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ABSTRACT

Metamaterials have gained significant attention over the last decade because they 

can exhibit electromagnetic properties that are not readily available in naturally occurring 

materials. This dissertation describes our work on design, fabrication and characterization 

of liquid metal-based metamaterials with focus on their applications in the terahertz 

(THz) frequency range. In contrast to the more conventional approaches to fabricating 

these structures, which rely on vacuum deposited solid metal films, we used metals that 

are liquid at room temperature. This family of materials is especially attractive for such 

applications, since it enables large-scale reconfigurability in the overall geometry of the 

device. We demonstrate a number of unique plasmonic and metamaterial devices. Within 

the topic of plasmonics, we demonstrate a device that allows for mechanical stretching 

that is reversibly deformable. In an analogous structure, we can change the geometry 

dramatically by injecting or withdrawing liquid metals from specific area of the pattern. 

We also developed a liquid metal-based reconfigurable THz metamaterial device that is 

not only pressure driven, but also exhibits pressure memory. As an alternate approach to 

demonstrate reconfigurability, we developed a technique for creating dramatic 

configuration changes in a device via selective erasure and refilling of metamaterial unit 

cells that utilizes hydrochloric acid. While the approach is successful in changing the 

geometry, it does not allow for fine spatial control of the pattern. Thus, we have refined 

the approach by developing an electrolytic process to change the geometry of a liquid



metal-based structured device in a more localized and controlled manner. Since liquid 

metals can be solidified under certain conditions, we have demonstrated a novel 

technique for fabrication of free-standing two-dimensional and three-dimensional 

terahertz metamaterial devices using injection molding of gallium. Finally, we developed 

a technique of printing three-dimensional solid metal structures by pulling liquid gallium 

out of a reservoir via solid/liquid interface. Based on these results, we are currently 

extending our work towards development of metamaterials that can be used in real-world 

applications. Based on the significant progress made the THz field over the last two 

decades, the likelihood of THz systems level applications is much brighter.
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CHAPTER 1

INTRODUCTION

1.1 Terahertz Technology 

Terahertz (THz) radiation, which lies in the frequency between microwaves and 

infrared from 0.1 THz to 10 THz, has been studied extensively since well over two 

decades ago. The THz frequency range is commonly referred to as the THz “gap” and 

research in this frequency range has been delayed for a long time because of limited 

availability of THz sources and detectors. As various sources, detectors and devices are 

being studied, the gap has begun to close.

There are a variety of techniques for generating THz radiation that have arisen from 

the development of ultrafast lasers, manufacturing of semi-insulating semiconductors and 

micromachining techniques [1]. The two most widely used techniques for generating 

broadband THz radiation are photoconductive switches and optical rectification, with 

both relying on femtosecond lasers [2]. Photoconductive switches were the first technique 

used to generate sub-single-cycle THz pulses with pulse energies at p,J-level [3]. Optical 

rectification is a second-order nonlinear process, which produces THz radiation via 

difference-frequency mixing between the spectral components of a femtosecond pump 

pulse [4,5]. Nonlinear processes in gas plasmas using high-intensity femtosecond pulses 

have been used also to generate single-cycle THz pulses with high field strengths [6,7].



While significant attention has been devoted to the application of broadband THz 

radiation, narrowband and single frequency THz radiation has also been shown to be 

important for high-resolution spectroscopy, sensors and communications. It should also 

be noted that narrowband THz generation is possible by using a photomixer [8], optical 

parametric conversion [9], quantum cascade laser [10] or diodes [11].

THz radiation has a low photon energy in the range of 1-10 meV. Using conventional 

room temperature detectors, the measured signal is dominated typically by ambient 

thermal background noise. Thus, such detectors typically have to be cooled to liquid 

nitrogen or liquid helium temperatures. Heterodyne semiconductor and superconductor 

detectors are commonly used to obtain high-resolution spectroscopy [12]. Schottky 

diodes [13], bolometers [14], superconducting tunnel junctions [15] and single-photon 

detectors [16] are also able to detect THz signal. In addition to these approaches, THz 

time-domain spectroscopy is a coherent detection system used for ultrashort THz 

detection and widely used in today’s broadband terahertz detection. Signal-to-noise ratios 

greater than 10000:1 are possible because of the high performance of THz optics and 

optoelectronic gating [17].

THz technology has increasingly attracted interest because it can provide a number of 

unique properties in different areas, including information technology, biology, homeland 

security and agricultural products [1,12,18,19]. Because many spectral signatures lie in 

the millimeter and submillimeter spectral ranges, studies in the THz frequency range 

were first widely used by astronomers to study interstellar dust through spectra of 

molecular line emissions [20]. The THz spectrum also contains spectroscopic signatures 

for many physical phenomena, such as molecular rotational transitions; it is suitable to
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directly identify dangerous materials rather than further inspecting after guessing their 

existence [21]. Therefore, THz imaging can be used in nondestructive evaluation and 

quality control [22]. With regard to communications applications, THz technology is a 

promising method for secure communications due to high directionality, low scattering, 

large channel bandwidth and hidden THz signals in the background noise [23]. Also, 

terahertz communication is important for increasing the capacity of wireless 

communication and is expected to become a reality soon according to the data rate 

increasing speed [24]. THz radiation can also be used for other applications such as 

manufacturing control, security, and biological and medical science [18].

There are several THz companies world-wide that can provide THz generators, 

detectors and imaging cameras. The THz market is expected to increase dramatically 

over the next ten years, based on market research, if more THz devices become available. 

THz devices have several requirements. First, they must be sensitive to THz radiation. 

Second, it will be advantageous if the devices could actively manipulate THz waves. 

Third, they should ideally adapt to system needs and therefore be reconfigurable. In 

general, there are several ways to manipulate and control THz radiation. Metamaterial 

and plasmonics are promising means for achieving this.

1.2 Metamaterials and Plasmonics 

Metamaterials are artificially structured materials and have gained significant 

attention over the last decade. They have been used in a variety of applications that hold 

great promise for next-generation devices. The unique properties of metamaterials are 

achieved from the shape, geometry and size of the structure, not just from the
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composition of the underlying material. By designing appropriate dimensions for these 

metal structures, we can engineer metamaterials to obtain the desired response. 

Metamaterial unit cells are usually arranged in an array to exhibit strong resonance.

The application of metamaterials was initially implemented at microwave frequencies 

due to well-established fabrication methods by assembling patterned circuit boards [25]. 

