
STUDIES ON IMPROVING QUALITY FACTOR OF 2D GMR GRATINGS AND ON 

NONWETTING PROPERTIES OF PLASMA-TREATED POLYMER SURFACES 

TOWARDS LIQUID METAL MICROFLUIDICS 

by 

Sachin Babu 

APPROVED BY SUPERVISORY COMMITTEE: 

___________________________________________ 

Jeong-Bong Lee, Chair 

___________________________________________ 

Siavash Pourkamali 

___________________________________________ 

Hongbing Lu 

___________________________________________ 

Matthew J. Goeckner 

___________________________________________ 

Lawrence J. Overzet 



 

 

Copyright  2021 

Sachin Babu 

All Rights Reserved 

 



 

 

To my parents. 

 



STUDIES ON IMPROVING QUALITY FACTOR OF 2D GMR GRATINGS AND ON 

NONWETTING PROPERTIES OF PLASMA-TREATED POLYMER SURFACES 

TOWARDS LIQUID METAL MICROFLUIDICS 

by 

SACHIN BABU, MS 

DISSERTATION 

Presented to the Faculty of 

The University of Texas at Dallas 

in Partial Fulfillment 

of the Requirements 

for the Degree of 

DOCTOR OF PHILOSOPHY IN 

ELECTRICAL ENGINEERING 

THE UNIVERSITY OF TEXAS AT DALLAS 

May 2021 



 

 
 

v 

ACKNOWLEDGMENTS 

I would like to thank my parents for their unwavering support in all my endeavors. 

I would like to thank my colleague, Behnoush Dousti, for invaluable discussions and 

collaborations, without whom a key portion of this work would not be possible. Additionally, I 

would like to thank my MiNDs group members, Dr. Steven Foland, Ziyu Chen, and Arkadeep 

Mitra, as well as colleague Michael Choi, for lending their ears to listen to countless ideas and 

discussions. I hope it was as inspiring and engaging for you as it was for me. 

I would like to thank my committee members, Prof. Matthew Goeckner, Prof. Siavash Pourkamali, 

Prof. Hongbing Lu, and Prof. Lawrence Overzet, for kindly agreeing to serve on my dissertation 

defense committee. Finally, I would like to thank my advisor, Prof. Jeong-Bong Lee, for 

continually supporting me throughout my graduate career. If I succeed in my future endeavors, it 

will surely be due to the lessons I learned under his mentorship. 

April 2021 

 

 

 

 

 

 

 

 

 



 

 
 

vi 

STUDIES ON IMPROVING QUALITY FACTOR OF 2D GMR GRATINGS AND ON 

NONWETTING PROPERTIES OF PLASMA-TREATED POLYMER SURFACES 

TOWARDS LIQUID METAL MICROFLUIDICS 

 

Sachin Babu, PhD 

The University of Texas at Dallas, 2021 

 

ABSTRACT 

 

 

 Supervising Professor:  Jeong-Bong Lee 

 

 

 

 

Polydimethylsiloxane (PDMS) is a biocompatible elastomer that is used widely in 

microfabrication, and this work presents three studies that utilize this elastomer in the areas of 

strain sensors, thin film coatings, and liquid metal microfluidics. The first study is on improving 

the quality factor of a 2D guided-mode resonance (GMR) strain sensor, which is a binary grating 

made of PDMS and titanium dioxide. To improve the quality factor, a slotting design rule is 

developed that can be applied to any grating design. To study the effect of the slotting design 

rule, finite element analysis simulations were performed, and the results indicate that the design 

rule helps produce resonances with at least a 6-fold increase in quality factor over the original 

design as well as more axially-symmetric sensitivities. The second study concerns the CF4/O2 

plasma-treatment of polymers (PDMS being one of several studied) which creates a nonwetting 

surface toward gallium-based liquid metals. Gallium-based liquid metals tend to wet a variety of 

materials, and a method that allows conversion of a previously wetting polymer surface to a 

nonwetting one can help open new areas of research for liquid metal applications. The study 



 

vii 

conducts a variety of surface-level analyses – contact angle goniometry, X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM), and apparent surface free energy analysis 

– to show that the cause of the nonwetting property is primarily due to surface roughness. The 

third study is on the feasibility of CF4/O2 plasma-treated PDMS channels to allow actuation and 

generation of surface-oxidized gallium based liquid metal (oxLM) droplets. The results of the 

study indicate that actuation and generation of oxLM droplets is not feasible due to the surface 

oxide of the liquid metal. 
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CHAPTER 1 

BACKGROUND AND MOTIVATION 

This chapter provides a brief background and motivation for the three studies involving 

PDMS that will be presented in greater detail in subsequent chapters. The first section provides a 

background on guided-mode resonance and the motivation for seeking to improve the quality 

factor. The second section provides background on gallium-based liquid metals and its properties 

to better understand the motivations of seeking nonwetting polymer surfaces. The fourth section 

provides background on liquid-metal microfluidic devices and the motivation for a study on the 

use of CF4/O2 plasma-treated polymer surfaces for pneumatics-based liquid metal microfluidics. 

The last section presents the research objectives and an outline of this work. 

1.1 Background on guided-mode resonance and motivation for improving the quality 

factor of 2D guided-mode resonance gratings 

Guided-mode resonance phenomena arise from the interaction of electromagnetic waves 

with binary slab gratings. A one-dimensional (1D) binary slab grating is a thin film grating 

consisting of alternating strips of dielectric materials with high (nhigh) and low (nlow) index of 

refractions, typically with a superstrate (nsup) and substrate (nsub) (Figure 1.1a). A two 

dimensional (2D) binary slab grating consists of a unit cell, typically a high index of refraction 

material (nhigh) of a certain shape (typically a disc with diameter d and thickness t) embedded in a 

low index of refraction material (nlow), that is repeated along two dimensions to create a planar 

binary grating (Figure 1.1b). 
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Figure 1.1. Guided-mode resonance phenomenon as broadband light interacts with a binary slab 

grating waveguide. (a) Diagram depicting a 1D binary grating, (b) diagram depicting a 2D binary 

(or “solid disc”) grating. Note: “sup” stands for “superstrate” and “sub” stands for “substrate.” 

 

A binary grating slab-waveguide is designed similarly to how fiber optic core with 

cladding is designed, where the index of refraction is chosen such that: 

𝑛𝑔𝑟𝑎𝑡𝑖𝑛𝑔,𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒(𝑛ℎ𝑖𝑔ℎ, 𝑛𝑙𝑜𝑤) ≥ 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 , 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒    (1) 

These types of binary slab gratings, like the fiber optic cable, have modes for which an 

electromagnetic wave can be sustained within the high index portion of the grating. Due to the 

alternating index of refraction of the binary grating, some of these modes are “leaky”, or 

radiative, causing the grating to have sharp resonance peaks in their reflection or transmission 

spectrum. By selecting specific grating parameters and materials, one can design a binary slab 

grating to have a specific resonance peak. The theory and design of such binary slab gratings 

were developed in 1980s and 1990s by Gaylord and Moharam [1], Wang [2], Magnusson [3] and 
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Tibuleac [4] and subsequent fabrication of such binary gratings, utilizing those designs [5], [6], 

have verified the theory and design principles. There is no analytical formula to determine the 

resonance peaks based on a set of input of grating parameters and material properties. Instead 

computational methods, such as rigorous coupled waveguide theory (RCWA) [7], [8] and more 

recently, due to the advances in computing performance, finite element analysis packages, such 

as COMSOL®, have been developed and these are employed to determine the position, intensity, 

and profile shape of resonance peaks. These methods are well-established and have provided 

excellent match to experimental results for a variety of GMR devices [9], [10]. 

Within the last two decades, GMR gratings found applicability mostly in optics as filters 

[7], [11], [12], high contrast gratings (HCGs) in vertical cavity surface emitting laser diodes 

(VCSELs) [13], [14] or in biotechnology to detect bio-analytes [15]–[17]. More recently, GMR 

grating found application as a strain sensor by embedding a high index material (titanium 

dioxide, TiO2) in a translucent elastomer (PDMS) to create a 2D binary slab grating [18]. The 

grating design currently has a relatively low quality factor (Q < 100), which reduces the range of 

operation of the device. The typical methods used to improve the quality factor is either by 

adjusting the grating period (A), the duty cycle within a period (w), and/or pick new materials, 

which changes the effective index of refraction. However, adjusting any of these parameters also 

changes the resonance peaks of the gratings. If there is an existing grating design with desired 

resonance behavior and limited material choices, it becomes a difficult task to improve the 

quality factor of that design. Thus, there is a need to find a method to improve the quality factor 

that keeps the resonance intensity and position close to the original and also would not require 

choosing different materials.  
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1.2 Background of gallium-based liquid metals and motivation for seeking an 

understanding of the cause of non-wetting property of plasma-treated polymer surfaces for 

liquid metals 

Gallium–based liquid metals are eutectic alloys of gallium, which have the advantages of 

being an electrically and thermally conductive liquid at room temperatures as well as a nontoxic 

alternative to mercury [19]–[21]. There are typically two forms of gallium alloys used in 

research: Galinstan® and EGaIn. Galinstan® is a ternary alloy that is a patented and trademarked 

formula consisting of 50-64.9% gallium, 10-24.9% indium and 10-29%% tin, by weight, and is 

produced by Geratherm MEDICAL AG (Geshwenda, Germany), although slight variations of 

the percentages are used in the literature as galinstan (without the trademark) with melting points 

around -19 °C [22]. EGaIn, a binary alloy consisting of 75% gallium and 25% indium, by weight, 

was first brought to the attention of researchers through the work of Dickey et al. [19] on the 

properties of EGaIn in 2008. Since then both versions of the gallium-based liquid metals have 

been the focus of research in stretchable and soft electronics [23], flexible electronics [24], [25], 

reconfigurable electronics [26], [27], and microfluidic electronics[28], [29]. In this work, 

galinstan is the liquid metal used, and the basic properties of the liquid metal are given in Table 

1.1. 

The surface of gallium-based liquid metals are known to form an oxide skin layer in the 

presence of oxygen [19], [20], [30], [31]. Lui et al. reported that spontaneous oxidation can occur 

in an environment with oxygen levels above 1 ppm [20], indicating that any gallium-based liquid 

metal surface instantly oxidizes in ambient air.  The other metals, such as indium or tin, do not 

form oxides as readily as gallium [31]. Gallium in ambient air can form two types of oxide, 
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GaO2 (less stable) GaO3 (more stable), forming a skin layer about 1.9 to 2.5 nm thick [32], and 

this oxide skin can change the mechanical properties of the liquid metal [33]. Xu et al. reports 

that the oxide layer imparts a high yield stress to the fluid  making it behave closer to a gel or 

soft solid [34]. Larsen et al. reports that the oxide skin has viscoelastic properties that are 

dependent on strain history and stored stress in the oxide layer [35]. Ladd, et al. reports that the 

oxide skin is robust enough to allow 3D printed liquid metal structures Figure 1.2 [33]. 

Table 1.1. Material Properties of liquid metal [19], [20] 

Liquid Metal Galinstan EGaIn Mercury 

Electrical  Conductivity (S/m) 2.3 · 106 3.4 · 106 1.04 · 106 

Thermal Conductivity (W/m·K) 16.5 - 8.541 

Surface Tension (mN/m) 507- 534 624 500 

Vapor Pressure (Pa)  < 10-6 (500 °C) - 0.1713 (20 °C) 

Melting Point (°C) -19 15.5 -38.8 

Boiling Point (°C) >1300 2000 357 

Viscosity (Pa·s) 2.4 · 10-3 (20 °C) 2.0 · 10-3  1.5 · 10-3 (25 °C) 

Density (kg/m3) 6440 6280 13534 

 

One key property reported by nearly all works that concern surface oxidized gallium-

based liquid metals is that it readily wets almost every surface and that acids (typically HCl) or 

bases (typically NaOH) can be used to remove the oxide and dewet the liquid metal from the 

surface. Dickey et al. was among the first to report the use of a 10% HCl solution to remove the 

surface oxide layer, with the result that any liquid metal in a microfluidic channel was no longer 

stabilized by the oxide skin and quickly minimized its volume to form a near perfect spherical 

droplet that no longer wet the surface [19]. Kim et al. reported on the recovery of nonwetting 

characteristic of galinstan from exposure to HCl vapors when the oxLM droplet was placed in 

proximity to a piece of paper impregnated with 37% aqueous HCl solution [30]. Thus, it would 
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seem continually exposing galinstan to HCl vapor can allow the liquid metal to be nonwetting 

and allow for liquid metal droplet microfluidics, as reported by Li et al. [36]. However, HCl 

vapors are incredibly caustic, and it would be beneficial to find other ways to prevent surfaced 

oxidized liquid metals from wetting a surface.  

The nonwetting property of CF4/O2 plasma-treated polymer surface was discovered as a 

side effect of etching PDMS using the CF4/O2 plasma [37]. The discovery of the property led to 

the question of what caused the nonwetting property, as well as whether such a plasma treatment 

could be extended to other polymers. These questions created the motivation for seeking the 

cause of nonwetting property of the polymer surfaces when exposed to the CF4/O2 plasma. 

 

 

Figure 1.2. Demonstration of the mechanical strength of the surface oxide (a) free-standing 

liquid metal wires (270μm), and (b) 3D printed tower of liquid metal droplets, reprinted from 

Ladd et al. [33] © 2013 Wiley. 

  



 

7 

1.3 Literature survey on liquid metal microfluidics and motivation for using CF4/O2 

plasma-treated surfaces for pneumatics-based liquid metal microfluidics 

The earliest known report concerning the actuation of a liquid metal droplet is the work 

by Simon et al., in 1997, of a microrelay that actuates a mercury microdrop using pressurized 

deionized water all within a 10 μm wide v-groove channel etched out of silicon [38]. The water 

was heated to create a vapor bubble that increased the hydrostatic pressure enough to move the 

droplet. In 1998, Lee et al. reported liquid metal actuation using continuous electrowetting, 

which involves controlling the surface tension of a liquid metal (mercury) microdroplet in a 

channel filled with electrolyte by placing an electric potential across the channel [39]. Shortly 

thereafter, the electrostatic actuation, in air, of a mercury droplet on a grounded electrode 

towards a charged electrode was reported in 2002 [40]–[42].  

In 2003, the Office of Scientific and Technical Information (OSTI) published its report 

[21] on the safety of gallium in the laboratory for magnetic fusion research, which found 

galinstan to be nontoxic and safer than mercury, and chose galinstan as the liquid metal of choice 

for research purposes. Since then research in liquid metal microfluidics moved slowly from 

primarily using mercury to primarily using gallium-based liquid metals.  
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Figure 1.3. (a) Galinstan® femtosyringe, reprinted from Ref. [43] © 1999 Nature Biotechnology; 

(b) Actuation of liquid metal droplet via magnetic repulsion, reprinted from Ref. [44] © 2006 

IEEE; (c) hydraulic actuation of liquid metal droplet in Teflon® solution reprinted from Ref. [45] 

© 2007 IEEE; (d) continuous electrowetting of liquid metal droplet in basic electrolyte solution 

reprinted from [46], © 2014 IEEE. 

 

Gallium alloy liquid metals first appeared in microfluidics research in 1999 in the 

seminal paper by Knoblauch et al. [43] about a Galinstan® expansion femtosyringe that filled a 

~0.6 mm borosilicate glass capillary with the liquid metal and used its thermal expansion 

properties to inject femtoliter-volume samples into living cells (Figure 1.3a). In 2006, Niayesh et 

al. demonstrated the actuation of a liquid metal droplet using the magnetostatic repulsion. The 

liquid metal droplet was placed next to magnetic pole on top of two parallel conductive graphite 

rods (Figure 1.3b) and when high current was passed through liquid metal droplet via the 

graphite rods, the current through the droplet generated a magnetic field that was repulsed by the 

magnet, which move the droplet along the graphite rods.  Chen et al. [45], in 2007, actuated a 
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Galinstan® droplet embedded in Teflon solution by pumping in more solution (Figure 1.3c). 

