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ABSTRACT OF THE DISSERTATION 

 

On-Chip Integrated Electrochemical Energy Storage Devices 

Based on Photopatternable Solid Electrolytes 

 

by 

 

Christopher Seong Choi 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2021 

Professor Bruce Dunn, Chair 

 

The rapid proliferation of wireless sensor networks in the era of the Internet of Things 

provides a unique opportunity for the next wave of technological innovations, ranging from 

wearable biosensors in the healthcare sector to cloud computing. However, conventional tools 

available to power these networks and miniaturized electronics are severely limited due to the 

stringent size constraints. Three fundamental research objectives addressing this challenge are 

the development of advanced electrode material systems, device designs that significantly 

improve power and energy density of traditional thin-film microbatteries and the demonstration 
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of solid electrolytes, which can facilitate miniaturization and integration without the inherent risk 

of leakage. The research of this dissertation is directed towards the latter effort by creating 

microscale, on-chip solid electrolyte systems capable of being integrated at the point of load. A 

key feature here is to develop photopatternable solid electrolytes that can be processed directly 

on electrodes. 

In this dissertation, novel photopatternable electrolyte materials and processing methods 

are introduced and characterized. A basis for the material development is to chemically modify 

SU-8 negative photoresist without compromising its photopatterning functionality. The 

synthesized photopatternable solid electrolytes demonstrate excellent mechanical integrity and 

electrochemical properties with the ability to be integrated in lithium-ion batteries, electric 

double-layer capacitors, and pseudocapacitive energy storage systems. The outcome of this 

research is to extend the miniaturized batteries and supercapacitors into the important direction 

of high-energy and high-power solid-state electrochemical energy storage devices. 
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Chapter 1. Introduction and Background 

Chapter 1.1 Motivation 

The ‘Internet of Things’ (IoT) refers to the network of physical objects that are embedded 

with internet connectivity, sensors, and other electronic components that collect and share data 

with other devices and systems.1 IoT-connected device can improve how we work and live by 

integrating data from various sources and applying analytics to provide the most appropriate 

information to address specific needs. With the continuous miniaturization of electronics, it is 

expected that billions of new IoT devices will be connected to the internet each year.2 

The IoT technology relies on real-time processing of collected data and continuous 

exchange of information between connected devices, processes, and people. Reliable 

connectivity and constant communication, therefore, are fundamental to the IoT. Typically, the 

transmission of data during wireless communication is responsible for the greatest consumption 

of energy compared to other tasks such as sensing or computation.3,4 A robust, high-energy and 

high-power micropower system is a key technology for the future development of maintenance-

free IoT-enabled electronics, such as nanorobotics, microelectromechanical systems (MEMS), 

environmental sensors, and portable and wearable personal electronics.3 In recent years, the 

advances of nano-generators, which derive energy from ambient thermal, mechanical, and 

electromagnetic sources, seem to hold much promise as a sustainable powering unit.5–7 However, 

the main drawbacks of the abovementioned ubiquitous energy sources are that the energy supply 

is often intermittent and fluctuates significantly depending on the ambient conditions, and the 

power output might not be sufficient for devices that require hundreds of milliwatts 

instantaneously. To this challenge, power supply technologies involve the utilization of an 

energy storage unit that converts harvested energy into a storable form (i.e. electrochemical). 
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Generally, three modes of integration have been proposed to achieve the tandem energy 

harvesting and storage systems (Figure 1.1).8 For Mode 1, the two systems are connected via an 

external circuit and the energy conversion and storage processes occur independently. This is by 

far the simplest and easiest integration approach. Processes in Mode 2 are very similar but two 

components are integrated at the chip level. For Mode III, energy conversion and storage occur 

simultaneously without any intermediate processes. Mode I is currently the most common way in 

which energy conversion and storage technologies are integrated together, however, energy 

wasted from electrical resistance is inevitable and I/O switching noise can plague sensitive 

devices while enabling unique form factors. In comparison, Mode III is ideal from the 

perspective of material functionality and device integration. One interesting class of material, 

heptazine-based active material that photogenerates holes and accumulates electrons in the form 

of stable π‐radicals, coupling energy harvesting and storage units in a single material.9 However, 

the numbers obtained from both harvesting and storage activities are still far below that of Mode 

I and II devices. The ability to achieve both functionalities in a single material is not an easy 

task, and the research effort is still at a very early stage. Although the Mode II approach was 

believed to be unattainable due to the challenges associated with integrating the energy 

conversion and storage components in a small form factor, there now exist new fabrication 

routes, such as microfabrication techniques to achieve miniaturized EES. 

Miniaturized EES systems provide the SMART technology which complements load-

leveling and point of source usage. Specifically, IoT devices permit utilities to use a responsive 

energy network to efficiently allocate and store generated energy and help the grid systems to 

collect energy usage information for better load balancing. The development of on-chip 
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integrated EES for miniaturized electronic devices, therefore, is significant progress towards 

enabling the IoT and further enhancing the distribution and utilization of sustainable energy. 

 

Figure 1.1. Three types of integration modes between energy conversion and storage devices. 

 

Chapter 1.2. Consideration for Micro-scale Energy Storage Devices 

There has been steady progress in the development of on-chip EES systems to satisfy the 

growing demand for miniaturization and multi-functionalization of portable electronics. These 

energy storage systems are designed to be assembled directly onto microelectronic devices and 

are often required to be integrated into a limited footprint area. To meet the need for miniaturized 

electronics, Li-ion microbatteries and micro-supercapacitors are specifically designed and 

developed.10–14 Figure 1.2 shows the graphical representation of these two complementary EES 

systems. Because of the stringent footprint area requirement, recently reported Li-ion 

microbatteries take advantage of the third-dimension in increasing the areal loading to achieve 

higher areal energy density. To date, various synthetic and fabrication approaches, including 
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microfabrication techniques,15–17 pulsed laser deposition,18 vapor depositions,19,20 and additive 

manufacturing,21,22 have been explored to achieve high energy and power densities for a given 

footprint area. For example, a specific design, illustrated in Figure 1.2a, leads to increasing areal 

energy and power densities by effectively increasing the amount of active materials while 

shortening the ion diffusion length. In general, microbatteries provide sufficient energy density 

and maintain a stable voltage output.12,13 

On the opposite end of the spectrum, a typical structure of a micro-supercapacitor (MSC) 

unit consists of interdigitated electrodes on a planar geometry (Figure 1.2b).23 The planar 

architecture of interdigitated electrodes is highly favorable for enabling on-chip integration of an 

energy storage unit with other electronic circuit components. With two electrodes being 

electrically isolated by an interlayer gap, another benefit of the planar interdigital configuration 

is that there is a prospect of significantly reducing the ionic diffusion pathway in the absence of a 

conventional separator layer. So far, decent advancements have been made for MSCs that are 

composed of various materials including nanostructured carbons,24,25 pseudocapacitive 

materials,26,27 conducting polymers,28 exhibiting a typical areal capacitance of 0.1-100 mF cm-2. 

An important consideration here is that the fabrication process has to be reliable and 

straightforward. This indicates there needs to be good chemical, thermal, and electrochemical 

compatibilities of MSC with other electronic components throughout the whole fabrication 

process. Numerous fabrication strategies, such as laser-scribing,29–31 photolithography,32–34 

direct-ink-writing,35,36 and sputtering deposition,37–39 have been explored to realize high-

resolution MSC with a typical footprint area of sub 1-10 cm-2.40 
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Figure 1.2. Schematic representation of (a) 3D Li-ion microbatteries and (b) solid-state micro-

supercapacitor device. 

 

One of the most important components enabling micro-scale energy storage systems is 

the electrolyte, which prevents the electron flow between electrodes while facilitating the 

transport of charge-carrying ions. There are several important aspects of electrolytes such as the 

ion types, ion concentration, ionic conductivity, physical state, electrode/electrolyte interface 

interaction, etc., that all contribute to the physicochemical property of electrolytes and are crucial 

for any given EES system. In particular, the key electrolyte property required for 

multidimensional Li-ion microbattery systems is the ability to be deposited conformally over a 

non-planar geometry electrode. The electrolyte conformality without any pinholes and film 

growth uniformity are also very important factors here. In recent years, both inorganic and 

polymer-based solid electrolytes have been demonstrated to be synthesized over the high-aspect-

ratio structures by vapor-phase conformal fabrication routes.41–44 Although fabrication of solid 

electrolytes via physical vapor deposition methods has also been reported, it is not appropriate 

for multidimensional battery applications due to its anisotropic deposition characteristics.45,46 

One of the most-well-studied classes of inorganic electrolytes is glassy lithium phosphates with 
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an ionic conductivity of about 10-7 S cm.47–50 Various families of amorphous lithium phosphates 

have been successfully fabricated using vapor-phase deposition approaches. The integration of 

the state-of-the-art crystalline solid electrolytes, such as garnet structured Li7La3Zr2O12 or 

lithium lanthanum titanate systems exhibiting 10-3-10-4 S cm, becomes tricky due to the high 

crystallization temperature, typically ranging from 800-1000 oC.51–53 

As for the typical MSCs, the fabrication requirements are seemingly less strict because 

electrolytes simply need to cover the electrode area because of the interdigital configuration on a 

planar substrate. Nevertheless, gel-type solid electrolytes consisting of a mixture of standard 

aqueous and non-aqueous electrolytes blended in a polymeric matrix are preferred due to the 

ease of preparation and mechanical flexibility they provide. It is also important to note that these 

gel electrolytes exhibit high room temperature ionic conductivities that are comparable to liquid 

counterparts (1-100 mS cm-1).54,55 However, with conventional liquid or gel electrolytes, it 

becomes increasingly challenging to prevent electrolyte contamination or leakage as the device 

dimension gets smaller. Research endeavors on the development of solid-state micro-

supercapacitors have primarily been focused on improving the specific capacitance of electrode 

materials with marginal effort for developing novel solid electrolytes to address challenges with 

achieving high-resolution complex energy storage device architectures and high-throughput 

fabrication. 

 The ability to develop an ion-conducting photopatternable electrolyte, therefore, offers 

important new opportunities for providing mobile power for miniaturized electronic devices. 

This dissertation will present the synthesis and characterization of various photopatternable solid 

electrolytes for Li-ion batteries, carbon-based supercapacitors, and pseudocapacitive micro-

supercapacitor systems. Along with their photopatterning capabilities, other fundamental 
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properties such as chemical bonding structure, thermal stability, electrochemical properties are 

also thoroughly investigated and reported. The development of high-resolution photopatternable 

solid electrolytes represents a significant step towards the realization of integrated EES systems, 

offering mechanical integrity to a miniaturized energy storage component and overcoming 

packaging difficulties associated with the potential leakage of gel-type electrolytes. 
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Chapter 2. Background on Electrochemical Energy Storage Systems 

Chapter 2.1 Thermodynamics and Kinetics 

An electrochemical cell is a device that converts chemical or electrochemical energy 

directly into electrical energy. In its simplest term, an electrochemical cell can be considered two 

half-cells, each consisting of an electrode–electrolyte interface. One of the half-cells of an 

electrochemical cell loses electrons due to an oxidation reaction (the electrode here is referred to 

as an anode) and the other (cathode) gains electrons in a reduction process. The tendency of an 

electrode to lose or gain electrons is described by its potential (electromotive force) or redox 

couple. According to the thermodynamics, the potential of many electrochemical cells at 

equilibrium is governed by the Nernst equation that is derived from the Gibbs free energy 

equation shown below: 

� = � + �� − �	 = 
 − �	  (Eqn. 2.1) 

∆� = −��  (Eqn. 2.2) 

where G is the Gibbs free energy, U is internal energy (or E in electrochemical cells, as shown in 

Eqn. 2.2), P is pressure, V is volume, T is temperature, H is enthalpy, S is entropy, n is the moles 

of electrons, and F is Faraday’s constant, 96,485 C/mol e-. Here, if E of a cell is > 0, then the 

process is spontaneous (galvanic cell). If E of a cell is < 0, then the process is non-spontaneous 

(electrolytic cell). Relating the Gibbs free energy equation to the reaction equilibrium constant K, 

∆� = ∆�� + ��ln�  (Eqn. 2.3) 

where R is the universal gas constant and Go is the standard state Gibbs free energy. Dividing 

both sides of Eqn. 2.3 by nF, the Nernst equation can be obtained. 
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� = − ∆��
�� − ��

�� ln� = �� − ��
�� ln�  (Eqn. 2.4) 

The Nernst equation allows us to derive thermodynamic properties from standard potentials and 

vice versa. For a given reaction: 

�� + �� = �� + ��  (Eqn. 2.5) 

The potential of the system is defined as: 

� = � − ��
�� !� "#$%"&$'

"($)"*$+  (Eqn. 2.6) 

where [A] denotes the concentration of a given species. Going back to a full electrochemical cell, 

in which two half-reactions are each occurring at a cathode and anode, the potential of a full cell 

is then given by: 

��,-- #/-- = �#012�3/ − �(��3/ = 4�#� − ��
�� ln�#5 − 4�(� − ��

�� ln�(5 (Eqn. 2.7) 

 

The Nernst equation illustrates a thermodynamic effect, describing a condition in which 

the process has reached its equilibrium state. Although a given electrochemical process may be 

thermodynamically favorable, it also needs to be kinetically favorable to spontaneously occur. In 

addition, while a current is flowing through an electrochemical cell, it is considered a kinetically 

controlled device. In most electrochemical processes, additional energy, or the overpotential η, is 

needed to overcome kinetic barriers. 

6 = � − �  (Eqn. 2.8) 

When an electrode is polarized by an overpotential, the effective activation energy could 

be altered or the direction of a reaction could also be changed (Figure 2.1). 
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Figure 2.1. Schematic representation of activation free energy distribution. Modified from ref.1.3 

 

The electrochemical reactions are considered to be thermally activated processes, in 

which the reaction rate or the kinetics are governed by the Arrhenius relation.2,3 

7( = −8 9:; 4<∆�
�� 5  (Eqn. 2.9) 

where r is a reaction rate and k is a reaction rate constant. The reaction rate can also be related to 

current by Faraday’s Law4: 
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7� = =
��  (Eqn. 2.10) 

At equilibrium or at zero overpotential, reaction rates defined by Faraday’s and 

Arrhenius relations become equal, leading to the exchange current density for a reversible 

electrode at equilibrium: 

> = −8 exp 4<∆�
�� 5  (Eqn. 2.11) 

The exchange current density, i0 is a background current at zero overpotential and is 

analogous to the rate constant k in chemical kinetics. Generally, the i0 depends on the 

concentrations of reactants and products, temperature, and the electrode-electrolyte interface 

property. In a reaction with a high i0, both the cathodic and anodic reactions take place rapidly 

and the direction of reaction depends on the sign of the surface overpotential. When an electrode 

is polarized by an overpotential, the rates of reaction defined by Faraday’s and Arrhenius 

relations are no longer equal and the cathodic and anodic current densities are defined to be: 

>? = −8? exp 4<∆�%∗
�� 5 = −8? exp 4<∆�%

�� 5 exp 40��A
�� 5  (Eqn. 2.12) 

>0 = −80 exp 4<∆�)∗
�� 5 = −80 exp 4<∆�)

�� 5 exp 4− (C<0)��A
�� 5  (Eqn. 2.13) 

where α is a transfer coefficient that measures the symmetry of the energy barrier. Assuming the 

overpotential is η < 0 for a cathodic case, the net current will then be 

> = >? − >0 = > E9:; F0��A
�� G − 9:; F− (C<0)��A

�� GH (Eqn. 2.14) 

The rate of reaction in the presence of surface overpotential can be described by the 

Butler–Volmer equation, which is derived from polarizing an electrode from the open-circuit 

potential without mass transfer considerations.1 Figure 2.2 illustrates the Butler–Volmer equation 
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in current-overpotential curves. The black curve shows the total current that is a sum of the 

cathodic and anodic currents each represented by red and blue curves. It is important to note that 

the total current is varying linearly with small overpotential due to the polarization. At large 

overpotentials (αnFη >> RT), however, the total current increases exponentially and Eqn. 2.14 

can be simplified to: 

> = > 9:; F0��A
�� G (Eqn. 2.15) 

This observation was made early by Tafel in 1905. Solving Eqn. 2.15 for the overpotential yields 

the Tafel equation.5 

6 = � + � !IJ(>) (Eqn. 2.16) 

where 

� = − K.M M ��
0�� !IJ(> )  (Eqn. 2.17) 

� = K.M M ��
0��   (Eqn. 2.18) 

 With the Tafel equation, it becomes clear that the slope of a Tafel plot depends on the 

transfer coefficient, α of a given reaction. The Tafel analysis is useful especially for evaluating 

the rate determining steps involved in electrocatalysis. 
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Figure 2.2. Graphical representation of the Butler–Volmer equation for a system with α = 0.5. 

Modified from ref.1. 4 

 

 

Chapter 2.2 Electrochemical Energy Storage Systems 

During a galvanic cell operation, an electron travels from anode to cathode through an 

external circuit, and a charge carrying ion travels from cathode to anode via the electrolyte phase 

as the thermodynamic gradient decreases. Depending on the chemistry that occurs, for example, 

if this charge carrying ion is lithium-ion (Li-ion), we call this battery Li-ion battery. A Li-ion 
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battery is a widely used rechargeable battery technology that utilizes redox reactions based on 

Li-ions as a key component of its electrochemistry. Compared to the other well-studied 

rechargeable battery technologies (Ni-Cd or Ni-MH), Li-ion batteries have a number of 

advantages, which are the high voltage of Li-ion chemistry (nominal voltage of 3.6 V, 3 times 

higher than that of Ni-Cd or Ni-MH) and the high energy densities it provides (100-265 Wh/kg). 