Extensive theoretical and experimental efforts have been used to study exotic functions, 

such as negative refractive index [25,26], memory [27], antenna [28] and cloaking [29

31]. Work on the topic of metamaterials has been extended to higher frequency ranges. In 

the optical frequency range, a variety of advanced techniques, including electron-beam 

lithography, focused ion beam lithography and membrane projection lithography, have 

been utilized to fabricate complex metamaterials at nm scales [32-38]. Due to the fact 

that the metamaterial response scales with frequency, the development of new device 

functionalities can benefit from a variety of well-developed microfabrication techniques. 

This creates the opportunity to study unique properties of THz metamaterials with greater 

functionality. Based on the metamaterial concept, a number of devices working at THz 

frequencies, including frequency-agile filters [39], absorbers [40], ultrahigh refractive 

index [41], negative refractive index [42], quarter-wave plate [43] and phase modulators 

[44], have been demonstrated recently. Among these, actively tuning the resonant 

response of THz metamaterials is of particular interest since dynamic tuning provides 

more flexible ways to manipulate electromagnetic radiation. Typical metamaterial 

devices are metallic elements fabricated on dielectric substrates. Because solid metal is 

used, the device does not allow for large-scale changes of the geometry after fabrication. 

This limits available functions of the device. Device performance can be improved if we
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5

adopt flexible or reconfigurable metallic or dielectric materials.

In addition to metamaterials, plasmonics offers another means for controlling and 

manipulating electromagnetic radiation [45,46]. A surface plasmon polariton (SPP) is an 

oscillating surface charge density coupled to an electromagnetic field along a metal- 

dielectric interface. The dispersion property of SPPs is dramatically different from that of 

free-space radiation. We need to couple free-space radiation to SPPs by structuring the 

surface of metals or using a prism. After excitation, SPPs can propagate along metal- 

dielectric interfaces. This creates opportunities for new applications, including 

extraordinary transmission [47], plasmonic waveguides that can guide electromagnetic 

waves beyond the diffraction limit [48] and plasmonic circuits that merge electronics and 

photonics together [49]. Localized SPPs also provides unique capabilities for confining 

an electromagnetic field enabling high field enhancement [50]. Such approaches have 

been widely used for biosensors [51,52], surface enhanced Raman spectroscopy [53,54] 

and plasmonic photovoltaics that can improve absorption to reduce the material thickness 

[55,56]. Nobel metals and alloys are often used for plasmonics in the optical frequency 

range [57-59]. In THz spectral range, in addition to silver and gold, both conventional 

metals and conductive nonmetals such as semiconductors can support the propagation of 

SPPs since the conductivities are sufficiently high and exhibit corresponding low 

propagation losses [60,61]. The conductivity change in semiconductors can be used to 

create active THz devices. However, such changes typically alter the magnitude of 

resonance. In many cases, it is highly desirable to actively control and manipulate the 

device response to a large extent by changing the geometrical structure of the device.



1.3 Gallium-Based Liquid Metals 

Liquid metals have attracted a lot of interest due to their unique properties, including 

high conductivity and liquid behavior. One common liquid metal is mercury. However, 

because of toxicity, mercury is highly restricted in use. In contrast, gallium and gallium- 

based alloys are nontoxic and can serve as alternative materials for mercury in some 

applications. Gallium has a relatively low melting temperature of 29.77 °C, high boiling 

temperature of 2205 °C and high conductivity of 7.7 x 106 S/m [62]. Thus, mild heating 

can melt it. Although gallium has a melting point of 29.8 °C, it exhibits a strong 

supercooling effect, which means it can remain liquid after melting and recooling to well 

below its melting temperature. By mixing other components with gallium to form 

eutectic alloys, it is possible to reduce the melting temperature further, allowing for 

metals that are liquid at room temperature. There are two common liquid gallium alloys: 

eutectic gallium indium (EGaIn) and gallium indium tin (Galinstan). EGaIn has a melting 

temperature of ~15.5 °C. While gallium indium tin has a melting point of -19 °C [62]. 

Liquid metals with different melting temperatures can be used for different purposes. For 

example, the phase transition of gallium near 30 °C can be used for manipulating surface 

plasmon polaritons that have different properties in solid and liquid phase [63].

Liquid metals have many potential applications in various areas. It can be used as 

electrodes for soft-matter diodes [64], electrical contacts in solar cells [65] or inherently 

aligned microfluidic electrodes [66]. Since it can flow, liquid metals can be applied to 

coat micropatterned structures along the direction of an applied current driven by liquid 

electromigration [67,68]. Because liquids can change their configuration in response to 

external stimuli, liquid metals can be used for sensing. Pressing liquid metals will change
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their cross-section and correspondingly, their electrical resistance, and can be used to 

change the length of liquid metal lines or the interference of light. Therefore, they can be 

used for pressure sensors by measuring electrical resistance [69,70], wireless signals [71] 

or the reflected color of light [72]. In combination with elastomeric substrates, they can 

be used for stretchable and flexible devices including antennas [73-75], fibers [76] and 

self-healing circuits [77].

When gallium is exposed to oxygen with pressures as low as 10"7 Torr, it is easy to 

form an oxide layer [78]. The oxide layer that forms at the surface of liquid metals allows 

the mechanical behavior of the gallium-based alloy to be different from that of pure 

liquid metals, and also provides other unique properties of these materials [79]. It 

provides a large yield stress, increases the surface and improves wetting [80]. The 

wetting behavior of gallium-based alloy droplets with thin metal foils can be tuned by the 

surface roughness of metal foil [81], or reduction with acid vapor [82]. By controlling the 

oxygen level and flow channel dimensions, liquid metals can form microdroplets with 

different shapes and sizes [83,84]. By using molecular self-assembly monolayer-forming 

thiols and sonication, liquid-phase EGaIn alloy can form nanoparticles smaller than 100 

nm, which has strong surface plasmon resonances in the ultraviolet spectral range [85]. 

Despite the high surface tension, gallium-based liquid metals can maintain their shape 

due to mechanical support from the oxide surface. It forms a conical structure when a 

drop of liquid metal is separated from the dispensing needle [86]. Within a microchannel, 

liquid metals flow only when a critical pressure is exceeded and the surface oxide layer is 

ruptured [87]. This can be used for pressure-responsive frequency shifting antennas [88] 

and reconfigurable circuits [89]. Due to mechanical support force from the surface oxide
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skin, liquid metals can be used for 3D structures either by combining 3D printing of 

hollow channels [90] or by direct printing [91].