Gough et al. , in 2014, demonstrated electrical actuation of a galinstan liquid metal slug 

immersed in an electrolyte (1% NaOH) [46]. The electrical actuation is called continuous 

electrowetting (CEW) and involves applying an AC voltage at the end points of the solutions 

(Figure 1.3d). These examples represent actuation of liquid metal in a fluid primarily to prevent 

the liquid metal from adhering to the channel surface. 

In the 2010s, there were developments toward making nonwetting surfaces for liquid 

metal actuation. In 2012, Kim et al. [47] developed a 3D lyophobic tunnel consisting of fluoro-

polymer coated micropillars that created a nonwetting surface for a liquid metal droplet (Figure 

1.4a). In 2013, Li et al. [47] used HCl vapors that diffuse from adjacent aqueous HCl-filled 

channels to remove the surface oxide from galinstan droplets in the center channel to prevent it 

from sticking to the PDMS surface (Figure 1.4b). Li was able to pneumatically actuate the 

deoxidized liquid metal droplet with air pressure difference. Joshipura et al. [48], in 2018, used a 

Neverwet® coating, which is superhydrophobic due to submicron surface roughness, to create a 

nonwetting channel for liquid metal (Figure 1.4c) though no pneumatic actuation of droplets was 

demonstrated. Finally, in 2019, Chen et al. [49] discovered that evaporated gallium creates a 

coating that is nonwetting to liquid metals and demonstrated pneumatic actuation in an open 

channel made from gallium thin film coated on a PDMS surface (Figure 1.4d).  Compared to a 

single treatment 120 s CF4/O2 plasma treatment to create a nonwetting surface, these methods are 

considerably more complex. Furthermore, as detailed in Chapter 3, the CF4/O2 plasma treatment 

can be extended to polymers beyond PDMS without the need of a special coating, exposure to 
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caustic vapors, or additional fabrication steps, giving it a distinct advantage over these other 

methods. 

 

Figure 1.4. (a) 3D lyophobic micropillar tunnel, reprinted from Ref. [47] © 2012 IEEE; (b) 

Pneumatic actuation of HCl-vapor deoxidized liquid metal droplet in PDMS, reprinted from Ref. 

[36] © 2014 American Chemical Society; (c) Neverwet coating as nonwetting surface for liquid 

metal, reprinted from Ref. [48] © 2018 American Chemical Society; (d) Gallium thin film 

coating on PDMS channel creates nonwetting surface that allows pnuematic actuation of liquid 

metals, reprinted from Ref. [49] © 2019 American Chemical Society. 

 

There have been several examples of liquid metal droplet generation reported in 

literature. In 2012, Hutter et al. [50], demonstrated liquid metal droplet generation using aqueous 

polyethylene glycol (PEG) solution and silicone oil (Figure 1.5a). This method relies on a slip 

layer of the fluid between the surface of the oxidized droplet and the surface the channel. Khan et 

al. [51] also reported a similar slip layer formed by water between the oxidized droplet and a 

glass capillary tube that allowed actuation of the droplet. In 2014, Kim et al. [52] generated 

deoxidized galinstan droplets by subjecting the liquid metal at the orifice to HCl vapors via an 
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HCl-impregnated paper surrounding the orifice (Figure 1.5b). Li et al. [36] also used HCl vapors 

to generate deoxidized liquid metal droplets within a PDMS channel.  

 

Figure 1.5. (a) liquid metal droplet generation in PEG fluid [50] © 2012 IEEE; (b) deoxidized 

liquid metal droplet using HCl-impregnated paper. © 2012 IEEE. 

 

Li. et al. [53] is the only paper that could be found that reports successful pneumatic 

actuation of surface-oxidized liquid metal droplet in a surface roughened PDMS channel. The 

PDMS channel was roughened by exposure to 89% H2SO4 for 90 s to create a nonwetting 

surface for surface-oxidized liquid metals. 

Based on the literature survey above there appears to be very little research in the specific 

area of pneumatic generation and actuation of surface oxidized liquid metal droplets. The reason 

for this is, as discussed in Section 1.2, seems to be the adhesive nature of the surface oxide. 

Thus, there is motivation, based on the nonwetting property of CF4/O2 plasma-treated surfaces, 
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to do a feasibility study that involves fabricating closed channels made from such nonwetting 

surfaces and test whether surface-oxidized liquid metal droplets can be generated and actuated 

within the nonwetting channels. 

1.4 Research objectives and chapter outline 

For each of the three studies, a research objective was formulated based on their 

respective backgrounds and motivations, and results from completing those objectives are 

presented in a single chapter.  

For the study on improving the quality factor of GMR gratings, a research objective was 

formulated to present a simulation study on the effect of a novel design rule on the quality factor 

of a 2D GMR grating. Chapter 2 meets this objective by investigating how the design rule 

affects the quality factor of a previously-studied design for a 2D GMR strain sensor. The chapter 

first provides a literature survey of GMR gratings and on some methods for improving quality 

factor.  Second, the slotting design rule is explained, the design criteria are chosen, and a new 

slotted strain sensor design is developed. Lastly, both the original and the new slotted strain 

sensor designs are analyzed using well-established finite element analysis methods with the 

results showing a 6-fold improvement in the quality factor while largely retaining the same 

resonance positions, intensities, and material choices. 

For the study on the cause of nonwetting property of CF4/O2 plasma-treated polymer, a 

research objective was formulated to conduct a surface analysis study that seeks to understand 

why CF4/O2 plasma-treated polymers exhibit a nonwetting property towards surface-oxidized 

gallium-based liquid metals. Chapter 3 meets this objective by characterizing the surface of the 

polymers using various surface analysis methods and using the collective results to explain the 
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cause of the nonwetting property. First, a literature survey of the various methods used to 

counteract the wetting nature of oxidized liquid metals is provided. Contact angle goniometry, 

X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM) analyses are used 

to characterize the nonwetting, chemical properties, and physical properties, respectively, of each 

polymer surface. Apparent surface free energy analyses were performed to determine the surface 

energy components of each surface. Each characterization method’s results were analyzed 

separately, and were collectively used to support the conclusion that the surfaces are nonwetting 

primarily due to the creation of a Cassie-Baxter state due to increase in surface roughness. 

For the study on the feasibility of droplet generation and actuation in CF4/O2 plasma-

treated channel, a research objective was formulated to fabricate and conduct droplet actuation 

and generation experiments on closed channels made from CF4/O2 plasma-treated PDMS. 

Chapter 4 meets this objective by providing a study that shows that pneumatic generation and 

actuation is infeasible due to the role the surface oxide plays in determining the droplets shape 

within the channel. First, the design choices and experimental setup for droplet generation and 

actuation is provided. Next, the limitations of plasma-treated PDMS in context of fabrication 

closed channels are discussed, and modified channel designs for droplet generation and actuation 

are made based on those limitations. The null results of liquid metal droplet generation and 

actuation are presented, and evidence indicating that the surface oxide is the primary cause of the 

null results is discussed. 

Lastly, Chapter 5 summarizes the major results of each study and discusses the future directions 

of each work.
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CHAPTER 2 

AXIALLY-ANISOTROPIC HIERARCHICAL GRATING 2D GUIDED-MODE 

RESONANCE STRAIN-SENSOR1 

As mentioned in §1.1, guided-mode resonance (GMR) strain sensors are planar binary 

gratings that have fixed resonance positions and quality factors decided by material properties 

and grating parameters. If one is restricted by material choices, the quality factor can only be 

improved by adjusting the grating parameters. This chapter reports on a new method to improve 

quality factor by applying a slotting design rule to a grating design. It investigates this design 

rule by first providing a theoretical analysis on how it works and then applying it to a previously 

studied 2D solid-disc GMR grating strain sensor design to create a new slotted-disc GMR grating 

design. Finite element analysis is conducted to obtain reflection spectrum results that show the 

new design produces resonances with at least a 6-fold increase in quality factor over the original 

design and more axially-symmetric sensitivities. Lastly, we discuss the applicability of the 

slotting design rule to binary gratings in general as a means of improving grating performance 

while retaining both material and resonance position choices. 

2.1 Introduction 

Strain sensing has numerous applications, from concrete structures [54] to biomechanics 

and robotics [55], in which the displacement of a deformable material under a force needs to be 

 

1  © 2019 S. Babu and J.B. Lee. This chapter contains portions reprinted with permission from: Babu, Sachin, and Jeong-Bong 

Lee. "Axially-anisotropic hierarchical grating 2D guided-mode resonance strain-sensor." Sensors 19, no. 23 (2019): 5223. 
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measured. While there are several physical phenomena (piezoresistivity, piezoelectricity, 

capacitance) that can be used for measuring strain, of which piezoresistivity is currently the 

dominant form [56], a large number employ optical phenomena, due to smaller device size, low 

power consumption, high sensitivity, large bandwidth, biocompatibility, and immunity to 

electromagnetic interference [57]. The typical optics-based strain sensor is the fiber optic strain 

sensor, of which there are many variants, each of which exploit different optical phenomenon 

such as attenuation, fluorescence, luminescence, interference, to name a few [57]. Of these, fiber 

optics using interference, specifically Bragg gratings, are the most prevalent. While fiber Bragg 

gratings are highly sensitive - capable of microstrain resolution - they have high stiffness that 

limit range of operation and require direct fiber optic coupling to a detector.  

Guided-mode resonance (GMR) is a phenomenon that occurs when electromagnetic 

radiation incident upon a binary dielectric grating becomes coupled to the leaky (radiative) 

waveguide modes of that grating [1], [2]. Depending on the grating design, these leaky modes 

allow resonance bandwidths to be quite sharp, often going from near-unity transmission to near-

unity reflection (or vice versa) over a narrow range of wavelengths. The design criteria to 

achieve such resonances are based on grating parameters and material permittivity choices. 

Given the wide range of fabrication feature sizes and a large selection of dielectric materials to 

choose from, GMR devices can be fabricated to operate over a variety of wavelength spectra that 

are of interest.  

GMR theory [3], [4], [58] was initially applied to design all-dielectric high quality factor 

optical filters out of a single thin film binary grating with a substrate and superstrate. The theory 

was eventually implemented to fabricate filters that were designed to have reflection (or 
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transmission) resonance peaks in the visible [11], infrared [7], [59], and giga-hertz ranges [12]. 

The applicability of GMR to such a wide range of wavelengths is due to the geometric scalability 

of the grating design parameters [60]. More GMR applications started appearing in areas 

involving vertical-cavity surface-emitting lasers (VCSELs) [13], [14], tunable filters [61], and 

microscale optical elements such as absorbers [62] and focusing lenses [9]. GMR has also found 

application in the area of solar technology, in which gratings are designed to trap incident solar 

rays [63], [64].  

In the area of biosensing, GMR has been used with great success to detect a variety of 

analytes. Based on the principle that the analyte deposited on the GMR grating will slightly alter 

the refractive index consequently resulting in a measurable shift in the resonance peak, GMR 

biosensing can be used to detect extremely small quantities of analyte. It has been used to detect 

a variety of analytes from pollutants in water [65] to proteins such as biotin [15], biomarkers for 

ovarian cancer [16] or biomarkers for acute myocardial infraction [17]; it also has been used to 

detect various solvents such as methanol, ethanol, 2-propanol, and cyclohexane [66].  

More recently, the GMR phenomenon was found to be applicable towards creating high-

sensitivity pressure and strain sensors [67], [68]. These sensors show great promise for 

measuring strains of soft materials, such as skin or muscle, offering a larger range of operation 

and more remote methods of measurement. Unlike most GMR-based devices, which typically 

use rigid crystalline dielectric substrates, GMR pressure and strain sensors require more 

compliant substrates to allow pressure or strain sensing over large ranges. PDMS, a polymer with 

high transmissivity [69], [70] and high elasticity [71], has been used as a compliant substrate for 

implementing various GMR pressure and strain sensors [72]–[74]. PDMS was initially suggested 
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as a substrate for microfluidics and biotechnology applications [75] and has since been 

ubiquitously used in those fields. Thus, there is great advantage in developing GMR-based 

sensors using this material.  

Foland and Lee [18], [76] were the first to design and fabricate a 2D highly compliant 

GMR strain sensor by embedding a square array of TiO2 discs in PDMS elastomer. The planar 

array of TiO2 discs and PDMS form a binary grating with PDMS as the substrate and air as the 

superstrate to create a 2D GMR grating. When light from a broadband source is normally 

incident on the grating, two resonant peaks are reflected back. In order to generate two non-

overlapping near-unity reflection peaks, the pitches between the discs along the orthogonal 

planar axes (Z and Y, in this case) are required to be asymmetric (ΛZ ≠ ΛY). If a uniform strain is 

applied along one axis, say the Z-axis, there is a uniform displacement in the grating pitch whose 

grating vector is along the Z- axis, and this displacement results in a shift in the resonant peak for 

that axis, called the Z-axis peak. A strain applied along the Y-axis similarly results in a shift in 

the Y-axis peak. Considering TiO2 is a thin film crystalline dielectric with elastic modulus of 

about 65GPa [77], it has a negligible strain when compared with PDMS, which has an elastic 

modulus of about 750kPa [78]. Thus, under applied strain, of the grating parameters (ΛZ, pitch 

along Z-axis; ΛY, pitch along Y-axis; d, disc diameter; t, disc thickness; disc permittivity n TiO2 = 

nH = 2.35; and substrate and grating permittivity nL = nPDMS = 1.4) one should expect only the 

GMR grating pitches to change. Under Z-axis strain, the Z-axis pitch, ΛZ, should increase; while 

under Y-axis strain, the Z-axis pitch, ΛZ, should increase. Since PDMS is highly compliant, with 

a Poisson ratio nearly 0.5 [78], the strain applied to one axis does not affect the other much; 
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though there is some discernable shift. Consequently, the two reflection peaks can be said to 

move largely independently of each other, allowing simultaneous measurements of axial strains.  

The device, however, suffers from a relatively low quality factor (Q < 100), and unequal 

axial sensitivity due to the asymmetric pitch requirement. To improve the quality factor of this 

sensor, one can either pick different materials or adjust the grating design [3]. For this grating, 

one cannot choose to pick different materials, since the elastic and optical transparency of PDMS 

is required for the large strain sensing operating range and GMR, respectively; and an alternative 

dielectric material with a high and stable index of refraction over the desired wavelength range 

similar to TiO2 is hard to find. Thus, one must approach improving the quality factor of this 

GMR grating strain sensor by adjusting the grating design. 

There are not too many parameters to adjust in a 2D square-array-of-discs grating design. 

Apart from the radius of the discs, the thickness of the discs, replacing discs with a different 

shape, changing grating pitch, or eliminating layers [79] there is no other parameter one can fine 

tune. There are several papers that report improving GMR quality factor through adjusting these 

grating parameters. Fan et al. theoretically investigated reducing the radii of holes of a slab 

photonic crystal and found the quality factor generally increases by at least a factor of 23 if the 

radius is reduced to a quarter of the original [80]. However, Pottier et al. reports that while 

reducing radius does increase quality factor, it also severely reduces the peak intensity [81]. 

Fattal et al. simulated the role of slab grating thickness on quality factor and found that reducing 

the thickness of the grating (from 200nm to 10nm) improved the line width significantly, but 

their result aren’t easy to quantify; furthermore, they admit such grating thicknesses would be 

too difficult to fabricate over large areas with current limitations of technology [82]. Andreani et 
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al. show that replacing a circular shape with a triangular shape increases the Q-factor by less than 

2% [83], essentially a negligible improvement in quality factor. Lastly, increasing the grating 

pitch is a reasonable method to improve quality factor, however adjusting grating pitch also 

affects the resonance positions dramatically and can push the grating into resonance–free ranges 

[3]. If one requires to place resonances in easily-measurable wavelength ranges such as in the 

visible or NIR regimes, adjusting the grating pitch to achieve higher quality factor is not an 

option. 