The most common Li-ion chemistry is that of lithium cobalt oxide (LCO, cathode) and graphite 

(anode), which has been first reported by Goodenough and Muzichima in 1980.6 The 

electrochemistry in LCO-graphite chemistry illustrated in Figure 2.3 and the corresponding half-

reactions are shown below: 

 

Positive:  N>�IOK ↔ N>C<Q�IOK + : N>R + :9<  (Eqn. 2.19) 

Negative:  6� + : N>R + :9< ↔ �TN>Q  (Eqn. 2.20) 

Overall: N>�IOK + � ↔ N>C<Q�IOK + �N>Q  (Eqn. 2.21) 
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Figure 2.3. Schematic representation of a Li-ion battery. A Li-ion battery consists of two 

electrodes, typically lithium cobalt oxide (LiCoO2) cathode and graphite anode, separated by a 

polymeric porous separator filled with non-aqueous liquid electrolyte.7 Reprinted with 

permission from AAAS. 5 

 

Research effort into optimizing and developing next-generation rechargeable battery 

chemistries has since grown dramatically. Notably, there are other types, such as lithium-sulfur, 

sodium-ion, or lithium-air batteries that rely on other charge carrying species and chemistries.8–12 

While batteries are the foremost devices used for EES, electrochemical capacitors, or 

supercapacitors, are another class of EES system characterized by specific power and energy 

densities that complement the gap between the high-power density of classical dielectric 
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capacitors and the high-energy density of batteries (Figure 2.4).7,13,14 Supercapacitors are 

generally classified as being either electrical double-layer capacitors (EDLCs) or 

pseudocapacitive based on their charge storage mechanisms. EDLCs store charge in a non-

Faradaic process, through reversible adsorption of ions at the surface of typically carbon-based, 

high surface area active materials. A pseudocapacitive material, on the other hand, stores charge 

via Faradaic reactions which occur at rates comparable to that of double-layer capacitors and 

display a capacitive electrochemical response. Within pseudocapacitive materials, there are two 

main Faradaic mechanisms that can lead to pseducapacitance: surface redox pseudocapacitance 

and intercalation pseudocapacitance. In surface redox materials, a redox reaction occurs at the 

surface or near-surface of the material where ions are electrochemically adsorbed, creating short 

diffusion distances and subsequently short diffusion times. On the other hand, intercalation 

pseudocapacitance involves ions quickly diffusing in and out of the structure through ion 

conduction channels or layers without involving a phase transformation. Generally, in both 

EDLCs and pseudocapacitive systems, the observed capacitance is independent of the potential 

range and the total electrostatic charge increases incrementally as the potential applied across the 

electrodes is increased. Therefore, the amount of charge in supercapacitors is determined by: 

U = ��  (Eqn. 2.22) 

where Q is the total amount of charge, V is the potential, and C is the capacitance, measured in 

Farads. Thus, the energy stored in a supercapacitor material is given by: 

� = C
K ��K = C

K U�  (Eqn. 2.23) 
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where E is the amount of energy in watt-hour. In contrast, a battery material displays a defined 

plateau in which the majority of charge is stored at a constant potential (at a redox couple). The 

energy stored in a battery material is given by: 

� = U� (Eqn. 2.24) 

 

 

 

Figure 2.4. (a-c) Graphical representation of electrochemical charge storage mechanisms.14 (d-f) 

Representative characteristics of electrochemical energy-storage materials. Cyclic 

voltammograms for various electrochemical energy storage materials.15–17 Reprinted with 

permission from Springer Nature. 6 
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Chapter 2.3. Electrochemical Kinetic Analysis 

The kinetics of charge storage provide insight regarding charge storage mechanisms as 

well as useful information concerning device operation. In general, electrochemical energy storage 

processes can be divided into diffusion-controlled and capacitor-like responses. Electrochemical 

methods, such as cyclic voltammetry (CV) and electrochemical impedance spectrscopy (EIS), 

have been widely used in an attempt to deconvolute the kinetic responses and identify charge 

storage mechanisms in materials. In a CV experiment, the current response i with respect to 

varying the sweep rate (υ) is dependent on different charge storage processes. Specifically, a 

power-law relationship can be used to correlate the current dependence18: 

 >(V)  =  �VW                                    (Eqn. 2.25) 

where a is a constant, b is the power-law exponent, v is the scan rate. The b value can be obtained 

from the slope of the log(i) versus log(v) plot for the cathodic and anodic peaks. Based on the 

experimental b values, the kinetics of the charge storage mechanism can be determined 

qualitatively.  

For a redox reaction limited by semi-infinite diffusion, the current relationship follows the 

Randles–Sevcik equation19,20: 

i = nFACD1/2υ1/2(αnF/RT)1/2π1/2χ(ft) (Eqn. 2.26) 

where C is the surface concentration of the electrode material, α is the transfer coefficient, D is the 

chemical diffusion coefficient, A is the surface area of the electrode materials, R is the molar gas 

constant, T is the temperature, and χ(ft) is a functional relation between the current at any point on 

the voltammogram curve. The redox peak current for a diffusion-controlled process is proportional 

to the square root of the sweep rate, hence b = 0.5. This value reflects a Faradaic process, as occurs 
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in battery-like materials. In contrast, for a non-Faradaic, capacitive charge storage mechanism, the 

peak current i has a linear relationship with the scan rate υ,21 resulting in b = 1: 

i = υCdA                    (Eqn. 2.27) 

where Cd is the capacitance. Pseudocapacitive materials, although faradaic in nature, will also 

display b = 1 due to their capacitor-like (surface-controlled) electrochemical response. On the basis 

of the two different current dependencies, capacitive processes, as opposed to Faradaic processes, 

will dominate the peak current response at higher sweep rates due to the linear relationship. 

Experimentally, the well-known battery material LiFePO4 has a b value of 0.5, whereas the 

orthorhombic Nb2O5, a pseudocapacitive material, shows a b value of 1.0 over a wide range of 

sweep rates.16,22 For several other battery material systems, b values between 0.5 and 1.0 have been 

observed, which suggest a mixture of diffusion-controlled and capacitor-like responses23–25.  

A related analysis approach to deconvolute the charge storage mechanisms, considers the current 

response at a fixed potential to be the combination of two separate contributions: surface capacitive 

and diffusion-controlled26,27: 

>(X) = 8CX + 8KXC/K (Eqn. 2.28) 

where k1 and k2 are the proportionality constants describing the surface-controlled and diffusion-

controlled processes, respectively. The method is qualitative as it gives an indication as to the 

fraction of the current carried by the two processes. Moreover, this approach is not applicable if 

there are other charge storage mechanisms (e.g., conversion reactions). In order to obtain a clearer 

sense of the surface-capacitive component, researchers often carry out this analysis using slow 

sweep rates (<1 mV s–1) to enhance the contribution from the slower diffusion-controlled process.  
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Recently, electrochemical analytical methods based on the potentiostatic intermittent titration 

technique (PITT) have been developed to elucidate the behavior of pseudocapacitive materials. 

These techniques include step potential electrochemical spectroscopy (SPECS)28 and multiple-step 

chronoamperometry (MUSCA).29 PITT was initially developed for determining the diffusion 

coefficients of intercalation species and to identify whether ion diffusion is confined by finite space 

or is governed by semi-infinite diffusion, as in classical electrochemical cells.30,31 In PITT 

experiments, small potential pulses of specified increments are applied, each followed by a 

relaxation period intended to allow the system to reach pseudo-equilibrium at each given state of 

charge. The pertinent diffusion properties can then be obtained from current transients monitored 

during the incremental titration. The recently developed SPECS and MUSCA analytical methods 

allow further interpretation of PITT results but have only been demonstrated for a few systems 

thus far. To model the electrochemical response, the transient current response iD is related to the 

diffusion-controlled process, as defined by the Cottrell equation for semi-infinite planar diffusion32: 

>& = ��� 4 &
Z15C/K

 (Eqn. 2.29) 

where t is time. For the capacitive-like process, the model represents an exponentially decaying 

transient current iC in response to a potential step of magnitude, ΔV(ref.33):  

># = ∆[
�\

9−]/�^� (Eqn. 2.30) 

where Rs is the series resistance. A few studies using activated carbon and MnO2 have 

demonstrated practical applications of the SPECS model34,35. The MUSCA method has been used 

to examine the energy storage mechanism of Ti3C2Tx (where T is the surface termination group) 

MXene materials.29 With the MUSCA technique, the influence of polarization from the ohmic 

drop is minimized, as the mean current during the titration experiment is calculated by integrating 
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transient currents at each incremental potential step. The voltammogram is then reconstructed 

using the mean current to deconvolute the surface and bulk diffusion processes with a minimal 

ohmic contribution. This analysis will be particularly useful for material systems with limited 

electronic conductivities where the ohmic drop can be substantial.  
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Chapter 3. Synthesis and Properties of a Photopatternable Lithium-Ion Conducting Solid 

Electrolyte 

One of the important considerations for the development of on‐chip batteries is the need 

to photopattern the solid electrolyte directly on electrodes. Herein, the photopatterning of a 

lithium‐ion conducting solid electrolyte is demonstrated by modifying a well‐known negative 

photoresist, SU‐8, with LiClO4. The resulting material exhibits a room temperature ionic 

conductivity of 52 µS cm−1 with a wide electrochemical window (>5 V). Half‐cell galvanostatic 

testing of 3 µm thin films spin‐coated on amorphous silicon validates its use for on‐chip energy‐

storage applications. The modified SU‐8 possesses excellent mechanical integrity, is thermally 

stable up to 250 °C, and can be photopatterned with micrometer‐scale resolution. These results 

present a promising direction for the integration of electrochemical energy storage in 

microelectronics. 

 

Chapter 3.1 Introduction 

The continuous miniaturization of electronics has highlighted the need for on‐chip 

electrochemical energy storage. Energy storage at the point of load can reduce energy wasted 

from power loss and I/O switching noise that can plague sensitive devices while enabling unique 

form factors. Recent progress has been made in the microfabrication of electrochemical 

capacitors for on‐chip applications that offer high power density and high‐frequency response.1–

3 However, the low energy densities of these devices can be of limited value for 

microelectromechanical systems (MEMS) and autonomous device applications that require long 

periods between charging. Lithium‐ion batteries offer some of the highest energy densities of 

electrochemical energy storage devices but the inability to fabricate electrodes and electrolyte 
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with geometrical control on the micrometer scale has thus far hampered their integration with 

microelectronics. 

One potential direction for achieving better integration with microelectronics is to create 

a photopatternable battery in which the battery materials for the anode, cathode, and solid 

electrolyte are formed and defined spatially through lithography. The synthesis of metal oxide 

thin‐film structures using photosensitive metallorganics is well known in the fields of optical 

waveguides, electronics, and sensors among others.4,5 Titanium dioxide, a negative electrode for 

lithium‐ion batteries, has been synthesized via photopatterning with resolution down to 10 nm.4 

Furthermore, ternary and quaternary oxides have been demonstrated, suggesting that cathode 

materials such as lithium cobalt oxide may be attainable.5 Research related to photopatternable 

solid electrolytes has largely focused on polymers that can be cross‐linked in the presence of UV 

radiation.6,7 However, these studies have not demonstrated the ability to pattern solid electrolytes 

directly on electrodes. 

SU‐8 is an epoxy‐based negative photoresist that is used in the fields of semiconductors, 

microfluidics, and MEMS due to its spatial resolution at the sub‐30 nm level and ability to 

pattern high aspect‐ratio structures.8 Generally, for patterning of SU-8 photoresist via UV 

exposure, the eight epoxide groups in the SU‐8 monomer were opened by acid generated by the 

photoinitiator. These groups then form ether linkages with neighboring end groups and 

crosslinking continues at elevated temperatures during the postexposure and hard bake. In this 

study, we demonstrate that SU‐8 can be modified to become a gel electrolyte. Modification of 

SU‐8 with a lithium salt improves ionic conductivity without sacrificing patternability. SU‐8 as a 

gel electrolyte demonstrates a high ionic conductivity at room temperature along with good 
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electrochemical stability, mechanical rigidity, and the ability to photopattern with micrometer‐

scale resolution. 

 

Chapter 3.2 Experimental Methods 

Materials: SU‐8 3000 (purchased from MicroChem) was used as received. Lithium perchlorate 

(LiClO4) and Propylene Carbonate (purchased from Sigma‐Aldrich) were anhydrous and stored 

in an Ar‐filled glove box (less than 1 ppm O2/H2O) until use. 

SU‐8 Sample Preparation: SU‐8 and modified SU‐8 photoresist (mSU‐8) were spin‐coated onto 

substrates for electrochemical and physical characterization. All sample preparation was carried 

out in class 100 clean room with yellow lighting to reduce the exposure of the materials to 

shorter wavelengths. mSU‐8 was prepared by mixing LiClO4 and SU‐8 in 0.1 and 0.2M 

concentrations using a vortex mixer and ultrasonication bath for at least 2 h prior to deposition. 

Films prepared for electrochemical measurements were spin‐coated onto stainless steel substrates 

at 500 rpm for 5 s followed by 3000 rpm for 30 s. Samples were then soft‐baked at 95 °C for 15 

min for solvent removal prior to patterning. Features were patterned using a Karl Suss MA6 

Contact Aligner and photomask. The SU‐8 and mSU‐8 samples were subjected to a total of 100 

and 1600 mW of UV exposure at 365 nm, respectively. The films were then post-exposure baked 

at 95 °C for 15 min to crosslink the material. Patterned SU‐8 and mSU‐8 samples were 

developed in SU‐8 developer for 3 and 10 min, respectively. SU‐8 and mSU‐8 samples were 

immediately transferred into an Ar‐filled glove box after development to avoid prolonged 

exposure to ambient conditions. TGA shows that SU‐8 and mSU‐8 samples take up little 

moisture: weight loss is < 0.1 wt% at 120 °C. Subsequent soaking in liquid electrolyte and coin 
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cell fabrication were carried out in the Ar‐filled glove box. Film thicknesses of 8 µm were 

measured using a Dektak 6 surface profilometer. 

Electrode Preparation: Amorphous silicon (a‐Si) was deposited by electron beam physical vapor 

deposition (CHA Mark 40, CHA Industries, Fremont, CA, USA) onto copper current collectors 

with a thickness of 30 nm (≈ 7 µg cm−2). Dilute mSU‐8 (1:1 SU‐8:cyclopentanone, 0.2M 

LiClO4) was spin‐coated and processed directly onto a‐Si following the conditions detailed 

above, yielding films 2.7 µm thick. 

Electrochemical Characterization: Prior to electrochemical testing, SU‐8 and mSU‐8 samples 

were soaked in 1 m LiClO4 PC for a minimum of 48 h. The purpose of the immersion is to 

saturate the free volume of the SU‐8 with electrolyte in order to impart ionic conductivity to the 

material. All electrochemical measurements were carried out using a Bio‐Logic VMP‐3 

Potentiostat in 2032 coin cells. Electrochemical impedance spectroscopy was performed between 

1 MHz and 100 mHz using a 10 mV amplitude and 0 V bias in a stainless steel/SU‐8/stainless 

steel cell. Ionic conductivity measurements were carried out from −20 to 70 °C and the 

activation energy was determined from the slope of the Arrhenius plot. Linear‐sweep 

voltammetry conducted from the open circuit voltage (OCV) to 6 V and from OCV to −0.5 V at 

a sweep rate of 5 mV s−1 was used to determine the electrochemical stability window of the SU‐8 

polymer in a stainless steel/SU‐8/Li coin cell. Half‐cell galvanostatic cycling from 0.02 to 1.5 V 

at a current density of 0.12 mA cm−2 (C/10 based on the theoretical capacity for Si) was 

performed in an a‐Si/mSU‐8/Li cell. Coin cells using Celgard separator (25 µm trilayer 

polypropylene–polyethylene–polypropylene) and 1M LiClO4 PC liquid electrolyte were also 

fabricated as a comparison for half‐cell testing. 
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Physical Characterization: FTIR spectroscopy was carried out using a Jasco‐670 Plus with a 4 

cm−1 spectral resolution from 1200 to 600 cm−1. SU‐8 and mSU‐8 were processed on IR‐

transparent NaCl plates for the measurement. Nanoindentation measurements were made using 

an MTS Nano Indenter XP Instrument with a Berkovich tip in order to determine the mechanical 

properties of SU‐8 films. Samples were indented to a depth of 2 µm at 20 different locations. The 

hardness and Young's modulus were obtained using a Poisson's ratio of 0.22 for SU‐8 and the 

analysis developed by Oliver and Pharr. TGA and DSC were performed using the SDT Q600 

from TA Instruments. For this experiment, the samples were heated in air to 900 °C at a rate of 

10 °C min−1 (flow rate: 100 mL min−1). For the surface chemical and compositional 

characterization, XPS was carried out using a Kratos Axis Ultra with a monochromatic 

aluminum X-ray source. 

 

Chapter 3.3 Results and Discussion 

Initial studies of SU‐8 focused on the effect of adding a lithium perchlorate salt (LiClO4) 

to the crosslinked structure of SU‐8 photoresist. During UV exposure, the eight epoxide groups 

in the SU‐8 monomer were opened by acid generated by the photoinitiator (Figure 3.1). These 

groups then form ether linkages with neighboring end groups and crosslinking continues at 

elevated temperatures during the postexposure and hard bake. The fabrication of SU‐8 and mSU‐

8 samples is depicted in Figure 3.2. 
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Figure 3.1. Molecular structures of SU-8 oligomer before and after UV crosslinking. 7 

 

 

 

 

Figure 3.2. Schematic representation of fabricating mSU-8 patterns. 8 
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Fourier‐transform infrared (FTIR) spectroscopy was used to quantitatively evaluate the 

UV-induced polymerization process and to elucidate the structure of SU‐8 polymer after the 

incorporation of LiClO4. Figure 3.3 shows the FTIR spectrum of the SU‐8 films with different 

degrees of crosslinking and that of the mSU‐8 film. Spectra are normalized to the benzene ring 

peak at 1608 cm−1, which does not go through any chemical changes during the crosslinking 

process. 

 

Figure 3.3. FTIR of SU-8 and mSU-8 for different processing conditions. The ratio of the peak 

intensity of the stretching motion of CH2 groups at 910 cm-1 provides an indication of the degree 

of crosslinking in SU-8 samples. 9 

 

The three characteristic absorption peaks at 1250, 830, and 910 cm−1 are attributed to the 

vibrational modes of the epoxide group. The broad peak near 1100 cm−1 originates from the 
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aliphatic ether group due to the linkage of the reacted epoxides. The degree of crosslinking, α, 

can be evaluated as 

_ = 1 − (ab)%cb'
(defb)%cb'

   (Eqn. 3.1) 

where α is expressed as a function of the ratio of peak intensities between the aliphatic ether 

group and the stretching motion of epoxide CH2 groups at 910 cm−1, AReacted and AUnreacted, 

respectively. α‐values for different processing conditions of SU‐8 and mSU‐8 are reported in 

Table 3.1. Comparison of the SU‐8 with no polymerization (no UV exposure and no 

postexposure bake) and the sample processed according to manufacturer specifications confirms 

that this FTIR peak analysis yields an accurate measure of the degree of crosslinking (α = 0 vs 

0.83). Additional hard baking at 150 °C for 15 min leads to the full crosslinking of the film (α = 

1) and leaves a negligible amount of unreacted epoxide group. The addition of LiClO4 in the 0.2 

M mSU‐8 is confirmed by the presence of a small peak near 610 cm−1 assigned to stretching 

modes in the ClO4
− anion. After standard processing conditions, there is a considerable amount 

of unreacted epoxide (α = 0.30) compared to the control sample. The reduced degree of 

crosslinking may be due to the solvated ions in the SU‐8 polymer chains that can increase the 

physical distance between reacted epoxide groups and the energy required for crosslinking. 
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Table. 3.1. The degree of crosslinking, α, is expressed as a function of the ratio of peak 

intensities between the aliphatic ether group and the stretching motion of epoxide CH2 groups. 