1.4 Outlines

In the following chapters, we integrate the above important topics to study liquid 

metal-based terahertz plasmonics and metamaterials. Specifically, we design, fabricate 

and characterize liquid metal-based metamaterial devices to realize various THz 

components. By controlling the structure of the metallic element itself, we can obtain 

various electromagnetic responses of metamaterial devices. Experimental efforts will 

include fabrication of EGaIn- or Ga-based metamaterial devices, manipulation of their 

devices geometries and characterization of the transmission properties of these devices.

In Chapter 2, we discuss the generic fabrication process and measurement techniques 

for most of devices used in the following chapters. We fabricate most of devices via 

standard soft lithography techniques using polydimethylsiloxane (PDMS), a transparent 

polymer. By designing different replica masters, we can obtain a variety of different 

PDMS molds and resulting liquid metal-based devices. To measure the terahertz 

transmission properties, we use terahertz time-domain spectrometer to measure the 

spectra. By transforming the time-domain data to the frequency domain, we are able to 

determine independently both the magnitude and phase of the transmission coefficient.

In Chapter 3, we first demonstrate experimentally that liquid metals support SPPs at 

THz frequencies. Specifically, we inject EGaIn into a PDMS mold fabricated using soft 

lithography techniques. We observe enhanced THz transmission through a periodic array 

of subwavelength apertures. While the DC conductivity of EGaIn is smaller than many
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conventional metals, we clearly observe well-defined transmission resonances. Then we 

exploit the tuning capability by mechanically stretching PDMS elastomer. This represents 

a first step in developing reconfigurable and tunable plasmonic metamaterial devices that 

build upon well-developed microfluidic capabilities.

In Chapter 4, we experimentally demonstrate a reconfigurable plasmonic concept in 

which the geometry of a device can be changed dramatically. The specific demonstration 

we present utilizes EGaIn injected into or withdrawn from channels encapsulated by a 

PDMS mold fabricated on a Au-coated substrate. Using THz time-domain spectroscopy, 

we observe enhanced transmission properties through a single subwavelength aperture 

surrounded by different numbers of annular EGaIn rings. We then explain the results 

obtained from different device geometries using a simple time-domain model.

In Chapter 5, we demonstrate a technique for selectively erasing and refilling unit 

cells of THz metamaterials. The structures are formed by injecting EGaIn into 

microchannels within a PDMS mold fabricated using conventional soft lithography 

techniques. The thin oxide layer that forms on the surface of EGaIn can be locally 

dissolved via exposure to hydrochloric acid (HCl) introduced at the surface of the gas 

permeable PDMS mold. In the absence of the oxide skin, the liquid metal retracts to a 

position where a stable new oxide layer can be formed, effectively erasing the liquid 

metal structure in the presence of HCl. After erasing selected structures, EGaIn can be re

injected into microchannels to yield the initial structures. In the case of small unit cells, 

we show that mechanical pressure can be used to effectively erase individual elements. 

We use THz time-domain spectroscopy to characterize the distinct transmission 

properties for each of these different structures.
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In Chapter 6, we demonstrate the ability to create artificially structured devices using 

liquid metals, in which the configuration can be altered via the electrolysis of saline 

solutions or deionized water. We accomplish this using an elastomeric mold with two 

different sets of embedded microfluidic channels that are patterned and injected with 

EGaIn and water, respectively. The electrochemical reaction is then used to etch the thin 

oxide layer that forms on EGaIn in a controlled reproducible manner. Once the oxide 

layer is dissolved locally, the underlying liquid metal retracts away from the original 

position to a position where a new stable oxide layer can reform, which is equivalent to 

erasing a section of the liquid metal. To allow for full reconfigurability, the entire device 

can be reset by refilling all of the microchannels with EGaIn.

In Chapter 7, we demonstrate a liquid metal-based reconfigurable THz metamaterial 

device that is not only pressure driven, but also exhibits pressure memory. The discrete 

THz response is obtained by injecting EGaIn into a microfluidic structure that is 

fabricated in PDMS using conventional soft lithography techniques. The shape of the 

injected EGaIn is mechanically stabilized by the formation of a thin oxide surface layer 

that allows the fluid to maintain its configuration within the microchannels despite its 

high intrinsic surface energy. Although the viscosity of EGaIn is twice that of water, the 

formation of the surface oxide layer prevents flow into a microchannel unless a critical 

pressure is exceeded. Using a structure in which the lateral channel dimensions vary, we 

progressively increase the applied pressure beyond the relevant critical pressure for each 

section of the device, enabling switching from one geometry to another. As the geometry 

changes, the transmission spectrum of the device changes dramatically. When the 

external applied pressure is removed between device geometry changes, the liquid metal
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morphology remains unchanged, which can be regarded as a form of pressure memory. 

Once the device is fully filled with liquid metal, it can be erased through the use of 

mechanical pressure and exposure to acid vapors.

In Chapter 8, we demonstrate fabrication of free-standing two-dimensional (2D) and 

three-dimensional (3D) THz metamaterials via injection molding of gallium, a metal that 

melts at temperatures just slightly above room temperature. Molds are created by 

inscribing the desired microchannel geometries in one or two PDMS films using 

conventional soft lithography techniques and then reversibly bonding the two films 

together using van der Waals forces. After heating gallium above its melting point, the 

liquid metal is injected into the mold. The metal does not solidify even after cooling the 

filled mold at -16 °C for 24 hours. However, when the liquid metal comes into contact 

with solid gallium at room temperature, the entire device solidifies within the mold 

immediately. The PDMS films can then be peeled away, yielding a free-standing solid 

gallium structure. We fabricate a 2D split ring resonator-based metamaterial, and 

demonstrate three different approaches for creating 3D metamaterials: a multilayer stack, 

a manually folded structure that maintains its shape after folding and a directly injection 

molded 3D structure. The transmission properties of these devices are measured using 

THz time-domain spectroscopy and are shown to not suffer from limitations imposed by 

substrates.

In Chapter 9, we demonstrate gallium is a good candidate for 3D printing where 

relatively low temperatures are required for fabricating solid metallic structure. This 

method mainly uses solid gallium to pull liquid gallium outside of the print nozzle so that 

no pressure is required to the syringe reservoir. Liquid/solid phase transitions play an
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important role in this method. By controlling the solidification process, we demonstrate 

that it can produce various 3D structures. Since the melting temperature of gallium is 

only ~30 °C, printed structures can be melted by the heat of a human hand into bulk 

liquid and reused. This 3D printing method can produce a minimum resolution that is 

smaller than the diameter of the printing needle by properly controlling the moving speed 

of substrate.