One approach to altering grating parameters of GMR gratings not found in literature is to 

replace the high-index disc itself with a grating. This grating-within-a-grating, or hierarchical 

grating, approach offers a method to improve the quality factor of a GMR grating through 

lowering the effective refractive index and provides a new grating design parameter that allows 

one to control the duty cycle of the sub-grating. By adjusting this duty cycle one can control the 

proportion (or fill factor) of the sub-grating allowing one to fine-tune the refractive index of the 

high-index part of the grating while keeping all other aspects of the grating the same. This 

hierarchical grating approach can be codified as a design rule (called the “slotting design rule”) 

wherein the high index part of a GMR grating is slotted to form a grating. The hypothesis is that 

the slotting design rule, when applied to a GMR grating, should improve the quality factor; 

however there maybe unexpected benefits and side effects. In this paper, we apply this slotting 

design rule to a 2D guided mode strain sensor design by Foland and Lee [18] to create an axially-

anisotropic hierarchical 2D GMR grating strain-sensor design and show that it has an improved 

quality factor (by a factor of 6) and more symmetric axial sensitivity. 
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2.2 Methods 

2.2.1 Design of Slotted-Disc GMR filters 

The impetus to use slotted disc design came from trying to understand the role of grating 

parameters and material permittivities on the quality factor of the resonance peaks. The quality 

factor, Q, is defined as: 

𝑄 ≡  
𝑓𝑟

∆𝑓
=

𝜆𝐻𝜆𝐿

𝜆𝑟

1

Δ𝜆
∝

1

∆𝜀
                                                         (1) 

where ƒr is the resonance frequency; Δƒ is the resonance width (the full-width half-

maximum); λr is the resonance wavelength or position; and Δλ = λH - λL, where λH and λL are the 

wavelengths on either side of the resonance wavelength that are at half the peak reflectance 

values of the resonance peak.  

According to works done by Magnusson et al. and others [2]–[4], [58] the linewidth of a 

resonance peak, Δλ, is proportional to the modulation index, ∆𝜀 =  𝜀𝐻 − 𝜀𝐿 = √𝑛𝐻 − √𝑛𝐿, and 

this relationship is noted on the right hand-side of Equation 1. Thus, one can improve Q, for a 

given resonance position, λr, by lowering the modulation index. One could attempt to lower the 

modulation index by selecting two different grating materials that are closer in permittivity 

values or by creating nano-composites [84]. However, this introduces additional steps to the 

process flow and may require additional tools and testing. With the slotting design rule one 

would retain the same material choices and only have to alter a binary grating design. 

Additionally, changing materials may not always be an option. Some GMR strain sensors 

are limited to selected materials due to restrictions of resonance wavelength range, and/or 

requirements of transparency, elasticity, and biocompatibility, such as the 2D GMR strain sensor. 
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For these reasons, there is value in finding a solution that lowers the modulation index while 

retaining material choices. 

The solution can be found by studying the effective index of refraction of dielectric 

gratings, which, according to effective medium theory [85], is the average permittivity that can 

be assigned to the grating for modes with wavelengths much greater than the grating pitch. One 

can now consider creating a slotted disc by replacing the high index part of the larger grating 

with a sub-grating composed of alternating slivers of the same high permittivity and low 

permittivity material. Applying this concept, one can replace the solid TiO2 discs (Figure 1.1a) 

with that of a TiO2/PDMS disc grating or slotted TiO2 discs (Figure 1.1b). The modulation index 

can then be tuned over the range of nL to nH by adjusting the duty cycle q of the disc grating. 

Lowering the duty cycle reduces the modulation index, which should result in an improvement 

of the quality factor. Thus, one can now improve quality factor by having some measure of 

control on the effective index of refraction of the high-index part of binary gratings. 
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Figure 2.1. Design of 2D GMR grating strain sensor. (a) Solid-disc GMR reflection filter, 

consisting of discs of TiO2 embedded in PDMS; ΛZ=560nm, ΛY=480nm, t=200nm, d=420nm, 

nH=2.35, nL=1.4, nsup=1.0, nsub=1.4. (b)  Slotted disc GMR reflection filter, a grating-within-a-

grating device, consisting of slotted-discs of TiO2 embedded in PDMS; ΛZ=ΛY=480nm, 

t=200nm, d=420nm, S=120nm, q=0.5, nH=2.35, nL=1.4, nsup=1.0, nsub=1.4. 

 

2.2.2 Axially Anisotropic Refractive Index 

Slotted-disc gratings do not have an isotropic index of refraction, like the solid-disc 

gratings do. Instead, these have an axially-anisotropic index of refraction, and it can be 

understood by studying effective medium theory (EMT). In EMT, the slotted disc can be treated 

as a binary subwavelength grating, which has been well studied [86]–[88]. For a binary 

subwavelength grating with pitch S, fill factor q, and thickness t, with index of refractions nH and 

nL (Figure 2.2), EMT gives the approximate values of the effective indices of refractions to be 

[87]: 

𝒏|| = [𝒏𝑯
𝟐 𝒒 + 𝒏𝑳

𝟐(𝟏 − 𝒒)]𝟏 𝟐⁄  (2a) 

𝒏⊥ = [(𝟏 𝒏𝑯
𝟐 )⁄ 𝒒 + (𝟏 𝒏𝑳

𝟐)⁄ (𝟏 − 𝒒)]−𝟏 𝟐⁄  (2b) 
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where ‖ and ┴ denotes the electric field, E, of the incident light parallel to the binary grating and 

perpendicular to the binary grating, respectively. In this work, the E-field is always kept 

perpendicular to the grating vector. 

While there are more accurate methods of calculating effective permittivities, Equations 

2a and 2b provide estimates accurate enough for designing subwavelength gratings. Lalanne et 

al. [85] do provide a more accurate method for calculating the effective permittivities using 2D-

RCWA (rigorous coupled wave analysis), which was confirmed by Kikuta et al. [89], however it 

would be quite difficult to describe geometrically-complex 3D structures such as the slotted-disc 

gratings and implement it in 2D RCWA code. 

 

Figure 2.2.  (a) Binary grating with PDMS substrate and air superstrate. The grating parameters 

are S=120nm, q=0.5, nH=2.35, nL=1.4, nsup=1.0, nsub=1.4. (b) Plot of Δn = (n‖ - n┴), vs. q; for q = 

0.5, n‖ = 1.93 and n┴ = 1.70, and Δn = 0.23. 

 

Lalanne et al. [90] also found that as the thickness-to-wavelength ratio, t/λ, approaches 

zero the values of the actual refractive index deviates rapidly from those predicted by Equation 2. 

However, their analyses show that for 2D gratings with t/λ values roughly 0.125 and above, the 
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effective permittivities are very close to that predicted by Equation 2. For our device, the 

operating wavelength range is 600nm-1100nm, and t is 200nm, giving us a minimum t/λ ratio of 

about 0.33, making Equation 2 nearly as accurate as the 2D-RCWA method. For these reasons, 

there is no need to use the 2D-RCWA method and one can chose to use Equation 2 to calculate 

effective index of refraction for subwavelength gratings.  

Lastly, while Equation 2 is meant for rectangular-shaped binary gratings, it can be used 

as a rough measure of the expected effective permittivities of the disc grating for the purposes of 

choosing an optimal q. 

2.2.3 Choosing q and S 

Figure 2.2b shows how one can choose a Δn based on a choice of fill-factor q. q = 0.5 

was chosen in order to have a large difference between n‖ and n┴ (these are the axially 

anisotropic indices of a slotted disc.). Having such a large difference is needed to create distinct 

non-overlapping resonance peaks. This is because the closer n‖ and n┴ are to each other, the 

closer the resonance positions are to each other, making them harder to resolve. Note that the 

anisotropic refractive indices (n‖ = 1.93 and n┴ = 1.70) are lower than nTiO2 = 2.35, resulting in 

two modulation indices, Δε‖ and Δε┴, that are lower than that of the original solid-disc grating, 

and, as a result of the lowering, should produce resonance peaks that have higher quality factor 

than the original grating. Note that the Δε‖ applies to the axial direction parallel to the larger 

grating (Y-axis) and Δε┴ applies to the axial direction perpendicular to the larger grating (Z-axis) 

(see Figure 2.1b). For a solid-disc GMR filter device having a disc diameter of 420nm, a slotting 

pitch S = 120nm was chosen, and with q = 0.5, qS = 60nm. This more than meets the criteria of 
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having the slotted-disc grating pitch be less than half the wavelength of the incident radiation 

(600nm-1100nm) such that effective medium theory applies [87]. 

2.3 Results 

2.3.1 3D FEA simulation 

From the slotting parameters chosen above, one can now model the solid-disc and 

slotted-disc 2D GMR gratings using finite element analysis (FEA) to obtain reflection spectra. 

This method was previously shown to be equivalent to the well-established RCWA method [8], 

[91] for GMR gratings in Foland et al. [10]. All models of both 2D GMR gratings for this paper 

were implemented using COMSOL®. In the models, a unit cell of the 2D GMR grating was 

implemented using Floquet periodicity for axial boundary condition matching. The unit cell was 

set up as a two-port system, with an input port acting as a source of TE (transverse electric) or 

TM (transverse magnetic) monochromatic light incident along the normal of the 2D grating 

plane from the top, and an output port of transmitted waves exiting from the bottom (Figure 2.3). 

After assigning material properties to the grating structures of the unit cell and simulating this 

two-port system over a range of wavelengths, the |S11|-parameter was retrieved over the range of 

wavelengths (i.e. the reflectance spectrum of the device). 
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Figure 2.3. COMSOL® simulation of (a) solid disc GMR filter device using parameters in Figure 

2.1a (b) slotted-disc GMR filter device using parameters in Figure 2.1 b. 

 

Several FEA models were constructed based on the parameters noted in Figure 2.1 

caption for both the solid disc and slotted disc devices. Some of these models are rest models, 

which represent 0% strain, and other are strained models, which represent a unit cell with 

increased pitch due to the applied strain in either in the Z- or Y-axis direction, but not both 

simultaneously. In total, ten strained models were created: five models to represent 5%, 10%, 

15%, 20% and 25% strains along the Z-axis, and another five to represent strains along the Y-

axis. Of the two materials, TiO2 experiences negligible strain when compared with PDMS. For 

solid-disc grating under strain, the PDMS surrounding the discs will experience the strain; thus, 

the only grating parameter affected by strain are the GMR grating pitches (ΛZ and ΛY). This 

effect was confirmed by simulation and experiment by Foland et al. [18]. For slotted-disc grating 
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under strain, both the PDMS surrounding and in-between the slotted-discs will experience the 

strain; thus the grating parameters affected by strain are the GMR grating pitches (ΛZ and ΛY) 

and the sub-grating pitch (the duty cycle, q). The strain experienced by PDMS within the slotted-

discs were separately simulated using COMSOL®’s stress-strain module (Figure 2.4a). The 

simulations show that the effect of the strain increases the spacing between the slots, an example 

of which is shown in Figure 2.4b. Using these stress-strain simulations, the new spacings of the 

slotted-discs for a given strain were calculated and implemented in to the 2-port FEA model for 

that specific strain (Figure 2.4c, d) as the new sub-grating pitch. 

The reflectance spectra from both the rest and strained models are plotted in Figure 2.5 

(a-b for solid-disc; c-d for slotted-disc) for only the 0%, 5%, 15% and 25% strains along both Z 

and Y axes; the 10% and 20% plots were excluded for clarity. Note that ‘Y-peak’ denotes the 

peak that shifts under Y-axis strains, and ‘Z-peak’ denotes the peak that shifts under Z-axis 

strains. 
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Figure 2.4. (a) COMSOL® stress-strain simulation of slotted-disc for 25% Z-axis strain; (b) 

close-up view of center 25% Z-axis strained unit cell ; resting slotted disc (pink) and 25% Z-axis 

strained slotted disc (purple) in (c) top view, and (d) isometric view, used for the 2-port FEA 

model. 

2.3.2 Sensitivity Study Results 

The sensitivity vs. strain plots were derived from COMSOL® simulation reflectance plots 

for 0-25% strain in steps of 5% strain. The sensitivity was calculated by taking the ratio of the 

change in resonance peak position to the change in strain. Figure 2.6a presents the results for the 
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solid-disc GMR grating design; Figure 2.6b presents the results for the slotted-disc GMR grating 

design. 

 

Figure 2.5. Reflection spectrum obtained from COMSOL® simulations using the RF module. 

The ‘Y-peak’ denotes the peak that shifts under Y-axis strains, and ‘Z-peak’ denotes the peak 

that shifts under Z-axis strains. (a) solid-disc under Z-axis strain; Note the drop in Y-peak 

reflectance. (b) solid-disc under Y-axis strain; note the Y-peak partially the Z-peak around 15% 

strain, and move past it at 25% strain. (c) slotted-disc under Z-axis strain; note the drop in 

reflectivity of the Y-peak. (d) slotted-disc under Y-axis strain; there is a significant drop in Z-

peak reflectance. 
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For solid-disc grating, under Z-axis strain, the Z peak has an average sensitivity of 6.34 

nm/% with a standard deviation of 0.31 nm/%, while the Y peak has an average of -0.23 nm/% 

with standard deviation of 0.12 nm/%. Under Y-axis strain, the Y peak has an average sensitivity 

of 4.64 nm/% with a standard deviation of 0.25 nm/%, while the Z peak has an average of -0.64 

nm/% with standard deviation of 0.22 nm/%. 

For slotted-disc grating, under Z-axis strain, the Z peak has an average sensitivity of 5.19 

nm/% with a standard deviation of 0.14 nm/%, while the Y peak has an average of -0.35 nm/% 

with standard deviation of 0.09 nm/%. Under Y-axis strain, the Y peak has an average sensitivity 

of 5.67 nm/% with a standard deviation of 0.13 nm/%, while the Z peak has an average of -0.59 

nm/% with standard deviation of 0.12 nm/%. 

2.3.3 Quality factor study results 

The quality factor vs. strain plots (Figure 2.6c and 2.6d) were derived from COMSOL® 

simulation reflectance plots for 0%-25% strain in steps of 5% strain. The quality factor is found 

by using a peak finding algorithm to find the wavelengths of any peaks with above 50% 

reflectance. After finding the peak wavelengths, the algorithm uses the reflectance spectrum data 

again to determine the full width half maximum (FWHM), or Δλ = λH - λL, at the peak locations. 

From the peak wavelength and the FWHM one can calculate the quality factor of the peak using 

Equation 1.   

For the solid-disc grating, under Z-axis strain, Figure 2.6c shows the Z-peak quality 

factor starts close to 30 at 0% strain, and tends to decrease with strain; the Y-axis peak quality 

factor rises for 5% strain, dropping slightly at 10% strain, falling more due to peak-widening 

from the overlap with the Z-axis peak at 15% strain (see Figure 2.5a), rising again at 20% strain 
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as it moves out of overlap, then falling again as its reflectance peak intensity drops, which 

increases the FWHM. Under Y-axis strain, the Y-axis peak quality factor is 40 at rest and 

monotonically increases in value from 0% strain to 10% strain. The quality factor then lowers in 

value due to overlap with the Z-axis peak at 15% strain but rises as it moves out of overlap at 

20% strain, eventually increase to the highest value at 25% strain. 

 

Figure 2.6. (a) Sensitivity vs. strain for solid-disc grating. (b) Sensitivity vs. strain for slotted-

disc grating. (c) Quality factor vs. strain for solid-disc grating. (d) Quality factor vs. strain for 

slotted-disc grating. 

 

For the slotted-disc grating, under Z-axis strain, Figure 2.6d shows the Z-peak quality 

factor is about 185, around a factor of 6 increase above the quality factor for the same in peak for 

the solid-disc grating. As strain is increased, the quality factor drops at 10% strain. There is a 
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sudden rise in the quality factor to 220 at 15% strain before it drops again to below 200 for 20% 

and 25% strains. The Y-peak, under Z-axis strain, starts, at 0% strain, with a quality factor at 

240, about a factor of 6 increase above the quality factor for the same peak for solid-disc grating, 

and monotonically increases, reaching 302 at 25% strain. Under Y-axis strain, the Y-peak, at 0% 

strain, has a quality factor of about 240 also, that rises slightly for 5% strain, then falls slightly 

for 10% strain, before rising in value as strain increases from 10% to 25%. Under the same Y-

axis strain, the Z-axis peak quality factor is 185, at 0% strain, lowers slightly at 5% strain, rises 

slightly at 10% strain, lowers slightly again at 15%, before rising for the remaining strains. 