The addition of LiClO4 in the mSU-8 leads to a considerable amount of unreacted epoxide group, 

indicated by the low degree of crosslinking, α = 0.3. 

Sample Degree of Crosslinking,  

SU-8 No Crosslinking 0 

LiClO4 Modified SU-8 0.30 

SU-8 Control 0.83 

SU-8 Hard Bake 1 

 

 

SU‐8, when crosslinked, exhibits good chemical stability, which is an important criterion 

for gel electrolyte matrices. In gel electrolytes, the amount of liquid electrolyte uptake is 

generally proportional to its ionic conductivity.9 Figure 3.4 shows the electrolyte uptake 

measured as a percent change in mass for 0.2 M mSU‐8. The 0.2 M mSU‐8 polymer reaches 

saturation at 33% by mass at 60 min. For SU‐8, electrolyte uptake reaches saturation at 4% by 

mass at 20 min (Figure 3.4a). This difference is attributed to the increased shrinkage of the SU‐8 

polymer matrix with higher degrees of crosslinking (up to 7.5% of the pre‐UV exposed 

volume).10  
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Figure 3.4. Weight percent electrolyte uptake for (a) unmodified SU-8 and (b) mSU-8 upon 

immersion in 1.0 M LiClO4 in PC. 10 

 

The ionic conductivity of solid electrolytes is a critical factor for achieving good 

electrochemical performance in lithium‐ion battery applications. Ionic conductivities for the 

electrolyte‐saturated mSU‐8 samples were calculated using impedance values obtained by fitting 

equivalent circuits to the electrochemical impedance spectra shown in Figure 3.5a and b. The 

high‐frequency Z′ intercept was used as the ionic resistance of the gel electrolyte.21 The ionic 

conductivity at 25 °C for the SU‐8 is calculated to be 1.0 µS cm−1 while the 0.1 and 0.2 M mSU‐

8 samples demonstrate conductivities of 15 and 52 µS cm−1, respectively. The increase in 

conductivity with larger lithium salt concentration is primarily due to the higher number of 

lithium ions in the polymer matrix. Figure 3.5c shows the temperature dependence of the ionic 

conductivity for the mSU‐8 gel electrolytes. The ionic conductivities increase with temperature 

following Arrhenius behavior 
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g = �<h)
ij  (Eqn. 3.2) 

where A is the pre‐exponential factor and the activation energy, Ea, can be obtained from the 

linear fit of the ln(σ) versus 1/T curve. The observed temperature dependence is attributed to an 

ion‐hopping mechanism rather than the long‐range segmental motion of polymer chains as 

indicated by Vogel–Tammann–Fulcher (VTF) behavior that was observed in poly(acrylonitrile) 

(PAN) and poly(methyl methacrylate) (PMMA) systems.11 Arrhenius behavior is expected as 

crosslinked SU‐8 chains are not likely to be mobile even at elevated temperatures; the glass 

transition temperature (Tg) for crosslinked SU‐8 is 200 °C. The activation energy for conduction 

for mSU‐8 is calculated to be 0.23 and 0.16 eV for the 0.1 m mSU‐8 and 0.2 m mSU‐8, 

respectively. These values are higher than that for a liquid electrolyte (≈ 0.1 eV), which suggests 

that ion conduction is affected by the SU‐8 matrix. Lithium ions, which can be considered a 

built‐in Lewis acid, are well known to complex with the oxygen in epoxide groups and give rise 

to this hopping mechanism.12 The order of magnitude increase in ionic conductivity of mSU‐8 

over SU‐8 cannot be attributed entirely to the greater electrolyte uptake. It is likely that the lower 

concentration of ether linkages and the presence of unreacted epoxide groups contribute to the 

higher conductivity of the mSU‐8 electrolytes. 
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Figure 3.5. (a) Nyquist impedance spectra of SU-8 sample at room temperature. The ionic 

conductivity was calculated from the bulk resistance in the high frequency region. Inset shows 

zoomed-in view near the origin. (b) Impedance spectra of 0.2 M mSU-8 samples at various 

temperatures. The ionic conductivity was calculated from the resistance value in the high-

frequency region. (c) Arrhenius plot of ionic conductivity for SU-8 and mSU-8 samples. The 

trend follows an Arrhenius relationship for mSU-8 electrolyte, suggesting that lithium ions are 

transported via an ion-hopping mechanism. 11 

 

A key consideration for an electrolyte is the electrochemical potential window that 

determines the potential range over which it withstands oxidation and reduction. Anodic and 

cathodic linear‐sweep voltammograms for electrolyte‐saturated SU‐8 are shown in Figure 3.6a. 

No significant currents due to degradation are observed from the potential range between 0.5 and 

5.3 V versus Li. The subtle increase in current above 4.0 V is most likely due to the breakdown 

of any liquid electrolyte in direct contact with the current collector, which continues until 

oxidative decomposition of the SU‐8 polymer at 5.3 V. This decomposition voltage is higher 

than values reported for PAN and PMMA gel electrolyte systems (4.5–4.8 V).13 Reduction of the 

SU‐8 polymer occurs below 0.5 V. This degradation is commonly observed in gel electrolytes 
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and is attributed to the reaction of functional groups of the polymer with lithium metal. PMMA‐

based gel electrolytes demonstrate better stability against lithium metal compared to PAN and it 

has been proposed that this is because oxygen‐containing reductive species can help to form an 

inorganic, self‐limiting passivation layer.13,14 Poly(ethylene oxide)‐based gel electrolytes also 

demonstrate good electrochemical stability15,16 and the ether linkages and epoxide groups in SU‐

8 may help to stabilize the gel electrolyte in a similar fashion. The wide electrochemical stability 

window of SU‐8 suggests that high‐voltage cathodes can be used, which is an important 

consideration for maximizing the energy density of on‐chip microbatteries. 

Gel electrolytes must possess sufficient mechanical strength in order to physically 

separate anode and cathode and thus prevent electrical short‐circuits. The mechanical properties 

of the SU‐8 films without liquid electrolyte were evaluated using nanoindentation measurements. 

The unmodified SU‐8 demonstrates a high elastic modulus and hardness of 5.1 and 0.3 GPa, 

respectively, at an indentation depth of 2 µm (Figure 3.6b). mSU‐8 demonstrates slightly 

reduced elastic modulus and hardness of 4.2 and 0.2 GPa, respectively, due to the lower 

crosslinking density of the polymer. By comparison, PMMA has an almost 1000 times lower 

elastic modulus: 5.19 MPa.17 Even lower moduli are expected for PMMA gel electrolytes that 

can have as little as 5 wt% PMMA.18 This trend is not expected for SU‐8 and mSU‐8 as the 

plasticizing effect of organic solvents should be minimal on the crosslinked polymer matrix. The 

typically low elastic moduli of polymers used in gel electrolytes have thus far limited their use in 

lithium metal batteries where the formation and growth of metal dendrites is a significant 

problem. However, recent reports indicate that an elastic modulus of tens of MPa may be 

sufficient depending on electrolyte adhesion to lithium metal.19,20 As such, the large modulus of 

SU‐8 compared to other polymer matrices suggests that it may be able to suppress dendrite 
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formation; the use of a lithium metal anode would enable a further increase in the energy density 

of on‐chip microbatteries. 

The thermal stability of a gel electrolyte is crucial for ensuring the safe operation of a 

lithium‐ion battery. The thermal degradation of mSU‐8 (without soaking in liquid electrolyte) 

was evaluated using thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) (Figure 3.6c). The exclusion of liquid electrolyte from mSU‐8 samples allows one to 

determine the intrinsic thermal stability of the polymer matrix. The present results indicate that 

the SU‐8 polymers are stable up to 300 °C. Minimal weight loss due to the crosslinking of 

reacted epoxides occurs above 100 °C and weight loss near 175 °C is attributed to the 

decomposition of the photoinitiator. The initial thermal decomposition (5% weight loss 

determined by TGA) of the mSU‐8 matrix occurs at 250 °C with complete thermal oxidation of 

the SU‐8 polymer between 300 and 550 °C. Thermal stability studies of PMMA gel electrolytes 

have shown that the presence of organic electrolytes can lead to an expected weight loss and an 

endotherm from 200 to 300 °C.18 These findings are expected to be consistent with mSU‐8 

soaked in the liquid electrolyte. 
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Figure 3.6. (a) Linear-sweep voltammetry for mSU-8 in a stainless steel/SU-8/Li coin cell. The 

open-circuit voltage is indicated as the starting point for forward and reverse sweeps. Two 

different cells were built for each sweep, resulting in a slight offset at the open-circuit voltage. 

(b) Mechanical properties of SU-8 and mSU-8 films measured by nanoindentation. Compared to 

the unmodified control sample, mSU-8 demonstrates slightly lower elastic modulus and hardness 

values due to the lower crosslinking density. (c) TGA and DSC profiles of mSU-8. Minimal 

thermal degradation of mSU-8 polymer is observed at temperatures up to 300°C. 12 

 

The use of mSU‐8 as a gel electrolyte is demonstrated by galvanostatic half‐cell testing 

shown in Figure 3.7a. 1M LiClO4 propylene carbonate (PC) electrolyte is a liquid electrolyte 

used in lithium‐ion batteries and serves as a control sample. The galvanostatic charge and 

discharge capacities at a C/5 rate of the mSU‐8 coated a-Si demonstrate similar values exhibited 

by the liquid control sample (Figure 3.7b). Electrochemical impedance spectroscopy comparison 

shows a higher initial charge transfer resistance for the mSU-8 sample (Figure 3.8a, b). However, 

this resistance remains constant over 60 cycles. Cyclic voltammetry in the a‐Si/mSU‐8/Li cell 

(Figure 3.8c) shows reduction peaks of the mSU‐8 on the first cycle and stable redox of the a‐Si 

with subsequent cycling. This is likely due to the formation of a self‐limiting passivation layer 
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and is consistent with the constant resistance measured from impedance spectroscopy. On the 

other hand, the continuous increase in the charge transfer resistance was observed for the liquid 

electrolyte control, which ultimately led to higher resistance in the control sample by the 40th 

cycle (Figure 3.8d). This proof-of-concept half‐cell validation study and coin cell testing 

demonstrate that mSU‐8 can effectively transport Li+ at the C/5 rate and withstand interfacial 

charge transfer at both lithium and stainless steel electrodes without shorting. It is important to 

note that the thickness of the mSU‐8 in these studies is 2.7 µm, much less than that of the typical 

commercial separator material. 

 

 

13Figure 3.7. (a) Graphical representation of the electrochemical testing setup. To evaluate 

electrochemical properties of the photopatternable mSU-8 electrolyte, electrochemical testing 

was carried out using an amorphous Si (a-Si) working electrode, Li metal counter and reference 

electrodes in a standard 3-electrode testing configuration. (b) Comparison plot of the specific 



48 
 

capacity vs. cycle number of a-Si electrodes using 1M LiClO4 in PC liquid electrolyte and mSU-

8 patternable electrolyte.  

 

14Figure 3.8. Impedance spectra of the a-Si electrode paired with (a) 1M LiClO4 liquid 

electrolyte and (b) mSU-8 photopatternable electrolyte at various cycles. Each data set is fitted 

using an equivalent circuit shown in inset. (c) Cyclic voltammetry of an amorphous Si/mSU-8/Li 

coin cell from 0.1 to 1.5 V at a sweep rate of 0.1 mV s-1. Reduction peaks are observed on the 

first cycle corresponding to the reaction of the mSU-8 and lithium metal electrode. Repeated 

cycling shows a stabilization of the currents and suggests that the mSU-8/lithium interface is 

passivated. The anodic peak at 0.1 V and the cathodic peak at 0.6 V correspond to the 
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lithiation/delithiation of the amorphous Si electrode. (d) The evolution of charge transfer 

resistance observed in the Nyquist plot for two electrolyte systems.  

 

SU‐8 samples were patterned using a mask with circular features 30 µm in diameter. 

Figure 3.9 shows that mSU‐8 has micrometer‐scale resolution. Although the addition of lithium 

salt in mSU‐8 slightly affects the transparency of the SU‐8 and increases scattering in the UV, 

mSU‐8 can be reliably patterned with minimal loss in resolution. This finding is important as it 

suggests that mSU‐8 gel electrolytes can be patterned directly on‐chip. The patterned mSU‐8 

also foreshadows the ability to fabricate battery arrays with voltages and currents tailored for 

specific applications by connecting individual cells of given chemistry in series and parallel, 

respectively. The mechanical strength and high‐resolution photopatternability of SU‐8 have 

resulted in its being used to make free‐standing parts for MEMS.21 In combination with its good 

electrochemical and thermal properties compared to other gel and solid electrolytes, one could 

also envision using SU‐8 as both the scaffold and electrolyte in the fabrication of a 3D 

microbattery. In particular, interference lithography has demonstrated the ability to pattern 

periodic structures in three dimensions22 and the technique could be well suited for maximizing 

energy and power densities of a lithium‐ion battery in an on‐chip application. 
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Figure 3.9. SEM images of mSU-8 with features (a) 30 μm diameter and 10 μm height and (b) 30 

μm diameter and ~5 μm height and (c) optical microscope image of the photomask. The mSU-8 

electrolyte demonstrated a versatile micron-scale patternability without the loss of spatial 

resolution. 15 

 

Table 3.2. Comparison of the ionic conductivities and oxidative voltage limits for gel electrolytes 

PEO,23–26 PMMA,17,18,27 PAN,28–30 and solid-state electrolyte LiPON.31–33 

 

Solid 

Electrolyte 

Lithium-ion 

conductivity 

[S cm-1] 

Oxidative 

Voltage 

Limit [V] 

Decomposition 

Temperature [°C] 

Elastic 

Modulus 
References 

0.2 M mSU-8 5.2 x 10-5 5.3 300 4.2 GPa This work 

PEO 1.4 x 10-3 4.5 200 0.69 MPa 23–26 

PMMA 2.3 x 10-3 4.5 150 5.19 MPa 17,18,27 

PAN 2.9 x 10-3 5.0 320 1.6 MPa 28–30 

LIPON 2.3 x 10-6 5.5 600 77 GPa 31–33 
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Chapter 3.4 Conclusion 

In this segment of the dissertation, the photopatterning of a lithium‐ion conducting gel 

electrolyte has been demonstrated. The modification of SU‐8 photoresist with a lithium salt 

improves the ionic conductivity of the processed gel electrolyte by decreasing the degree of 

crosslinking and potentially increasing the number of available ion‐hopping sites. mSU‐8 

demonstrates a broad potential window (> 5 V) and good interfacial stability with Li metal 

resulting in half‐cell galvanostatic performance on par with traditional polymeric separators. The 

modified gel electrolyte has good thermal stability and excellent mechanical integrity and retains 

reliable micrometer‐scale patterning. The key solid electrolyte properties are summarized and 

compared with other polymeric electrolytes in Table 3.2. The results of this study indicate that mSU‐8 

offers a promising electrolyte for use in advanced energy storage systems for on‐chip 

applications.  
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Chapter 4. Synthesis of a Photopatternable Ionogel Electrolyte for Solid-State 

Electrochemical Capacitors 

 

The use of micro- and nanofabrication techniques has hardly been explored for the 

production of electrochemical energy storage devices, even though these approaches offer an 

important new direction for integrated on-chip energy storage applications. The photopatterning 

of mechanically robust solid electrolytes represents a critical element of this nanofabrication 

technology as it provides several potential advantages, such as the spatial control with micron 

and sub-micron resolution in complex designs, ease of co-packaging with other integrated 

circuits, and high-throughput wafer-scale fabrication of electrochemical energy storage arrays. In 

this chapter we report on the design and synthesis of an ionogel which creates a 

photopatternable, ionically conducting solid electrolyte by using an epoxy-based 

photopatternable polymer matrix to confine an ionic liquid phase. This ionic liquid modified 

ionogel electrolyte possesses excellent mechanical integrity, thermal stability to over 200℃ with 

an ionic conductivity of 0.3 mS cm-1 and an electrochemical window of 3V. To validate its 

electrochemical performance and compatibility with on-chip integration, the ionogel electrolyte 

was patterned directly onto carbide-derived-carbon electrodes leading to areal capacitances 

above 100 mF cm-2. 

 

Chapter 4.1 Introduction 

The current trend with SMART (Self-Monitoring, Analysis, and Reporting Technology) 

electronics and IOT (Internet of Things) devices is contingent upon the continuous development 

of miniaturized electronics. However, the miniaturized power sources for these devices often 
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limit the small device form-factor because the energy-storage components scale down poorly in 

size.1 Over the past decade, on-chip micro-supercapacitors have attracted considerable attention 

as potential solutions due to the prospect of providing high power at the point-of-load.2,3 Various 

fabrication approaches have been reported which lead to on-chip supercapacitors patterned with 

sub-100 μm features with a typical footprint area of 1-10 cm2.4 Current research on solid-state 

micro-supercapacitors is focused primarily on improving the specific capacitance of electrode 

materials with relatively little consideration for integrating all energy-storage components into 

densely packed circuits. 

