change of the overall current level, or the onset potential shift
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resulted from the change in electrochemical activity. In contrast, single frequency
EIS furnishes information about the change that the ITO electrode undergoes in
terms of electrochemical aspects, including the termination of the process. We
observed that single frequency EIS could be a good electroanalytical tool just for
monitoring the systems comprised of an R-C parallel component, or those whose
equivalent circuit can be easily regarded as R-C circuit. It is of importance that the
signal frequency should be carefully chosen depending on the specificity of the
system. The forte of FT-EIS over single frequency EIS is to give a full description of
the electrochemical system from electrokinetics to mass transport-related
information upon a single measurement. In particular, a real-time impedance analysis
focusing on electrochemical information obtained from both low frequency range
(i.e. mass transfer) and high frequency region (i.e. electrokinetics) would be the
perfect target for FT-EIS. This dissertation lets us rediscover the potential of FT-EIS
enabling in situ real-time electrochemical examinations in other constantly changing,

transient systems such as electrodeposition, corrosion, surface modification.
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Fig. 1-19. Conceptual illustration of in situ real-time FT-EIS analysis applied to the

chemical etching process of ITO film electrode.
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2. Development of New Iontronic Platform for

Biomimetic Ion-based Information Processing

2.1 Introduction

Iontronics ultimately aims at ion-based signal processing similar to that found in
neurological systems, or mimicking of various biological structures such as neuronal
plasma membranes, with support of ionic circuits designed to functionally control
the ion flow.! Han et al. named the field iontronics and made pioneering
contributions on the integration of an ionic diode on a glass microchip.? Since then,
the field has evolved employing microchip devices that comprise ionic circuits based
on charge-selective membranes like polyelectrolyte gels (hydrogels), for ionic

3810 and logic circuits*®'". Such

information processing via diodes*”, transistors
tremendous advances have propelled the scientific community to aspire to the
utilization of iontronic devices as replacement or facilitators of certain compromised
biofunctions, such as neural circuits.*”'> Considering the desired advances toward
bioinspired and biomimetic application-driven development of iontronics, its current
toolbox'? of ionic resistors, capacitors, diodes, transistors and several other circuits

would be remarkably reinforced with some technical development that could narrow

down the gap between the biological system and the artificial iontronic system.

First, there are issues regarding the power source which drives the ionic circuit.
As a fundamental biological signal processing unit, the neuron maintains the
membrane potential by itself with its inherent chemical energy, which is

unimaginable for current iontronic devices based on external electronic power
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sources. All the available electronic powers must involve electrodes that should have
as low interfacial resistance as possible, e.g. Ag/AgCl and Pt. This entails faradaic
reactions at the electrode surface, continuously generating chemical products.” To
the best of our knowledge, no entirely ionic circuitry covering electrodeless ionic
power source has been reported yet. Secondly, the substrate materials for ionic

circuits have been limited to some materials such as glass***®

, which are quite
distant from being utilized for biorelated purposes, including the construction of

biomimetic devices or biocompatible interfaces with biological system, and

biomimicking.

In this dissertation, we report the first example of ionic circuits driven by a
miniaturized reverse electrodialysis (RED) stack without using conventional
electronic power sources such as battery or potentiostat, in response to the
aforementioned issues. RED provides a direct route to power generation by
converting the free energy of mixing two salt solutions in different concentration,
e.g. seawater and river water which are inexhaustible resources at estuaries.'*'?
Assuming perfect permselectivity of an ion-exchange membrane (IEM), ca. 80 mV
can result from preferential ion transport from seawater to river water (0.50 M and
0.017 M, respectively) when the IEM is present between those solutions. We
operated the ionic diode and logic circuit on a microchip by salinity gradient power
from the RED system. The voltage applied to the ionic circuit could be turned on or

off, and more precisely controlled by manipulating the plastic connection tube filled

with electrolyte, which is reminiscent of a variable resistor.
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Subsequently, we report a novel method for the construction of ionic circuits based
on charged hydrogels on a polydimethylsiloxane (PDMS) microchip. As a substrate
material, PDMS is an attractive candidate due to its superior biocompatibility, optical
transparency, chemical inertness, flexibility, stretchability, oxygen permeability, low
fabrication cost and ease of manufacturing.' While PDMS has been extensively used

1718 and condom lubricants', it is a

in various products, such as contact lens
renowned material of choice for the fabrication of versatile microfluidic devices to
support academic research on bioassay, bioanalytical studies, diagnostics, and
miniaturized capillary electrophoresis (CE).*** We found a solution to the
hydrophobicity and oxygen permeability challenges that strongly inhibit
photopolymerization of the hydrogel inside the PDMS microchannel. Not only was
the ionic diode successfully fabricated on the PDMS microchip, but it also showed
a stable hydrogel-PDMS interface during the operation in electrolyte solutions
similar to glass microchips. The prepared PDMS microfluidic ionic diode (PMID)
exhibited superior rectifying behavior even under tensile stress, and recovered its
initial performance after liberation from the stress. We also constructed an ionic
regulator based on the mechanical switch that we integrated on the PDMS microchip
by combining the flexibility of PDMS with the ionic circuit. The PDMS microfluidic
ionic regulator (PMIR) allowed the supply of several voltage levels to the ionic
circuit of interest. We demonstrated the ability of the PMIR to imitate the signal
transmission at excitatory and inhibitory synapses, which suggested its potential as
an iontronic information processing unit. The developed iontronic systems equipped
with fully ionic characteristics and unprecedented versatility coming from the

material properties advance toward biomimetic ion-based information processing, as
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well as the development of ionic, flexible, and biocompatible platforms, such as

wearable devices.
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2.2. Experimental Section

2.2.1. Materials

Diallyldimethylammonium chloride (DADMAC), 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPSA), sodium styrenesulfonate (SS), N,N’-
methylenebisacrylamide (MBAAm), poly(ethylene glycol) diacrylate (PEGDA,
average M, 250), (3-mercaptopropyl)trimethoxysilane (MPTMS), (3-
glycidyloxypropyl)trimethoxysilane (GPTMS), 1,2-ethanedithiol (EDT), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP), Sylgard 184 silicone elastomer kit, sodium
chloride, potassium chloride, 2-hydroxy-4'-(2-hydroxyethoxy)—2-
methylpropiophenone, fluorescein sodium salt, 3-(trimethoxysilyl)propyl
methacrylate (TMSMA), methanol, and Ag wire (0.5mm thick, 99.9%) were
purchased from Aldrich. Selemion CMV and AMV were purchased from Asashi

Glass Co., Ltd.