In Chapter 10, we discuss the future work that can be extended from current study, 

and present the conclusions drawn from previous chapters.
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CHAPTER 2

DEVICE FABRICATION AND MEASUREMENT

2.1 Device Fabrication of Liquid Metal Structures

2.1.1 Solid Template

We fabricated liquid metal-based metamaterial devices using standard soft 

lithography techniques. We started from a solid template that served as a master for 

PDMS replication. The solid template was either a patterned stainless steel on a glass 

substrate or a patterned SU-8 photoresist on a silicon substrate. Stainless steel was used 

when the feature size was hundreds of micrometers. We used an epoxy glue to adhere 

steel with the glass substrate. Photoresist was used when the feature size was several 

micrometers to tens of micrometers. Between patterned photoresist and silicon substrate, 

we used blank photoresist as a buffer layer so that PDMS did not stick to silicon in the 

following process. To do so, we first coated a silicon wafer with SU-8 photoresist and 

spun it to several micrometers. This film was exposed to UV light using a blank mask to 

form a flat layer without any pattern, which was used to improve the adhesion between 

the silicon wafer and the upper SU-8 patterned layer. Then a second layer of SU-8 

photoresist was spun cast. UV lithography using a mask with a designed pattern yielded 

an upper photoresist layer, which served as the template for soft lithography.



2.1.2 Soft Lithography 

Figure 2.1 shows the schematic diagram for the basic process flow of fabricating 

liquid metal-based devices. After obtaining the template, we put several solid spacers on 

the top of the substrate but outside of the pattern areas. The spacer determined the 

thickness of the replicated PDMS film. A PDMS prepolymer was then mixed with a 

curing agent using a volume ratio between 7:1 and 11:1, degassed, poured onto the SU-8 

template, covered with a flat solid plastic and cured for 2 hours at 60 °C. Different ratios 

of prepolymer and curing agent lead to different stiffness of the cured PDMS. Larger 

ratios corresponded to softer PDMS. The solid cover was used to obtain a flat surface of 

cured PDMS film, which was necessary for normally incident terahertz transmission 

measurement. We used a plastic Petri dish for this because it was easy to separate after 

curing. Once cured, the inverse PDMS replicas were peeled off the master. Based on the 

need, these PDMS replicas were bonded with another PDMS film, glass or metal film. 

The bonding could be reversible by just touching them together or irreversible by using 

high voltage corona or chemicals. A metamaterial structure was formed by injecting
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Figure 2.1. Process flow for fabrication of liquid metal-based metamaterial devices.
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EGaIn into the microchannels.

2.2 3D Printing Technique

The process of 3D printing solid gallium structures is different from that for 

fabricating liquid metal-based metamaterials. We started with a solid seed layer of 

gallium. To make the printed gallium adhere to the glass substrate, we deposited a thin 

layer of liquid gallium from a pair of tweezers to the top of the substrate. We then 

solidified this layer by contacting it with a piece of solid gallium. We found the 

solidification was necessary because the printed liquid gallium did not necessarily 

solidify when cooled well below its freezing point if the seed was a liquid. We then filled 

a syringe with liquid gallium. When the syringe was pressed to push liquid gallium out of 

the needle, it quickly formed a spherical ball with a diameter much larger than the 

diameter of the needle. We removed the spherical ball of gallium by moving the substrate 

downward. This pulled a line of liquid gallium out of the needle. The line of liquid 

gallium broke at a point because it was liquid. The resultant conical protrusion of liquid 

gallium at the needle side was used as the contact point for the next step.

In the third step, we contacted the gallium seed on the substrate with the liquid 

gallium conical protrusion at the needle tip, and cooled the substrate with a Peltier cooler. 

The substrate and cooler were amounted on a 3-axis microstage. Once the gallium seed 

and gallium from the needle contacted, we slowly moved the substrate down. The solid 

gallium at the solid/liquid interface pulled the liquid gallium out of the needle so no 

pressure was required from the syringe. This is different from most 3D printers where the 

filament is often pushed out of the nozzle. By controlling the position of this interface,
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we were able to obtain different 3D structures.

2.3 Terahertz Time-Domain Spectroscopy 

We used terahertz time-domain spectroscopy (THz-TDS) for all of the transmission 

measurements in this dissertation. A schematic diagram for the THz time-domain 

spectrometer is shown in Figure 2.2(a). THz-TDS is a coherent detection system where 

an ultrafast femtosecond pulse beam is split into two beams. The pump beam is used to 

generate THz radiation, while the probe beam is used to detect THz signal and acts as an 

optical gate. We used photoconductive antennas as both THz emitter and detector in our 

experiments. Figure 2.2(b) shows a schematic diagram of the emitter, which consists of a 

patterned metallic transmission line with a dipole geometry on a GaAs substrate. When a 

femtosecond laser with photon energy larger than the band gap of GaAs is incident on the 

gap area of the dipole, electron-hole pairs are created. The carrier density changes rapidly 

in response to the femtosecond pulse. Generated carriers under a biased electrical field 

will form a transient current. Both the acceleration of carriers under the electrical field 

and the change of carrier density due to femtosecond pulse excitation contribute to the 

final photocurrent change, although the carrier density change plays a more important 

role [1]. According to Maxwell’s equation, this time-varying current generates 

electromagnetic radiation. When the current modulation occurs in the sub-picosecond 

regime, a radiated THz electric field is obtained [2]. For photoconductive antenna 

detectors, the THz radiation serves as bias electrical field to accelerate the carriers 

generated by probe femtosecond beam. The output current is proportional to THz 

electrical field and carrier density [1, 3].
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(a)

(b)

Figure 2.2 Terahertz time-domain spectroscopy. (a) Schematic diagram of terahertz time- 
domain spectrometer. (b) Photoconductive antenna for the emitter.



During measurement, we mounted samples on a metal frame that had an opening size 

that matched the sample size. Samples were placed in the path of the collimated THz 

beam. For a large array, we used a pair of off-axis paraboloidal mirrors to collect, 

collimate and refocus the THz radiation from the emitter to the detector. For small 

samples, we used one paraboloidal mirror to collect and collimate the THz radiation and 

placed the detector close to the sample. Two separate reference transmission spectra were 

taken: one with a blank metal frame (air reference) for absolute transmission and one 

with the same thick dielectric substrates in the frame (dielectric reference) for normalized 

transmission. The latter reference eliminates the effect of THz absorption in dielectric 

films.