The present chapter describes the synthesis and properties of a photopatternable solid 

electrolyte. Pairing this material with a supercapacitor electrode material prepared by a 

semiconductor-based fabrication route represents a promising strategy that addresses challenges 

of achieving well-integrated energy storage device architectures and high-throughput 

manufacturing. The photopatterning of solid electrolyte materials has received very little 

attention. In our previous work, we described a photopatternable lithium-ion conducting solid 

electrolyte that was created by modifying the chemistry of commercial SU-8 photoresists.5 These 

epoxy-based negative photoresists are widely used in the semiconductor and MEMS fields.6,7 By 

utilizing the coordination chemistry between lithium-ions and ether groups in the SU-8 polymer, 

cation motion in this system is attributed to the oxygen-lithium complex that forms. In the 

present chapter, we take an entirely different approach based on creating a second phase of a 

percolating ionic liquid network that effectively transports ions. Our strategy is based on forming 

an ionogel, a pseudo-solid state electrolyte in which an ionic liquid (IL) is confined in a solid 

matrix.8 In the research reported here, a photopatternable polymer matrix immobilizes an ionic 

liquid which, at the nanoscale, provides an appropriate source of ions and measurable ionic 
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conductivity. Using ionic liquids alone as an electrolyte material is of little interest for on-chip 

applications as these liquids provide no opportunity for patterning. More importantly, traditional 

cell assembly approaches using liquid electrolytes are incompatible with microfabrication 

techniques. When ILs are immobilized in a solid matrix, the resulting ionogels acquire certain 

macroscopic properties including mechanical integrity and thermal stability in combination with 

the electrochemical properties arising from the ionic liquids. 

The photopatternable ionogel solid electrolytes are designed to exhibit several advantages 

over the widely used poly(vinyl alcohol) (PVA) based hydrogel polymer electrolytes.3,9 PVA is a 

hydrophilic linear polymer containing a hydroxyl functional group. The hydroxyl groups help 

absorb a large amount of water and can also provide hydrogen bonding interactions with aqueous 

electrolytes and electrode materials. The gel polymer electrolytes based on PVA (i.e. 

PVA/H2SO4,10,11 PVA/H3PO4,12,13 PVA/KOH,14 and PVA/LiCl15,16) offer certain advantages, 

such as high ionic conductivity, mechanical flexibility, ease of preparation, and excellent 

stability in ambient air. However, a major limitation for water-based electrolytes is that the 

charge storage potential must lie within the thermodynamic stability range of water 

decomposition (1.23 V), which narrows the practical working voltage window of these 

electrolytes to around 1 V. Thus, the total energy density that can be stored in supercapacitor 

devices with aqueous electrolytes is severely limited, as the energy density is proportional to the 

voltage squared. That is, � = (1/2)��2, where C is the specific capacitance and V is the operating 

voltage window. Only recently have ionogels been investigated as electrolytes for supercapacitor 

systems. These materials exhibit some advantages including a larger voltage window, 8,17 

flexibility,18 and compatibility with additive manufacturing processes.19 However, none of these 

polymer-based ionogels exhibited photopatterning.  Another limitation for the current state-of-



59 
 

the-art electrolytes is their integration into dense architectures. As the size of IOT components 

and MEMS devices is expected to be on the order of 10 mm3, there is a compelling need to 

miniaturize energy storage components through integration.20 The use of traditional drop casting 

methods for materials such as PVA hydrogel,3 silica encapsulated ionogels,21 and 

polyvinylidenefluoride-based electrolytes22,23 is simply not compatible with on-chip integration 

because of the inability to spatially control the dimensions of the electrolyte.  Moreover, these 

gel electrolytes and other liquid electrolyte systems lack mechanical rigidity, such that 

maintaining separation between electrodes cannot be guaranteed.  

In this chapter, we report the synthesis and characterization of a photopatternable, 

ionically conducting solid electrolyte that is developed using traditional SU-8 photoresist 

material and photolithography techniques. The development of ionogel solid electrolytes for on-

chip micro-supercapacitor systems represents a significant step towards the realization of 

integrated electrochemical energy storage systems. Compared to aqueous electrolytes, the 

photopatternable ionogel not only offers a greater electrochemical stability window, it also 

overcomes packaging difficulties associated with the potential leakage of liquid electrolytes 

during integration. Our photopatternable ionogel solid electrolyte possesses excellent mechanical 

integrity and thermal stability along with good electrochemical properties while retaining its 

photopatterning ability with micrometer-scale resolution. We demonstrate that the 

photopatterned ionogel effectively functions as a solid electrolyte for a carbon-based electrode 

utilized in electrical double layer capacitors (EDLC).  
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Chapter 4.2 Experimental Methods 

Materials: 1-Ethyl-3-methylimidazolium-bistrifluoromethanesulfonylimide (EMI-TFSI, 99.9% 

purchased from Solvionic) was used as received. Acetonitrile (purchased from Sigma‐Aldrich) 

was anhydrous and stored in an Ar‐filled glove box (less than 1 ppm O2/H2O) until use. 

SU‐8 Sample Preparation: SU‐8 photoresist and ionic liquid modified SU‐8 (EMI-TFSI SU‐8) 

were spin‐coated onto substrates for electrochemical and physical characterization. All sample 

preparation was carried out in class 100 clean room with yellow lighting to reduce the exposure 

of the materials to shorter wavelengths. EMI-TFSI/SU‐8 was prepared by mixing various weight 

ratios of EMI-TFSI and SU‐8 prior to deposition. The solubility of EMI-TFSI in SU-8 is very 

high due to the hydrophobicity of TFSI anion based ionic liquids. Films prepared for 

electrochemical measurements were spin‐coated onto flat substrates (i.e. Si/SiO2 or metal 

substrates) at 500 rpm for 5 s followed by 3000 rpm for 30 s. Samples were then soft‐baked at 

95 °C for 15 min for solvent removal prior to patterning. Features were patterned using a Karl 

Suss MA6 Contact Aligner and photomask. The SU‐8 and EMI-TFSI SU‐8 samples were 

subjected to a total of 100 and 1600 mW of UV exposure at 365 nm, respectively. The films 

were then postexposure baked at 95 °C for 15 min to crosslink the material. Patterned EMI-TFSI 

SU‐8 samples were developed using EMI-TFSI ionic liquids. Subsequent electrochemical 

measurements were carried out in the Ar‐filled glove box. Film thicknesses were measured using 

a Dektak 6 surface profilometer. 

Physical Characterization: FTIR spectroscopy was carried out using a Jasco‐6100 with a 4 cm−1 

spectral resolution from 1800 to 400 cm−1. The photopatternable ionogel electrolyte was 

processed directly on IR‐transparent polytetrafluoroethylene films for the measurement. 
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Nanoindentation measurements were made using an UltraNanoHardness Tester from CSM 

Instruments (Switzerland) with a modified Berkovich three-sided pyramid diamond indenter in 

order to determine the mechanical properties of SU‐8 films. Samples were indented to a depth of 

2 µm at 20 different locations. The Young's modulus were obtained using a Poisson's ratio of 

0.22 for SU‐8 and the analysis developed by Oliver and Pharr.52 TGA was performed in air using 

an Instrument Specialists thermogravimetric analyzer at a heating rate of 10 ◦C min−1. 

Electrode Preparation: Carbide-derived-carbon (CDC) electrodes were obtained as previously 

described.41 Briefly, titanium carbide (TiC) films on a Si/SiO2 wafer were deposited using a 

direct current magnetron sputterer (DC-MS). A TiC target (99.5 %, 10 cm diameter, 6 mm thick) 

was sputtered under argon atmosphere in the DP 650 sputtering equipment (Alliance Concept). 

DC power density and argon flow rate during the deposition were kept close to 2 W/cm2 and 100 

sccm, respectively. The substrate was heated to 750 °C prior to the sputtering procedure, and the 

pressure was adjusted to 10-2 mbar. The partial chlorination was then performed to convert the 

on-wafer TiC thin films into Si/SiO2/TiC/CDC layers. For the chlorination process, the samples 

were introduced in a furnace under argon purge and heated at 700°C. The nanoporous CDC was 

then obtained by reacting with chlorine gas for 90 seconds, following the reaction below (2):  

TiC + 2Cl2 → TiCl4 + C  (2) 

The furnace was cooled under argon flow to stop the chlorination reaction and ensure the 

adherence of the CDC layer on the silicon chip. The on-chip CDC-based electrodes were further 

annealed under H2 atmosphere at 600°C for 1 h to remove trapped chlorine species. 

Electrochemical Characterization: Electrochemical characterizations of the films were 

conducted using a Bio‐Logic VMP‐3 Potentiostat in organic liquid electrolyte (1M EMI-TFSI in 
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acetonitrile) using a conventional 3-electrode set-up. The CDC film (deposited and converted 

directly on a Si/SiO2 wafer) was used as the working electrode, a silver wire was used as a 

pseudo-reference electrode, and a Pt foil was used as a counter electrode. To test the solid-state 

samples, the photopatternable ionogel electrolyte was spin-coated directly onto the CDC film 

and the same 3-electrode configured cell was used. Electrochemical impedance spectroscopy 

(EIS) was performed between 1 MHz and 5 mHz using a 10 mV amplitude and 0 V bias in a 

stainless steel/[EMI][TFSI]SU-8/stainless steel 2-electrode cell. To evaluate the ion conduction 

mechanism, EIS measurements were carried out from −20 to 70 °C. Linear-sweep voltammetry 

(LSV) was used to determine the electrochemical stability window of the [EMI][TFSI]SU-8 in a 

three-electrode cell using a solid electrolyte coated glassy carbon as a working electrode. LSV 

was conducted from the open circuit voltage (OCV) to 2.5 V and from OCV to −2.5 V at a 

sweep rate of 10 mV s−1. 
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Chapter 4.3 Results and Discussion 

Ionogel electrolytes take advantage of the desirable electrochemical properties of certain 

ionic liquids such as a wide electrochemical stability window, reasonable levels of ionic 

conductivity, thermal stability and non-flammability.8,24 Confining the IL within an inorganic or 

polymeric matrix provides mechanical stability so that macroscopically the ionogel is rigid, 

however, at the nanoscale, the IL is trapped by capillary forces in nanometer-size pores.  It is 

very common for ionogels to contain well over 50 weight% ionic liquid so that the resulting solid 

phase can exhibit the properties of the ionic liquid.25–27 Our approach was to create ionogel 

electrolytes in which the photopatternable polymer matrix confines an ionic liquid, which 

provides an appropriate source of ions and measurable ionic conductivity. The development of 

the photopatternable ionogel focused on creating high ionic conductivity materials which 

maintained photopatternability. By designing an ionogel with a high concentration of IL, well 

above the percolation threshold for ion transport, there will be a continuous IL phase which 

enables the ionogel to achieve ion conduction properties comparable to that of the parent ionic 

liquid.  

To obtain high ionic conductivity, 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMI-TFSI) ionic liquid was added to the epoxy-based SU-8 

monomer to form a homogeneous precursor solution. Key features of this system include the 

miscibility between SU-8 monomer and EMI-TFSI ionic liquid, and the transparency of EMI-

TFSI in the UV spectrum.28 During the photo-induced crosslinking process, SU-8 forms a 

continuous network throughout the material. Various binary combinations of EMI-TFSI:SU-8 

ionogel were investigated, and up to 50 weight percent EMI-TFSI solutions were found to form 

gels with good mechanical integrity and photopatternability. An overview of the photopatterning 
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process is shown in Figure 4.1a. EMI-TFSI modified SU-8 monomer was spin-coated directly 

onto a substrate. The electrolyte films were then subjected to UV exposure using a contact 

aligner and photomask followed by a development step to form photopatterns. The EMI-TFSI 

modified SU-8 ionogels were successfully patterned using a photomask with cylindrical features 

100 μm in diameter (Figure 4.1b). By using energy-dispersive X-ray spectroscopy (EDS), we 

were able to monitor sulfur and fluorine which come only from the EMI-TFSI IL. The SEM 

image of the photopatterned electrolyte and the corresponding EDS (Figure 4.1c) confirm that 

only the photopatterned regions of the polymer matrix encapsulate the ionic liquid composed of 

sulfur and fluorine. 

 

 

16Figure 4.1 (a) Schematic representation of fabricating photopatternable [EMI][TFSI] ionogel 

patterns. Epoxy-based SU-8 photoresist was modified with the ionic liquid and photopatterned 

using conventional photolithographic techniques. The experimental parameters for the 

preparation of electrolyte photopatterns are detailed in the Experimental Methods section. (b) 

SEM images of photopatterned ionic liquid modified SU-8 electrolytes. Each circular feature 

represents 100 μm diameter cylindrical posts with 10 μm in height. (c) EDS images of ionic 
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liquid modified SU-8 electrolytes show the presence of sulfur and fluorine atoms where 

photopatterns are formed, confirming the successful encapsulation of ionic liquids.  

 

 The effect of the EMI-TFSI content on the photopolymerization of SU-8 was 

characterized by Fourier-transform infrared (FTIR) spectroscopy. Figure 4.2 shows the FTIR 

spectrum for SU‐8 films containing various weight percentages of the ionic liquid. Spectra are 

normalized to the aromatic ring peak at 1608 cm−1, which does not undergo any chemical 

changes during the crosslinking process and is not overlapping with any chemical moieties of 

EMI-TFSI. 

 

Figure 4.2. FTIR of ionic liquid modified SU-8 at various concentrations. With an increase in the 

incorporated ionic liquid weight percent, the ionic liquid absorption peaks increased 

proportionally. 17 
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There are a number of characteristic absorption peaks for EMI-TFSI that are mostly 

attributed to the vibrational modes of TFSI anions (notably,  S–O (1347–1133, 700–600 cm−1), 

S–N (1347–1133 cm−1), C–F (1347–1133, 700–600 cm−1)).29 A full list of EMI-TFSI 

characteristic peak assignment is shown in Table 4.1. The general trend observed is that with a 

larger weight percent of ionic liquid incorporated in the electrolyte, the ionic liquid absorption 

peaks increased proportionally. In addition, the peak at 1100 cm-1 which is attributed to the 

photo-induced formation of the aliphatic ether group and is indicative of SU-8 polymerization, is 

relatively unaffected by the addition of the EMI-TFSI.  For this reason, it is not surprising that 

the photopolymerization conditions for the EMI-TFSI modified SU-8 are identical to those of 

SU-8. Another important aspect is that all the FTIR absorption peaks were identified as 

belonging to the parent SU-8 and ionic liquid phases, indicating that neither side reactions nor 

new bonds were formed during the photo-induced fabrication steps. This further confirms that 

confinement of ionic liquids in the host material is coming strictly from capillary forces without 

any covalent grafting of ionic liquids. The representative chemical structure evolution from the 

polymerization process is illustrated in Figure 4.3.  

 

Table 4.1. Characteristic IR absorption bands of [EMIM][TFSI] and their assignments.29 

Frequency (cm-1) Vibrational assignment 

569 CF3 antisymmetric bend 

600 SO2 antisymmetric bend 

611 SO2 antisymmetric bend 

650 SNS bend 
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702 Ring in-plane bend, CH2N stretch 

741 CH3N bend, CH2N bend, CF3 symmetric bend 

762 Ring HCCH antisymmetric bend, SNS symmetric stretch 

789 Ring HCCH antisymmetric bend, CS stretch 

843 Ring NCHN bend, CCH bend 

1038 
Ring symmetric stretch, CH3N stretch, CH2N stretch, SO 
stretch 

1051 
Ring in-plane antisymmetric stretch, CC stretch, NCH3 twist, 
SNS antisymmetric stretch 

1088 CC stretch, ring in-plane symmetric stretch 

1132 SO2 symmetric stretch 

1169 
Ring in-plane antisymmetric stretch, NCH2 and NCH3 CN 
stretch, CC stretch 

1182 
Ring symmetric stretch, CH3N stretch, CH2N stretch, CF3 
antisymmetric stretch 

1200 CF3 antisymmetric stretch 

1227 CF3 symmetric stretch 

1331 
SO2 antisymmetric stretch, ring in-plane symmetric stretch, 
CC stretch, CH2N stretch, CH3N CN stretch 

1348 SO2 antisymmetric stretch 

1390 
Ring in-plane antisymmetric stretch, CH2N bend, CC stretch, 
CH2N stretch, CH3N CN stretch 

1433 
Ring in-plane antisymmetric stretch, CH3NCN stretch, 
CH3NHCH symmetric bend 
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1464 
CCH HCH antisymmetric bend, CH3NHCH symmetric bend, 
terminal CH3 HCH antisymmetric bend 

1474 Ring in-plane antisymmetric stretch, CH3N stretch 

1574 
Ring in-plane symmetric/antisymmetric stretch, CH3N stretch, 
CH2N CN stretch 

 

 

 

Figure 4.3. Chemical structure of the [EMI][TFSI]SU-8 electrolyte before and after UV-induced 

crosslinking. [EMI][TFSI] ionic liquid does not participate in the polymerization process and 

does not form covalent bonds with the SU-8 network polymer. 18 

 

Polymerized SU-8 exhibits excellent mechanical integrity and thermal stability. Both of 

these properties are retained in the EMI-TFSI/SU-8 electrolyte. Mechanical strength is important 

for physically separating the positive and negative electrodes and thus preventing electrical 

shorts. The mechanical properties of the 50wt% EMI-TFSI/SU‐8 ionogel films were evaluated 

using nanoindentation measurements and compared with other solid electrolytes reported for 

EDLC systems (Figure 4.4a, b). The ionic liquid modified SU‐8 demonstrates a relatively high 
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elastic modulus of about 100 MPa which is approximately an order of magnitude less than the 

unmodified SU-8 film.5 This suggests that the presence of the ionic liquid in the SU-8 polymer 

matrix essentially functions as a plasticizer that provides flexibility. The 100 MPa modulus of 

the IL modified SU‐8 is significantly greater than the elastic moduli of other polymer ionogel 

electrolytes.26,30,31 Such improvement in the elastic modulus combined with the photopatterning 

capability suggest that SU-8 ionogel electrolytes can be patterned directly at the point-of-contact 

while providing active mechanical protection for the electrodes. 

Thermal stability of the electrolyte is an important consideration for ensuring the safe 

operation of high-power supercapacitor devices. The thermal degradation of IL modified SU-8 

(Figure 4.4c) was evaluated using thermogravimetric analysis (TGA) in air. The onset of thermal 

decomposition occurs at approximately 200℃ with the loss of about 5 wt% by 350℃, which 

corresponds to the initial weight loss of the SU-8 network (Figure 4.4d). The TGA results 

indicate that the thermal decomposition of the SU-8 ionogel occurs in two distinct steps. The 

organic polymer matrix starts to depolymerize and volatilize, leaving the EMI-TFSI phase, 

which further decomposes at temperatures above 400℃.32 
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19Figure 4.4. (a) Representative load–displacement data acquired on the [EMI][TFSI] ionogel 

electrolyte with an optical image of a residual indentation impression. To minimize nonelastic 

effects in our sample, the peak load hold was incorporated in the loading sequence, which 

reduced time-dependent plastic effects in the elastic modulus evaluation. The elastic modulus 

presented in Figure 4.4b was determined from this load and displacement curve using the 
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analysis developed by Oliver and Pharr.52 (b) Elastic modulus properties of ionic liquid modified 

SU-8 films measured by nanoindentation compared with other ionogels and polymer 

electrolytes.26,30,31,33,34 The modulus value of IL modified SU 8 was 100 MPa. (c) TGA profile of 

ionic liquid modified SU-8 in air. Minimal thermal degradation is observed at temperatures up to 

300 °C. (d) TGA profile of neat EMI-TFSI ionic liquid and SU-8.  