2.4 Discussion 

The slotting design rule was hypothesized to improve the quality factor of the 2D GMR 

grating without having to pick new materials or change grating pitch (to preserve resonance 

position). The simulation results clearly show that, under no strain, there is at least a 6-fold 

improvement in the quality factor of all resonance peaks simply by applying the slotting design 

rule to the solid-disc GMR grating strain sensor design. As mentioned in the theory sections, the 

slotting design rule works by lowering the effective index of refraction of the high index part of 

the 2D GMR grating, reducing the modulation index, thereby increasing qualify factor. However, 

there are some additional features that manifest from applying this design rule to the 2D GMR 

gratings.  

Recall that for the solid-disc grating one is required to have an asymmetric pitch (ΛZ ≠ 

ΛY) to generate two distinct resolvable peaks [18]. This is because the high index part of the 

solid-disc GMR grating has the same index of refraction in both planar-axial directions. If the 

pitches were kept the same, the resonance would occupy the same position since both axial 
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directions would have the same modulation index. By applying the slotting design rule to the 

solid-disc 2D GMR grating, one finds this axial-pitch asymmetry requirement is no longer 

needed. The slotting rules creates an axially-anisotropic effective index of refraction (i.e. the 

index of refraction experienced by light traveling along the Z-axis direction is slightly different 

from that experienced travelling along the Y-axis direction) out of the high index part of the 

GMR grating. Thus, one can now keep the grating pitches is symmetric (ΛZ = ΛY) and rely on 

the axially-anisotropic index of the high-index part of the grating to create two resolvable 

resonance peaks. 

When strain is applied, differing behaviors are observed for sensitivity and quality factor. 

Sensitivity remains largely constant, not varying much in value for strains from 0% to 25% for 

both solid-disc and slotted-disc gratings. Quality factor, however, is drastically affected by strain. 

Part of this behavior is due to the close positions of the two resonance peaks, which move in 

opposite directions under strain, as noted by the arrow in the plots of Figure 2.4 indicating the 

motion of the peaks under strain. As a consequence, over a small region of strains the peaks 

overlap, becoming broader, and at some point, overlap completely to become unresolvable. This 

is the point where the quality factor dips significantly before rising once again as the peaks 

continue their motion under strain out of overlap. This overlap feature, however, is common to 

both the solid-disc and slotted-disc 2D GMR grating so cannot be a feature brought about by the 

slotting design rule. Once past the region of strain that contain the overlap, the quality factor 

tends to rise for the Y-axis peak under Y-axis strain, and generally drop for the Z-axis peak 

under Z-axis strain for both solid-disc gratings and slotted-disc gratings. Since this drop in 

quality factor for the Z-axis peak occurs for both gratings, it also cannot be a feature brought 
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about by the slotting rule. Thus, while the slotting design rule does increase quality factor 

overall, it will be affected by other properties and behaviors of the 2D GMR grating strain 

sensor. 

Lastly, one should note that the slotting design rule should be applicable to any grating 

design that involves binary gratings, which has a high index part and a low index part. The 

purpose of slotting is essentially to create a parameter by which to have some control over the 

index of refraction of the high index part of the GMR grating. That parameter is q, which allows 

control over the duty cycle of the sub-grating that replaces the high index part and also allows a 

range of values between the high index and low index values. As discussed in the theory part, 

when q is reduced, this has the effect of lowering the modulation index, which increases the 

quality factor. This effect is independent of material choice or grating design and is applicable to 

all binary gratings. Thus, the slotting design rule can be considered as a universal design rule to 

improve the quality factor of any binary grating.    

2.5 Conclusion 

A slotting design rule was investigated as a method to improve the sensitivity and quality 

factor of a 2D solid-disc GMR grating strain sensor. Effective medium theory was utilized to 

demonstrate the expected improvement in quality factor through reducing modulation index. 

Grating theory was utilized to show how the slotting design rule can be used as a method for 

controlling the modulation index, thus providing a means of improving quality factor. The theory 

was used to design a 2D slotted-disc GMR grating strain sensor. FEA simulations were 

performed and reflectance spectra were analyzed to show that the 2D slotted-disc GMR strain 

sensor produces two non-overlapping resonance peaks without needing asymmetric pitches, has 
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more axially symmetric sensitivities, and yields a 6-fold increase in the quality factor at rest for 

both resonance peaks. It was also shown, that under increasing strain, the sensitivities remain 

stable, while the quality factor generally tends to vary dramatically. Lastly, the slotting design 

rule was shown to be applicable to any binary grating and can be used to improve the 

performance of such grating in a wide variety of applications. 
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CHAPTER 3 

PLASMA TREATMENT PROCESS TO CONVERT POLYMER SURFACES INTO 

NON-WETTING SUBSTRATES FOR GALLIUM-BASED LIQUID METALS2 

As mentioned in §1.2, liquid metal-based applications are limited by the wetting nature of 

pristine polymer surfaces towards surface-oxidized gallium-based liquid metals. The work 

presented in this chapter demonstrates that a 120 s CF4/O2 plasma-treatment of polymer surfaces 

- such as PDMS, SU8, S1813, and polyimide - converts these previously wetting surfaces to 

nonwetting surfaces for gallium-based liquid metals. Static and advancing contact angles of all 

plasma-treated surfaces are > 150°, receding contact angles are > 140°, with contact angle 

hysteresis in the range of 8.2° to 10.7°, collectively indicating lyophobic behavior. This 

lyophobic behavior is attributed to the plasma simultaneously fluorinating the surface while 

creating sub-micron scale roughness. XPS results show a large presence of fluorine at the surface 

indicating fluorination of surface methyl groups, while AFM results show the plasma-treated 

surfaces have an order of magnitude greater surface roughness than pristine surfaces, indicating a 

Cassie-Baxter state, which suggests that surface roughness also plays a role in determining the 

nonwetting property, with surface chemistry making a smaller contribution. Solid surface free 

energy values for all plasma-treated surfaces were found to be generally lower than the pristine 

 

2 This chapter contains portions of text and image from a manuscript currently under peer-review: Babu Sachin, B. Dousti, G.S. 

Lee, J.B. Lee. “Conversion of polymer surfaces into nonwetting substrates for liquid metal applications.” (submitted to ACS 

journal Langmuir), March 2021. 

 



 

37 

surfaces, indicating that this process can be used to make similar classes of polymers nonwetting 

to gallium-based liquid metals. 

3.1 Introduction 

Eutectic alloys such as eGaIn (75% Ga, 25% In) and galinstan (68.5% Ga, 21.5% In, 10% 

Sn) have been receiving growing attention in a variety of applications due to their relatively high 

electrical and thermal conductivity, non-toxicity, and low vapor pressure when compared with 

other room temperature liquid metals, such as mercury [20]. Compared with solid conductive 

substrates, such as copper, liquid metals allow the fabrication of conductive structures, at milli 

[92], micron [93], and sub-micron [94] scales, that can be flexible, stretchable, and deformable 

while retaining its conductivity. Recent research shows that gallium-based liquid metals have 

been used to develop soft flexible and stretchable electronics [23], [95], RF (radio-frequency) 

antennas [27], [96]–[99] , switches [100]–[104], frequency selective surfaces [105]–[108], 3D 

printed structures [33], [52], [109]–[112], and composites [113]–[115]. 

A common feature of these liquid metal devices listed above is that the liquid metal is not 

mobile in air. Instead the liquid metal slug is either embedded within the entire volume of the 

channel or encapsulated in an insulating liquid, with the insulating liquid typically filling the 

entire volume of the channel [106]. The reason for this is because gallium-based liquid metals 

are wetting to a variety of materials, and once it fills a channel it is quite difficult to remove [31]. 

The cause of this wetting property comes from the liquid metal’s nature to spontaneously oxidize 

in ambient air, forming a few nanometers of a thin oxide shell consisting of Ga2O and Ga2O3 

[32], and it is this oxide shell that has the property of being strongly adhesive to a variety of 

materials [31]. This wetting property applies to a wide variety of surfaces, and likely has 
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hindered progress in applications which require the liquid metal to be nonwetting, such as 

droplet microfluidics or triboelectric nanogenerators (TENGs) [116]. Thus, developing a quick 

process that can be applied to a variety surfaces to make these permanently ubiquitously 

nonwetting to gallium-based liquid metals should help promote the development of applications 

that take advantage of the nonwetting property. 

Several methods have been developed to counter the wetting nature of surface-oxidized 

gallium-based liquid metals (oxLMs). One method involves removing the oxide layer using 

caustic agents, such as hydrochloric acid (HCl) [30], [36]. While this method is highly effective, 

allowing electrochemical actuation methods [117], [118], using such caustic agents will restrict 

material options, impose extra safety measures, and, due to its reactive and evaporative 

properties, will need to be replenished over time. Another method involves introducing foreign 

thin films such as Neverwet® [119] or gallium thin films [49], as a coating on elastomeric 

substrates. Neverwet® is suitable for milli-scale patterns, having a reported lowest thickness limit 

of about 750 μm [119], which limits the feature size of microstructures; additionally, experience 

has shown that the coating tends to peel from substrates over time. The method of gallium thin 

film coating coating allows for ubiquitous nonwetting surfaces; however, the coating is opaque 

and conductive. This conductive layer may not be compatible with certain electronic and RF 

applications that require a nonconductive substrate. Multistep fabrication of hierarchical 

micro/nanoscale structures is another method that has been shown to create a non-wetting 

surfaces with high contact angles after a C4F8 Teflon®-like coating is applied on the pillar arrays 

[29]. However, there is no clear way to apply a similar fabrication method to create such 

structures on sidewalls for microchannels [47].  
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Two methods have been reported on making a non-wetting surface for oxLMs through 

the creation of sub-micron scale roughness over a flat polymer surface. The first method involves 

the casting of PDMS in black silicon [120] and the second involves exposure of PDMS surface 

to sulfuric acid [53]. The method of casting PDMS in black silicon to create sub-micron surface 

roughness is promising, however the process is significantly long (several hours) with no study 

on whether it can be applied to sidewall features [120]. The method of sulfuric acid exposure by 

Li et al. can be used to create sub-micron surface roughness by injecting the acid in to pre-made 

PDMS microfluidic channels and flushing it out with water followed by drying [53]. However, 

sulfuric acid is yet another caustic material to work with and would require high pumping 

pressures to inject the liquid into smaller microscale channels, which would risk delamination or 

bursting of the microfluidic device.  

This work shows that exposure to a 3:1 CF4/O2 plasma-treatment for 120 s converts 

polymeric surfaces into visibly smooth, permanent intrinsically non-wetting surfaces for surface-

oxidized gallium-based liquid metals. In contrast with other methods, this single step process 

utilizes no caustic agents or coatings and can be used on a variety of polymers. Four standard 

polymers, before and after plasma-treatment, are studied by conducting contact angle goniometry 

along with chemical and physical surface characterizations to determine the underlying cause of 

the nonwetting property. 

3.2 Materials and fabrication 

The four polymer materials prepared for plasma-treatment are SYLGARDTM 184 PDMS 

(Dow Chemical Company, Midland, MI), MicroChem® SU8-2010 (Kayaku Advanced Materials, 

Inc., Westborough, MA, USA), MicroChem® S1813, and Kapton® tape (3 mils, adhesive on one 
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side) (DuPont, Wilmington, DE, USA). Each material was chosen as a representative of a class 

of polymers for which the plasma-treatment could produce similar nonwetting property. PDMS 

represents the class of silicone polymers, SU8-2010 represents the class of negative 

photosensitive resists, S1813 represents the class of positive photosensitive resists, and Kapton® 

tape represents polyimides. 

To create pristine samples, each liquid polymer was spun on a bare 3” <100> silicon 

wafer at 3000 rpm for 75 sec. The PDMS polymer was prepared by mixing the pre-polymer and 

polymerizing agent from the silicone elastomer kit using the standard 10:1 ratio by weight of 

pre-polymer to polymerizing agent, which was degassed in a vacuum chamber for 1 hour; the 

mixture was used within 10 min after vacuum desiccation. The other liquid polymers (SU8, 

S1813) required no prior preparation. After spinning, the PDMS on wafer and was baked in a 95 

°C oven for 10 mins. The SU8-2010 on wafer was baked on a 115 °C hotplate for 1 min, and 

subsequently exposed to i-line (365nm) UV light (900W) for 2 min to ensure crosslinking. The 

S1813 on wafer was baked on a 115 °C hotplate for 1 min. S1813 was left unexposed. Sections 

of the polyimide tape were cut and affixed on to bare silicon wafer.  

Half of the pristine samples were treated to 120 s of a 3:1 ratio CF4/O2 plasma (250 W, 

100 mTorr, 3 sccm O2, 9 sccm CF4) using a Trion Sirius-T2 RIE Etcher (Trion Technology, 

Tempe, AZ, USA) to create plasma-treated samples. Enough pristine and plasma-treated samples 

were created to allow for single measurement of a sample surface. No sample subjected to a 

measurement was reused. 
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3.3 Experimental methods 

3.3.1 Contact angle measurements 

The Drop Shape Analysis System DSA30B (KRÜSS GmbH, Hamburg, Germany) was 

used to make contact angle measurements using their DSA4 image analysis software. The liquid 

metal used is galinstan (Ga 68.5%, In 21.5%, Sn 10%) (Changsha Rich Nonferrous Metals Co., 

Ltd., Hunan, China). The liquid metal was loaded into a SY3601 syringe (4.706 mm diameter, 

1.0 mL, Henke Sass Wolf GmbH, Tuttlingen, Germany) with a KRÜSS NE47 needle (0.7mm 

OD, 38mm long, blunt polypropylene needle). Static and dynamic contact angles of each surface 

was characterized by dropping ~8 μL liquid metal droplets, naturally oxidized in ambient air, on 

to each surface, which lay on the horizontally leveled stage of the DSA30B system. The capillary 

length (𝑘−1 =  √𝛾 𝜌𝑔⁄ ) for liquid metal is 2.8 mm, which requires liquid metal droplets to have 

a radius less than 2.8 mm to avoid the effects of gravity. An 8 μL drop has roughly a 0.9 mm 

radius, which meets the requirement.  Picture or video recordings were made of each droplet, and 

the DSA4 software’s image processing algorithm was used to automatically detect the left and 

right contact angles and take an average; this average is treated as the contact angle 

measurement. 

 Solid surface tension measurements of both the pristine and plasma-treated polymer 

surfaces were determined from static contact angle measurements using two standard liquids, 

deionized water (Item# R-950-1, CAS# 7732-18-5, PTI Process Chemicals, Ringwood, IL, 

U.S.A.) and diiodomethane (CAS# 75-11-6, Sigma, Saint Louis, MO, U.S.A). The static contact 

angles for 4 μL of deionized water droplets for 4 μL diiodomethane droplets on the polymer 
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surfaces were measured using the ramé-hart manual goniometer (Model# 50-00-115, ramé-hart, 

Mountain Lakes, New Jersey, U.S.A.). The capillary length is 2.7 for deionized water and 2.3 for 

diiodomethane. A 4 μL drop has roughly a 0.7 radius, which meets the requirement for avoiding 

the effects of gravity when measuring contact angles. 

Contact angle (CA) measurements were performed on all four materials, for both pristine 

and plasma-treated samples, by recording a set of five independent measurements for static, 

advancing, and receding contact angles. The average and standard deviation of these five 

measurements were used to estimate the mean contact angle value and the error on it, 

respectively. No sample surfaces were reused after a single-contact measurement. Only center 

sections of Si wafers (away from edges), which have the most uniform thickness and uniform 

plasma exposure, were used. These protocols were followed to ensure that each data point 

represented the same experimental setup as much as possible. 