2.2.2. Preparation of RED stack

We manufactured a customized RED stack by mostly following the methods of M.
C. Hatzell and B. E. Logan.” Briefly, silicon gaskets (~1.3 mm in thickness) were
cut into a rectangular shape (2 x 1 cm?) to provide flow path between IEMs that had
a cross section area of 2 cm”. The silicon gaskets and IEMs as prepared were stacked
up in a repetitive alternation (i.e. CEM, gasket, AEM and gasket, respectively) and

then, two solution chambers for external connection to ionic circuit were attached to
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the lateral ends of the stack comprising gaskets and IEMs. Two salt solutions (0.01
and 4.0M NaCl) were introduced into the RED system with a flow rate of

0.71mL/min. Typically, the RED stack generated 2.2V under those conditions.

2.2.3. Microchip fabrication

Corning 2947 precleaned slide glasses (75 mm X 25 mm, 1 mm thick, Corning,
USA) were used as substrates. The slide glass was cleaned in a piranha solution
(H2S04:H>0, =3:1, J.T. Baker, USA) for 45 min and then rinsed with deionized (DI)
water (NANOpure Diamond, Barnstead, USA) several times. After removing the
moisture on the surface with an air blower, the cleaned slide glass was dehydrated
on a hot plate at 200 °C for 5 min and then cooled to room temperature. The slide
was then spin-coated (YS-100MD, Won Corp., Korea) with hexamethyldisilazane
(HMDS; Clariant, Switzerland) at 7000 rpm for 30 s. It was then coated with a
photoresist (PR; AZ4620, Clariant, Switzerland) at 7000 rpm for 30 s. After soft
baking the PR on a hot plate at 100 °C for 90 s, the slide glass was cooled to room
temperature and aligned under a pattern mask. The PR on the slide was exposed to
UV light (365 nm) with an intensity of 21 mW c¢m™ for 13 s (MDA-4000, Midas,
Korea) at AZ 400 K developer (Clariant, Switzerland) for 120 s. The slide glass was
then washed with DI water, and the PR was hard-baked on a hot plate at 200 °C for
15 min. Adhesion tape was attached to the back side of the slide glass in order to
protect it from the etching solution. The slide glass was etched with a 6:1 buffered
oxide etch solution (J. T. Baker, USA) for 45 min at 25 °C with stirring. The etched

glass was then drilled at the positions for the reservoirs with a 2 mm-diameter
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diamond drill at 18000 rpm and cleaned in a piranha solution for the same duration.
The pair of slide glasses were permanently attached to each other by thermal bonding.
DI water between the glasses prevented the formation of air bubbles during the
bonding process. The glasses were heated at 600 °C in a furnace (CRF-M15, Ceber,
Korea) for 6 h at which time they were slowly cooled in the furnace to room

temperature over 10 h.

2.2.4. Fabrication of polyelectrolyte ionic diode on microchip

DADMAC and AMPSA were used as the monomers to create positively and
negatively charged polyelectrolytes. Before gelation, the microchannel was coated
with 3-(trimethoxysilyl)propyl methacrylate (TMSMA, 0.5 %) in a methanol
solution containing acetic acid (0.5 %) for 1.5 h. TMSMA acted as the linker between
the polyelectrolyte and the slide glass surface. The microchannel was then cleaned
with methanol. The microchannel was aligned under a mask and subsequently
exposed to UV light (365 nm) with an intensity of 21 mW cm™ for 3.5 s (MDA-4000,
Midas, Korea). After photopolymerization, the microchannel was cleaned with KCI
(1 M) to remove the remaining DADMAC monomers, photoinitiator, and cross-
linker (2 %). The microchip with the pPDADMAC gel plug was then filled with a
AMPSA (5 M) solution containing a photoinitiator (2%) and a cross-linker (2%).
After fine alignment under the mask, the chip was exposed to UV light for 9 s to
produce a sharp polyelectrolyte junction. The microchannel was then washed with
KCI (1 M). Finally, the polyelectrolyte junction comprising pDADMAC and

PAMPSA on the microchip was stored in aqueous NaCl (10 mM).
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2.2.5. Connection of RED to the ionic circuit

Cloning cylinder (H 6 mm X% 8§ mm, Aldrich) was attached through epoxy-resin
bonding at each position of reservoirs of the fabricated microchip. An end of the
plastic tube (AJK00004, Tygon chemical resistant tubing, Saint-Gobain) filled with
electrolyte was then inserted to the bonded cylinders, and the other end was located
inside the solution reservoir of RED. The electrolyte employed for connecting and
constructing ionic circuit is 10 mM NaCl solution. The whole system was

constructed without any air bubble inside the connection tubes.

2.2.6. Voltage and current measurements in RED-powered
ionic circuit

The whole system does not include any metallic electrode, nor an electronic
instrumentation such as potentiostat for monitoring voltage and current signals in the
ionic circuit. Instead, a multichannel basic data acquisition device (USB-6003,
National Instruments, USA) of 16-bit resolution was utilized for voltage and current
recording. As depicted in Fig. 2-1, each analog input channel was allocated for
measuring a electrical potential difference between two arbitrary points. For example,
the voltage generated from RED was measured by dipping two Ag/AgCl electrodes
in both the reservoirs at each end of the RED. Similarly, the voltage drop across the
ionic circuit was measured with the same method at analog channel 1. Meanwhile,

the ionic current flowing through the circuit was indirectly calculated from the
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potential drop across the electrolyte-filled connection tube whose resistance had

been measured in advance. This follows simple Ohm’s law (eqn (2-1)),

I (current) = :dﬂ (2-1)

tube

where Viirr and Rupe represent the voltage difference between two ends of a tube
and its resistance. This current measuring method is possible because the resistance
of an electrolyte-filled tube reaches several hundreds of k3, whereas the conducting
wire in electronic circuits is de facto negligible in terms of resistance. These voltage

data were simultaneously acquired with sampling rate of 100 samples per second.

AIO +
AlO -

Al2 +

Al2 -

o >» O

All +
All -

Fig. 2-1. Experimental scheme of voltage and current measurements using data
acquisition (DAQ) device. Als indicate analog input channels of the device, each
pair of which is composed of + and — terminals. The electrical potential difference

between these two points was recorded constantly during the experiment.
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2.2.7. Optical measurement

For light-emission experiment, the fluorescence from the n-type polyelectrolyte
gel, pPDADMAC, was observed while the ionic circuit was driven by RED. For this
purpose, aqueous NaCl solution (10 mM) containing 1 uM of fluorescein was used
as electrolyte in the ionic circuit. The fluorescence intensity was measured by a

fluorescence microscope (TE2000U, Nikon, Japan).