In contrast to conventional optical measurements, THz-TDS allows for the direct 

measurement of the THz electric field, yielding both amplitude and phase information. 

By Fourier transform, we can obtain transmission coefficient, t(v), using the relation

t ( v )  = t(v)|exp[iV(v)] = E Sample V  (2.1)
reference

Esample and Ereference are the measured THz electric fields with either the sample or 

reference in the beam path, respectively, and |t(v)| and ^(v) are the magnitude and phase 

of the transmission coefficient, respectively.
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LIQUID METAL-BASED PLASMONICS
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CHAPTER 3



3.1 Introduction

The field of plasmonics has grown dramatically over the last decade, because surface 

plasmon polaritons (SPPs) offer a number of unique capabilities for manipulating and 

guiding electromagnetic radiation [1]. Much of the current research effort in this field is 

focused on studies at visible frequencies, where gold and silver are the primary metals 

used. Most other metals exhibit unreasonably high propagation losses. However, as one 

moves to longer wavelengths, such as the terahertz (THz) and microwave spectral ranges, 

conventional metals, including stainless steel and aluminum, exhibit high conductivities, 

and correspondingly low propagation losses [2]. Moreover, numerous non-metals that are 

highly conducting have been shown to support SPP propagation, including doped 

semiconductors [3], conducting polymers [4], and graphene [5]. In this latter class of 

materials, it is possible to alter the conductivity of the medium through electrical, optical, 

thermal, and chemical means. A change in the conductivity can alter the propagation 

losses associated with SPPs, which, in turn, can be used to create active THz device 

capabilities. However, such changes typically alter only the resonance quality [6]. It 

would be highly desirable to use a plasmonic medium that allows for tunable and 

reconfigurable device architectures.

A metallic medium that is highly flexible and can flow at room temperature, such as a 

liquid metal, satisfies such desires. In this approach, a liquid metal would be injected into 

microfluidic channels formed within a flexible mold. Such structures are commonly 

fabricated using soft lithography techniques with polydimethylsiloxane (PDMS) for a 

variety of microfluidic applications [7,8]. An obvious liquid metal that flows readily at 

room temperature is mercury, Hg. However, mercury is highly toxic, and acts to
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minimize interfacial free energy. This latter effect can create unstable structures within 

microfluidic channels. Recently, Dickey and co-workers have shown that eutectic gallium 

indium (EGaIn) is an attractive alternative to Hg [9,10]. EGaIn is composed of 78.6% Ga 

and 21.4% In by weight, has a melting temperature of ~15.5° C, and forms a thin oxide 

skin within elastomeric channels to provide mechanical stability to the fluid. In addition, 

EGaIn has a DC conductivity of 3.4 x 104 S/cm [9]. This value is an order of magnitude 

smaller than that of aluminum [2], for example, but is greater than that of some of the 

non-metals mentioned above [4].

In this work, we demonstrate the utility of liquid metals for plasmonics applications. 

Specifically, we demonstrate enhanced THz transmission through periodic aperture 

arrays [11,12] fabricated by injection of EGaIn into an elastomeric PDMS mold. In order 

to explain the observations, we separately measure the complex THz refractive index of 

PDMS and the complex dielectric constant of EGaIn. An important aspect of the 

constituent materials is that they are amenable to stretching and flexing. We exploit this 

characteristic by measuring the transmission properties of the structures while being 

stretched. This represents a simple demonstration of mechanically tuning the plasmonic 

resonance properties of the device.

3.2 Experimental Details 

We fabricated periodic aperture arrays using PDMS, a silicone elastomer (Sylgard 

184 kit, Dow Corning), and EGaIn, a liquid metal. PDMS is a commercially available 

elastomer that is commonly used for microfluidic applications, and allows for fabrication 

using standard soft lithography processes [7,8]. In order to create the microfluidic mold,
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we first fabricated 15x15 arrays of periodically spaced subwavelength apertures in free

standing 75^m thick stainless steel metal foils. The apertures had a diameter of 357 |im 

with a periodicity of 714 |im on a square lattice.

The perforated foils were then adhered to glass substrates using a thin (<10 |im) layer 

of epoxy. A PDMS pre-polymer was mixed with a curing agent using a weight ratio of 

11:1, degassed, poured onto the stainless steel molds, and cured for 2 hours at 60 °C. 

After curing, the inverse PDMS replicas were peeled off the molds and sealed with a 

planar section of PDMS using a high voltage corona, yielding an overall device thickness 

of 1 mm. Finally, we injected EGaIn into the air voids of the PDMS structures, yielding 

periodic arrays of subwavelength apertures based on an encapsulated liquid metal. In 

Figure 3.1, we show a schematic diagram of the final structure with the relevant 

dimensions along with a micrograph of a section of an array. For reference purposes, we 

also fabricated a 1 mm thick planar PDMS film.

We used THz time-domain spectroscopy (THz-TDS) to measure the optical 

transmission spectra, t(v), of the electric field through the liquid metal arrays, where v is 

the THz frequency [13]. In contrast to conventional optical measurements, THz-TDS 

allows for the direct measurement of the THz electric field, yielding both amplitude and 

phase information. By transforming the time-domain data to the frequency domain, we 

are able to determine independently both the magnitude and phase of the amplitude 

transmission coefficient, t(v), using the relation

E (v )
t (v) = |t(v)|exp[^(v)] = E sample y  (3.1)

reference
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Figure 3.1. A periodic liquid metal aperture array, (a) Schematic diagram of the top view 
(above) and cross-section (below) of the liquid metal aperture array encapsulated in 
PDMS. The aperture diameter d = 357 |nm, the periodic aperture spacing a = 714 |nm, the 
liquid metal thickness t\ = 80 |nm, and total device thickness t2 = 1 mm. (b) Photograph 
showing an expanded view of a portion of the array.



In this expression, Esample and Ereference are the measured THz electric fields with either 

the sample or reference in the beam path, respectively, and |t(v)| and ^(v) are the 

magnitude and phase of the amplitude transmission coefficient, respectively.