3.3.2 Surface characterization methods 

Chemical characterization of the surface was determined using the PHI VersaProbe II 

XPS system (Chigasaki, Japan) that has a monochromatic aluminum K Alpha X-ray radiation 

source (1486.6 eV, 50.2 W) with beam diameter 200 μm at 45º angle in FAT mode. The pass 

energy for the survey spectrums was 187.85 eV; while the pass energy for high resolution spectra 

was 23.50 eV. Since the sample surfaces are nonconducting polymers, automated neutralization 

was used (2 V, 22.0 μA). MultiPak v9 software was used to perform the peak shift-correction on 

a sample’s spectrum to the reference C 1s binding energy (BE) of 284.8 eV; the software was 

also used for deconvolution analysis of high resolution C 1s peaks. Physical characterization was 

performed using atomic force microscopy (AFM) by the Jupiter XF Atomic Force Microscope 
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system (Asylum Research, Santa Barbara, CA), with an AC160-TS cantilever tip, in tapping 

mode. A 5 μm x 5 μm section was scanned to create images with 256 x 256 pixels for the 

plasma-treated materials, which has sub-micron features, and images with 512 x 512 pixels for 

the pristine materials, which has nanometer features. From each 5 μm x 5 μm section, an artifact-

free 3 μm x 3 μm region was selected. 

3.4 Results and discussion 

3.4.1 CF4/O2 plasma exposure time study for PDMS3 

The effect of duration of CF4/O2 plasma exposure on the nonwetting property of PDMS, 

as indicated by contact angle, was studied. Several PDMS slabs (SYLGARDTM 184 Silicone 

Elastomer Kit using the standard 10:1 ratio), roughly 105mm long 35mm wide, and 2mm thick, 

were exposed to a 3:1 ratio CF4/O2 plasma (at 250 W, 100 mTorr, 3 sccm O2, 9 sccm CF4) for 

durations of 0 s, 60 s, 120 s, 900 s, and 3,600 seconds. The KRÜSS Drop Shape Analysis System 

DSA30B (Hamburg, Germany) was used to measure all contact angles using their DSA4 image 

analysis software. The syringe used was a SY3601 syringe (4.706 mm diameter, 1.0 mL, Henke 

Sass Wolf GmbH); the liquid metal used was galinstan (Ga 66.5%, In 20.5%, Sn 13%; Smart-

Elements GmbH); the needle used for the measurements was the KRÜSS NE47 needle with 

polypropylene inner tubing with a stainless-steel metal jacket (0.7 mm outer diameter). The 

resulting data are present Figure 3.1.  

 

3 From Babu, Sachin, and Jeong-Bong Lee. "Plasma-Treated PDMS as Intrinsically Non-Wetting Surface for Gallium-Alloy 

Liquid Metal Microfluidics." 2020 IEEE 33rd International Conference on Micro Electro Mechanical Systems (MEMS). IEEE, 

2020. © 2020 IEEE. 
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Initially, all plasma-treated PDMS slab exhibited non-wetting property immediately after 

plasma treatment. However, over a period of days, the slabs with < 120s exposure time lost their 

non-wettability property; the slabs with > 120 s exposure retained their nonwetting property 

permanently. The samples were characterized 7 days after plasma treatment, by which time the 

transient property was assumed to have stabilized to either a wetting or a nonwetting state. 

However, samples prepared 6 months later indicated this assumption was incorrect. New 60 s 

samples did not always return to a wetting state even after 7 days. Instead random areas reverted 

to a nonwetting surface, while the remaining portions retained the nonwetting property. It seems 

that plasma treatment under 120 s has unpredictable wetting characteristics from region to region 

that change at different times. These results indicate that only > 120 s CF4/O2 plasma treatment 

can be trusted to reliably convert a flat polymer surface to a nonwetting surface to oxLM. 
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Figure 3.1. Static contact angle vs. exposure time to CF4/O2 plasma treatment from Babu et al.  

[37]. © 2020 IEEE. The authors measure the contact angles using 8μL galinstan droplets in 

ambient air, for both resting (solid circle) and 25% strained (solid square) 2 mm thick PDMS 

slabs. 

 

Contact angle measurements for different exposure times were also produced for PDMS 

under 25% strain. The results show that the 25% strain tends to help increase the contact angle. 

Since the plasma treatment causes surface roughness, it is reasonable to treat the surface as a 

composite material consisting of air and plasma-treated PDMS. When strain is applied the gaps 

between peaks increases, in effect air become a larger portion of the composite than the plasma-



 

46 

treated PDMS, leading to a lower effective surface energy, which leads to a larger contact angle. 

There is one discrepancy where the contact angle for the strained 60 s plasma-treated PDMS is 

lower than that of the resting 60 s plasma-treated PDMS (Figure 3.1). Since the DSA4 image 

processing software is fairly accurate, this is unlikely a measurement error. Instead, it seems 

likely that the unpredictable wetting states created by the 60 s plasma treatment allow a wide 

range of contact angles, and that the contact angle measurement for strained and unstrained 60 s 

plasma-treated PDMS may have an overlapping range of values. 

3.4.2 Contact angle measurements of O2 plasma-treated polymers   

 The effect of pure oxygen plasma on the nonwetting property was studied for photoresists 

SU8-2010 and S1813. The study indicates that a 60 s O2 plasma treatment can convert 

photoresist surfaces into nonwetting substrates for liquid metal applications. Static contact angles 

> 150° and contact angle hysteresis (CAH) < 13º of the plasma-treated surfaces indicate a 

superlyophobic wetting state against the liquid metal.  

To fabricate these surfaces, half of the wafers were kept unaltered to represent the 

“pristine” photoresist. The other half was treated to 60 s oxygen plasma (100 mTorr, 250 W, 12 

sccm) to represent the “plasma-treated” photoresist. All wafers-halves were further cut to 1 cm 

wide sections for use in contact angle goniometry. The resulting static contact angle data is 

presented in Figure 3.2 and the dynamic contact angle data is presented in Figure 3.3. 

The results of Figure 3.2 indicate a high contact angel (> 150°) indicated that the O2 

plasma treatment produces a surface that is lyophobic toward liquid metal, sufficient to indicate 

that it is nonwetting. This is supported by the low contact angle hysteresis (CAH < 13°) that 
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Figure 3.3 shows. The case of this nonwetting property is due solely to the increase in surface 

roughness, and the formation of a Cassie-Baxter state between the surface and the plasma-treated 

material. The oxygen plasma treatment did not work for PDMS or polyimide (KAPTON®) tape, 

likely due to the inability of the plasma to etch these polymers well enough to generate the type 

of surface roughness required to create the nonwetting property. 

 

Figure 3.2. Static contact angle measurements of liquid metal droplets on SU8-2010 and S1813, 

for pristine (green data points, bottom inset figures) and 60 s O2 plasma-treated (red data points, 

top inset figures). 
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Figure 3.3. Dynamic contact angle measurements of liquid metal droplets on SU8-2010 and 

S1813, for pristine (left plot) and 60 s O2 plasma-treated (right plot) surfaces. 

3.4.3 Contact angle measurements for CF4/O2 plasma-treated polymer  

 

Figure 3.4. Static contact angle measurements of CF4/O2 plasma-treated (top) and pristine 

(bottom) polymer films on silicon wafer using surface-oxidized galinstan droplets. 8uL liquid 

metal droplets were used; all droplet radii are ~2 mm. 
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Static contact angle (SCA) results of 8 μL of sessile surface-oxidized galinstan droplets 

are shown Figure 3.4. For pristine materials, the CAs range from 123.9 ± 4.5º to 130.1 ± 3.0º, a 

total range of 13.7º (Figure 3.4, bottom). The wide range of angles indicates the different surface 

chemistry of each material in determining a contact angle. The high contact angles (> 90º, 

typically considered lyophobic) are due to the high surface tension of the liquid metal encased in 

the oxide skin. For the plasma-treated materials the CAs range from 154.1 ± 1.0º to 156.7 ± 0.5º, 

a range of 4.0º (Figure 3.4, top), demonstrating that all the surfaces are superlyophobic to oxLM. 

 

Figure 3.5. Dynamic contact angle measurements for (a) pristine and (b) plasma-treated 

materials. The vertically downward arrow indicates infusion, the vertically upward arrow 

indicates withdrawal; LM stands for “liquid metal”. 
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Dynamic contact angle results are shown in Figure 3.5. For each measurement, the needle 

was placed 2 mm above the surface. 5 μL of galinstan was infused to form an advancing contact 

angle line, and 8-15 μL was withdrawn to form a receding contact angle. The liquid metal was 

withdrawn further to allow it break contact with the surface to test for the nonwetting property by 

checking if it left any residue. For pristine samples (Figure 3.5a) the advancing contact angles 

(ACAs) range from 140.8 ± 2.0º to 150.6 ± 0.7º, a total range of 12.5º; the receding contact 

angles (RCAs) range from 17.7 ± 0.5º to 24.0 ± 2.1º, a total range of 8.9º; the contact angle  

hysteresis (CAH) ranges from 121.5º to 130.8º, which indicates a highly wetting surface, as 

demonstrated by the liquid metal residue left on the surface (Figure 3.5a, “wetting” inset). For 

plasma-treated samples (Figure 3.5b) the advancing contact angles (ACAs) range from 152.2 ± 

0.9º to 154.7 ± 0.4º, a total range of 3.8º; the receding contact angles (RCAs) range from 141.4 ± 

1.9º to 147.6 ± 2.4º, a total range of 10.5º; the contact angle hysteresis (CAH) ranges from 6.4º to 

10.7º, which indicates a highly non-wetting surface, as indicated by the lack of liquid metal 

residue on the surface (Figure 3.5b, “non-wetting” inset.) 

3.4.4 Surface chemistry 

XPS measurements were conducted on all samples to determine the changes in surface 

chemistry that results from CF4/O2 plasma-treatment. Figure 3.6, a and b, show the survey for 

PDMS and SU8, respectively; XPS surveys for S1813 and Kapton are provided in Figure 3.7, a 

and b, and show similar results. For all surveys, the C 1s, O 1s, F 1s, peaks, if present, are 

identified; the O KLL and F KLL Auger lines are also identified for clarity. Si 2s and Si 2p peaks 

are identified for the silicone polymer. 
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Figure 3.6. XPS survey of (a) plasma-treated (PDMS-PL curve) and pristine (PDMS-PR curve) 

PDMS; and (b) plasma-treated (SU8-PL curve) and pristine (SU8-PR curve) SU8-2010. 

 

 

Figure 3.7. (a) XPS survey spectrum of S1813, plasma-treated (top) and pristine (bottom); (b) 

XPS survey spectrum of Kapton tape (polyimide), plasma-treated (top) and pristine (bottom). 
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In the pristine PDMS survey, labeled ‘PDMS-PR’ in Figure 3.6a, the C 1s peak 

corresponds to C-H and C-Si bonds (284.8 eV); there are no C-C bonds in PDMS. The key 

feature to observe in the survey is the lack of fluorine (F 1s and F KLL) peaks. The plasma-

treated PDMS survey, labeled ‘PDMS-PL’ in Figure 3.6a, has the fluorine F 1s and F KLL 

peaks, indicative of fluorination of the methyl groups in PDMS.  

 

Figure 3.8. C 1s XPS spectra for (a) pristine PDMS (PDMS-PR), the inset is the molecular 

structure of PDMS (redrawn from Seethapathy et al. [121]); (b) pristine SU8 (SU8-PR), the inset 

is the molecular structure of SU8 (redrawn from Madou et al. [122]); (c) plasma-treated PDMS 

(PDMS-PL); (d) plasma-treated SU8 (SU8-PL). The binding energies were obtained from Bratt, 

et al. [123] and Cordeiro et al. [124]. 
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The fluorination of methyl groups in PDMS has been reported by Manca et al. [125], 

which studied the effect of CF4 plasma on the chemistry and topology of PDMS. Based on the 

findings of that paper, and upon comparing the C 1s XPS spectrum of PDMS-PR (Figure 3.8a) to 

the C 1s spectra of PDMS-PL (Figure 3.8c), it seems very likely that the CF4:O2 plasma causes 

different degrees of fluorination (CH3 to CFH2, CH3 to CF2H, and CH3 to CF3) of the surface 

methyl groups of PDMS. Additionally, Figure 3.8c shows that the deconvolution of peaks 

indicates that about 20% of the PDMS surface methyl groups does show some degree of 

fluorination, most of it likely CFH2 (blue curve) and CF2H (green curve).  

Figure 3.6b, 3.7a, and 3.8b show that the survey spectra for pristine SU8 (labeled ‘SU8-

PR’) and S1813 (labeled “S1813”) already has the fluorine F 1s and F KLL peaks. This is due to 

the triarylsulfonium hexafluoroantimonate component in SU8, which is the UV sensitive 

crosslinking initiator mixed in with the SU8 epoxy resin, and a significant amount remains even 

after UV exposure [126]. However, plasma-treatment of SU8 (‘SU8-PL’) still fluorinates many 

methylated carbons in the SU8 (likewise for S1813). This can be seen in the larger intensity of 

the F 1s peak when compared with the C 1s peak (Figure 3.6b, SU8-PL survey and Figure 3.7a 

S1813-PL), and in observing that the C 1s XPS spectra of SU8-PL (Figure 3.8d) shows that the 

C-F peak has near equal intensity to the C-C peak. 

These results indicate that the plasma-treatment does generally fluorinate the polymer 

surface which should lower the overall surface energy. Manca et al. [125] clearly demonstrated 

that a pure CF4 plasma does indeed lower surface energy of PDMS through chemical 

modification of the methyl groups by fluorination, and each material has a unique number of 

methyl groups leading to different amounts of fluorination. However, a CF4/O2 plasma-treatment 



 

54 

creates significant surface roughness, which likely reduces the role of chemical modification by 

reducing contact area of the droplet and the material surface. This is especially the case if the 

surface roughness produces a Cassie-Baxter wetting interface against liquid metals. 

3.4.5 A primer on Young, Wenzel, and Cassie-Baxter state 

When characterizing the wetting property of a surface, the contact angle of the liquid 

droplet wetting the surface can be associated with the interfacial tensions of the liquid, solid, and 

air, when in equilibrium. This relation is given by Young’s equation: 

 𝛾𝑆𝑉 =  𝛾𝑆𝐿 + 𝛾𝐿𝑉 𝑐𝑜𝑠 𝜃𝑌𝑂𝑈𝑁𝐺       (1) 

where 𝜃𝑌𝑂𝑈𝑁𝐺  is the measured contact angle (Figure 3.9a) and 𝛾𝐿𝑉, 𝛾𝑆𝑉, and 𝛾𝐿𝑉 are the 

interfacial tension of the liquid-air interface, air-solid interface, and liquid-solid interface, 

respectively. This equation is based on the assumption that the surface is flat and does not have 

any roughness (Young state). 

When surface roughness exists, two types of liquid-solid interfaces are possible. If the 

liquid wets the rough surface, it is said to be in the Wenzel state. In this state, the area the liquid 

droplet wets is larger than projected (apparent) area due to the surface roughness; this creates a 

new contact angle 𝜃𝑊 (Figure 3.9b). Wenzel et al. [127] reported a simple relation to convert the 

new contact angle to the contact angle that would have been measured without the surface 

roughness (𝜃𝑌𝑂𝑈𝑁𝐺) is given by: 

 𝑐𝑜𝑠 𝜃𝑊 = 𝑟 𝑐𝑜𝑠 𝜃𝑌𝑂𝑈𝑁𝐺      (2) 

where 𝑟 =  𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝐴𝑟𝑒𝑎 𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎⁄  ≥ 1. 
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Figure 3.9. (a) Young state and the equation associated with it assumes the surface is perfectly 

smooth; (b) the Wenzel state and the equation associated with it assumes the surface is rough and 

that the liquid is contact with more surface area that the area enclosed by the triple contact line 

between liquid, air, and solid, which leads to more wetting; (c) the Cassie-Baxter state and the 

equation associated with it assumes the surface is rough and the liquid has partial contact with 

the surface leading to a less wetting. 