2.2.8. PDMS microchip fabrication

PDMS microchips were fabricated by stacking two PDMS substrates, the upper
one with micropattern and the lower one without any pattern. These PDMS slabs
were constructed by pouring the mixture of PDMS base solution and curing agent in
10 : 1 ratio (Sylgard 184 silicone elastomer kit, Dow Corning, USA) onto the petri
dish, and subsequently by curing the mixture at 65 °C for 3 h in oven, while the
uncured mixture must be poured on top of the SU-8 mould for micropattern in case
of the upper substrate. The SU-8 mould was fabricated by following a general
photolithographic procedure on 4-inch silicon wafer (test grade, Wanxiang Silicon-
Peak Electronics, China) prior to the PDMS curing step. The silicon wafer was
cleaned in a piranha solution (H>SO4 (J.T. Baker, USA) : H,O; (Daejung Chemicals
& Metals, Korea) = 3 : 1) for 15 min and then rinsed with deionized (DI) water
(NANOpure Diamond, Barnstead, USA) for several times. After removing the
moisture on the surface with an air blower, the cleaned wafer was dehydrated on a

hot plate at 150 °C for 15 min and then cooled to room temperature. The wafer was
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then spin-coated (YS-100MD, Won Corp., Korea) with SU-8 (PR; SU-8 3025,
Microchem, USA) at 1500 rpm for 30 s. After prebaking the sample at 95 °C for 20
min, the substrate was exposed to UV light (365 nm) with an intensity of 21 mW cm’
2 for 15 s (MDA-400M, Midas, Korea), then baked at 65 °C for 1 min and at 95 °C
for 4 min as a part of post exposure bake (PEB) step. The SU-8 mould was completed
by developing the wafer for 4 min with developing solution (SU-8 developer,
Microchem, USA), and finally rinsing it with isopropyl alcohol (IPA) for several

times.

The upper and lower PDMS substrates (thickness ~ 1 mm) were rinsed with
acetone, methanol and DI water for several times. After removing the moisture on
the surface, the hydrophilic activation was conducted with UV/ozone oxidation
(AC6, Ahtech LTS, Korea) for 3 h while the distance between the UV lamp and the
substrates was maintained to be less than 3 mm. The activated upper substrate with
pattern was then silanized with 5% v/v methanol solution of MPTMS for 2 h, while
the lower one with 5% v/v methanol solution of GPTMS for 2 h. After rinsing the
chemically modified PDMS slabs with fresh methanol, the bonding process was
finalized by pressing them against each other with ca. 40 kPa for 2 days at ambient
temperature (~ 20 °C). Lastly, a 3.5% v/v methanol solution of EDT which also
contains 2.5% v/v of DBU was injected into the PDMS microchannel to render thiol
groups to the GPTMS-coated channel surface. After 2 h of the base-catalyzed thiol-

epoxy reaction, the microchannel was rinsed with fresh methanol for several times.
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2.2.9. Photopolymerization of hydrogels on PDMS microchip

DADMAC and SS were used as the monomers to create positively (n-type) and
negatively (p-type) charged polyelectrolyte gels. The 4 M DADMAC monomer
solution containing 2wt% of MBAAm as a cross-linker and 1wt% of LAP as a
photoinitiator was used while the 1 M SS monomer solution containing 13wt% of
PEGDA as a cross-linker and 1.2wt% of LAP as a photoinitiator was employed. The
DADMAC precursor solution was exposed to UV light (365 nm) with an intensity
of 21 mW cm™ for 2 s for photopolymerization, while the SS solution 50 s. In case
of the photopolymerization inside the closed PDMS microchannel, the channel was
aligned under the photomask and subsequently exposed to UV light. After
photopolymerization, the microchannel was cleaned with 10 mM potassium chloride
(KCI, Aldrich) solution to remove the remaining gel monomers, photoinitiator, and
cross-linker. This ionic circuit on PDMS microchip was filled with 10 mM KCI

solution for electrical characterization as well as for storage.

2.2.10. Hydrogel stability test on two-dimensional surface

under electrolyte solution

We prepared rectangular PDMS slabs (H 1 cm x 1 c¢m, thickness ~ 1 mm) in order
to test the robustness of hydrogel-surface interface under aqueous solution. The
PDMS slabs were oxidized via hydrophilic activation methods (e.g. air plasma
(PDC-32G, Harrick, USA), UV/ozone oxidation), and then chemically modified. For
silanization using TMSMA, the solution was prepared as 1:1:1 volume ratio
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(TMSMA : AcOH : MeOH). The 10 pl of gel monomer solution on the surface-
treated PDMS slab was photopolymerized through UV exposure (365 nm) with an
intensity of 21 mW cm™. A detailed explanation of the procedure is explained in

Section 1.3.6.

2.2.11. Tensile test of PDMS microfluidic ionic diode (PMID)

The tensile test was proceeded with a tensile machine (3343, Instron, USA) with
a load cell of 1 kN. Tensile rate was 0.1 mm/s. The initial length of the PMID was
10 mm as we adopted jaw phases with acrylic plates (10 mm x 40 mm x 1 mm) to

the sample.

2.2.12. Electrical characterization of PDMS microfluidic ionic

circuits

The ionic circuits constructed on PDMS microchip were filled with 10 mM KCl
solution for further electrical characterization. Having located the handmade
Ag/AgCl wires in the reservoirs, we performed cyclic voltammetry of ionic diode
circuit from 1 V to -1 V with 2-electrode configuration, where the positive potential
is defined as forward bias potential. When it comes to the demonstration of PDMS
microfluidic ionic regulator (PMIR), we employed bipotentiostat (PGSTAT302N
with BA module, Metrohm Autolab, Netherlands) in order to apply the two external

voltages (V1, V2), and to record the total ionic current (/). The voltage applied to
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the targeted part of the ionic circuit (V) was monitored by using an additional data
acquisition (DAQ) board (USB-6356, National Instruments, USA) with two
Ag/AgCl wires placed at the reservoirs near the part of interest of the circuit. The
two voltages from the bipotentiostat were kept constant during the experiment while
the change of Vou and fi: values was observed at the moment of mechanical pressure

made by a fingertip upon the switch buttons.
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2.3. Results and Discussion

2.3.1. Electrical characterization of RED

For construction of the system, a miniaturized RED stack was manufactured as an
ionic power source.”” The RED stack generated 2.2 V with 25 IEMs, which is 62.6%
of theoretical value (3.51 V). This deviation was originated from imperfect
permselectivity of the IEMs and additional conducting paths created by the solution
feed channels in the RED system.?® A higher RED voltage can be achieved through
an optimization process of the stack configuration, e.g. solution paths for feeding,
thickness of solution channels between IEMs, and salt concentration ratios.
Nevertheless, in this work, we could readily obtain any RED voltage required for the

ionic circuit operation.