Each array was mounted on a metal frame in which the opening size exposed only the 

metallic portion of the liquid metal array. The framed sample was placed in the path of 

the collimated THz beam, between a pair of off-axis paraboloidal mirrors that were used 

to collect, collimate, and refocus the THz radiation from the emitter to the detector. The 

1/e THz beam diameter was slightly larger than the aperture opening in the metal frame, 

thus edge effects due to the finite size of the array sample may play a role in the resulting 

transmission spectra [14]. In each case, the incident THz radiation was polarized parallel 

to a major axis of the array. Two separate reference transmission spectra were taken: one 

with a blank metal frame (air reference) and one with the 1 mm thick planar PDMS film 

in the frame (PDMS reference). The latter reference eliminates the effect of THz 

absorption in PDMS.

Finally, we also measured the THz dielectric properties of EGaIn. The liquid metal is 

completely opaque and highly reflective at visible frequencies using a thin film that is ~ 2 

|im thick. For this thickness, there is also no THz transmission through the liquid metal 

film. While it is possible to create thinner films using evaporation or sputtering 

techniques, the resulting film may not have the same composition as the starting metal 

and the composition is sensitive to the deposition conditions. Therefore, we performed 

THz TDS using s-polarized THz radiation in a reflection geometry to examine the 

properties of the liquid metal. To do so, we deposited a 2 |im thick Au film on half of a 

smooth metallic substrate and spread a 2 |im thick EGaIn layer on the other half. Based
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on the DC conductivity of EGaIn, this thickness is greater than 2 skin depths above 50 

GHz. Identical results were obtained using thicker EGaIn thicknesses.

3.3 Experimental Results and Discussion 

We begin by characterizing the complex dielectric properties of EGaIn, since this is 

necessary to demonstrate that it is capable of supporting SPPs. As noted above, we 

measured the reflected THz spectra from both the Au surface, which was used as the 

reference, and the EGaIn surface. Experimentally, we found that the amplitude 

reflectivity from EGaIn was ~85% that of Au over the measured spectral range. In 

extracting the properties of EGaIn, we used measured dielectric properties of Au [15,16], 

rather than simply assuming that it behaves as a perfect reflector. In Figure 3.2, we show 

the measured values of the real and imaginary components of the dielectric constant of 

EGaIn between 0.1 -  0.5 THz, clearly demonstrating that it is metallic over the measured 

spectral range. Given the relatively small variation in the dielectric properties, however, it 

is not possible to find a unique fit for the data to a Drude type function. As mentioned 

earlier, the reflective nature of EGaIn at visible frequencies suggests that it may exhibit 

metallic properties over a broader spectral range.

Next, we measured the refractive index properties of PDMS, since this parameter is 

important in understanding the transmission spectra of the aperture arrays. In Figure 3.3, 

we show the measured values of the real and imaginary components of the refractive 

index. The real component of the THz refractive index in the range of 0.1 -  0.5 THz is 

relatively constant and has a value of ~1.57. The corresponding imaginary component is 

also largely frequency independent over that frequency range and has a value of ~0.04.
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Using this value of ni, we can readily compute the frequency-dependent absorption 

coefficient, a(v) = 2nvni/c, for the THz electric field, where the electric field decay is 

given by exp[-a(v)d]) and c is the speed of light in vacuum. Across the frequency range 

of interest, a  -0.25 mm-1, which corresponds to ~77% transmission through a 1 mm thick 

PDMS film. It is worth noting that the refractive index values that we find for PDMS 

differs significantly from published values across this same frequency range [17]. The 

source of this discrepancy is not clear at present, but may arise from a difference in the 

measured PDMS constituent mixture. As we demonstrate below, the refractive index 

values found here, both real and imaginary, are consistent with our aperture array 

transmission measurements.

We now move to the liquid metal aperture array transmission properties. In Figure 

3.4(a), we show the measured transmission amplitude spectra for the liquid metal array 

using both air and a 1 mm thick PDMS film as references. Associated with each of the 

resonant peaks in the figure, there is an anti-resonance (AR) dip on the high frequency 

side of the resonance. It is this AR frequency that is important in understanding the 

experimental data. As we have shown previously, only the AR frequencies (rather than 

the resonance frequencies) remain fixed when the aperture diameter is varied [18]. 

Therefore, it is the AR frequencies that are the relevant and fundamental parameters 

rather than the frequencies of the resonance peaks. From the transmission spectrum we 

obtained the two AR frequencies at vAR1 = 0.27 THz and vAR2 = 0.38 THz.

We have previously demonstrated that the AR frequencies can be found directly 

from the spatial Fourier transform of the real space aperture geometry [19]. In the case of 

a periodic array, these AR frequencies are given analytically by [11]
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Figure 3.4. THz electric field transmission spectra, t(v), of (a) 15x15 liquid metal array 
with 357 p,m diameter apertures periodically spaced by 714 p,m. Air and a 1 mm thick 
PDMS film are used as references. (b) 15x15 array with 400 p,m diameter apertures 
periodically spaced by 1 mm in a 75 |im thick free-standing stainless steel foil with air as 
the reference.

v AR Pn
-yfi

SPP

(3.2)

where

n s p p  _
8 8 . m d

8  m +  8  d

1/2

(3.3)

In these equations, nSPP is the effective refractive index for the propagating SPP, 8m and 

ed are the complex dielectric constants of the metal and adjacent dielectric medium, P is 

the aperture periodicity, c is the speed of light in vacuum, and i and j are integers that 

index the resonance order. Since the magnitudes of the real and imaginary components of 

the complex dielectric constant of metals are much larger than those of dielectrics, nSPP



typically takes a value very close to the refractive index of the dielectric medium (in this 

case, nSPP =nPDMS ~ 1.57). From Equation (3.2) the two lowest order AR frequencies 

occur for i = ±1, j = 0 (AR1) and i = ±1, j = ±1 (AR2).

Using Equations (3.1) and (3.2), the two lowest order AR frequencies are expected to 

occur at vAR1 = 0.27 THz and vAR2 = 0.38 THz, in excellent agreement with the 

experimental data. As expected, the transmission spectra using air as the reference is 

smaller in magnitude than that when PDMS is used as the reference. In fact, the ‘air 

reference’ transmission is only ~76% that of the ‘PDMS reference.’ This agrees well with 

expectations based on the measured imaginary component of the refractive index (Figure 

3.3).