 

 The second type of liquid-solid interface for a rough surface is when the liquid does not 

wet the rough surface entirely, creating a composite surface composed of a combination of the 

solid and air that results in lesser contact with the solid surface, which create a new contact angle 

𝜃𝐶𝐵. This is called the Cassie-Baxter state, and Cassie et al. [128] formulated an equation that 

connects the new contact angle, 𝜃𝐶𝐵, to the contact angle for smooth surfaces, 𝜃𝑌𝑂𝑈𝑁𝐺 , given by: 

𝑐𝑜𝑠 𝜃𝐶𝐵 + 1 = 𝑓1 (𝑐𝑜𝑠 𝜃𝑌𝑂𝑈𝑁𝐺 + 1)      (3) 

where 𝑓1 =  𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝐴𝑟𝑒𝑎 𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎⁄  ≤ 1.  

These concepts show how contact angle measurements are related to interfacial energy, 

and the formulas show that these measurements can be used to measure the surface energy of a 
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solid surface. These concepts also help to explain how the wetting/nonwetting property is 

affected by surface roughness.   

3.4.6 Surface roughness analysis of pristine and CF4/O2 plasma-treated surfaces using 

AFM 

Atomic force microscopy measurements can be used to determine the differences in 

surface roughness between pristine and plasma-treated materials. Figure 3.10 visually shows the 

significant increase in surface roughness caused by plasma-treatment of PDMS (Figure 3.11 

show the 3D surface plots of S1813 (a,b), Kapton (c,d), and SU8 (e,f), respectively.) The areal 

surface roughness parameters Sa Sq and Sm were calculated for each material and presented in 

Table 3.1. Sa is the arithmetic mean of peak heights of a surface and is typically used as a 

measure of surface roughness; Sq is the standard deviation of the peak heights; Sm is the mean 

separation between peaks; and rAFM is the Wenzel fraction, which is the ratio of the total surface 

area of a rough surface to its projected surface area. 

Table 3.1. Areal surface roughness parameters obtained from AFM software. 

 

 

 

PROCESS POLYMER Sa (nm) Sq (nm) Sm (nm) rAFM Sa:Sm 

P
R

IS
T

IN
E

 

PDMS 0.353 0.443 175.0 1.001 0.002 

SU8 0.190 0.238 115.4 1.000 0.002 

S1813 0.222 0.277 135.3 1.000 0.002 

KAPTON 0.639 0.809 099.7 1.002 0.006 

P
L

A
S

M
A

  

T
R

E
A

T
E

D
 

PDMS 136.9 156.9 542.5 2.948 0.252 

SU8 032.2 039.8 385.1 1.390 0.084 

S1813 043.4 054.6 425.9 1.336 0.102 

KAPTON 040.0 050.6 390.6 1.373 0.102 

 

 



 

57 

Comparisons of these values can give insight into how much the contact area is reduced. 

Comparing Sa and Sq show that there is at least an order of magnitude increase in surface 

roughness in a plasma-treated material compared to a pristine material. Sm values of plasma-

treated materials are roughly 3 times greater than that of pristine materials, indicating greater 

space between peaks. 

 

Figure 3.10. (a) 3D surface plot of plasma-treated PDMS and its (b) height profile; (c) 3D 

surface plot of pristine PDMS and its (d) height profile. 
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Figure 3.11. (a) 3D surface plot of pristine S1813 and (b) 3D surface plot of plasma-treated 

S1813; (c) 3D surface plot of pristine Kapton tape and (d) 3D surface plot of plasma-treated 

Kapton tape; (e) 3D surface plot of pristine SU8-2010 and (f) 3D surface plot of plasma-treated   

SU8-2010. 

 

Lastly, comparisons of height:width aspect ratios of empty regions, estimated by Sa:Sm, 

of plasma-treated surfaces are roughly two orders of magnitude greater than pristine surfaces. 

These comparisons collectively indicate a significant amount of material contact area has been 

replaced with air, and strongly indicates that liquid metal droplets on plasma-treated materials 

are in the Cassie-Baxter state, and that this drop in material contact area is likely a significant 

contributing factor to the nonwetting property created by the plasma-treatment process. 

3.4.7 Estimating apparent surface free energy 

For rough surfaces one typically calculates the apparent surface free energy to understand 

its wetting behavior[129]–[132]. Calculation of apparent surface free energy is typically done 

using the two probe liquid method developed by Girifalco and Good [133], [134] for two liquid 
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systems, and was later used by Fowkes [135], [136] to determine the surface free energy of a 

variety of surfaces. The method uses a polar and nonpolar liquid to determine the surface free 

energy using the following equation [137]: 

1

2
𝛾𝐿𝑉(1 + cos 𝜃) = √𝛾𝑆𝑉

𝑑 𝛾𝐿𝑉
𝑑 + √𝛾𝑆𝑉

𝑝 𝛾𝐿𝑉
𝑝

      (4) 

where 𝛾𝐿𝑉 is the surface tension of the liquid, and 𝜃 is the measured contact angle. 𝛾𝐿𝑉
𝑑  

and 𝛾𝐿𝑉
𝑝

 are the dispersive and polar components, respectively, of the liquid’s surface tension. 𝛾𝑆𝑉
𝑑  

and 𝛾𝑆𝑉
𝑝

 are the dispersive and polar components, respectively, of the solid’s surface free energy. 

Note that the sum of the dispersive and polar components will give the total surface free energy. 

Two standard liquids with well-known dispersive and polar components are used. The 

two standard liquids used are deionized water and diiodomethane. The dispersive and polar 

component of deionized water (DIW) are 21.8 mN/m and 51.0 mN/m, respectively, for a total 

surface tension of 72.8 mN/m [138]. The dispersive and polar component of diiodomethane 

(DIO) are 50.8 mN/m and 0 mN/m, respectively, for a total surface tension of 50.8 mN/m. 

Table 3.2. Apparent surface free energy of pristine and plasma-treated polymeric surfaces. 

PROCESS MATERIAL 

Dispersive 

Component 

(mN/m) 

Polar 

Component 

(mN/m)  

Apparent Surface 

Free Energy 

(mN/m) 

P
R

IS
T

IN
E

 

PDMS 25.65 ± 0.38 1.61 ± 0.32 27.26 ± 0.71 

SU8 49.11 ± 0.25 0.07 ± 1.71 49.17 ± 1.96 

S1813 37.54 ± 0.50 1.17 ± 1.60 38.71 ± 2.10 

KAPTON 34.16 ± 0.49 0.07 ± 1.11 34.23 ± 1.60 

P
L

A
S

M
A

- 

T
R

E
A

T
E

D
 

PDMS 20.93 ± 0.27 4.78 ± 1.36 25.71 ± 1.63 

SU8 6.73 ± 0.26 2.43 ± 0.39 9.15 ± 0.65 

S1813 7.04 ± 0.25 1.57 ± 0.36 8.61 ± 0.60 

KAPTON 20.72 ± 0.27 0.00 ± 0.60 20.72 ± 0.87 
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Table 3.2 provides the calculated values for the apparent surface free energy for each 

surface. The value for pristine PDMS shows a dispersive and polar component that closely 

matches the value reported in literature by Owen and Wendt [139] (𝛾𝑆𝑉,𝑃𝐷𝑀𝑆
𝑑  = 21.7 mN/m and 

𝛾𝑆𝑉,𝑃𝐷𝑀𝑆
𝑝

= 1.1 mN/m). After plasma treatment, the dispersive component of the apparent surface 

free energy reduces and the polar component increases, resulting in a negligible change in the 

total surface energy. The nonwetting property of plasma-treated PDMS is likely due to the 

lowering of dispersive forces. Fowkes [135] distinguishes between dispersive forces (purely 

attractive) from the polar forces and metallic bond forces which can be both attractive and 

repulsive. A reduction in the purely attractive dispersive forces may be sufficient to prevent 

wetting of the liquid metal. This is supported by the drastic reduction in the dispersive forces in 

the other three plasma-treated materials while the polar forces remain relatively low. 

3.4.8 Generalizing the process to other polymers  

When considering the results that the same plasma treatment is able to convert four 

different classes of polymers from wetting to nonwetting surfaces, one seeks a common feature 

responsible for the similar results. One common feature among the four polymers due to the 

plasma treatment is the surface roughness, which reduces the contact area with the liquid. As 

previously suggested, the high surface tension of the liquid metal on such a rough surface would 

naturally create a Cassie-Baxter interface. To further support this claim, SU8 and S1813 surfaces 

subjected to 60 s O2 plasma was also shown to be nonwetting indicating that for some materials 

(PDMS and polyimide were unaffected by oxygen plasma) fluorine plasma is not needed to 

create a nonwetting surface, and that surface roughness alone is a sufficient condition to create a 
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nonwetting surface. The evidence suggests that the CF4/O2 plasma treatment can be treated as a 

general method to convert any polymer surface into a non-wetting surface for gallium-based 

liquid metals by creating a sub-micron surface roughness, allowing a larger number of materials 

as potential substrates for nonwetting liquid metal applications.  

3.5 Conclusion 

A brief literature survey indicated that the wetting nature of the oxide skin of gallium-

based liquid metals limits the development in liquid metal droplet microfluidics. A simple 

CF4/O2 plasma-treatment for 120s was shown to convert previously wetting polymers to 

nonwetting surface for surface-oxidized gallium-based liquid metal droplets. Static contact angle 

measurements for all plasma-treated polymer surfaces were above 150º. Dynamic contact angle 

measurements showed that the plasma-treated surface yielded low contact angle hysteresis. XPS 

analyses indicated that the surface undergoes partial fluorination of methyl groups, helping to  

lowers the surface energy. AFM analyses showed an order of magnitude increase in surface 

roughness creating a Cassie-Baxter state for the high surface tension liquid metal. Apparent 

surface free energy calculations show an overall reduction in dispersive forces indicating that the 

reduction in effective surface area due to Cassie-Baxter state is the cause of nonwetting. Oxygen 

plasma treatment also produced nonwetting surfaces in S1813 and SU8, indicating surface 

roughness in a sufficient condition to create nonwetting surfaces for liquid metals. Since this 

plasma-treatment created nonwetting surfaces from wetting through a physical change of the 

surface, it is reasonable that this plasma-treatment may be generally used to convert other 

wetting organic polymers to nonwetting surfaces, which would be useful to explore new liquid 

metal applications that require nonwetting surfaces. 
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CHAPTER 4 

FEASIBILITY STUDY ON PNUEMATIC ACTUATION AND GENERATION OF 

SURFACE-OXIDIZED GALLIUM-BASED LIQUID METAL DROPLETS IN NON-

WETTING PLASMA-TREATED POLYMER CHANNELS  

As mentioned in §1.4, there has been very little research reported on pneumatic actuation 

and generation of surface-oxidized liquid metal (oxLM) droplets. The reason for this, as 

explained in §1.2, is due to the wetting nature of oxLMs. It seems reasonable then that any 

surface not wet by oxLMs would be a good candidate material for making channels in which one 

could generate and actuate oxLM droplets. The study of CF4/O2 plasma-treated polymers in 

Chapter 3 would suggest that any polymer with such a plasma treatment would make a good 

candidate. Of the polymers studied in Chapter 3, PDMS seems to be the best option. The 

photopolymers SU8 and S1813 are too brittle, while Kapton tape does not have enough plastic or 

elastic property to be formed into a channel, which makes the flexible and elastic PDMS the 

ideal candidate. The work in this chapter presents a feasibility study on the pneumatic actuation 

and generation of liquid metal droplets in CF4/O2 plasma-treated PDMS channels. First, the 

experimental design and polymer choice is presented. Next, fabrication methods are presented 

along with the fabrication limitations encountered when creating the channels. The result of 

experiments clearly show that the droplet generation and actuation is infeasible, and an analysis 

is provided to show that although CF4/O2 plasma-treatment of polymer surfaces may not be ideal 

for fabricating closed channels, it is the surface oxide of the liquid metal that prevents pneumatic 

generation and actuation of oxLMs.  
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4.1 Channel design choice for droplet generation and actuation 

The experimental setup for droplet generation is chosen based on similar works found in 

literature. As mentioned in §1.4,  Li et al. reported a study on both deoxidized liquid metal 

droplet actuation [36] and oxidized liquid metal droplet actuation [53]. For the deoxidized liquid 

metal experimental setup, they attached a syringe pump to the inlet of a standard T-junction 

channel (Figure 4.1a inset) with two adjacent side channels filled with HCl (Figure 1.4b) to 

allow for HCl vapors to permeate into the center channel and remove any surface oxide from the 

liquid metal droplet. Li et al. were able to successfully actuate the droplet with enough control to 

find a relation between the air pressure required for actuation and the volume of droplet (plot 

Figure 4.1a). For the oxidized liquid metal droplet actuation experimental setup, they used a 

serpentine T-channel, though the reason for using a serpentine channel was not given. For 

droplet generation, Song et al. [140] reported that a basic T-junction channel can be used to 

pneumatically generate and actuate water droplets within a superhydrophobic channel (Figure 

4.1b), so the T-junction channel can also be used to test for droplet generation of oxLMs. Thus, 

the T-junction channel was chosen as the channel type for this feasibility study to test actuation 

and generation of liquid metal droplets. To make testing simpler, 1D channel was also fabricated, 

with the idea that a liquid metal droplet can be injected into the channel to perform actuation 

tests only. 
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Figure 4.1. (a) HCl-vapor exposed liquid metal droplet in PDMS T-junction channel, reprinted 

from Ref. [36] © 2014 American Chemical Society; (b) T-junction channel with 

superhydrophobic surface for generation of uniform water slugs, reprinted from Ref. [140] under 

Creative-Commons CC-BY license; (c) CAD drawing of 1D Channel; (d) CAD drawing of T-

junction channel. 

4.2 Experimental setup and fabrication 

4.2.1 Experimental setup 

To actuate the droplet, a New Era Syringe pump (model# 00266-GB, New Era Pump 

Systems, Inc. Farmingdale, NY U.S.A.) was used with a Becton-Dickinson (B-D) 3mL air filled 

syringe (BD Inc, Franklin Lakes, NJ, U.S.A). Depending in the channel inlet diameter, either 

Cole-Parmer PTFE #20 AWG or Natural-100 PTFE tubing were used to connect the 3mL 

syringe to the PDMS channels. To generate droplets, liquid metal was injected by hand at the T-

junction using a 3mL syringe with either a blunt large bore needle or a PTFE tubing that matched 
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the inlet of I-branch. The PTFE tubing was sealed airtight to the syringe or the PDMS channel 

inlets using a combination of pressure seal, epoxy glue, and a glue gun. 

4.2.2 Fabrication of plasma-treated PDMS microfluidic channels 

 

Figure 4.2. Fabrication steps for making a 1D PDMS channel and a T-junction channel. 

 

Fabrication of the PDMS channels begins with creating a 3D CAD model of the master 

molds (Figure 4.1c and d) using a CAD software, and 3D-printed in UV curable resin (Figure 

4.2). The master molds were printed on a Photon S SLA resin 3D Printer at 50um Z-resolution 

(Anycubic, Shenzhen, China) using the clear Anycubic UV curable resin. Once the resin master 

is printed, it is sonicated in acetone for 3 mins, N2 spray dried, and treated with CF4/O2 plasma 

for 900 s to make the surface non-sticky to PDMS. After the plasma treatment, uncured 

desiccated 10:1 PDMS mixture is poured into the master molds and baked in 95°C oven for 30 

min to fully cure the PDMS. The pristine PDMS channel molds are removed from the master 

molds using a blade. To create nonwetting channel walls, a CF4/O2 plasma treatment is applied 
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to the channel-side surface of the PDMS molds for 600 s (120 s is good for flat surfaces, but not 

for channels; more time is needed to render the channels nonwetting.) These PDMS channel 

molds are the top half of the microfluidic device. To create the bottom half, a large 2mm thick 

rectangular slab of PDMS was fabricated and treated to 600 s CF4/O2 plasma. These two halves 

will be affixed to each other to create a closed 1D or T-junction channel. 

4.2.3 Limitations of plasma-treated PDMS surfaces 

Pristine PDMS surfaces have the useful property of being able to bond with itself when 

its surfaces are briefly exposed to a low power oxygen plasma and brought into mutual contact 

[141], [142]. However, this property is lost when a CF4/O2 plasma treatment is applied to a 

PDMS surface. A few other methods were tried to bond the plasma-treated surfaces. Hard masks 

and patterned resists were used to prevent plasma treatment of the non-channel surfaces. The 

hard mask was unable to prevent the plasma from going underneath and converting the surface to 

become nonwetting. With patterned resist, aligning masks to PDMS microfluidics structures 

proved difficult to achieve due to the soft compliant nature of PDMS. Furthermore, the warping 

of the PDMS surface created cracks in the resist exposing portions of the PDMS surface to 

plasma, preventing oxygen plasma bonding.  