 

The ionic conductivity of the photopatterned solid electrolyte is a critical consideration in 

order for this material to be a viable electrolyte for EDLC energy storage devices. Since the 

ionogel approach effectively confines the IL, it is of interest to determine how the pseudo-solid 

material compares to the actual IL. The Nyquist plots shown in Figure 4.5a and the frequency 

dependent spectra in Figure 4.5b compare the impedance of the parent ionic liquid, EMI-TFSI 

and the 50 wt% EMI-TFSI SU-8 ionogel electrolyte. The typical thickness of the solid 

electrolyte film was controlled to be 3.0 μm. The characteristic features in the impedance plot are 

very similar for the two systems, indicating that the fundamental ion-conducting mechanism in 

these systems is likely to be comparable. As indicated by the equivalent circuit, the high‐

frequency Z′ intercept represents the bulk ionic resistance of ionogel and the ionic liquid. The 

ionic conductivity at 25 °C for the 50 wt% EMI-TFSI SU-8 ionogel electrolyte is calculated to 

be 0.3 mS cm−1 which is more than one order of magnitude lower than that of the neat ionic 

liquid because of the presence of the insulating SU-8 phase. Although this value is also about an 

order of magnitude lower than several other state-of-the-art solid electrolytes for EDLC devices 

(Figure 4.5c),26,30,31,35,36 one must keep in mind that compared to the other electrolyte systems the 

SU-8 ionogel electrolyte is designed to not only possess a significantly higher modulus and 
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better thermal stability but also to provide unique photopatterning capabilities with sub-100 µm 

feature sizes. 

 

Figure 4.5. (a) Impedance spectra of the neat EMI-TFSI ionic liquid and EMI-TFSI modified 

SU-8 electrolyte tested in a blocking|[EMI][TFSI]SU-8|blocking electrode configuration at room 

temperature. The room temperature ionic conductivity for the ionogel electrolyte was calculated 

to be 0.3 mS cm-1. An equivalent circuit used to fit the Nyquist plot is shown in the inset. R1 is 

attributed to the electronic contact resistance and R2 is attributed to the electrolyte resistance. (b) 

Temperature dependence of the ionic conductivity for 50wt% EMI-TFSI modified SU‐8. This 

temperature dependence follows a Vogel–Tammann–Fulcher (VTF) relation for modified SU‐8 

electrolyte as shown in Figure 4.6. The room temperature conductivity of other ionogel 

electrolytes are plotted as a reference.26,30,31,34,39,40 20 

 

Figure 4.5c shows the temperature dependence of the ionic conductivity for the SU-8 

ionogel electrolyte. The observed temperature dependence follows Vogel–Tammann–Fulcher 

(VTF) relation that is described by Eqn. 4.1: 
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g(�) = ��k
lexpp< h)

iq(jrjs)t
  (Eqn. 4.1) 

where A is the pre-exponential factor related to the number of charged ions, kB is the Boltzmann 

constant, Ea is the pseudo-activation energy associated with the viscous ion motion and T0 (T0 = 

Tg − 50 K) is the temperature corresponding zero configurational entropy. The deduced values of 

A, Ea, and the goodness of fit are listed in Table 4.2, and the experimental and fitted data are 

plotted in Figure 4.6. This result indicates that ion transport is governed by the segmental motion 

of ionic species. This behavior is typically observed in the neat ionic liquid and other similar 

polymeric ionogel systems.37 The pseudo-activation energy, Ea, for [EMI][TFSI]SU-8 electrolyte 

was also similar to that of neat IL, further confirming that the ion conduction mechanism remains 

the same even with the presence of the SU-8 scaffold. 

 

Table 4.2. VTF Equation Parameters for temperature dependence of ionic conductivity 

Ionic Species / 

Concentration 

A / S cm-1 Ea / eV R2 

50wt% EMI-TFSI 

SU-8 

8.78 x 10-2 2.99 x 10-2 0.99 

Neat EMI-TFSI 4.33 x 101 3.87 x 10-2 0.99 
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Figure 4.6. The temperature dependence of the ionic conductivity for the [EMI][TFSI] SU-8 and 

neat [EMI][TFSI] electrolytes in the VTF plot. The VTF equation for the photopatternable 

electrolyte was fitted using a T0 value of 175K obtained from a comparable [EMI][TFSI] 

polymeric ionogel system.37 For the neat [EMI][TFSI], a T0 value of 167K deduced from its 

glass transition temperature was used. The dashed lines represent the computed data from the 

VTF fitting parameters. 21 

 

Another important consideration for an electrolyte system is the electrochemical potential 

window that determines the potential range over which the electrolyte withstands spontaneous 

reduction and oxidation at the anode and cathode, respectively. This is particularly significant for 

materials designed for EDLCs because the operating cell voltage ultimately affects the energy 

and power densities.9,38 As discussed previously, an advantage of the ionogel electrolyte is the 

larger electrochemical window compared to hydrogel polymer electrolytes which are limited to 
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windows of ~ 1V. Figure 4.7 shows a linear voltammogram scan of the solid electrolyte coated 

on a non-porous glassy carbon electrode. At a 10 mV s-1 sweep rate, any background/residual 

current resulting from electrolyte breakdown and side reactions was less than 20 mA cm-2 

indicating that the solid electrolyte is electrochemically stable in the 3V range. 

 

Figure 4.7. Linear sweep voltammetry in three-electrode experiments with 50 wt% EMI-TFSI 

SU-8 electrolytes on a non-porous glassy carbon electrode. Experimental details are provided in 

the Experimental Methods. No residual current has been observed from the glassy carbon 

electrode, which suggests that the solid electrolyte is stable over a minimum 3V potential 

window. 22 

 

The evaluation of the 50wt% EMI-TFSI SU‐8 photopatterned ionogel as an electrolyte 

for a EDLC electrode was carried out using a standard 3-electrode electrochemical testing 

configuration. To demonstrate that our solid-state electrolyte is fully compatible with 
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microfabrication techniques, 3 μm thick SU-8 ionogel electrolyte was photopatterned directly 

onto planar on-wafer carbon-based carbide-derived-carbon (CDC) electrodes. The preparation of 

such nanoporous carbon electrode has been reported previously.42,45  

Upon spin coating the EMI-TFSI/SU-8 liquid precursor, it successfully penetrates the 5 

μm thick nanoporous CDC electrode. The uniform penetration of the ionic liquid phase was 

verified by EDS, showing the homogeneous distribution of sulfur and fluorine signals in the 

CDC layer (Figure 4.8). Full penetration of the ionic liquid phase is important because this 

component enables the entire electrode to participate in the charge storage process  The 

preparation methods of these CDC samples and CDC-based interdigitated devices have been 

previously demonstrated to be fully compatible with silicon processing techniques.41,42 These 

results are very significant as they suggest that the development of photopatternable solid 

electrolytes will effectively extend the micro-supercapacitor field into the important direction of 

solid-state electrochemical energy storage devices.  

 

 

 



77 
 

 

Figure 4.8. (a) A cross-sectional SEM image of a self-supported CDC/TiC electrode. As-

prepared CDC thickness was about 5 μm. (b) SEM/EDS images of the solid electrolyte coated 

CDC electrode verified the uniform penetration of the electrolyte material from the 

homogeneous distribution of sulfur and fluorine signals that are present in the [EMI][TFSI] 

ionogel. 23 

 

The charge storage properties of the ionogel covered CDC electrode are shown in Figure 

4.4 where they are compared with a bare CDC electrode tested in 1M EMI-TFSI in acetonitrile. 

The IL with organic solvent represents a typical electrolyte system for non-aqueous EDLC, 

exhibiting good electrochemical performance attributed to lower viscosity, high ionic 

conductivity, and stable electrostatic interactions between ions.43,44 Schematics of the two 

different test configurations are shown in the Figure 4.9a-c. The capacitive voltammogram 

signature for the ionogel/CDC electrode exhibits the ideal box shape as does the uncoated CDC 

electrode tested in the liquid electrolyte (Figure 4.9d-f). The delivered capacitance is 110 mF cm-

2 at slow sweep rates for both the liquid electrolyte and the ionogel solid electrolyte. The 
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voltammogram signature starts to deviate from the ideal box shape for sweep rates above 100 

mV s-1 for both liquid and solid electrolytes suggesting that polarization effects develop at these 

sweep rates. The electrochemical kinetics observed for the photopatternable solid-state system 

are in agreement with previous work reporting the electrochemical properties of on-chip CDC-

based electrodes using other EMI-based IL electrolytes.45 Moreover, the fact that the areal 

capacitance of the photopatterned solid electrolyte system is decreased by only ~20% at 100 mV 

s-1 compared to the liquid electrolyte demonstrates the utility of using the solid electrolyte 

system. 
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24Figure 4.9. Graphical representation of the electrochemical CV experimental setup. (a) To 

evaluate fundamental electrochemical properties of the CDC working electrode, electrochemical 

testing was carried out using a standard 3-electrode testing configuration. Figures to the right 

show the working electrodes separately to highlight the difference between (b) the control test in 

1M EMI-TFSI acetonitrile liquid electrolyte and (c) the solid electrolyte coated CDC sample. 

The CDC electrode coated with the solid electrolyte is also immersed in 1M EMI-TFSI liquid 

electrolyte to fundamentally study ion migration and adsorption behavior at the working 

electrode/electrolyte interface. Cyclic voltammetry of the EMI-TFSI SU-8 solid electrolyte 

patterned CDC electrode at sweep rates of (d) 1 to 5 mV s-1, of (e) 10 to 50 mV s-1, and of (f) 100 
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to 200 mV s-1 over 2.25 V window. The superimposed dotted lines of the same color represent 

the CV curve from the 1M EMI-TFSI liquid electrolyte which serves as a control.  

 

The areal capacitance at various sweep rates of CDC electrodes tested in the liquid and 

solid electrolyte systems is summarized in Figure 4.10a. To put this electrochemical result into 

perspective, the same TiC-CDC electrode tested in an ideal aqueous electrolyte (1M H2SO4, σ ~ 

1 S cm-1) obtained 205 mF cm-2 at 1 mV s-1, while the areal capacitance values of other notable 

EDLC systems range between 1-50 mF cm-2.11,42,46–50 It is important to emphasize here that these 

other systems are based on using either liquid electrolytes or gel electrolytes, which are not ideal 

for on-chip integration. Analysis of electrochemical impedance spectroscopy measurements 

indicates the series resistance before and after electrochemical cycling appears to be consistent, 

which is indicative of stable electrode/solid electrolyte interface characteristics (Figure 4.10b). 

The prospect of pairing the photopatternable ionogel solid electrolyte with nanoporous 

CDC materials provides significant opportunities for the development of miniaturized 

supercapacitors capable of powering IoT devices. For a EDLC based on using CDC electrodes 

and the photopatternable solid-state electrolyte, we expect to achieve an areal power capability (3 

mW cm-2 at 20 μWh cm-2) that meets the demand of low-power commercial communication 

sensor nodes, an average ~1-5 mW.51 However, there needs to be a  significant improvement of 

approximately 10X  to achieve energy density values which enable reasonable operation 

lifetimes. These initial results underscore the promise of developing photopatternable solid 

electrolytes that enable miniaturized electrochemical energy storage systems for powering small 

electronics at the point-of-load. 
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Figure 4.10. (a) Comparison plot of the areal capacitance vs. sweep rate of CDC electrodes using 

1M EMI-TFSI in acetonitrile and EMI-TFSI SU-8 patternable electrolytes. (b) Impedance 

spectra of the [EMI][TFSI]SU-8 coated CDC electrode before and after testing. The measured 

impedance is stable over electrochemical cycling. Each data set is fitted using an equivalent 

circuit shown in Figure 4.5. 25 
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Table 4.3. Comparison of ionic conductivity and elastic modulus of gel electrolytes. 

Host Matrix Ionic Species / 

Concentration 

Ionic 

Conductivity @ 

25 oC (S cm-1) 

Young’s 

Modulus (MPa) 

Reference 

SU-8 50wt% EMI-TFSI 2.6 x 10-4 100 This work 

TEOS-TMOS 

(Silica matrix) 

60 vol% IL (PIP13-

FSI):(PYR14-FSI) 

5.5 x 10-3 0.935 26 

PVA / H3PO4 60wt% H3PO4 3.4 x 10-3 1 31 

PVDF-HFP 66 wt% EMI-TFSI 1.9 x 10-3 52 34 

PEGDA 55 wt% EMI-TFSI 4.7 x 10-4 15 30 

PMMA 40 wt% BMI-PF6 1.1 x 10-4 12 33, 39 

PEO 40 wt% EMI-TY 2.8 x 10-5  Not reported 40 
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Chapter 4.4 Conclusion 

In conclusion, we have extended the range of photopatterned electrolytes to now include 

ionic liquid electrolytes. This approach is based on using a well-known photopatternable 

polymer matrix to confine an ionic liquid that provides an appropriate source of ions, leading to a 

significant level of ionic conductivity.  The photopatternable ionogel solid electrolyte is a 

pseudo-solid material that possesses excellent mechanical integrity and demonstrates good 

electrochemical properties while retaining its photopatterning ability with micrometer scale 

resolution. The key solid electrolyte properties are summarized and compared with other ionogel 

electrolytes in Table 4.3. To evaluate its electrochemical performance, the 50 wt% EMI-TFSI 

SU-8 ionogel electrolyte was directly patterned onto CDC electrodes enabling the charge storage 

properties to be characterized. These experiments showed that the solid electrolyte coated CDC 

electrode yields a specific areal capacitance of 110 mF cm-2 at 1 mV s-1 sweep rate, maintaining 

capacitive voltammogram signatures up to 100 mV s-1. The ability to develop an ion conducting 

photopatternable electrolyte offers important new opportunities for providing mobile power for 

small electronic devices.  
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Chapter 5. Development of a photopatternable hydroxide ion electrolyte for solid-state 

micro-supercapacitors 

Electrochemical energy storage (EES) devices that provide high power and energy for 

micropower systems are considered to be essential for developing micro/nano electronics, such as 

nanorobotics, environmental sensors, and connected smart electronics. One promising research 

direction in this field has been to develop on-chip EES whose length scales integrate with those of 

miniaturized electronic devices. In the work described here, we provide the first report of a 

hydroxide ion conducting solid electrolyte which can be patterned using standard lithography. By 

combining a negative photoresist with a polymerizable ionic liquid, we obtain a thermally stable, 

hydroxide ion conducting solid electrolyte with a conductivity of 10 mS cm-1. Patterning the solid 

electrolyte directly on interdigitated VN electrodes enables a scalable fabrication approach for 

producing high resolution, solid-state VN micro-supercapacitors (MSC) in both single and 

multiple devices. Individual MSC devices achieved 250 mF cm-2 while maintaining a power 

density in the range of 1-10 mW cm-2. Tandem VN MSC devices demonstrated the ability to 

increase the cell working voltage and total current output. These results effectively extend the field 

of on-chip micro-supercapacitors into the important direction of integrated high-energy and high-

power solid-state EES devices for powering IoT technology. 

 

Chapter 5.1 Introduction 

Advances in electrochemical energy storage (EES) technology have changed the landscape 

of the portable electronics industry and the electric vehicle market in the past decade and are on 

the same track for enabling the ‘Internet of Things’ (IoT).1 A robust, high-energy and high-power 

micropower system is a key technology for the future development of micro/nano electronics, such 
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as nanorobotics, microelectromechanical systems (MEMS), environmental sensors, and connected 

smart electronics.2,3 However, the power sources for these devices often become the limitation in 

achieving the small form-factor required by miniaturized electronics because energy-storage 

components scale down poorly in size. It is well known that miniaturization of electrochemical 

energy storage (EES) system devices such as batteries and capacitors have lagged far behind 

Moore’s Law and that improvements of only about 10%/year have been achieved.4 One means of 

addressing the miniaturization issue is the development of integrated on-chip EES to power 

miniaturized electronic devices. Such a technology holds significant promise towards enabling the 

IoT and further enhancing the distribution and utilization of sustainable energy. To achieve this 

goal, however, there needs to be an appropriate chemistry where EES components, i.e. the anode, 

cathode, and solid electrolyte, can be formed and defined spatially through the very techniques 

that are utilized in achieving high-resolution patterns in the semiconductor industry.5,6 

In recent years, there have been substantial efforts at fabricating EES devices and materials 

using semiconductor processing fabrication methods. This research includes on-chip micro-

supercapacitors (MSC),7–10 multi-dimensional batteries,5,11–13 and the development of 

photopatternable solid electrolyte materials.6,14,15 Some devices have demonstrated areal energy 

densities (> 1 mWh cm-2) or power densities (> 5 mW cm-2) that are comparable to those of bulk-

scale EES systems, while photopatternable solid electrolytes are capable of achieving sub-100 μm 

features for both lithium-ion or electrical double-layer capacitor (EDLC) applications.16–19 While 

the goal of having EES systems fabricated directly on silicon wafers represents a very promising 

route for micropower sources, the development of compatible processing methods and materials 

is still emerging.    
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A very appealing direction for electrode materials used in MSC devices is based on 

pseudocapacitive materials. Due to their fast redox reactions, pseudocapacitive materials exhibit 

much higher energy density than EDLC carbon-based materials without compromising the high 

rate charge/discharge properties which are the hallmarks of EDLC systems.20 One of the most 

favorable pseudocapacitive materials for MSCs is vanadium nitride (VN). The material combines 

high electronic conductivity (1.6 x 104 S cm–1) with a high rate surface redox electrochemical 

response.21 The preparation strategies and electrochemical characterization of interdigitated VN 

MSCs have been reported recently.9,22 These electrochemical results were obtained using a KOH 

aqueous electrolyte which is not compatible with on-chip integration because of the inability to 

spatially confine a liquid. Nevertheless, these studies are very useful as they establish that the 

hydroxide ion is responsible for the charge storage occurring within VN pseudocapacitive 

electrodes, leading to high areal capacitance values (1.2 F cm-2 for 16-µm thick film).22 Thus, the 

ability to  develop OH- conducting solid electrolytes that can be processed using photolithography 

and define spatially confined regions is an important milestone which would enable the integration 

of a solid-state MSC at the point-of-load and lead to in-series and/or in-parallel device 

configurations in a defined area. 