At this point, it is reasonable to compare the SPP enhanced transmission properties 

from the liquid metal hole arrays with those obtained using a more conventional metal 

hole array. In order to make a fair comparison, it should be noted that since the apertures 

in the liquid metal array are filled with the same medium that encapsulates the liquid 

metal on all sides (i.e., PDMS), the ratio of the effective aperture size to the effective 

aperture spacing remains constant and the dielectric refractive index serves to scale the 

effective periodicity [20]. Therefore, we also fabricated a 15*15 array of 400 |im 

diameter apertures on a square grid with an aperture spacing of 1 mm on a free-standing 

75 |im thick stainless steel foil, since this geometry yields similar AR frequencies. In this 

case, only air was used as the reference. While the absolute transmission magnitude and 

the quality factor associated with the lowest order resonance for the stainless steel sample 

shown in Figure 3.4(b) is somewhat greater than that for the liquid metal sample, it is 

worth reiterating that the DC conductivity of the liquid metal is smaller than that of
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stainless steel [2]. This is generally consistent with earlier observations of enhanced THz 

transmission through a periodic array of subwavelength apertures fabricated in heavily 

doped conducting polymers [4].

In contrast to rigid substrates, such as conventional metals typically used for 

plasmonics applications, PDMS and liquid metals lend themselves to the idea of creating 

mechanically tunable and reversibly stretchable plasmonic devices. In order to 

demonstrate this, we measured the THz transmission properties of the 15*15 liquid metal 

array as a function of elongation along the x-axis. In Figure 3.5(a), we show the measured 

transmission spectra of the array, with air as the reference, for three different degrees of 

stretching, corresponding to three different effective periodicities along the x-axis. It is 

apparent that vAR1 does not shift in a linear manner. We therefore show the measured AR 

wavelength, XAR1, as a function of the fractional elongation along the x-axis in Figure 

3.5(b), where the unstretched film with P=714 |im corresponds to 0% elongation and P = 

806 |im corresponds to ~13% elongation. When the incident THz radiation was polarized 

parallel to the x-axis, we observed a linear increase in the AR wavelength with stretching. 

Such a variation is apparent when Equation (3.2) is rewritten as
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However, when the incident THz radiation is polarized perpendicular to the stretch axis 

(i.e., along the y-axis), we observe a slight decrease in XAR1 as the structure is stretched. 

The observed blue shift arises from the fact that stretching along the x-axis causes a small 

degree of compression along the y-axis. Over the stretching range used here, the array
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Figure 3.5. Transmission properties of the 15x15 liquid metal array as a function of 
stretching the device along the x-axis. (a) Measured transmission spectra for three 
different degrees of stretching (corresponding to different periodicities along the x-axis) 
with THz radiation polarized along the x-axis. The corresponding lowest order AR 
frequencies are marked. (b) Measured AR wavelength as a function of stretching for THz 
radiation polarized parallel (filled black circles) and perpendicular (filled red circles) to 
the stretch axis. In the absence of stretching (0% elongation), the periodicity is 714 |im 
along both array axes. The maximum stretched period along the x-axis of 806 |im 
corresponds to a ~13% elongation of the device along the stretch axis. The lines represent 
linear least-squares fits to the data.



was reversibly deformable and the same AR wavelengths were measured upon stretching 

and subsequent contraction back to the original position. Further stretching caused a 

nonlinear change in the measured AR wavelength. We note that analogous tuning has 

been demonstrated using gold-based split ring resonators fabricated on a thick PDMS 

substrate [21].

3.4 Conclusion

In conclusion, we have presented the first experimental demonstration of plasmonics 

using liquid metals. To do so, we fabricated periodic arrays of subwavelength aperture 

arrays with EGaIn injected into an elastomeric PDMS mold, and measured the enhanced 

THz transmission properties of static arrays as well as arrays that were mechanically 

stretched. The latter measurements show the capability for mechanically tuned plasmonic 

devices and may allow for more complex three-dimensional plasmonic architectures. 

Since EGaIn flows at room temperature, we expect many of the sophisticated 

technologies developed for microfluidics and optofluidics [22] can be used to develop a 

broad range of active plasmonics capabilities. While the specific demonstration here 

relates to plasmonics, this approach can also be extended to develop active metamaterial 

devices. Although the measurements here were performed at THz frequencies, further 

studies of the dielectric properties of EGaIn may show that it can be used for plasmonic 

and metamaterial applications over a much broader spectral range.
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CHAPTER 4

RECONFIGURABLE PLASMONIC DEVICES 

USING LIQUID METALS

Reprinted with permission from [Jinqi Wang, Shuchang Liu, and Ajay Nahata, 

"Reconfigurable plasmonic devices using liquid metals," Optics Express 20, 12119

12126 (2012)]. ©2012 OSA.
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4.1 Introduction

The field of plasmonics offers unique capabilities for manipulating and controlling 

the propagation properties of electromagnetic radiation [1]. When metal films are 

appropriately structured, surface plasmon-polaritons (SPPs) can be excited from free- 

space radiation and propagate along metal-dielectric interfaces. A unique property of 

these excitations is that they exhibit dispersion properties that differ dramatically from 

that of free-space radiation, thereby enabling a broad range of new capabilities including 

subwavelength concentration of radiation [2,3], guided-wave propagation [4], enhanced 

extraction of light from photovoltaic devices [5], and optical filtering [6,7]. At present, 

much of this work has focused on passive demonstrations. However, there is great need 

for the development of active devices that can fulfill the required needs across the 

electromagnetic spectrum. In the THz spectral range, such needs are particularly acute, 

since workable device technologies are largely absent.

In recent years, there have been a number of studies describing active control of the 

propagation properties of SPPs using a variety of different techniques. The most common 

approach involves coupling SPPs into optically active materials, such as photochromic 

molecules [8], semiconductor device structures [9], and liquid crystals [10]. However, 

other approaches have been developed that involve the use of transient optical 

nonlinearities [11,12], application of an external magnetic field [13], and pre-defining the 

phase properties of the incident optical radiation [14]. Recently, we showed that by 

injecting eutectic gallium indium (EGaIn), a liquid metal at room temperature, into a 

polydimethylsiloxane (PDMS) mold, we could create a periodic array of subwavelength 

aperture that was mechanically flexible and reversibly deformable [15]. Thus, the



resonant frequencies could be tuned by mechanically stretching the device. In these 

demonstrations, the amplitude or frequency properties are typically tuned away from an 

equilibrium point via an external stimulus. However, it is not at all clear how the devices 

geometries in any of these implementations could be made reconfigurable.