The only solution that allowed affixing plasma-treated PDMS surfaces to each other was 

to apply a thin coat of uncured PDMS by hand on to the surfaces that required bonding. This 

method provides two options for bonding. The first is to apply a thin coat of uncured PDMS, 

immediately bond the sections before it cures, and bake in a 95°C oven immediately for 30mins 

until cured. The second option is to bake the applied coating before affixing surfaces in a 95°C 
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oven and then use oxygen bonding to bond the coated surfaces. Due to uneven thickness of the 

hand-applied coating, the latter method had regions that would leak air. Since this work deals 

with pneumatics the first option (uncured PDMS as glue) was used to bond the top and bottom 

halves of the plasma-treated PDMS channel devices (Figure 4.3.) 

 

  

Figure 4.3. PDMS plasma-treated nonwetting T-junction channel (a) isometric view and (b) top 

view. 

4.2.4 Limitations of channel depth and shape 

Initially, a square channel profile was used, however it became clear that the plasma had 

difficulty reaching the corners of the square channel, and liquid metal would wet the corners. 

Furthermore, for channels that were too deep (> 1 height:width aspect ratios) the plasma would 

not reach the bottom surface of the channel and these surfaces would be wet by liquid metal 

(Figure 4.4a and b) if 1 mm or larger. Thus, cylindrical channels, with height:width aspect ratios 
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slightly less than 1 were chosen. For cylindrical channels there are no sharp corners, allowing the 

plasma to reach all parts of the channel surface, and making the whole channel surface 

nonwetting (Figure 4.4c, d, and e). For these reasons, the channel shape was chosen to be 

cylindrical with a roughly elliptical cross-section (1mm high, 1mm wide). 

 

Figure 4.4. 600 s CF4/O2 plasma-treated square channels (a) before liquid metal touch test and 

(b) residue after touch test. 600 s CF4/O2 plasma-treated cylindrical channels: (c) before liquid 

metal touch test, (d) with liquid metal drop on channels, and (e) free movement of liquid metal 

droplets, demonstrating that plasma treatment is better suited for cylindrical channels than square 

channels.  
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4.3 Actuation results 

4.3.1 Plasma-treated 1D channels 

1D plasma-treated channels were injected with ~13 mm long liquid metal slug. After the 

PTFE tube was glued to the inlet (see Figure 4.5a) the syringe pump was used to apply an air 

flow rate of 10mL/min. The results show that actuation was not successful due to deformations 

in the liquid metal slug that allowed air to pass through (Figure 4.5a and b). To remove the 

deformations, a small volume of 37% HCl aqueous solution was slowly pumped into the PTFE 

tube and brought close to the liquid metal slug (Figure 4.9b and c.) As the HCl vapors reach the 

slug, the deformations on the slug’s surface vanish leaving a uniform surface and a slight smaller 

slug length (~12 mm). One can infer that without the oxide skin, the surface tension is free to 

minimize the volume of the slug. However, there was still no movement; the slug was not fully 

deoxidized and still remained deformed enough to let air through.  

Next, a plasma-treated PDMS channel was washed with 37% HCl (aq.), and a new liquid 

metal slug was injected into the channel. In this case, the slug was easily actuated (Figure 4.9d, e, 

and f) to the slip layer that allows low pressure actuation of the liquid metal droplets. When HCl 

reacts with gallium oxide one of the by-products is water. This water by-product usually 

accumulates on the surface of the droplet creating a slip layer that allows the droplet to move 

with very little pneumatic pressure. 
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Figure 4.5. (a) surface oxidized liquid metal slug; (b) 37% HCl (aq.) introduced, however slug 

not moving, air is moving freely around the slug; (c) 37% HCl (aq.) a few mm from slug, still no 

movement, slug surface oxide has been removed. HCl (aq.) now forms a slip layer and actuation 

(d-f) is now possible. 

4.3.2 Liquid metal droplet generation results 

To test droplet generation, a long liquid metal slug was inserted into the main channel via 

the T-junction to ensure a tight seal between the slug surface and the channel wall to make it 

difficult for air to flowing past the slug due to any deformations (Figure 4.6a). As more 

pneumatic pressure was applied, the air pressure built up against the slug. Eventually, the 

pressure increased until it apparently overcame the oxide layer’s mechanical strength causing it 

to buckle (Figure 4.6b). The buckling caused uneven air pressures within the channel that caused 

the liquid metal to splatter opening a path to allow free flow of air (Figure 4.6c). Note that the 

liquid metal in the channel remains in its deformed state due to the mechanical strength of the 

surface oxide layer, as mentioned in §1.2. The strength of the oxide layer is sufficient to 

overcome the surface tension forces of the pure liquid metal underneath (Figure 4.7). In this case, 
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the oxide permanently flattens the liquid metal to the channel floor (Figure 4.7a, and b), and the 

only way to minimize the surface area of the liquid metal would be to expose it to HCl vapors 

(Figure 4.7c, and d.) 

 

Figure 4.6. (a) a very long liquid metal slug is draw out from the T-junction. As pressure is 

applied (to the right) the oxide layer buckles (b) with some parts stable and other parts 

deforming. As pressure builds due to the strength of the oxide layer it reaches a threshold that 

eventually over comes the strength of the oxide skin and the liquid metal droplet rapidly 

stretches and deforms until the air can flow without hindrance with in the channel. 
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Figure 4.7. (a-d) Demonstration that the mechanical strength of the oxide layer can keep a liquid 

metal droplet flat, preventing the surface tension forces from forming a uniformly spherical 

droplet, until the oxide layer is removed by HCl vapors. 

4.3.3 H2SO4-treated channels results 

Li et al. [53] reported actuation of surface-oxidized liquid metal droplets in PDMS 

channels exposed to 89% H2SO4 solution for 90s. The exposure to sulfuric acid creates a 

hierarchical surface roughness over different orders of magnitude from microscale to millimeter 

scale (See Figure 4.8). In the supplementary section of the report there are images showing 

actuation of a surface oxidized liquid metal droplet (Figure 4.9a). However, liquid metal 

actuation using this method of generating nonwetting PDMS surface could not be replicated 
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(Figure 4.9b, c, and d). The same issue of the oxide skin flattening out the liquid metal slug and 

letting air through was encountered. 

 

Figure 4.8. (a) contact angle vs reaction time to 89% H2SO4 solution, and (b) SEM image of 

PDMS exposed to 89% H2SO4 for 90s; reprinted from Ref. [53] © 2015 American Chemical 

Society. (c) hierarchical roughness of PDMS surface caused by 89% H2SO4 for 90s, fabricated 

by the author. 

 

 

 

Figure 4.9. (a) serpentine T-junction channel, reprinted from Ref. [53] © 2015 American 

Chemical Society; (b) replica of 89% H2SO4-treated serpentine PDMS channel, with oxLM 

residue; (c) 89% H2SO4-treated 1D channel with oxLM residue, (d) 89% H2SO4-treated T-

junction channel with oxLM residue. 
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4.4 Conclusion   

The goal of this chapter was to present a feasibility study on whether CF4/O2 plasma-

treated PDMS channels would allow pneumatically generated and actuated liquid metal droplets. 

It was demonstrated that both CF4/O2 plasma-treated PDMS and H2SO4-treated PDMS channels 

were not able to generate or actuate surface-oxidized liquid metal droplets, with the single 

exception for H2SO4-treated PDMS channels reported by Li et al. [53]. Although there were 

some issues in fabricating closed channels made from plasma-treated PDMS this was not the 

fundamental issue preventing generation and actuation of oxLM droplets. The experimental 

results show that the fundamental issue is that the mechanical strength of the oxide skin layer 

was large enough to overcome the high surface tension of the liquid metal. Under pneumatic 

forces, the oxLM droplet would simply flatten and remains flat letting the air flow over it. 

Therefore, it appears that the main obstacle to pneumatic generation and actuation of surface 

oxidized liquid metal microfluidics, in general, is the surface oxide of the liquid metal itself. 
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CHAPTER 5 

SUMMARY AND FUTURE WORKS 

5.1 Summary and conclusions 

In this dissertation, various studies were conducted on PDMS-based devices and 

materials in areas involving strain sensors, plasma-treated surfaces, and liquid metal 

microfluidics.  

In the area of strain sensing, a study was presented on a design rule to improve the quality 

factor of guided-mode resonance gratings. A research objective was formulated to conduct a 

simulation study on the effect of a design rule on the quality factor of a 2D GMR grating. This 

was achieved and presented in Chapter 2. The results of the study show that the slotting design 

rule, when applied to the strain sensor design, produced at least a 6-fold increase in quality factor 

and more symmetric sensitivities while roughly retaining the original resonance positions and 

material choices. 

In the area of plasma-treated surfaces, a study was presented on the cause of CF4/O2 

plasma-treated polymers to become a nonwetting surface toward surface-oxidized gallium-based 

liquid metals. A research objective was formulated to conduct standard surface analyses to 

determine the cause of the nonwetting property for various CF4/O2 plasma-treated polymers. 

This research objective was achieved and presented in Chapter 3. The surface analyses 

collectively show that the nature of the nonwetting property of CF4/O2 plasma-treated polymers 

is primarily due to the surface roughness forming a Cassie-Baxter state with the liquid metal, as 

well as a small contribution made by the fluorination of methyl groups in the polymer chains, 

which lowers the surface energy. Collectively, both surface roughness and fluorination were 
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shown to reduce the dispersive component of apparent surface free energy of the polymer 

surface. 

In the area of gallium-based liquid metal microfluidics, a study was presented on the 

feasibility of CF4/O2 plasma-treated PDMS channels to allow actuation and generation of 

surface-oxidized gallium based liquid metal (oxLM) droplets. A research objective was 

formulated to make closed channels out of the CF4/O2 plasma-treated PDMS surfaces and 

attempt to pneumatically generate and actuate surface-oxidized liquid metal droplets. This 

feasibility study was completed and presented in Chapter 4. The results of the study indicate that 

actuation and generation of oxLM droplets is not feasible due to the mechanical strength of the 

surface oxide skin. 

5.2 Future works 

In the area of strain sensors, the next step would be to continue attempts to fabricate the 

new device design. Previous attempts at fabricating the slotted 2D GMR grating met with 

difficulties during deposition, patterning, and etching process. For deposition, a uniformity study 

may be warranted to verify the thickness does not vary more than a few nanometers over the 

scale of several millimeters. For patterning, an investigation into methods different from raster 

patterning, which is the method used by electron beam patterning, will help speed up fabrication 

times and costs. For the etching process, an investigation into achieving anisotropic etching of 

titanium dioxide thin films for sub-50nm gratings would help towards fabricating the high index 

part of the slotted grating. 

  In the area of plasma-treated surfaces, the next step would be to investigate other plasma 

treatments that etch polymers enough to increase surface roughness. For example, oxygen 
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plasma etching of various resists have been known to create increased surface roughness, and 

these surfaces may prove to nonwetting to liquid metals. Argon plasma are known to physically 

etch surfaces and a study is warranted to see if argon plasma can create rough surfaces to create a 

nonwetting surface of liquid metals. 

 In the area of liquid meta microfluidics, the next step would be to find methods to reduce 

or eliminate the surface oxide without use caustic materials such a s HCl. Additionally, there 

should also be investigations into methods that can further lower the surface energy of PDMS or 

any other material from which one can make microfluidic channels. Development of a such 

methods would help open new application areas in liquid metal microfluidics. 
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APPENDIX 

TUNABLE EXTRAORDINARY OPTICAL TRANSMISSION 

 The work presented in this section involves a theoretical study and fabrication approach 

of a tunable plasmonic color filter using the compliant materials liquid metal and PDMS. First, a 

brief overview of the extraordinary optical transmission (EOT) as a plasmonic phenomenon is 

provided and the motivation for a tunable EOT device is presented. Next, the optical properties 

of the liquid metal galinstan is empirically calculated and compared to optical properties of a 

similar metal used in EOT plasmonics. The design for a tunable EOT color filter is chosen based 

on an existing plasmonic device made from the metal with optical properties closely resembling 

that of galinstan. Based on this design, finite element analysis simulations are performed for the 

device design for rest and strained states. The results of the simulations are presented and 

analyzed. Based on the promising results of the simulations, a fabrication approach is presented, 

and its limitations discussed. Lastly, we conclude by summarizing the results and discussing 

future work. 

A.1   Overview of extraordinary optical transmission (EOT) 

Extraordinary optical transmission is the observed phenomenon of the enhanced 

transmission of light through a periodic array of holes in an otherwise optically thick metallic 

film (Figure A.1a). It was first reported by Ebbesen et al. [143] that when white light is normally 

incident on to the surface of a 200 nm thick Ag film (on a quartz substrate in air) consisting of a 

square array of 150 nm diameter holes with a 900 nm period, a transmission peak was measured 

with 2x the expected intensity at a wavelength of 1370 nm, nearly 10x the hole diameter. 
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According to Ebbesen et al., “more than twice as much light is transmitted as impinges on the 

holes…therefore our results must imply that the array itself is an active element…” [143]. Thus, 

EOT is about the enhanced transmission of light through a hole much smaller than the resonance 

wavelength. Since that discovery in 1998, there has been significant progress in the theory and 

experiment of EOT devices in the subsequent two decades, and a review of these milestones can 

be found in Rodrigo et al. [144]. In terms of recent applications, EOT has been mainly been 

employed in areas of chemical sensing [145], optical trapping [146], and color filters (Figure 

A.1b)  [147]. It is in the area of color filters that this work is relevant, and it focuses on designing 

and fabricating a tunable EOT color filter. 

The origin of EOT is attributed to the excitation of surface plasmons (Figure A.1c) [148] 

from electromagnetic radiation interacting with the free electrons at the metal/dielectric surface. 

Surface plasmons are collective charge oscillations that create surface bound oscillating 

electromagnetic fields [145], [149]. An incident photon can excite a surface plasmon only if the 

photon has the same energy and the same momentum component (the component parallel to the 

surface) to that of an excitable plasmon. Due to these requirements, normal-incident light, which 

has no component parallel to the surface, cannot induce surface plasmons. However, a periodic 

array of holes can diffract normally-incident light, and this diffracted light can have momentum 

with components parallel to the surface, allowing certain plasmons to be excited based on the 

geometry and periodicity of the hole array. Genet et al. reports for triangular arrays, such as in 

Figure A.1d, that the peak position at normal incidence is approximated by: 

𝜆𝑚𝑎𝑥 =
𝑃

√
4

3
(𝑖2+𝑖𝑗+𝑗2)

√
𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
,     (A1) 
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where P is the period of the array, 𝜀𝑚 and 𝜀𝑑 are the relative permittivities of metal and 

dielectric material respectively, and 𝑖, 𝑗 are the scattering orders of the array. However, according 

to Genet et al. equation A1 does not include the effects of interference among the holes and 

associated scattering losses, and, as a result, the equation predicts wavelength positions slightly 

less than those observed. 

 

Figure A.1. (a) diagram depicting a metallic hole array on dielectric illuminated by white at 

normal incidence from Rodrigo et al. [144] © 2016 IEEE; (b) example of EOT from Genet et al. 

of [150] of two square hole arrays, left array with period 550 nm (red) and right array with 

period 450 nm (green), in Ag thin film illuminated underneath by white light with transmitted 

light on the other side © 2007 Nature Publishing Group; (c) diagram of surface plasmon 

polaritons at metal/dielectric interface from Barnes et al. [148] © 2003 Nature Publishing Group; 

(d) measured spectrum transmitted under normal-incident white light on to a triangular hole 

array (170 nm diameter, 520 nm period) milled in 225 nm thick Au film on glass substrate from 

Genet et al. [150] © 2007 Nature Publishing Group. 