Here, we describe the development of a hydroxide-conducting photopatternable solid 

electrolyte that possesses a high room temperature ionic conductivity of 10 mS cm-1 along with 

excellent thermal stability and mechanical integrity. This material is integrated with VN 

interdigitated electrodes enabling a semiconductor processing approach to be used to fabricate 

high-resolution, solid-state VN MSC devices. A distinct advantage in utilizing VN is that the same 

material is used for both MSC electrodes and interconnects, thus simplifying the fabrication 

process significantly. In addition to demonstrating individual MSC devices, we characterize 
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tandem device architectures which lead to increased cell voltages and total currents beyond what 

is available with individual devices.  

  

Chapter 5.2 Experimental Methods 

Materials: 1-Allyl-3H-imidazolium bis(trifluoromethanesulfonyl)imide ([AMIM][TFSI], 99% 

purchased from Solvionic), SU-8 3000 (purchased from MicroChem), KOH (purchased from Alfa-

Aesar), and dimethyl sulfoxide (DMSO, 99.9% purchased from Sigma Aldrich) were used as 

received. 

Photopatternable Hydroxide-Conducting Solid Electrolyte Preparation: All sample preparation 

was carried out in class 100 clean room with yellow lighting to reduce the exposure of the materials 

to shorter wavelengths. [AMIM][TFSI] SU‐8 was prepared by mixing 40 weight percent 

[AMIM][TFSI] and SU‐8 prior to deposition. Films prepared for electrochemical measurements 

were spin‐coated onto flat substrates (i.e. Si/SiO2 or VN) at 500 rpm for 5 s followed by 3000 rpm 

for 30 s. Samples were then soft‐baked at 95 °C for 5 min for solvent removal prior to patterning. 

Features were patterned using a Karl Suss MA6 Contact Aligner and photomask. The 

[AMIM][TFSI] SU‐8 samples were subjected to a total of 1600 mW of UV exposure at 365 nm. 

The films were then postexposure baked at 95 °C for 5 min to crosslink the material. UV exposed 

samples were then developed. For the anion exchange process, photopatterned 

[AMIM][TFSI]/SU-8 electrolytes were soaked in DMSO to swell the crosslinked polymer for a 

minimum of 1 hr. Subsequent soaking in 1M KOH replaced TFSI- in the structure with OH-. 

Physical and Chemical Characterizations: FTIR spectroscopy was carried out using a Jasco‐6100 

with a 4 cm−1 spectral resolution from 4000 to 500 cm−1. The photopatternable electrolyte was 
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prepared on IR‐transparent polytetrafluoroethylene films for the measurement. Nanoindentation 

measurements were made using an MTS Nano Indenter XP Instrument with a Berkovich indenter 

to determine the elastic modulus of hydroxide-conducting SU‐8 films. Samples were indented to 

a depth of 2 µm at 20 different locations. The elastic modulus was determined using a Poisson's 

ratio of 0.22 for SU‐8 and the Oliver and Pharr analysis. Film thicknesses were measured using a 

Dektak 6 surface profilometer. TGA was performed using an Instrument Specialists 

thermogravimetric analyzer tool in air at a heating rate of 10 ◦C min−1. Scanning electron 

microscope (SEM) was performed using an FEI Nova 230 Nano with attached EDS. XPS analysis 

was carried out using a Kratos Axis Ultra DLD with a monochromatic Al Kα radiation source. The 

charge neutralizer filament was used to control charging of the sample, a 20 eV pass energy was 

used with a 0.05 eV step size, and all scans were calibrated using the C 1s peak shifted to 284.8 

eV. The integrated area of the peaks was found using the CasaXPS software.  

Synthesis of NiCo2O4: NiCo2O4 was prepared using a one-step microwave synthesis. Nickel nitrate 

hexahydrate (0.15 g, Sigma-Aldrich) and cobalt nitrate hexahydrate (0.18 g, Sigma-Aldrich) 

precursors were dissolved in deionized water (5 ml), and ethylene glycol (17.5 ml) and urea (0.1 

g, Sigma-Aldrich) were added in this solution with stirring. The homogeneous solution was then 

transferred into the 30 ml microwave reaction vessel and placed in a microwave synthesis system 

(Discover SP, CEM Corporation). The sample was heated to 140 °C for 30 min. The resulting 

green-colored solution was centrifuged and washed with deionized water and ethanol and dried in 

vacuum for 24 h. The samples were then fully oxidized by annealing the as-prepared samples at 

300 °C for 1 h. 

Vanadium Nitride Electrode Preparation: To prevent electrical short-circuits and chemical 

etching from basic electrolytes, a 500 nm-thick Si3N4 layer was deposited by low pressure 
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chemical vapor deposition at 800 °C to protect the Si wafer. The VN thin films were then 

deposited by reactive magnetron sputtering using a 4-inch target of pure metallic vanadium in an 

Alliance Concept CT-200 reactor. Prior to deposition, the pressure of the chamber was kept 

below 10-6 mbar and the target-substrate was fixed at 6 cm. The deposition parameters were 

fixed at 100°C for the temperature, 25 and 5 sccm for the argon and nitrogen flow rates, 7.5 x 10-

3 mbar for the deposition pressure, and 2 W.cm-2 for the power density. The deposition time was 

tuned to achieve 5µm-thick VN thick films.  

Fabrication of the symmetric interdigitated micro-supercapacitor (MSC): After the deposition of 

the Si3N4 (500 nm) and the VN (5 µm) thin films, photoresist was spin-coated to form the resist 

mask. The VN was etched using Inductively Coupled Plasma Reactive Ion Etching (ICP RIE) 

process using a mixture of chlorine/argon gases (Cl2 / Ar). To avoid short-circuits between the 

interdigitated VN electrodes, the etching was stopped once the top 10 nm of the Si3N4 layer was 

etched. Due to this four-step process, 40 MSCs can be fabricated on a single 3-inch silicon wafer 

(7.5 cm diameter / thickness = 0.385 mm). 

Electrochemical Characterization: All electrochemical measurements were made using a Bio‐

Logic VMP‐3 Potentiostat. Electrochemical impedance spectroscopy (EIS) was performed on a 

stainless steel/[AMIM][OH]SU-8/stainless steel 2-electrode cell between 1 MHz and 5 mHz 

using a 10 mV amplitude and 0 V bias. Linear-sweep voltammetry (LSV) was used to evaluate 

the electrochemical stability window of the [AMIM][OH]SU-8 using a solid electrolyte coated 

glassy carbon as a working electrode. LSV was conducted from the open circuit voltage (OCV) 

to 0.7 V (vs. Hg/HgO) and from OCV to −1.4 V at a sweep rate of 10 mV s−1. For the CV and 

galvanostatic cycling measurements, the planar VN film (deposited directed on a Si/Si3N4 wafer) 

was tested in 1M KOH using a conventional 3-electrode set-up. A Hg/HgO reference electrode 
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and a Pt foil were used as a reference electrode and counter electrode, respectively. For the solid-

state samples, 10 μm thick film of the photopatternable electrolyte was directly patterned onto 

the VN and tested using the same cell configuration. For the electrochemical testing of 

interdigitated devices, the 2-electrode measurement was carried out using a standard probe 

station with the sample stationed on an air table. 

 

Chapter 5.3 Results and Discussion 

The central role played by the photopatternable hydroxide-conducting solid electrolyte in 

miniaturized EES applications is best shown by providing an overview of the vanadium nitride 

(VN) fabrication process in Figure 5.1a. The properties of these devices are presented later. Briefly, 

the vanadium nitride electrode material is sputtered onto a silicon (Si) / silicon nitride (Si3N4) 

substrate. An important benefit of VN-based MSC devices is that a separate current collector is 

not needed because of the high electronic conductivity for VN. The VN layer can then be patterned 

and selectively etched using conventional photolithography and plasma etching techniques, 

creating high-resolution interdigitated electrodes with a minimum feature size of 10 μm. 

Subsequently, the liquid precursor for the solid-state electrolyte is spin-coated directly onto the 

interdigitated device structure to provide ion conduction between electrodes. The pseudocapacitive 

charge storage mechanism in VN involves a faradaic reaction between V4+ and V3+ through an 

oxy/oxyhydrate couple at the surface.22 An important factor here is that the highest 

pseudocapacitive contributions to VN have been observed using basic electrolytes, with hydroxide 

being the dominant charge-carrying ion. This behavior indicates that fast ion transport of 

hydroxide in the solid electrolyte material is required in order to achieve rapid charge storage in 

VN materials. 
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Figure 5.1. (a) Schematic representation of the process for fabricating solid-state VN MSCs 

using the photopatternable [AMIM][OH] electrolyte. Both electrode and electrolyte materials are 

formed through microfabrication techniques. (b) The chemical structure of SU-8 photoresist 

before and after the UV-induced polymerization. The polymerizable ionic liquid [AMIM][TFSI] 

is in-situ grafted during this process. (c) Schematic diagram of polymerized ionic liquids with 

charge-carrying mobile anions.23 26 
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One approach to creating photopatternable solid electrolyte materials involves modifying 

the chemistry of commercial SU-8 photoresists to achieve ion transport without compromising its 

photopatterning functionality. We previously demonstrated this general methodology enabling the 

development of both lithium-ion conducting and ionic liquid conducting photopatterned 

electrolytes with sub-100 μm resolution.6 In the research reported here, the particular challenge in 

achieving ion conduction in an aqueous medium is the hydrophobic nature of the SU-8 photoresist. 

Our synthesis strategy for preparing the photopatternable hydroxide-conducting solid electrolyte 

involved two steps. First, the cationic polymerizable 1-Allyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide [AMIM][TFSI] was grafted onto the SU-8 polymer matrix. This 

was followed by anion exchange to incorporate hydroxides (Figure 5.1b, 5.2a). The resulting 

electrolyte system consists of the SU-8 host material that provides the photopatterning capability 

while hydroxides in the polymerizable ionic liquid phase provide the charge-carrying hydroxide 

ions required for the VN redox process (Figure 5.1c). Ionic liquid [AMIM][TFSI] grafted SU-8 

polymer was successfully photopatterned using a photomask with cylindrical features 100 μm in 

diameter (Figure 5.2a). This signifies that the solid electrolyte material can be paired with any 

miniaturized EES systems that are 10 x 10 μm2 in size, allowing us to photopattern any complex 

geometry with the minimum feature size of 100 μm. The photopatterned electrolyte was further 

characterized using energy-dispersive X-ray spectroscopy (EDS). The presence of ionic liquid 

constituents (sulfur and fluorine) in the photopatterned structure confirms that the photopatternable 

polymer matrix encapsulates the ionic liquid (Figure 5.2b). After the anion exchange process with 

hydroxides, only trace amounts of fluorine and sulfur were detected (Figure 5.2c). 
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Figure 5.2. (a) Schematic diagram of fabricating photopatternable [AMIM][OH] solid 

electrolytes. Epoxy-based SU-8 photoresist was modified with the polymerizable ionic liquid and 

photopatterned using conventional photolithographic techniques. TFSI- anions in the 

photopatterns are then ion exchanged with hydroxides in aqueous KOH solution. (b) SEM 

images of photopatterned [AMIM][TFSI]/SU-8 electrolytes. Each circular feature represents 100 

μm diameter cylindrical posts with 10 μm in height. EDS analysis of ionic liquid modified SU-8 

electrolytes show the presence of sulfur and fluorine atoms, which come only from the 

[AMIM][TFSI], confirming the successful encapsulation of ionic liquids. (c) The EDS analysis 

of the photopatterned electrolyte monitoring sulfur and fluorine signals of TFSI- reveal that 

TFSI- anion has been successfully exchanged with hydroxides. After the anion exchange process, 

less than 1wt% trace amount of sulfur and fluorine were detected from the EDS analysis. 27 

 

The lithography-assisted crosslinking between polymerizable cations and SU-8 matrix was 

verified by analyzing Fourier transform infrared (FT-IR) spectra. The disappearance of the vinyl 

group at 1648 cm-1 (stretching vibration of C=C) upon polymerization indicates that vinyl groups 

are participating in the photopolymerization process (Figure 5.3a). The grafting of polymerizable 
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ionic liquids was further confirmed by evaluating the solubility of the ionic liquid phase using an 

IL miscible solvent (i.e. acetone or ethanol). In general, for a given ionogel system, ionic liquids 

contained in the host network are readily soluble in certain solvent media.14,24 However, it is 

evident in the infrared spectra in Figure 5.3b that polymerizable cations in the [AMIM][TFSI] 

ionic liquid are covalently bonded to the SU-8 matrix and are no longer soluble. Once grafting of 

the cation was confirmed, the mobile TFSI- anions were exchanged with OH- in 1M KOH. The 

approximate concentration of hydroxide anions in [AMIM][OH]/SU-8 electrolyte is calculated to 

be 1.8M. The anion exchange process in the ionic liquid grafted SU-8 electrolyte was assessed by 

observing changes in the characteristic peaks (Figure 5.3c) ascribed to TFSI- anion (Table 5.1) and 

OH- anion (3200-3400 cm-1). It is also clear that the IR absorbance bands assigned to the 

imidazolium cation (752, 1432, 1464 cm-1) are still present after the TFSI anions are exchanged. 

 

 

28Figure 5.3. (a) FT-IR spectra of the [AMIM][TFSI] SU-8 before and after the polmyerization 

reaction and of neat [AMIM][TFSI] as a reference. The changes in the intensity of C=C group at 

1648 cm-1 before and after polymerization indicate that the vinyl groups in the polymerizable 

ionic liquids have been fully reacted. The band at 1608 cm-1 is attributed to the aromatic ring of 
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the SU-8 that does not undergo any chemical changes during the polymerization reaction. (b) 

FT-IR spectra of the [AMIM][TFSI] SU-8 and reference patterns. It shows that polymerized 

[AMIM][TFSI] in SU-8 is covalently bonded and not soluble in solvents. (c) FT-IR of the 

photopatterned electrolytes before (red) and after (blue) the hydroxide anion exchange. Once the 

anions exchanged, the infrared absorbance bands of TFSI anions disappeared as those of OH- 

emerged. It is should be noted that the characteristic peaks of polymerized cations are still 

present after this process (Table 5.1).  

 

Table 5.1. Characteristic IR absorption bands of [AMIM][TFSI] and their assignments 

 

Frequency 
(cm-1) Dominant Vibrational assignment 

 Anion 
Assignment 

569 CF3 antisymmetric bend 

600 SO2 antisymmetric bend 

611 SO2 antisymmetric bend 

650 SNS bend 

789 CS stretch 

1051 SNS antisymmetric stretch 

1132 SO2 symmetric stretch 

1182 CF3 antisymmetric stretch 

1331 SO2 antisymmetric stretch 

1348 SO2 antisymmetric stretch 

752 Ring HCCH symmetric bend 
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Cation 
Assignment 

1464 
CCH HCH antisymmetric bend, CH3(N)HCH symmetric bend, 
terminal CH3 HCH antisymmetric bend 

1474  Ring in-plane antisymmetric stretch, CH3(N) stretch 

 

 

We validated the mobility of OH- transport in the photopatternable [AMIM][OH]/SU-8 

material by using it as a solid electrolyte which leads to charge storage in NiCo2O4. This transition 

metal oxide is well known for undergoing redox reactions with hydroxide anions through the 

following mechanisms: 

NiCo2O4 + OH- + H2O ↔ NiOOH + 2CoOOH + e-  (1) 

CoOOH + OH- ↔ CoO2 + H2O + e-    (2) 

In this experiment, a 10 μm film of the [AMIM][OH]/SU-8 solid electrolyte was coated 

and polymerized on the NiCo2O4 electrode. The CV curves for this system were compared to those 

for the same NiCo2O4 material in 1M KOH (Figure 5.4).  The similarity in redox potential, peak 

current response, and observed gravimetric capacities (89 vs 92 mAh g-1 at 10 mV s-1) for NiCo2O4 

samples tested in patternable solid electrolyte and 1M KOH control liquid electrolyte, confirms 

that hydroxide ion transport occurs in the patternable electrolyte.  
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29 Figure 5.4. The nickel cobalt oxide material has been prepared by the microwave assisted 

synthesis. The corresponding XRD (a) shows low crystallinity of the material that did not affect 

the electrochemistry. (b) Graphical diagram highlighting differences between the sample 

preparation of a solid-state working electrode versus a control electrode tested in liquid 

electrolytes. CV curves of NiCo2O4 that were obtained using (c) OH- conducting patternable 
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electrolytes and (d) 1M KOH control liquid electrolytes. The redox behavior is similar in the two 

electrolytes, confirming that there is hydroxide conduction through the solid electrolyte.  

 

The thermal stability of the electrolyte was determined using thermogravimetric analysis 

(TGA) as shown in Figure 5.5a. In view of possible heating effects associated with high power 

operation, thermal stability of the electrolyte can be a potential concern. The photopatterned 

electrolyte is quite stable as it showed no appreciable weight loss up to over 300 oC in the TG 

profile. In contrast, the unmodified SU-8 photoresist begins to undergo thermal decomposition 

below 200 oC (Figure 5.5b). The noticeable increase in thermal stability is attributed to the grafting 

of the thermally stable [AMIM]-based ionic liquid with the SU-8 matrix. Overall, the results 

showed excellent thermal stability with about 5 % weight loss by 320 oC. 

The mechanical properties of the solid patternable electrolyte films were evaluated using 

nanoindentation measurements (Figure 5.5c). The mechanical integrity of the solid electrolyte is 

important for maintaining good contact with the electrodes and preventing electrical shorts. Prior 

to the ionic liquid grafting, the SU-8 film demonstrates a high elastic modulus of 5.1 GPa. Upon 

incorporation of the polymerized ionic liquid phase, the elastic modulus value was reduced to 230 

MPa. Compared to literature values for other OH- conducting solid electrolytes, the modulus value 

of [AMIM][OH]/SU-8 is certainly on the higher end, well above the typical modulus values of 1-

50 MPa. One exception is benzimidazole-based electrolytes which exhibit more robust mechanical 

properties due to the hydrogen bond between –N= and –NH– segments. However, none of these 

other electrolytes have demonstrated photopatterning and thus, it is not possible to use these 

electrolytes to achieve the high spatial resolution that is required for on-chip integration.  