2.3.2. Ionic diode powered by RED

As shown in Fig. 2-2, we constructed an aqueous ionic diode circuit connected to
RED stack through flexible, electrolyte-filled tubes involving no electronics. Both
the reservoirs at the ends of the RED, the connection tubes and ionic circuits were
filled with 10 mM NacCl solution containing 1 pM fluorescein to visualize the
dynamic ion flow in the ionic diode in real-time. The voltage and current responses
with time were measured for forward and reverse bias states of the ionic diode. (Fig.
2-3) The experimental scheme of voltage and current measurement is presented in
Fig. 2-1. Under forward bias, a voltage range of 1.4—1.6 V was imposed to the ionic

diode with a current range of 0.6—0.7 uA while the RED voltage was maintained at
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2.2 V (Fig. 2-3A). The remaining voltage (0.6—0.8 V) was consumed as an IR drop
by the resistive parts such as connection tubes or reservoirs. Conversely, almost
entire RED voltage was applied to the ionic diode under reverse bias while the ionic
current was less than 0.1 pA (Fig. 2-3B). The results imply that the resistance of
ionic circuit is significantly greater under reverse bias than under forward one due to

the formation of an ion depletion region.

Fig. 2-4 shows a series of temporal fluorescence images when either of the
two biases is applied. Before applying forward bias potential, the n-type pPDADMAC
region exhibits a strong fluorescence because of the presence of anionic fluoresceins.
When the diode is under forward bias, the fluoresceins in pPDADMAC are gradually
replaced by colorless CI ions from the reservoir which contribute more efficiently
to the forward ionic current with simultaneous reduction of fluorescence intensity.
In contrast, the darkened pDADMAC gel starts to quickly recover its initial
fluorescence intensity under reverse electrical bias as Cl” ions inside are substituted
with larger fluoresceins. We also conducted an additional experiment in order to
examine the net effect of the reverse bias over no bias on the recovery of fluorescence
intensity in the pDADMAC gel (Fig. 2-5). This comparative experiment under
confirms that the fluorescence intensity change is mainly affected by the reverse bias.
Although the diode gradually brightens without any electrical bias, the speed of
fluorescence recovery is significantly greater in the presence of reverse bias voltage.
These results show that the aqueous ionic circuit can be successfully embodied with

combination of the ionic power of RED.
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Fig. 2-2. Illustrative schematic of ionic circuit powered by RED. Voltage generated

from RED is applied to microfluidic polyelectrolyte diode directly via tubes filled

with electrolyte. (CEM: Cation exchange membrane, AEM: Anion exchange

membrane, H(L) NaCl solution: High(low) concentration NaCl solution)
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Fig. 2-3. Time vs. voltage and ionic current plot of RED-powered ionic diode under
(A) forward bias, and (B) reverse bias voltage. Note that the sign of voltage and
current is inversed under reverse bias condition. (Black solid line: voltage generated
from RED, Red solid line: voltage drop across the diode, Blue solid line: ionic

current)

Fig. 2-4. Temporal fluorescence images of n-type pDADMAC gel in ionic diode
using anionic fluorescein under (A) forward bias potential, and (B) reverse bias
potential. The white numbers in the middle of each pair of images represent the

elapsed time in second after connection of RED to the circuit.
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Fig. 2-5. Comparison between temporal fluorescence images of pPDADMAC gel
under no external bias and reverse bias potential. The white numbers in the middle

of each pair of images indicate the elapsed time in second from the initial state.
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Fig. 2-6. Comparison between temporal fluorescence images of pPDADMAC gel
under no external bias and reverse bias potential. The white numbers in the middle

of each pair of images indicate the elapsed time in second from the initial state.
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2.3.3. Voltage switching and regulation upon ionic circuit

The flexible connection tube filled with electrolyte solution plays dual roles: (1)
connection of the RED to the ionic circuit, which is analogous to the conducting wire
in electronics, and (2) a variable resistor when tightened or released at a specific
point as described in Fig. 2-6. Because the material resistance is inversely
proportional to its cross section, the resistance of connection tube increases when it
is constricted, and decreases when released. Thus, the voltage applied to the circuit
is maximized when the tube is completely open whereas almost no voltage is applied
when the tube is fully tightened. We measured voltage and current responses upon
the pressure imposed to the tube for the forward- and reverse-biased ionic diode
while the whole voltage from RED was almost kept constant at approximately 2.5 V
(Fig. 2-7). Under forward bias, about 1.7 V was applied to the diode with a distinct
current value (> 1.0 pA) when the tube was in the released state (Fig. 2-7A).
However, when the tube was completely tightened, the applied voltage and current
were drastically dropped to nearly zero. This phenomenon was reproducibly
observed depending on the tube states. A similar result is shown in Fig. 2-7B for
reverse-biased ionic diode. In this case, the majority of the RED voltage (approx.
2.45 V) was applied to the diode while the tube was open, since the resistance of the
circuit (> 20 MQ) is extremely higher than the other rest parts in the circuit (~ 400
kQ) (e.g. reservoirs, electrolyte) by orders of magnitude. However, the applied
voltage and ionic current dropped to nearly zero due to the infinitely increased tube

resistance when the tube was fully constricted.
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An arbitrary potential beyond the only on and off states can be also applied to the
ionic diode in a more controlled manner. For example, 6 different potentials
including on and off states were applied to forward-biased ionic diode by precisely
controlling the magnitude of the pressure onto the tube (Fig. 2-8). The steady-state
ionic currents are directly proportional to the voltage drops across the circuit. The
corresponding fluorescence images are in good agreement in that the fluorescence
intensity gradually decreases with increasing applied voltage. These results
demonstrate that we can tune the voltage applied to ionic circuits by using a variable-
resistor-like tube filled with aqueous solution. As for reverse bias, only on and off
states were allowed regardless of the magnitude of tube pressure. Neither voltage
between the two states was stably maintained. The tube resistance should surpass
that of the circuit to adjust the potential applied to the diode even under reverse bias,
which can reach several hundreds of MQ according to the electrochemical
impedance spectroscopy (EIS) analysis in the previous report.” More precise and
delicate tools such as automatic micrometers and microvalves would enable finer

control of the tube resistance to apply an arbitrary potential to any ionic circuit.
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Fig. 2-7. Time vs. voltage and ionic current plot for repetitive voltage switching upon
ionic diode through mechanical pressure on flexible connection tube filled with
electrolyte under (A) forward, and (B) reverse bias condition. The bold O and C on
the graph indicate the open(on) and closed(off) tube states, Note that the sign of
voltage and current is inversed under reverse. (Black solid line: voltage generated
from RED, Red solid line: voltage drop across the diode, Blue solid line: ionic

current)
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Fig. 2-8. I-V plot for forward-biased ionic diode at steady state with fluorescence
images of n-type pPDADMAC gel for each state during the voltage adjustment. The

voltage drop across the circuit (V) and ionic current (/) were measured 120 s after

steady state had been formed.
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2.3.4. Ionic OR gate driven by RED