 

 

 Apart from approximately predicting wavelength positions, there is no easy way to 

analytically determine the intensity profile. Finite element analysis (FEA) methods can provide a 
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solution to determine the intensity profile and the same reasoning, model, and analysis method 

used for 2D GMR gratings, described in § 2.3.1, applies. In that FEA model, a unit cell of a 2D 

grating was implemented as a two-port system, with a top input port acting as a source and a 

bottom output port for the transmitted waves that exit from the bottom. Apart from changing the 

grating parameters and material’s complex index of refraction the analysis remains the same for 

a given range of wavelengths. However, there has been no known report on the complex index of 

refraction values for galinstan, especially for the UV-VIS-NIR region of light, and this will have 

to be determined in order to perform the simulation.  

Recent reports concerning liquid metal plasmonics show there is an effort towards 

creating plasmonic devices using liquid metal as the material for the hole array grating. In 2012, 

Wang et al. [151] was the first and only report on the fabrication of a liquid metal-based EOT 

device operating in the Terahertz (THz) range (Figure A.2). The device was fabricated using the 

liquid metal EGaIn and PDMS using a basic microfluidic injection process, where the liquid 

metal is injected into the empty regions of a microfluidic structure made from bonding a flat 

PDMS sheet to an PDMS sheet with a 15 x 15 array of PDMS pillars with diameter of 357μm 

and period of 714 μm and height of 80 μm (Figure A.2a and b). These dimensions correspond to 

a grating parameter that allow operation in the 0.1 to 0.5 THz range (Figure A.2c), and 

demonstrates optical tuning by adjusting the period by applied strain (Figure A.2d). To create a 

similar EOT optical filter that works within the visible region of light – 400 nm (~750 THz) to 

700 nm (~428 THz) - the grating parameters would have to be in the submicron scale. This 

requirement brings with it set of design and fabrication issues that will need to be addressed. 
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Figure A.2. (a) diagram of 15x15 liquid metal hole array; (b) fabricated EOT optical filter using 

liquid metal EGaIn embedded in PDMS with hole diameter 357 μm and period of 714 μm with 

liquid metal thickness of 80 μm and device thickness of 1 mm; (c) measured complex dielectric 

constants for EGaIn; and (d) plots of transmission profile at different periods (due to applied 

strain) (left) and shift in anti-resonance (AR) peak due to applied strain; all images from Wang et 

al. [151] © 2012 Optical Society of America. 

 

In this work, the complex permittivity of galinstan will be empirically calculated using 

spectroscopic ellipsometry. This data for galinstan will be incorporated into the material 

properties of the grating in the simulation model, along with complex permittivity or other 

metals such as aluminum and gold, so that the accuracy of the simulation can be compared with 

previously reported EOT-based optical filters. An analysis of the result will support the claim 

that simulations for devices with new filter designs and material are reasonably accurate. Lastly, 

an approach to fabrication and its limitation is discussed. 
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A.2   Complex index of refraction of galinstan 

 The complex index of refraction (ñ = n – ik) of galinstan was calculated using a Ψ and Δ 

ellipsometric angles dataset, obtained in the range 350nm to 850nm with 0.6 nm step, at φ = 70˚, 

using the Sentech 800 automated spectroscopic ellipsometer (SENTECH 

Instruments GmbH, Berlin, Germany.) The n and k values were calculated by first using the 

Fresnel equations (A2, A3) obtained from Dieter et al. [152]: 

𝐴 =  𝑛1
2 − 𝑘1

2 =  𝑛0
2 𝑠𝑖𝑛2(𝜑) [1 +

𝑡𝑎𝑛2(𝜑)[𝑐𝑜𝑠2(2𝛹)−𝑠𝑖𝑛2(2𝛹)𝑠𝑖𝑛2(𝛥)]

[1+sin(2𝛹)cos (𝛥)]2
],  (A2) 

and, 

𝐵 = 2𝑛1𝑘1 =
𝑛0 

2 𝑠𝑖𝑛2(𝜑) 𝑡𝑎𝑛2(φ)sin(4𝛹)sin (𝛥)

[1+sin(2𝛹)cos (𝛥)]2
,     (A3) 

for each wavelength step, where 𝑛𝑜 is the index of refraction of the ambient material surrounding 

the surface, which, in this case, is air. Next, the following formulas (A4, A5) were used to 

calculate n and k for each wavelength step: 

𝑛 = √𝐴+√𝐴2+𝐵2

2
 ,       (A4) 

𝑘 = √−𝐴+√𝐴2+𝐵2

2
  .      (A5) 

 A sample of 10 mm x 10 mm uniformly flat liquid Galinstan® is needed to get accurate 

ellipsometric results. The sample was created by first creating a shallow well in a 3” silicon 

wafer by etching using the Bosch deep silicon etch (DSE) process. The pattern of the shallow 

well is 40mm in length and width; the DSE process was performed to obtain a 100μm deep etch. 

A small amount of Galinstan® was transferred into the shallow well using a plastic syringe and 
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gently spread to the edges and corners with a clean plastic swab until a 10mmx10mm uniform 

flat layer was achieved at the center of the well. The shallow well is used to contain the liquid 

galinstan; the large area is used to prevent any curvature of the liquid at the edges and corners 

from affecting the uniformly flat surface at the center. The sample was open to air at room 

temperature, allowing a few angstroms of gallium oxide to form (see §1.2); however, the effects 

of the oxide layer on the n and k values of galinstan was not included.  

The results of the calculations of the n and k for the complex index of refraction for 

galinstan are shown in Figure A.3, along with the n and k for the complex index of refraction for 

aluminum (from refractiveindex.info [153], data collected from report by Rakić et al. [154].) 

The n and k curves for galinstan appears similar in trend to that of aluminum, and this 

similarity is supported by considering that gallium and indium (the major components, ~60% and 

~20%, respectively, of galinstan) as well as aluminum are all Group 3A column of elements in 

the periodic table, and each have three valence electrons in their highest energy orbitals. Since 

electromagnetic radiation primarily interacts with the valence electrons of an atom, it is 

reasonable that the complex index of refraction for a group will be similar. This similarity can 

now be used to select EOT device designs by selecting devices that have aluminum gratings, 

with the understanding that if the aluminum was replaced by galinstan the device you still 

produce the same behavior.  
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Figure A.1. The n (real part) and k (complex part) of the complex index of refraction for 

galinstan (calculated empirically) and aluminum from refractiveindex.info [153], data collected 

from report by Rakić et al. [154]. 

 

A.3   Design of tunable color filter 

As previously discussed, in order to design a tunable EOT optical filter to operate in the 

visual region of the electromagnetic spectrum the grating parameters need to be in the submicron 

range. Since galinstan (or EGaIn) has complex index of refraction similar to that of aluminum, 

seeking previously fabricated EOT color filter devices that uses aluminum would be excellent 

foundation on which to base the design. Yokogawa et al. [147] has reported various plasmonic 

color filters for CMOS image sensor applications fabricated from thin film of aluminum on 
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quartz substrates (Figure A.4), and these results can be used to help predict the results for a 

liquid metal/PDMS based EOT device.  

 

Figure 5.2 

Figure A.4. (a) back illuminated plasmonic color filters; (b) SEM micrograph of hexagonal hole 

array in thin film of aluminum; measured transmission of hole array for (c) red (diameters 

ranging from 160 nm to 280 nm with period of 420 nm), (d) green (diameters ranging from 120 

nm to 240 nm with period of 340 nm), and (e) blue (diameters ranging from 100 nm to 180 nm 

with period of 260 nm); all images from Yokogawa et al. [147] © 2012 American Chemical 

Society.  

 

The results of the report (Figure A.4a) show that if a triangular hole array is used (Figure 

A.4b) and the diameter is kept constant while varying the period, one can more easily transition 

to different colors with minimal change in the period than by keeping the period constant and 

varying the diameters (Figure A.4a, c-e). For example, a grating of diameter of 180 nm and 

period of 340 nm would be expected to produce green light, and simply changing the period to 
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420 nm would produce red light. The change in period from 340 nm to 420 nm is roughly 23.5% 

increase, which the elastomer PDMS is quite capable of achieving without breaking. This 

indicates that a small amount of strain in the plane of a liquid metal/PDMS grating would be 

enough to behave as a tunable EOT color filter. However, fabricating in the submicron range is 

more difficult for smaller features, thus there is a benefit for choosing larger diameters and 

periods.  

With these guidelines, one can start simulating the devices with smaller parameters and 

adjust them to suit a desired wavelength criterion. To set the range of operation within the visible 

region, the “resting” state wavelength of the tunable EOT color filter was chosen to be 550 nm 

(green) and the “strained” state wavelength was chosen to be 650 nm (red). 

A.4   Simulation of tunable optical filter 

All models for both the galinstan/PDMS EOT device design and Yokogawa’s 

aluminum/SiO2 EOT device design were simulated using COMSOL®. In the models, a unit cell 

of the triangular array grating was implemented using Floquet periodicity for axial boundary 

condition matching. The unit cell was set up as a two-port system, with an input port acting as a 

source of TEM (transverse electric and transverse magnetic) monochromatic light incident along 

the normal of the 2D grating plane from the top, and an output port of transmitted waves exiting 

from the bottom (Figure A.5). After assigning either galinstan or aluminum properties to the 

grating structures of the unit cell (Figure A.5b) and simulating this two-port system over 

wavelengths ranging from 300 nm to 900 nm in 10 nm steps, the |S21|-parameter was retrieved, 

i.e. transmission spectrum of each device was calculated.  
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Figure A.5. (a) graphic depicting the hexagonal array consisting of holes with diameter d, period 

a, and thickness t; material properties of the superstrate, substrate, and hole can be PDMS or 

SiO2; material properties of the grating is galinstan or aluminum; (b) unit cell of the superstrate, 

hole, and substrate, along with the unit cell of the hexagonal grating. 

 

Example results of the simulations for the resting state (grating parameters of a = 370 nm, 

d = 196 nm, t = 150 nm, expected to allow transmission of green light) of a PDMS-galinstan-

PDMS unit cell are presented in Figure A.6. For green wavelength (λ = 550 nm) the simulation 

shows partial transmission of the incident light (Figure A.6a), while for near infrared wavelength 

(λ = 880 nm) the simulation shows zero transmission (Figure A.6b), indicating that the 

simulation produces expected results for an EOT color filter based of liquid metal/PDMS 

material, and that the results closely match the experimental results the EOT color filter designed 

by Yokogawa et al. (Figure A.4). 
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Figure A.6. Simulation example for resting state (a = 370 nm, d = 196 nm, t = 150 nm) PDMS-

galinstan-PDMS unit cell for (a) λ = 550 nm (green) wavelength, which shows partial 

transmission, and (b) λ = 880 nm (near infrared) wavelength, which shows no transmission. 

 

A.5   Analysis of simulation results 

As mentioned in §A.3, the “resting” state wavelength of the tunable EOT color filter was 

chosen to be 550 nm (green) and the “strained” state wavelength was chosen to be 650 nm (red). 

Based on these requirements, the grating parameters for the “resting” state to produce 

transmission at 550 nm was found to be: a = 370 nm and d = 196 nm (Figure A.7, ─♦─ curve.) 

For the “strained” state to produce 650 nm the grating parameters was found to be: a = 463 and d 

= 196 nm, which results in a strain of 25% (Figure A.7, ─■─ curve.)  
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Figure A.7. Transmission spectrum obtained from COMSOL® simulations using the RF module. 

(─♦─) transmittance of “resting” (0% strain) producing resonance peak at 540 nm; (─■─) 

transmittance of “resting” (25% strain) producing a resonance peak at 610nm and 660 nm 

overlapping the green peak; (─▲─) transmittance of “resting” (33% strain) producing resonance 

peak at 690 nm; (---■---) transmittance of the model of the original Yokogawa grating design for 

green light producing resonance peak at 540 nm, matching that of the PDMS-galinstan-PDMS 

EOT color filter design. 

 

However, this curve has a significant overlap over the resting state curve, and a 33% 

strain simulation was done to show that the “resting” state’s green transmission peak and the 

“strained” state’s red transmission peak are separate and resolvable (Figure A.7, ─▲─ curve.) 

To reflect device’s mechanical behavior more accurately, the reduction in device thickness under 

strain was accounted for. Using the Poisson ratio for PDMS (ν = 0.499) and the strain of 25% 
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and 33% would result in a thickness of 131 nm and 125nm from the original 150 nm (Figure A.7, 

table inset.)  

To have some comparison, the green color filter (a = 340 nm, d= 180nm, t = 150nm) 

designed by Yokogawa et al. [147] was also simulated (Figure A.7, ---■--- curve.)  The 

transmittance for the simulated Yokogawa et al. model closely matches the PDMS-galinstan-

PDMS model (Figure A.7, ─♦─ curve), and both these simulation results closely match the 

actual measured results by Yokogawa et al. (Figure A.8). The resonance is centered round 550 

nm, with the absolute intensity around 0.4. These comparisons indicate that the simulation results 

for a liquid metal/PDMS based tunable color filter are reasonably accurate and should produce a 

similar but broader measured spectrum for green and red, as can be seen in the measured 

spectrums for green and red grating provided in Figure A.8. 

 

Figure A.8. Transmission spectra for hexagonal hole array filters optimized for red (p = 420 nm, 

d = 240 nm), green (p = 340 nm, d = 180 nm), and blue (p = 260 nm, d = 140 nm).© 2012 

American Chemical Society. 
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A.6   Fabrication approach and limitations 

Fabrication of the tunable EOT color filter requires creating a liquid metal subwavelength 

hole array, transferring it to a slab of cured PDMS, then pouring uncured PDMS to embed the 

liquid metal grating within a PDMS superstrate, substrate, and hole region. The process is 

outlined in Figure A.9. 

 

Figure A.9. Outline of process to fabricate liquid metal/PDMS EOT color filter. 
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Fabrication of the silicon wafer hole array up to step 9 (Figure A.9) was successful 

(Figure A.10a-d), however e-beam evaporation of the liquid metal elements would randomly 

form nanoscale droplets due to spontaneous formation of eutectic liquid metal alloy (Figure 

A.11a, b). These nanoscale droplets form bumps with radius of curvature on the order of the 

incident wavelengths, and this affects the distance a surface plasmon travels from hole to hole, 

destroying the grating periodicity. EOT is governed by surface plasmons that travel along the 

surface and these plasmons rely on the long-range uniform periodicity of the grating holes to 

create the large-scale effect of EOT. Thus, one may predict that the EOT effect is unlikely to 

happen due to the formation of the nanodroplet surface bumps. To successfully complete 

fabrication a method needs to be found to deposit the liquid metal elements on to the silicon 

substrate at temperatures low enough to keep the thin film solid and uniformly flat until the last 

step of pouring uncured PDMS. Once the uncured PDMS is cured, the device can be brought to 

room temperatures to allow the liquid metal alloy to form. However, such process technology 

was not available at the time. 
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Figure A.10. (a) NLOF2020 hexagonal pillar array fabricated using e-beam lithography (step 4) 

(b) aluminum hexagonal hole array after liftoff (step 6) (c) hexagonal hole array in silicon (step 

8) (d) close-up of hole array in silicon. 
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Figure A.11. (a) liquid metal nanodroplet formation after e-beam evaporation of elemental 

gallium on top of elemental indium on silicon nanohole grating (b) edge view of liquid metal 

nanodroplets. 

 

A.7   Conclusions and future work 

A design for tunable EOT color filter using compliant materials galinstan and PDMS was 

developed based on existing design using crystalline solid materials. The complex index of 

refraction of galinstan was empirically determined using spectroscopic ellipsometry and was 
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found to be similar to aluminum. The complex index of refraction was used in finite element 

analysis simulations of the EOT color filter design, and the results of the simulations showed a 

very close match to the same design made from aluminum and SiO2. Fabrication attempts 

showed that evaporating elements of the liquid metal to create thin film of liquid metal would 

result in nanoscale droplets destroys the necessary periodicity required for extraordinary optical 

transmission. Future work would involve creating a fabrication setup that would keep the silicon 

hole array substrate cold enough to prevent formation of the nanodroplets until after the thin film 

of evaporated metals are sealed within PDMS. 
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