106 
 

 

Figure 5.5. (a) TGA of ionic liquid modified SU-8. The [AMIM][OH]/SU-8 patternable 

electrolyte exhibits excellent thermal stability up to 320 °C in air. (b) TGA profile of neat 

[AMIM][TFSI] ionic liquid and SU-8. The thermal stability of [AMIM][OH] photopatternable 

electrolytes was significantly improved by incorporating thermally stable [AMIM][TFSI] ionic 

liquids. (c) Mechanical properties of [AMIM][OH]/SU-8 films measured by nanoindentation 

compared with other hydroxide conducting solid electrolytes.25–27 The elastic modulus of 

[AMIM][OH]/SU-8 was 230 MPa. 30 

 

A series of experiments were carried out on sputtered VN films which enabled us to 

determine the electrochemical properties of the hydroxide ion conducting photopatternable 

electrolyte. The as-prepared VN films exhibit strong preferential crystalline orientation in (111) 

direction as shown in Figure 5.6a.  The faceted growth of VN is evident from the SEM in Figure 

5.6b,c. The intercolumnar porosity from this faceted morphology enables electrolytes in their 

liquid phase to penetrate throughout the structure (Figure 5.6d,e). After the [AMIM][TFSI]/SU-8 

ionogel electrolyte was patterned directly on top of the planar VN and polymerized, the uniform 

penetration of the electrolyte was verified by an EDS elemental mapping image (Figure 5.7), 
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showing that fluorine and sulfur signals originating from the ionic liquids are present throughout 

the VN layer. The cross-sectional SEM image in Figure 5.6c indicates that the as-prepared VN 

electrode thickness was about 5 μm. The surface composition of the VN film, probed by the X-ray 

photoelectron spectroscopy (XPS) analysis (Figure 5.6f), is consistent with other VN systems 

reported in the literature,21,22 with vanadium oxides and oxynitrides playing a key role in redox 

reactions that lead to energy storage.  

 

 

31Figure 5.6. Chemical characterization of as-deposited VN films. (a) XRD patterns of the as-

deposited VN show strong preferential orientation in (111) direction with visible (111) and (222) 

peaks. (b) Top down SEM image of the as-deposited VN. The grain growth of VN occurs in a 

strongly faceted manner. (c) Cross-sectional SEM images of VN films, in which the 

intercolumnar structures can be observed. As-prepared VN thickness was about 5 μm. (d) The I–
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V curves of a VN film, exhibiting a linear I-V curve with the high electrical conductivity of 413 

S cm-1. (e) Nyquist impedance spectra of a VN film confirms the electrical conductivity 

measurement results obtained from the I-V curve. (f) XPS spectra (V 2p region) of the VN film. 

The V3+ and V4+ peaks ascribed vanadium oxynitride groups were present at the VN surface.  

 

 

Figure 5.7. A cross-sectional SEM image of a planar VN electrode. The thickness of as-prepared 

VN was 5 μm and that of the solid electrolyte film was patterned to be 10 μm. EDS analysis of 

the solid electrolyte coated VN electrode verified the homogeneous distribution of sulfur and 

fluorine signals that are present in the [AMIM][TFSI] prior to the hydroxide anion exchange. 32 

 

The high conductivity of the VN film enables it to be used as a blocking electrode in 

characterizing the impedance of the [AMIM][OH]/SU-8 ionogel electrolyte. Two- and three-

electrode cells were used to compare the impedance of the ionogel electrolyte with that of 1M 
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KOH. For the former, a 10 μm film of the ionogel electrolyte was patterned directly on VN 

electrodes. This thickness is comparable to the interlayer gap spacing distance used in the MSC 

interdigitated devices (vide infra). The Nyquist plot (Figure 5.8a,b) indicates that both electrolytes 

display a low series resistance with a low frequency capacitive tail. The room temperature ionic 

conductivity at 25 °C for the hydroxide conducting patternable solid electrolyte is calculated to be 

10 mS cm−1 which is about 20 times lower than aqueous KOH. Yet, this photopatternable solid 

electrolyte shows an ionic conductivity four order of magnitude higher than that of LIPON, a 

patternable solid electrolyte used in Li-ion micro-batteries.28,29 Additionally, the ionic conductivity 

of the [AMIM][OH]/SU-8 ionogel electrolyte is 100 times higher than another polymer based 

ionogel, [EMIM][TFSI]/PVDF, which was incorporated in 3D MSCs with MnO2 pseudocapacitive 

electrodes.15 It is also interesting to note that the room temperature conductivity value for the 

hydroxide ion conducting electrolyte is comparable to that of conventional nonaqueous liquid 

electrolytes based on quaternary ammonium salts and lithium-ion compounds.30 Figure 5.8c 

compares the Bode plots for the two electrolytes. The characteristic time constants for the two 

samples were about 8.0 s for the liquid electrolyte and 12.6 s for the patterned ionogel electrolyte, 

signifying that shorter charge/discharge times may lead to a kinetically limited electrochemical 

response. Nonetheless, the fact that it is possible to fabricate high spatial resolution patterns of this 

solid electrolyte with only a small difference in transient response time compared to standard 1M 

KOH, is very impressive.  
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33Figure 5.8. (a) Nyquist impedance spectra of [AMIM][OH]/SU-8 and 1M KOH. The ionic 

conductivity value determined for the patterned electrolyte was 10 mS cm-1. (b) Same impedance 

spectra with a zoomed out axis, demonstrating the capacitive tail at the low frequency region. (c) 

Bode plot for the two electrolyte systems. The characteristic time constants determined from the 

transition frequency for two samples were about 8 s for the liquid electrolyte control and 12.6 s 

for the patterned electrolyte. (d) Linear sweep voltammetry with [AMIM][OH]SU-8 electrolytes 

on a glassy carbon working electrode in three-electrode experiments. The photopatternable 



111 
 

electrolyte was shown to have a decent electrochemical stability window with no residual current 

between -1.2 and 0.2 V (vs. Hg/HgO).  

 

The charge storage properties of sputtered VN films using the photopatternable solid 

electrolyte were evaluated in both planar and interdigitated configurations. Linear sweep 

voltammetry experiments displayed no evidence of electrolyte decomposition between -1.2 and 

0.2 V (vs. Hg/HgO) for the photopatternable [AMIM][OH]/SU-8 electrolyte (Figure 5.8d). The 

cyclic voltammogram (CV) responses of solid electrolyte patterned VN exhibits the ideal quasi-

rectangular capacitive response between 5-20 mV s-1 sweep rates over 0.6 V window (Figure 5.9a). 

As discussed in previous studies, this pseudocapacitive charge storage behavior arises from redox 

properties associated with the reduction and oxidation of vanadium between V3+ and V4+ occurring 

at the surface or near surface of the VN. 22 Because the electrolyte penetrates the intercolumnar 

pore network of VN prior to polymerization, the resulting solid electrolyte is in contact with the 

redox active VN material throughout the entire film and not just at the surface of the film. At a 

sweep rate of 5 mV s-1, the VN coated with the solid-state electrolyte achieves an areal capacitance 

of about 0.43 F cm-2 which corresponds to 860 F cm-3. The areal capacitance compares favorably 

to CDC films and Ti3C2Tx electrodes tested in 1M H2SO4 liquid electrolyte for which values of  

0.205 F cm-2 (1 mV s-1 sweep) and 0.45 F cm-2 (2 mV s-1 sweep) were reported, respectively.7,31 

That is, the solid-state VN electrode exhibited an areal capacitance that exceeds or is on par with 

high performance supercapacitor materials tested in liquid electrolytes. Although the capacitive 

signature starts to deviate from the ideal shape for sweep rates higher than 50 mV s-1, a similar 

trend is observed for planar VN with the liquid electrolyte control (Figure 5.9a,b) This response 

can be associated with the fact that the sweep rate of 50 mV s-1 corresponds to a 12s charge / 
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discharge cycle time, which matches  the characteristic time constant obtained from the Bode plot 

for the solid electrolyte. The areal capacitance values at various sweep rates for VN electrodes 

with either KOH or solid-state electrolytes are summarized in Figure 5.9c. The VN electrode paired 

with the [AMIM][OH]/SU-8 patternable electrolyte also demonstrates excellent long-term 

cyclability, retaining about 80% of the initial capacitance at 10 mA cm-2 by the 10,000th cycle 

(Figure 5.9d). 

 

 

34Figure 5.9. CV profile of the [AMIM][OH]/SU-8 solid electrolyte patterned VN electrode at 

sweep rates (a) of 5 to 20 mV s-1 and (b) of 50 to 100 mV s-1. The dashed lines of the same color 



113 
 

represent the CV results from the 1M KOH liquid electrolyte which serves as a control. (c) 

Comparison of the areal capacitance vs. sweep rate for planar VN electrodes using 1M KOH and 

[AMIM][OH]/SU-8 patternable electrolytes. At scan rates below 50 mV s-1, the areal capacitance 

values are nearly identical. (d) Long-term galvanostatic cycling of the solid electrolyte patterned 

VN electrode at a 10 mA cm-2 current density.  

 

VN interdigitated microdevices were fabricated at the wafer-level, validating the scalability 

of the fabrication process shown in Figure 5.1a. The process was designed such that for each 3” 

wafer, 40 individual devices are fabricated and electrically connected in various series and parallel 

configurations without any additional metal layers. Each device has a 4 mm2 footprint area and is 

composed of two VN interdigitated electrodes with a 10 μm spacing between electrode fingers. It 

is important to note that this spacing of 10 μm, the distance that charge carrying ions travel during 

charge/discharge, is much shorter than the thickness of commercial separators typically ranging 

between 20-50 μm.32 The thickness of the VN layer is approximately 5 µm. Once interdigitated 

VN microdevices were fabricated, the hydroxide ion conducting solid electrolyte was patterned 

directly over, covering the entire device to provide ion conduction between the two VN electrodes 

upon charge/discharge. Figure 5.10 and Table 5.2 illustrate the important device parameters for 

interdigitated cells and fabrication approaches to achieve solid-state microdevices. 
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Figure 5.10. (a) A photograph of wafer-scale fabricated interdigitated VN MSC devices. 40 

individual interdigitated devices are fabricated per a 3” Si wafer. (b) A fabrication approach to 

form solid-state MSC devices. Both electrode and electrolyte materials can be patterned to high-

resolution features using microfabrication techniques. 35 

 

 

Table 5.2. The important design parameters of wafer-scale fabrication of interdigitated MSC 

devices. 

Number of interdigitated devices 40 

Number of fingers per device 8.5 

Finger length 2 mm 

Finger width 100 µm 

Space between fingers 10 µm 
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CV profiles (Figure 5.11b) of a solid-state interdigitated MSC showed well-defined 

capacitive behavior over a wide range of scan rates (20 to 200 mV s−1). The areal capacitance of 

the cell was calculated to be 243 mF cm-2 at a scan rate of 20 mV s−1 and an individual solid-state 

MSC device was capable of delivering about 10 μWh cm-2 in the range of 1-10 mW cm-2. This 

level of areal capacitance for the solid-state VN MSC is comparable to other interdigitated MSCs 

tested in liquid electrolytes, including both carbon-based7 and pseudocapacitive systems.9,33–35 The 

capacitive behavior of this solid-state microdevice was further studied through galvanostatic 

measurements at current densities from 2 to 50 mA cm-2 (Figure 5.11c). The galvanostatic profiles 

at all current densities demonstrated linear behavior, which is a defining feature of a 

pseudocapacitive material.36 
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Figure 5.11. The solid-state device configurations for (a) a single MSC device and (d) two MSC 

units connected in parallel and in series. (b) Cyclic voltammetry of a symmetric solid-state MSC 

device at sweep rates of 20 to 200 mV s-1 over 0.6 V window. (c) Galvanostatic charge–

discharge curves of a symmetric solid-state MSC device at various areal current densities. The 

solid-state MSC device exhibits a linear behavior at all current densities. (e) CV curves of MSC 

devices configured in various series and parallel arrangement. Various configurations show a 

capacitor-like rectangular feature, indicating an ideal capacitive behavior. (f) Galvanostatic 

profiles of tandem MSC devices connected in various series or parallel arrangement compared 

with a single MSC device. 36 
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Figure 5.12 shows a Ragone plot comparing the performance of solid-state VN MSC to 

other solid-state MSC devices paired with solid electrolytes such as PVA based hydrogels and 

silica ionogels.19,43–46 The results show that VN MSC with the [AMIM][OH]/SU-8 electrolyte 

achieves better performance in terms of areal energy and power densities compared to previously 

reported solid-state MSC systems. Moreover, it is important to emphasize that all components of 

the solid-state VN MSC are defined spatially via lithography, thus enabling miniaturized arrays to 

be formed in a tiny form factor. 

 

Figure 5.12. Areal energy and power densities of solid-state VN MSC compared with other high-

performance solid-state MSC systems. Our solid VN MSC demonstrates the highest areal energy 

and power densities, delivering about 10 μWh cm-2 in the range of 1-10 mW cm-2. The legend 

lists the active materials/ionic species/solid host material. 37 
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To demonstrate the advantages of semiconductor-based processing, we tested ‘tandem’ 

MSC microdevices. These interdigitated structures are connected in series and/or parallel 

configurations using VN layers (without any external wires or deposition of metals) to increase 

the working cell voltage and/or total current response of an integrated microdevice (Figure 5.11 d-

f). The tandem microdevice in a series configuration demonstrated reliable cycling over a 1.2 V 

window, twice the voltage of a single MSC device. Accordingly, the total capacitance for the 

tandem device increased to over 11 mF. As expected, a parallel configuration provided twice the 

current response compared to a single MSC device. Capacitive behavior was maintained 

throughout a 0.6 V window in both cyclic voltammetry and galvanostatic experiments, producing 

a total current above 1 mA. Unfortunately, the circuit layout for the microfabricated wafer did not 

allow us to evaluate more than four devices in either parallel or series configuration. Nonetheless, 

these electrochemical measurements made on tandem VN-MSC microdevices confirm that the cell 

voltage range and total current output of MSC devices can be tailored easily by modifying the 

device configurations. Considering that all components in this solid-state tandem energy storage 

system are fully processed with semiconductor-based fabrication techniques, the approach shown 

here provides the basis for achieving miniaturized energy-storage systems that can be incorporated 

with densely packed integrated circuits without compromising their electrochemical properties. 

It is interesting to analyze the ability of miniaturized EES systems to power IoT devices. 

In particular, to power a sensor node platform (MICA2 and IMote2), as an example, an average 

power consumption for these sensor nodes are 3 and 12 mW with the peak power requirement of 

60 and 250 mW, respectively.37 It becomes clear that a single 4 mm2 solid VN MSC device that is 

capable of delivering 1-10 mW cm-2 is still far below the power requirements for commercial 

sensor nodes, especially with regard to the limited energy density it provides (~ 10 μWh cm-2). 
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However, the demonstrated tandem approach to MSCs may provide a viable solution as the 

footprint area of these sensor nodes is around 18 cm2. Thus, fabricating MSCs at wafer-scale offers 

the prospect of providing the energy and power requirements for this basic IoT component. To be 

sure, there are still a number of challenges that need to be addressed in order to realize this 

micropower system, but the basic elements of using a single VN material to be both redox-active 

electrodes and interconnects, coupled with the photopatternable, hydroxide ion conducting solid 

electrolyte provide the basis for enhancing micropower technology.   
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Chapter 5.4 Conclusion 

The development of a hydroxide-conducting photopatternable solid electrolyte has 

enabled the demonstration of a semiconductor processing approach for fabricating high-

resolution, solid-state VN MSC devices. The [AMIM][OH] SU-8 photopatternable electrolyte 

possesses high room temperature ionic conductivity of 10 mS cm-1, excellent thermal and 

mechanical integrity, and photopatterning capability with 100 μm feature sizes. The high 

electrical conductivity of the VN in combination with its redox properties enable the same 

material to serve as both the MSC electrode and interconnects, thus simplifying the fabrication 

process significantly. The hydroxide-conducting solid electrolyte was directly patterned onto VN 

MSC electrodes to create both individual and tandem devices. The performance of individual 

MSC devices of nearly 250 mF cm-2 at 20 mV s-1 sweep rate goes beyond what has been reported 

for interdigitated MSC devices with liquid electrolytes and underscores the significance of this 

solid electrolyte. Electrochemical testing of tandem micro-supercapacitor devices has shown that 

the potential range and total current output of micro-supercapacitor devices can be tailored by 

modifying the device arrangements in appropriate series or parallel configurations. The prospect 

of developing wafer-scale devices based on the materials and semiconductor processing methods 

demonstrated here holds promise for achieving the power and energy density demands for IoT 

technology. 
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Chapter 6. Photopatternable Porous Separator for Multi-dimensional Electrodes 

The overarching research goal of this dissertation is to design and develop 

photopatternable materials that can be tailored from being dielectrics to ion conductors and the 

range of their morphologies extends from dense films to porous separators. In the previous 

chapters, photopatternable lithium-ion conducting, hydroxide conducting, and ionogel solid 

electrolytes were developed and characterized. Herein, we describe the photopatterning of 

porous separator materials that demonstrate homogenous pore structures with 55% porosity and a 

high surface area of 248 m2/g. The electrochemical compatibility and versatility of the 

photopatterned separator were validated in Li-ion and acidic aqueous electrolytes, leading to 

electrochemical results comparable to commercial separator systems. The photopatterning 

capability also allows for conformal coating of a separator layer over the multidimensional 

electrode structure with sub 100 µm feature sizes. 

 

Chapter 6.1 Introduction 

In an electrochemical energy storage (EES) system, the primary function of a separator is 

to provide a physical barrier and prevent electrical short circuits between two electrodes.1,2 A 

separator also acts as an electrolyte reservoir, in which ions are transported through during the 

charge and discharge operation. Although a separator does not participate in the electrochemical 

redox processes directly, the electrochemical and chemical stability of a separator are critical for 

a reliable EES system. 