The concept of RED-powered iontronic system can be further expanded to a more
sophisticated aqueous ionic circuit. Fig. 2-9A shows an integrated microfluidic OR
logic circuit composed of two ionic diodes in parallel. We obtained the truth table
(Fig. 2-9B) of the circuit with fluorescence images using fluorescein (Fig. 2-9C), and
output voltages for each state. The applied voltage becomes ‘0’ (off-state, low
voltage) or ‘1’ (on-state, high voltage) as each tube is tightened or released at a
specific point. The experimental results are in accordance with that of general digital
OR gate in electronics in that the output voltage, which is defined as a voltage drop
upon the circuit, reaches ‘1’ state when either of the two inputs is on ‘1°. When using
anionic fluorescein for imaging the system, the fluorescence intensity in n-type
pDADMAC phase markedly decreases in forward-biased (‘1° state) state.
Consequently, RED in aqueous media can supply power to a more elaborate

information processor in microfluidic chip.
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Fig. 2-9. (A) Microchip pattern of ionic OR logic circuit, (B) Truth table of the
voltages from RED and output signals from the circuit, (C) Fluorescence images for

each state of the logic gate. Input voltage from RED was maintained at 3.1 V.
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2.3.5. Preparation of PDMS microchip for subsequent

hydrogel formation

Despite its similarity in appearance to glass substrate, the hydrophobicity and
oxygen permeability of PDMS greatly hinders the fabrication of hydrogel-based
ionic circuits on PDMS microchips. In the case of glass microchip, the hydrogel
formed typically by UV photopolymerization can be covalently linked to the
microchannel surface chemically treated with 3-(trimethoxysilyl)propyl
methacrylate (TMSMA), which is a widely used linker (Fig. 2-10 and 2-11).>*%® Not
only do the gel monomers polymerize with each other upon exposure to UV, they
can also be linked covalently to the methacrylate groups at the channel surface. In
contrast, the robust anchoring of hydrogels on the PDMS-microchannel surface
requires certain prerequisites, which are not necessary for such fabrication on the
glass microchip. First, the microchannel surface should be sufficiently hydrophilic
for the injection of gel monomer solution and electrolyte. On the other hand, the
surface should also be chemically modified at the same time to enable the firm
attachment of the photopolymerized hydrogel onto the channel via covalent bonds,
while mitigating gel swelling or desorption upon filling the channel with the aqueous
solution during the device operation. The radical scavenging effect of the oxygen
diffused into the PDMS microchannel should also be overcome. In addition, the pair
of PDMS slabs, with and without micropattern, must be tightly bonded during the

fabrication procedure.

In this work, we introduced thiol groups (-SH) onto the PDMS surface to facilitate

subsequent UV-mediated thiol-ene reactions with the double bonds of the gel
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monomer molecules, as described in Scheme 2-1. The radical-driven thiol-ene
reaction is a well-known click reaction in organic chemistry for more than a century
and has been considered as an alternative of the classical photopolymerization
reactions based on (meth)acrylates for several applications, including surface coating,
material fabrication and photolithography owing to the high sensitivity of the
(meth)acrylic monomers to radical inhibition caused by oxygen.?”* To coat the inner
channels of the PDMS microchip with thiol groups, we began by performing
hydrophilic activation of the PDMS surface by UV/ozone oxidation over a long
duration (3 h) (Scheme 2-1A, B). Next, the activated silanol groups of the patterned
PDMS slab were treated with (3-mercaptopropyl)trimethoxysilane (MPTMS), while
those of the unpatterned PDMS slab with (3-glycidyloxypropyl)trimethoxysilane
(GPTMS), for 2 h in methanol (Scheme 2-1B, C). Inspired by the similar bonding
method reported by Hoang et al., who had achieved irreversible bonding between
Kapton (Dupont, Wilmington DE) and PDMS substrates®’, we adopted the novel
thiol-epoxy click reaction (epoxide ring-opening) for strong PDMS-PDMS bonding.
The two chemically functionalized substrates were mechanically pressed against
each other (~ 40 kPa) and left at ambient temperature for 2 days, which yielded a
sturdily bonded PDMS microchip reminiscent of the strong PDMS-PDMS adhesion
achieved by oxygen plasma treatment (Scheme 2-1C, D). Lastly, we injected a
methanol  solution  containing  1,2-ethanedithiol  (EDT) and  1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) into the PDMS microchannel to coat the
thiol groups onto the GPTMS-treated bottom substrate (Scheme 1D, E). The base-
catalyzed epoxide ring-opening reaction at this stage ensures the presence of the thiol
groups on all sides of the PDMS-microchannel surface. The MPTMS-treated
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substrate on the top may not be affected by the nucleophilic thiolate owing to the

absence of any reactive electrophilic functional group.
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Fig. 2-10. Surface anchoring reaction between the hydrogel monomers and the
methacrylate groups on the TMSMA-coated glass substrate with presence of UV

illumination.
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h of UV/ozone oxidation and (C) surface silanizations using MPTMS and GPTMS
for the top and the bottom substrates, respectively. (D) Robustly bonded PDMS
microchip after 2 days of thiol-epoxy click reaction mediated by mechanical pressure.
(Inset: Chemical structure of PDMS-PDMS interface and channel surface marked
with dashed circle) (E) Final PDMS microchip; microchannel surface is entirely
modified with thiol functional groups after 2 h of base-catalyzed thiol-epoxy reaction
with injection of methanol solution containing 1,2-ethanedithiol (EDT) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU). (Inset: Chemical structure of the inner
microchannel surfaces) Chemical structures of (F) pDADMAC-anchored, and (G)

pSS-anchored microchannel surfaces.
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2.3.6. Validation of robustness of hydrogel-PDMS interface in

aqueous environment

Prior to the desired hydrogel formation on the PDMS microchip, as shown in
Scheme 2-1E to G, we validated the effectiveness of our surface modification
method by performing the hydrogel adhesion test on the two-dimensional PDMS
surfaces that were chemically modified. As described in Fig. 2-12A, we first dropped
10 pl of gel monomer solution on the substrate surface that had been already
chemically modified (e.g. hydrophilic activation, silanization, etc). After the gel
photopolymerization upon UV exposure, we injected a sufficient amount of 10 mM
KClI (aq) on top of the hydrogel. Subsequently, we removed the electrolyte after 3
min of immersion so as to confirm whether the hydrogel formed was firmly attached
to the surface without noticeable swelling. If the hydrogel is strongly attached to the
surface, the swelling occurs only effectively toward the vertical direction, as depicted
in Fig. 2-12B, when immersed in electrolyte. Because the hydrogel is still firmly
fixed on the surface even after removing the electrolyte, it cannot move along the
surface, which implies the validity of the corresponding surface modification. In
contrast, the gel starts to swell into the global direction as soon as placed in
electrolyte in the absence of sufficient adhesion between the hydrogel and surface,
as displayed in Fig. 2-12C. Due to the lack of interaction between the gel and surface,
the swollen gel can freely move along the whole surface, which signifies the

ineffectiveness of the surface treatment method used.