The present segment of this dissertation describes the synthesis and properties of a 

photopatternable separator material, in which interconnected porosity was deliberately developed 

in the photopatterned SU-8 matrix. Traditionally, the porous micro- and nano-structures in 
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polymer materials have been formed using polymerization chemistry and post-processing 

methods, such as interfacial polymerization, suspension polymerization, emulsion 

polymerization, hypercrosslinking, templating, and phase separation.3–5 For example, one route 

for producing porosity is a templating method by introducing ceramic nanoparticles into 

polymers and taking advantage of differences in their solubilities. In particular, the addition of 

SiO2 nanoparticles can be dissolved using hydrofluoric acid while a less aggressive approach is 

to use water-soluble ceramic nanoparticles, such as GeO2 or B2O3.6,7  

Here, our approach was to use the ionic liquid as a templating agent. The starting point 

for this research would be modifying ionogel electrolytes that was described in Chapter 4 of this 

dissertation. Once the ionogel film is prepared, a simple solvent treatment using ionic liquid 

miscible solvents (i.e. acetone or ethanol) would remove the ionic liquid phase from the 

photopatterned SU-8 network. Pore properties of the resulting porous network are determined by 

the amount and type of templating ionic liquids. The induced porosity in the SU-8 material 

signifies an increase in the free volume of the material, which allows for the incorporation of 

liquid electrolytes for a facile ion transport process. The ability to infiltrate the porous SU-8 with 

any liquid electrolyte provides flexibility and versatility that enable the use of SU-8 separators in 

micro-supercapacitor applications as well as in lithium-ion batteries. 
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Chapter 6.2 Experimental Methods 

Materials: 1-Ethyl-3-methylimidazolium-bistrifluoromethanesulfonylimide (EMI-TFSI, 99.9% 

purchased from Solvionic), Acetone (99.5%, purchased from Sigma‐Aldrich), SU‐8 3000 

(purchased from MicroChem), Lithium perchlorate (LiClO4, battery grade, dry, purchased from 

Sigma‐Aldrich), Propylene carbonate (anhydrous, 99.7%, purchased from Sigma‐Aldrich), 

Ruthenium(IV) oxide hydrate (RuO2 xH2O, purchased from Sigma‐Aldrich), Sulfuric acid 

(H2SO4, 99.999%, purchased from Sigma‐Aldrich), and highly doped silicon wafer (p-type, 

Boron doped, 0.001–0.005 W cm, purchased from University Wafer) were used as received.  

SU‐8 Sample Preparation: Details of the ionic liquid modified SU‐8 photoresist (EMI-TFSI SU‐

8) materials synthesis were described in the previous chapter (Chapter 4.2). Briefly, EMI-TFSI 

SU‐8 was prepared by mixing 50 weight percent EMI-TFSI with SU‐8 3000 prior to deposition. 

The precursor EMI-TFSI SU‐8 was spin‐coated onto substrates. Samples were then soft‐baked at 

95 °C for 15 min for solvent removal prior to patterning. Features were patterned using a Karl 

Suss MA6 Contact Aligner and photomask. The films were then postexposure baked at 95 °C for 

15 min to crosslink the material. Patterned EMI-TFSI SU‐8 samples were developed using EMI-

TFSI ionic liquids. 

Surface Characterization: To obtain the nanoporous SU-8 network, the ionic liquid phase of 

EMI-TFSI SU‐8 was washed out via solvent exchange in a supercritical dryer. To do this, the 

EMI-TFSI SU‐8 ionogel samples were first immersed in acetone. The acetone is then removed 

through supercritical drying with CO2 at 40°C and 1,300 psi. Nitrogen adsorption–desorption 

isotherms were measured at –196 °C on an accelerated surface area and porosity analyzer 

(Micromeritics Instruments Corp. ASAP2020 Plus, Norcross, GA). Specific surface area was 
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calculated using the Brunauer–Emmett–Teller method (BET) based on nitrogen adsorption data 

in the relative pressure range 0.05–0.3 (P/P0).8 

Electrochemical Characterization: Electrochemical characterizations were carried out using a 

Bio‐Logic VMP‐3 Potentiostat. For Li-ion cells, silicon was used as a working electrode and a 

lithium foil was used as reference and counter electrodes. For the acidic electrolyte testing, RuO2 

deposited on an indium tin oxide glass substrate was used as the working electrode, a Ag/AgCl 

electrode was used as a reference electrode, and a Pt foil was used as a counter electrode. 

Electrochemical impedance spectroscopy (EIS) was performed between 1 MHz and 5 mHz using 

a 10 mV amplitude and 0 V bias. 

Silicon Electrode Fabrication: Silicon post arrays were fabricated using semiconductor 

processing techniques. Details of the materials synthesis were described in the previous 

publication.9 Briefly, a photopatterned SiO2 etch mask was formed using plasma-enhanced 

chemical vapor deposition (STS Multiplex CVD) and AZ5214 photoresist (MicroChemicals). 

The exposed silicon was then anisotropically etched using deep reactive-ion etching (Plasma-

Therm DSE II) to form silicon posts. The geometry of silicon post arrays was designed to have 

100 μm diameter, 150 μm height, and 200 μm pitch. 
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Chapter 6.3 Results and Discussion 

Our strategy to introducing porosity in the photopatternable host material was to use the 

difference in solubility between ionic liquids and SU-8.10,11 First, the [EMI][TFSI] ionic liquid 

modified SU-8 ionogel film was prepared as described above in Chapter 4. By immersing an 

[EMI][TFSI]/SU-8 material in acetone, the ionic liquid phase is selectively removed, leaving a 

porous polymer network that can be re-infiltrated with liquid electrolytes of choice (Figure 6.1). 

The resulting SU-8 polymer matrix has about 55% porosity and a surface area of 248 m2/g 

(Figure 6.2a). The FTIR spectra shown in Figure 6.2b further confirm that the ionic liquid phase 

has been completely removed as the characteristic absorption peaks of EMI-TFSI disappear after 

the solvent treatment (notably,  S–O (1347–1133, 700–600 cm−1), S–N (1347–1133 cm−1), C–F 

(1347–1133, 700–600 cm−1)). A full list of EMI-TFSI characteristic peak assignments has been 

given in Table 4.1. 

 

Figure 6.1. (a) An optical image of [EMI][TFSI]/SU-8 film on a Si wafer before (left) and after 

(right) the acetone solvent exchange process. Pores of SU-8 separators act as Rayleigh scattering 

centers. SEM images of ionic liquid modified SU-8 before (b) and after (c) the solvent treatment. 

The surface area of the porous structure was as high as 248 m2/g. 38 
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Figure 6.2. (a) N2 adsoprtion isotherm for the SU-8 separator film. The surface area of 248 m2/g 

was obtained from the adsorption data in the relative pressure range 0.05 to 0.3 using the 

Brunauer-Emmett-Teller (BET) method. (b) FT-IR spectra of SU-8, ionic liquid modified SU-8, 

and porous SU-8 after acetone solvent exchange. The TFSI anion peaks are removed by the 

washing treatment. 39 

 

This induced porosity enables the incorporation of liquid electrolyte in the SU-8 network, 

increasing ionic conductivity of the photopatternable electrolyte systems significantly. 

Electrochemical impedance spectroscopy of porous SU-8 filled with a Li-ion electrolyte (1M 

LiClO4 in propylene carbonate) in a two-electrode configuration (blocking|porous SU-

8|blocking) showed a linear capacitive behavior with the high‐frequency Z′ intercept representing 

the bulk ionic resistance of liquid electrolytes. It is important to note that the ionic resistance for 

the SU-8 separator was lower than that of the commercial separator because the thinner SU-8 
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separator enables a shorter ion conduction path (Figure 6.3). When the geometry of the given 

separators was considered, the ionic conductivities obtained from two systems were consistent (σ 

= 5·10-3 S cm-1) and also was in good agreement with the literature reported value.12,13 

 

 

Figure 6.3.  Impedance spectra of a liquid electrolyte (1 M LiClO4 in propylene carbonate) using 

two different separators; a commercial glassfiber separator and porous SU-8 separator. The SU-8 

separator has a lower impedance because it is thinner. 40 

 

To demonstrate that the photopatternable separator is fully compatible in a Li-ion battery 

environment, we evaluated the operation of the SU-8 separator paired with a thin film silicon 

working electrode. 10 μm thick [EMI][TFSI]/SU-8 ionogel was photopatterned directly onto a 30 

nm thin-film silicon electrode. Subsequently, the [EMI][TFSI] ionic liquid phase can selectively 
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be etched by immersing the electrode in acetone. An electrochemical evaluation was carried out 

using a standard 2-electrode coin cell configuration with lithium metal as a counter electrode and 

1M LiClO4 in propylene carbonate electrolytes. The Li-ion charge storage mechanism in silicon 

involves two-phase Li-Si alloying reactions, with the nominal compositions of Li12Si7, Li7Si3, 

Li13Si4, and Li22Si5.14 

The galvanostatic charge and discharge characteristics at a C/5 rate (10 µA cm-2) are 

virtually identical to that of a comparable cell with a glass fiber separator (Figure 6.4). Cycling 

studies showed that there are no significant differences in capacity over 20 cycles. For both 

systems, the gravimetric capacity upon the 24th discharge is over 2200 mAh g-1. This finding 

establishes that the SU-8 separator possesses key separator properties, demonstrating good ion 

transport properties and high chemical and electrochemical stability against lithium metal while 

preventing electrical short-circuit between the cathode and anode, especially at low areal current 

densities. The electrochemical validation of 2D Si with the porous SU-8 separator also signifies 

that the application of a photopatternable separator can effectively extend to crystalline silicon 

electrodes, which can be processed via microfabrication techniques. 
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Figure 6.4.  Lithium cycling for the two different separators. (a) Galvanostatic curves (C/5 rate) 

of the amorphous Si/porous SU8/Li metal and amorphous Si/Glass fiber/Li metal show nearly 

identical curves. (b) Specific capacity and coulombic efficiency of the amorphous Si/porous 

SU8/Li metal and amorphous Si/ Glass fiber/Li metal coin cells cycled at a C/5 rate. 41 

 

Our group has previously demonstrated the fabrication of 3D Li-ion microbatteries (MB) 

that are assembled using conventional silicon processing techniques.9 This high energy density 

3D Li-ion MB is composed of high-aspect-ratio silicon posts that are conformally coated with 

the photopatternable SU-8 electrolyte, and the cathode material that is backfilled to form a full 

cell configuration. The advantages of utilizing microfabrication-prepared silicon post arrays are 

that it offers highly reliable, high-throughput wafer-scale fabrication of MB arrays and ease of 

co-packaging with other integrated circuits. In addition, the high values of gravimetric and 

volumetric energy densities for crystalline silicon are such that approximately 10% lithiation of 

the theoretical capacity is sufficient to operate a full cell Li-ion system. A limited degree of 
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lithiation also allows for stable cycling of silicon electrodes and minimal volume expansion from 

the conversion-type phase evolution process. In our group’s previous paper, photopatterning of 

solid electrolytes around the 3D silicon posts proved to be an effective approach in forming the 

conformal coating over high-aspect-ratio structures, albeit the ionic conductivity of unmodified, 

swelled SU-8 was in the order of 10-7 S cm-1.9 To this end, the application of porous SU-8 

separator for nonplanar 3D electrodes offers a unique opportunity to achieve high power and 

high energy micro-EES systems. Figure 6.5 shows SEM images of silicon post arrays of 100 μm 

diameter, 150 μm height, and 200 μm pitch. After conformal coating the ionic liquid modified 

SU-8 (15 μm thick) over the 3D Si arrays, the porous separator structure was developed by the 

acetone treatment. 
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Figure 6.5.  SEM images of (a) bare silicon array and (b) silicon array coated with the ionic 

liquid modified photopatternable SU-8 electrolyte. Each silicon post represents 100 μm diameter 

with 150 μm in height and 15 μm thick SU-8 layer. (c) Schematic representation of conformally 

coating the 3D array using photopatternable electrolytes: bare Si posts (left top) and electrolyte 

coated posts (right top and bottom). SEM images of conformal electrolyte coated silicon (d) 

before and (e) after the solvent treatment. The enlarged SEM image on the right side shows the 

highly porous surface once ionic liquids have been washed away. 42 
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The charge storage properties of the separator-coated silicon post arrays are 

electrochemically evaluated in a half-cell configuration and compared with a bare silicon array 

electrode. The degree of lithiation of these anode arrays was set to be 12 mAh cm-2 with the 

assumption that high-capacity cathode materials (180 mAh g-1) fill the cathode volume.9,15 

Galvanostatic profiles of the 3D silicon post arrays are shown in Figure 6.6. It is evident that the 

silicon arrays take a few cycles to undergo the formation process, in which the stable lithiation 

front is developed and the solid electrolyte interface layer is formed at the surface of 

electrodes.14,16,17 The amorphization of lithiation front of silicon during the formation process is 

evidenced by the evolution of the sloping voltage profile (Figure 6.6a). Despite poor coulombic 

efficiencies in these first few cycles, a similar trend is observed for the uncoated silicon control 

sample, suggesting that this behavior is primarily coming from the silicon working electrode. By 

the 6th cycle, both samples exhibit a reversible cycling behavior with a coulombic efficiency of 

over 98%. The coulombic efficiencies over the first 10 cycles are shown in Figure 6.6b. The 

ability to form a conformal layer over the multidimensional structure coupled with sub-100 μm 

high-resolution photopatternability provides a basis for achieving high energy and high power 

micro EES devices. 
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Figure 6.6. (a) Galvanostatic profile of the separator coated 3D silicon array with a lithium 

counter and reference electrode and 1M LiClO4 in propylene carbonate as an electrolyte. (b) 

Comparison plot of the coulombic efficiency of silicon post arrays with and without porous 

separator coating. 43 

 

To evaluate the versatility of the porous SU-8 separator, the system was paired with a 

RuO2 pseudocapacitive material and 1M H2SO4 acidic aqueous electrolytes. In this experiment, a 

10 μm film of the porous SU-8 separator was coated on the RuO2 electrode and 

electrochemically evaluated using a standard 3-electrode electrochemical testing configuration. 

The cyclic voltammogram (CV) between 5-200 mV s-1 exhibits the box-like capacitive signature 

(Figure 6.7). In particular, CV measurements at 5 mV/s (2.6 min cycle), show that the capacity 

reaches the theoretical value of ~ 200 mAh g-1, corresponding to the 2-electron redox process 

from Ru4+ to Ru2+.18,19 
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Figure 6.7. Cyclic voltammetry of SU-8 coated RuO2 in 1.5M H2SO4 electrolytes. 44 
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Chapter 6.4 Conclusion 

In summary, the photopatternable porous separator based on SU-8 photoresist materials 

has been successfully developed and demonstrated. The porous SU-8 separator has unique 

advantages of chemical stability, electrochemical versatility, thermal stability, and 

photopatterning capability, and thus represents a novel functional separator for miniaturized EES 

systems. The development of SU-8 porous separators effectively increases the ionic conductivity 

of photopatternable electrolyte/separator systems by providing ion reservoirs in areas defined by 

the lithographic process. The lithium-ion battery and aqueous pseudocapacitive systems 

assembled with the SU-8 separator show good cyclability and coulombic efficiencies compared 

with the commercial glassfiber separator. 
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Chapter 7. Conclusions 

The miniaturization of electronics has spurred numerous studies on the fabrication of on-

chip integrated EES devices. Significant progress has been made across all types of EES 

systems, such as Li-ion microbatteries and micro-supercapacitors based on EDLC and 

pseudocapacitive materials. However, current state-of-the-art research on miniaturized EES is 

primarily focused on improving the electrochemical properties of electrode materials, while the 

widely used electrolytes are liquid or gel electrolytes that may not be practical for compact 

device integration. This dissertation describes the synthesis and characterization of ion-

conducting photopatternable solid electrolytes that can achieve high-resolution patterns via 

lithographic approaches and can also be seamlessly integrated with conventional silicon 

processing techniques. The development of photopatternable electrolyte systems coupled with 

state-of-the-art electrode fabrication approaches ultimately enables the fabrication of compact 

tandem devices that begin to meet the power and energy demands of micro- and nano-IoT 

electronics. 

A general approach in developing ion-conducting photopatternable materials was 

introduced and described in Chapter 3. SU-8, a commonly used epoxy-based negative photoresist 

and a dielectric material, was chemically modified to become an ionic conductor. In particular, 

the photopatternable Li-ion conducting electrolyte was synthesized by tailoring SU-8 chemistry 

with LiClO4 salts. The incorporation of lithium-ions resulted in an increase in the room 

temperature ionic conductivity by three orders of magnitude without compromising the 

photopatternability of the polymer host. 

An entirely different approach was taken in developing photopatternable ionogel 

electrolytes for electrochemical capacitors. The key strategy was to create a second phase of a 
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percolating ionic liquid network that effectively transports ions, which can then form an electric 

double layer at the electrode surface. Electrochemical validation of this photopatternable ionogel 

material with a nanoporous carbon electrode material prepared by a semiconductor-based 

fabrication route provides significant opportunities for the development of miniaturized 

supercapacitors. 

To enable aqueous-based on-chip electrochemical energy storage systems, we have 

extended the range of photopatterned electrolytes to incorporate aqueous electrolytes and 

conduct hydroxide ions. The particular challenge in achieving ion conduction in an aqueous 

medium is the hydrophobic nature of the SU-8 photoresist. This challenge was addressed by 

covalent grafting of polymerizable cations, followed by anion exchange to incorporate 

hydroxides. The performance of interdigitated VN MSC devices paired with photopatternable 

solid electrolytes demonstrates 250 mF cm-2, which represents one of the highest capacitance 

values obtained from solid-state on-chip MSC devices. Wafer-scale tandem MSCs offer the 

prospect of providing the energy and power requirements for the basic IoT component. 

The overarching goal for the research on photopatternable electrolytes is to explore 

chemical modification processes that lead to increased conductivity of various solvated ions. One 

other approach we can take to improve ionic conductivity is to design the photopatternable 

porous network that can be backfilled with liquid electrolytes. An ionic liquid assisted templating 

method was developed in preparing porous SU-8 materials. The lithography-based fabrication of 

SU-8 separator materials demonstrates homogeneous pore structures and a high surface area of 

248 m2/g. The electrochemical compatibility and versatility of the SU-8 photopatterned separator 

were verified in Li-ion and acidic aqueous systems, leading to electrochemical results 

comparable to commercial separator materials. 
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This dissertation highlights some promising directions for powering IoT devices with a 

focus on the development of electrolyte materials that can be processed and integrated at the 

point of load. Despite the encouraging progress, the research on on-chip EES systems still 

requires significant efforts towards further increasing electrochemical performance and 

simplifying fabrication and integration processes of all EES components. To address the power 

needs of the IoT nodes in the near term, a comprehensive approach may need to be taken, 

involving the development of low power hardware solution that performs sensing, computing, 

and wireless communication in an efficient manner and of an energy harvesting technology to 

transform IoT nodes self-powering, thus decreasing their dependence on integrated EES devices. 

 