Notably, the hydrogels were robustly attached to the PDMS surface that was

functionalized according to Scheme 2-1A to E, even under an aqueous environment.
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The results depicted in Fig. 2-13 show that the poly(diallyldimethylammonium
chloride) (pDADMAC) and poly(styrenesulfonate) pSS gels were stably attached to
the surface without noticeable swelling toward the horizontal direction when
immersed in the electrolyte. These results signify the validity of our surface
functionalization methods employed for the preparation of the PDMS microchip.
The attached gels could not move freely along the surface owing to the strong surface
adhesion even with the use of an aqueous solution, which is similar to the hydrogel
polymerized on the TMSMA-coated glass substrate. The photopolymerized
hydrogels tightly bound to the surface were neither destroyed nor fractured even

when the PDMS substrate was bent (Fig. 2-14).

Another related approach worthy of consideration is a more facile and
straightforward use of oxygen (air) plasma treatment for the robust PDMS-PDMS
bonding and hydrophilic activation of PDMS surface, followed by the chemical

233133 However,

modification of the silanol groups for a stable hydrogel anchoring.
the hydrogels photopolymerized on the PDMS surface in such an approach of plasma
treatment followed by chemical modifications (e.g. TMSMA, MPTMS), exhibited
swelling in the electrolyte because of their poor adhesion (Fig. 2-15). It should be
noted that the swollen gels were displaced from their initial center positions in the
electrolyte owing to their facile movement on the surface due to the lack of adhesion.
As displayed in Fig. 2-16, we also found that the hydrogels formed on the PDMS
substrate obtained from relatively short duration (< 1 h) of UV/ozone oxidation and
the subsequent chemical modification did not display strong adhesion to the surface

under aqueous environment, and were similar to the results presented in Fig. 2-15.

This is not surprising considering that a hydrophilic silica-like (SiO,) layer, the
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thickness of which is in the order of tens of nm, starts to form near the PDMS surface
owing to the prolonged UV/ozone treatment which lasts for more than 1~2 h.>*?’
This SiOy layer has been reported to resist water and gas permeation, which could be
additionally beneficial for overcoming the radical inhibition by oxygen diffused into
the PDMS channel. We verified a strong hydrogel-PDMS surface linkage just as
shown in Fig. 2-13 by using the PDMS substrates prepared over the long duration (>
3 h) of UV/ozone oxidation followed by surface silanization with TMSMA and
MPTMS (Fig. 2-17). Nevertheless, this method is only viable for attaching hydrogels
to open (two-dimensional) PDMS surfaces due to the absence of adequate PDMS-
PDMS bonding during the surface modification procedure. Once fabricated by
certain PDMS-PDMS bonding methods, it is difficult to further modify the inner
microchannel surfaces of PDMS microchip by UV/ozone oxidation, because both
the 254 and 185 nm wavelengths of the UV/ozone photochemical reaction hardly

penetrate the PDMS substrate.*’
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Fig. 2-12. (A) Brief scheme of hydrogel stability test under aqueous condition of the
hydrogel photopolymerized on the open PDMS surface, which is chemically
modified. Volume of gel monomer (precursor) solution was controlled at 10 pl. As
fabricated hydrogel was immediately immersed in 10 mM KCI (aq) for 3 min.
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Before After Before After

pDADMAC psS

Fig. 2-13. Photographs of (A) pPDADMAC and (B) pSS gels formed on PDMS
substrates prepared by following the surface modification procedures depicted in
Scheme 2-1A to E. Top and bottom rows indicate whether the PDMS substrate was
treated with MPTMS or GPTMS after the UV/ozone oxidation stage in Scheme 2-
1A and B. (left column: hydrogels as photopolymerized, right column: after the gel

stability test procedure)
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Fig. 2-14. (A) Photograph of the pPDADMAC gel photopolymerized on the PDMS

surface that was chemically modified by following the consecutive procedures

enumerated in Scheme 2-1Ato E; 1) UV/ozone oxidation 3 hr, ii) MPTMS (in MeOH)
treatment 2 hr, iii) 2 days at room temperature, and iv) EDT/DBU (in MeOH)

treatment 2 hr. (B) Photograph of the bended hydrogel-PDMS hybrid in (A).
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Before After Before After

MPTMS

pDADMAC

Fig. 2-15. Photographs obtained from the hydrogel stability test of (A) the
pDADMAC and (B) pSS gels formed on PDMS substrates prepared by following
the series of treatments: i) air plasma 1.5 min, and ii) silanization (TMSMA or
MPTMS) 2 hr. The top and bottom rows indicate whether the PDMS substrate was
treated with TMSMA or MPTMS after the plasma treatment. (left column: hydrogels

as photopolymerized, right column: after the gel stability test procedure)
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Fig. 2-16. Photographs obtained from the hydrogel stability test of the pPDADMAC
gels formed on PDMS substrates prepared by following the series of treatments: 1)
UV/ozone oxidation (A) 20 min or (B) 40 min, and ii) silanization (TMSMA or
MPTMS) 2 hr. The top and bottom rows indicate whether the PDMS substrate was
treated with TMSMA or MPTMS after the UV/ozone oxidation. (left column:

hydrogels as photopolymerized, right column: after the gel stability test procedure)
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Fig. 2-17. Photographs obtained from the hydrogel stability test of (A) the
pDADMAC and (B) pSS gels formed on PDMS substrates prepared by following
the series of treatments: i) UV/ozone oxidation 3 hr, and ii) silanization (TMSMA or
MPTMS) 2 hr. The top and bottom rows indicate whether the PDMS substrate was
treated with TMSMA or MPTMS after the UV/ozone oxidation. (left column:

hydrogels as photopolymerized, right column: after the gel stability test procedure)
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2.3.7. Flexible and stretchable ionic diode on PDMS

microchip

The procedure described in Scheme 2-1 allowed us to successfully fabricate the
ionic diode circuit on a PDMS microchip through UV-assisted photopolymerization
of pPDADMAC and pSS hydrogels, as depicted in Fig. 2-18A. This X-shaped design
is identical to that reported in our previous works, and the bipolar membrane
composed of the p-type (pSS) and n-type (pDADMAC) polyelectrolytes conducts
the ionic current primarily in one direction under forward bias potential.>*%” The
performance of the prepared PMID was equivalent to that on the glass microchip in
terms of hysteresis, and a superior current rectification ratio of 16.10 was obtained
(Fig. 2-18B), where the rectification ratio is defined as a ratio of the two current
values at the end potentials, which were 1 V and -1 V in this case. The cyclic
voltammograms of the PMID with different scan rates were acquired (Fig. 2-18C) to
verify the predicted characteristics of the diode. With the increase of the scan rate,
the position of the reverse peak potential gradually moved toward the negative
potential because of the time required for the depletion of the previously
accumulated ions at the junction under forward bias®, which caused the low
rectification ratio. In addition, we confirmed the long-term storage stability of our
PMID by observing the shape of the CV, and that the rectification ratio was

satisfactorily retained for more than a month, as presented in Fig. 2-19.

Next, we examined the performance of our PMID under uniaxial stretching as well
as that after recovery from the applied strain. As displayed in Fig. 2-20A, the PMID

was subjected to tensile stress by mounting the PMID on the tensile machine. The
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strain was applied at a constant rate of 0.1 mmv/s until the device fractured. The stress-
strain curve in Fig. 2-20B shows that the fracture occurred when the strain level
reached approximately 35% after a smooth increase of the tensile stress. As shown
in Fig. 2-21, the device fracture originated across the reservoir holes, indicating that
the mechanical properties of the perforated PDMS substrate are the limiting factors
that affect the device durability rather than those of the hydrogels. We acquired the
cyclic voltammograms of the PMID that was subjected to the 10, 20, and 30% strain,
and that after recovery (no applied strain) (Fig. 2-20C) to examine their electrical
characteristics. As shown in Figure 2-20D, the initial rectification ratio decreased
with increasing tensile strain, and the device regained its initial performance
immediately after liberation from the applied strain. The magnitude of the ionic
current upon reverse bias around -1 V increased with the tensile strain (Fig. 2-20C).
The decreased rectification ratio upon stretching is due to the deformation of the
hydrogels at the junction, which could bring about the attenuation of the ion
depletion effect. However, it appears that this level of tensile stress is negligible and
insufficient to cause permanent destruction of hydrogels or desorption from the

channel surface to prevent the remediation of the device performance.
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Fig. 2-18. (A) Schematic illustration of a PDMS microfluidic ionic diode (PMID)
composed of pSS and pPDADMAC hydrogels. (Inset: optical microscope image of
the diode junction with a photograph of the bended PMID) (B) Cyclic
voltammogram of the PMID as fabricated. (scan rate = 10 mV/s, rectification ratio
=16.10) (C) Cyclic voltammograms of the PMID with varying scan rates; 0.1, 0.05,
0.02 and 0.01 V/s. Black arrows in (B) and (C) indicate that the voltage sweep started
from 1.0 V toward negative potential. Solution filled inside the PMID was 10 mM

KCl (aq).

92

A2 o)) 8 3
| e I -



1.0

_ Asfab. (23.78)
——1day (22.60)
0.81—— 1 month (22.98)

/

0.6 Start scan
0.4

0.2

Current (uA)

0.0

-0.2-

40 -05 00 05 10
Voltage (V)

Fig. 2-19. Cyclic voltammograms of a PMID measured immediately (black solid
line), 1 day (red solid line), 1 month (blue solid line) after the fabrication. The
rectification ratios were 23.78, 22.60, 22.98, respectively. The solution filled inside

the PMID was 10 mM KCI (aq). (Scan rate = 10 mV/s)
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Fig. 2-21. Photographs of the ruptured PMID after the tensile test.
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2.3.8. PDMS microfluidic ionic regulator (PMIR) based on

mechanical switch

The elasticity and flexibility of the PDMS suggest opportunities for expanding the
potentiality of the hydrogel-based PDMS microfluidic ionic circuits (PMI). To
investigate such a possibility, we designed an ionic device that can regulate the
voltage level applied to an ionic circuit of interest via mechanical switching without
the need to vary the input voltages. First, we constructed a push-button type switch
on the PDMS microchip, as depicted in Fig. 2-22A. The round button connected to
the microchannel is hollow due to its enclosed structure with no reservoir holes. Thus,
air can be pushed into the microchannel by pressing the switch button, which renders
the ionic circuit electrically open. Fig. 2-22B shows that the ionic current flowing
through PDMS microchannel filled with the electrolyte can be reproducibly turned
on or off with the elastic switch, which is reminiscent of the switching function of
the electrolyte-filled plastic tube reported in our previous work.® We then integrated
this mechanical air-switch onto the PDMS microchip to fabricate the PDMS
microfluidic ionic regulator (PMIR) (Fig. 2-23A). The Vo generated from the
combination of the two external voltages (i.e. V1 and V>) and the switch state of S;
and S; is to be applied to the ionic circuit marked with dashed blue rectangle, which

can be also seen as the total output load for the PMIR.

Having fabricated the PMIR, we investigated its ability to mimic the
characteristics of signal transmission at the biological synaptic junctions in an
iontronic manner (Fig. 2-23B). In the nervous system, the external stimulus causes

depolarization of the neuronal membrane potential, which propagates the action
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potential to the presynaptic bouton.*” The identical presynaptic action potential
triggers excitatory postsynaptic current and potential (EPSC and EPSP, respectively)
at the excitatory synapses, whereas the inhibitory postsynaptic current and potential
(IPSC and IPSP, respectively) are created at the inhibitory synapses. The total
summation of those PSPs exceeding the threshold level yields an action potential in
the postsynaptic neuron. In this hydrogel-based mimicry on the PDMS microchip, a
mechanical pressure imposed upon the switches S| and S, on PMIR acts as the input
stimulus. The resulting voltage and current output are delivered to the pair of
antiparallel diodes, which serve as the ionic circuitry that mimics the postsynaptic
bouton. The diodes are intended to prevent the mixing of the ionic species between
the presynaptic and postsynaptic areas at the resting state or when the device is turned
off. Again, their antiparallel arrangement is of great importance in that it can express
both the positive (excitatory) and negative (inhibitory) outputs to the postsynaptic
circuitry. The use of a single diode would not enable the postsynaptic response under
reverse bias potential, but would act to just block the current, which could be
problematic in terms of postsynaptic signal summation or subtraction. The signals,
such as the postsynaptic response recorded during the PMIR operation in Fig. 2-23C,
show that the Vo and /s were nearly zero at the resting state without any pressure
upon S; and S, when V1 and V> were 1 V and -2 V, respectively. This is ascribed to
the symmetrical design of the two microchannels connected to S; and S; (see Fig. 2-
24 and Table 2-1). Upon pressing down S; to open it, we observed an instant outcome
in Vou and I, of approximately -0.3 V and -0.4 pA, respectively, which is
reminiscent of the inhibitory operation on the postsynapse, similar to the IPSP and

IPSC in neural systems. In contrast, the PMIR gave the excitatory responses with the
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same intensity of Vou and /io: of positive polarity at the moment when S, was opened,
which resonates with EPSP and EPSC. The voltages supplied to the PMIR, V; and
V>, could also be regarded as a synaptic weight in respect of synaptic plasticity
because the magnitudes of Vo and /i are proportional to them when V> = -2V, (see
Fig. 2-24 and Table 2-2).*' One can thus even aspire to the construction of an array
of PMIRs bearing neuromimetic features, as basic hardware units for ionic
information processing. The interconversion between several voltage levels across
the targeted ionic circuit resembles the neuronal plasma membrane, whose
membrane potential originates from the electrochemical equilibrium between the
intracellular and extracellular concentrations of the ionic species on the basis of their
discriminative membrane permeabilities.*” The membrane potential fluctuates
between the negative resting state and positive depolarized state because the
permeability of K™ and Na" ions can rapidly and functionally change owing to the
ion channels and active transporters. Similarly, the output voltage level from the
PMIR in this study varies instantaneously with switch operations. If an electrical
potential generated from the PMIR is to be applied across an ionic circuitry with
extremely high resistance, such as the biological lipid bilayer membrane, the Voo will
be independent of other resistive components in the device, i.e. channel resistance,
and could be maintained with negligible ionic current leakage (see Fig. 2-24 and
Table 2-1). Likewise, the PMIs offer rich possibilities for materializing iontronic
analogs of biological systems once the corresponding circuit is designed and

constructed appropriately.
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Fig. 2-22. (A) Schematic illustration of the working principle of mechanical
pressure-based switch integrated on PDMS microchip. (B) Ionic current recorded
under constant voltage (= 1 V) applied to the PDMS microchannel with ca. 3 s of
five switch actions. The microchannel was filled with 10 mM KCI solution. The
channel length and width were 16 mm and 1.3 mm, respectively. The inset image

represents the PDMS microchip used for the test.
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corresponding microchannel. V; and V> are two external voltages, Vou the voltage
applied to the targeted ionic circuit, and /i the total ionic current. (B) Conceptual
illustration of iontronic synaptic signal transmission triggered by external
mechanical pressure imposed upon switches S; and S; on PMIR. Circuit diagram
represents the antiparallel diodes and succeeding output load (Z.) driven by PMIR.
(C) Vou and I recorded with individual switch operation. Duration of each switch
action was approximately 3 s. V7 and V> were maintained at 1.0 V and -2.0 V,

respectively.

vout
O,
S, e ‘/-% lonic circuit
2]
o) LS —— 1]
Sy
R, § T I T I N
R, () b
Iii I
V2 Vi

Fig. 2-24. Full equivalent circuit diagram of the PMIR device presented in Fig. 2-
23A. R and R; indicate the resistances of the two microchannels connected to each
input voltage, respectively. S| and S, represent the mechanical ionic switches, Z the
total resistive component of the ionic circuit of interest, Vo the voltage drop across
Z, i1 and i the partial ionic currents flowing through R; and R, respectively, /i the

total ionic current flowing through Z.
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(S1, S2)

(1, 1)

(1,0)

Ri=R=R Z>>R Ri=R=R Z>>R Ri=R=R Z>>R
—Z 2V —Z 4
1 1 1 ZV.
Vout R+ZZ V1 +EV2 R+7 V1+V2 R+IZ V1
+1,) +1,)
2V + V. V, + V. V.
Trot -2 0 E z 0 1 0
R+27 R+7Z R+7Z

Table 2-1. Vo and fio: values when Ri1=R,=R, or Z is excessively greater than R

(=R\=R») in Fig. 2-24.

(S1, S2) (1, 1) 0, 1) (1,0)
Ri=R>=R
V2=nl Va= -2 V2=nl V2= -2 V2=nl V2= -2
Vo (n+2)2V; 0 (n+ 12V, A AA
R+27 R+7Z R+7Z R+7Z
I (n+2)V; 0 n+ 1DV Vi Vi
R+27 R+7Z R+7Z R+7Z

Table 2-2. Vo, and Iio values when R1=R,=R, and }V>=nV in Fig. 2-24.
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2.4. Conclusion

In this dissertation, we report significant advances in the development of iontronic
devices that render them even more versatile, biofriendly, and more relevant than
ever. We actualized the iontronic system composed of aqueous ionic circuits powered
by an ionic power source, the RED, without any metallic compound. For
demonstration, we fabricated the ionic diode and OR logic circuit connected to the
RED through electrolyte-filled plastic tubes. This new, fully ionic platform is of
importance in that this can make sensing and stimulating perfectly free from faradaic
reaction at electrode surface. Being a proof-of-concept without much sophistication
yet, the proposed system would suggest various applications where an aqueous, ionic,
and non-metallic power source are required such as a bioinspired information
processor just like the neuron. With regard to our newly developed PDMS
microfluidic ionic circuit (PMI), it allows us to realize an ion-based signal processing
device on soft elastomeric material with many advantageous properties, such as
biocompatibility, flexibility, and transparency. Having exploited prolonged
UV/ozone oxidation, a series of chemical treatments involving silanization and thiol-
ene click reaction, and a novel PDMS-PDMS bonding method, we successfully
fabricated the stretchable PMID, which showed superior rectification performance
and long-term stability. We also accomplished the fabrication of a mechanical
pressure-driven ionic switch on PDMS microchip and designed a PMIR, that was
capable of driving the ionic circuit of interest with several voltage and current levels.
The PMIR proved to be a suitable hardware unit for mimicking biological signal

processing by demonstrating its ability to serve as an iontronic analog of the synaptic
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transmission at the excitatory and inhibitory synapses, which was initiated from the
external pressure on the switches as the input stimulus. Besides applications to ionic
devices, our novel PDMS surface functionalization method of PDMS surface could
also be beneficial for achieving a rigid hydrogel-PDMS interface under an aqueous
environment for applications relevant to material chemistry or engineering. The
proposed hydrogel-based iontronic system on PDMS microchip is an excellent
example of the convergence of ionic circuits and soft materials for enabling

unprecedented advances.

The researches in iontronics during the past decades have been too immature to
be conceived as an ‘information processor’ that conforms to the ultimate
directionality of the field, which leaves us a lot to achieve. The Venn diagram
displayed in Fig. 2-25 shows the primary features that constitute the current
iontronics: ionic circuitry composed of hydrogels, iontronics powered by RED, and
various options for device material. It is expected that new ion-based devices or
platforms equipped with information processing ability could appertain to the
overlapped areas of the Venn diagram. The RED part of the Fig. 2-2 could be
integrated onto the microchip to be an active iontronic device just like the neuron,
which could further be constructed with PDMS taking advantage of its
biocompatibility. Apart from the ionic power or material variation, the ionic circuit
itself would evolve developing its non-linearity (i.e. memristive behavior, device
plasticity) in combination with signal processing features (i.e. signal summation).
Further, those kinds of ‘iontronic’ neural circuits could be interfaced to the actual
biological system allowing bilateral communication and replacement of certain

neurological functions.
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Fig. 2-25. Primary features of current iontronics expressed as a Venn diagram.
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