In this submission, we demonstrate a technique that allows for reconfigurable changes 

in the geometry of a plasmonic device, corresponding to large-scale changes in the 

optical response. We used conventional microfluidic technology to create channels in an 

elastomeric mold, where EGaIn can be injected into or withdrawn from. As a specific 

example, we have fabricated a bullseye structure [16,17] in PDMS that is adhered to a 

gold (Au) coated metal foil that has a single subwavelength aperture. We measured the 

THz transmission properties as a function of the bullseye geometry, based upon which 

channels are filled with EGaIn. It should be noted that the present demonstration differs 

significantly from our earlier work with bullseye structures that were fabricated in free

standing stainless steel foils [18,19]. In those cases, the geometries were fixed. Based on 

the present measurements, we develop a simple model that accounts for the temporal 

properties of the observed waveforms. This model differs from what we have previously 

observed with bullseye devices fabricated in metal foils [18,19]. All of the measured data 

was performed using a single device in which different channels were filled with or 

emptied of EGaIn to obtain different geometries, demonstrating true reconfigurability. 

Results from different devices exhibited nearly identical results.
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4.2 Experimental Detail 

The basic component of a reconfigurable bullseye structure is a replica fabricated in 

PDMS. In order to create this replica, we first fabricated a bullseye structure in a 150 |im 

thick free-standing stainless steel foil using a simple chemical etching process. The 

structure consisted of a series of concentric rectangular cross-section annular grooves that 

were 600 |im wide and 100 |im deep with a periodic spacing of 1 mm. We then prepared 

a PDMS pre-polymer that was mixed with a curing agent using a weight ratio of 11:1. 

This pre-polymer was degassed, poured onto the stainless steel bullseye structure, and 

cured for 2 hours at 60 °C yielding a 500 |im thick film. Since PDMS does not adhere 

well to untreated metal surfaces, which results from the low surface energy of the 

elastomer, the replica could be peeled off the metal master easily. Cured PDMS films can 

be adhered to select materials after being treated with a high voltage corona. 

Unfortunately, this process does not work with most metals. Since the goal here is to use 

a metal substrate, an alternate procedure had to be used. In order to prepare the planar 

metal substrate, we initially used a free-standing planar 75 |im thick stainless steel foil 

with a single 490 |im diameter circular hole milled using a tripled Nd:YAG laser. This 

foil was then coated with a 10 nm thick Ti film, as an adhesion layer, and a 200 nm thick 

Au film. We then treated the Au layer with a monolayer of 3-mercaptopropyl 

trimethoxysilane (MPT). MPT creates a Au-Si bond on the metal surface that allows for 

preferential binding with PDMS. However, this approach still does not work well for 

cured PDMS surfaces. Therefore, we applied a thin layer of uncured PDMS (<10 |im) to 

the bottom layer (not within the channels) of the cured, corona treated PDMS replica. 

After curing the entire device for 2 hours at 60 °C, good adhesion between the
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elastomeric bullseye structure and the Au coated metal foil was obtained.

As noted above, PDMS has a relatively low surface free energy (19.8 mN/m [20]). 

Therefore, when EGaIn is injected into a channel, the liquid metal does not adhere well to 

the PDMS sidewalls. However, it does adhere to the silanized Au surface. In order to 

minimize any liquid metal/Au or liquid metal/PDMS adhesion issues, which is necessary 

to reproducibly inject and withdraw EGaIn from a channel, we injected a fluorosilane 

solution (PFC504A-FS, Cytonix) into all of the channels and baked the device at 60 °C 

for an additional 2 hours. This reduced the surface free energy to ~6 mN/m on all four 

channel walls. In Figure 4.1(a), we show a schematic diagram of a final structure, where 

one channel is filled with EGaIn. The accompanying photograph in Figure 4.1(b) shows 

an actual device in which EGaIn has been injected into the third annular channel. A 

syringe with a 33 gauge needle (200 |im outer diameter, 89 |im inner diameter) was used 

to manually inject and withdraw the liquid metal.

We used conventional time-domain THz spectroscopy to characterize the bullseye 

structures and bare apertures. In this approach, the time-domain properties of a single 

cycle electromagnetic transient transmitted through a structure can be measured using 

coherent detection with subpicosecond temporal resolution. Photoconductive devices 

were used for both emission and coherent detection. An off-axis paraboloidal mirror was 

used to collect and collimate the THz radiation from the emitter to the devices. The THz 

beam, with a 1/e beam diameter of ~ 15 mm, was normally incident on the corrugated 

surface of the bullseye structures. It is important to note that the frequency content of the 

THz beam varies spatially, thus the temporal properties of the incident THz pulse are also 

spatially dependent.
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Figure 4.1. A bullseye device. (a) Schematic cross-section of the final bullseye device. 
The parameters for the device are d1 =400 ^m, d2 = 1 mm and d3 =490 ^m. h1 = 500 ^m, 
h2 = 250 nm, and h3 = 75 ^m, respectively. MPT is a silane that increases the adhesion 
between PDMS and the metal substrate. (b) Photograph of a bullseye pattern, in which 
EGaIn was injected into third annular channel.



4.3 Experimental Results and Discussion 

In order to properly characterize the reconfigurable bullseye structures, we first measured 

the temporal properties of several different device structures to clarify the role of each 

component within the bullseye structure: (1) a single aperture in the metal foil without an 

attached PDMS mold, (2) a single aperture with an attached PDMS mold but without 

EGaIn, and (3) a single aperture with an attached PDMS mold and EGaIn injected into 

the second annular channel. The three corresponding waveforms are shown in Figure 4.2. 

The transmitted waveform for the single aperture without the PDMS replica is 

characterized by a single bipolar THz waveform. This waveform is similar to, though 

slightly narrower than, the incident THz waveform (not shown). The slight temporal 

narrowing arises from the fact that low frequency components within the incident THz 

beam that lie below the cutoff frequency of the circular aperture experience greater loss 

than higher frequencies. For a 490 |im diameter circular aperture, the corresponding 

cutoff frequency occurs at v = 0.36 THz. (X = 833 |im). Since the metal foil is only 75 |im 

thick, the electric field is only slightly attenuated at frequencies below cutoff. This is 

consistent with earlier observations with single subwavelength apertures [18, 21]. It 

should be noted that in the absence of the aperture, there was no transmitted THz 

radiation.

For the single aperture with an attached PDMS mold and no EGaIn in any channel, 

there are two notable observations. First, we do not observe any apparent oscillations 

after the initial bipolar waveform. This demonstrates that the structured PDMS mold does 

not appreciably couple freely propagating THz pulses to SPPs by itself. Second, the 

observed bipolar waveform exhibits a smaller peak-to-peak amplitude and is broadened

49



50

With PDMS & EGaIn
3

\  ------- -

2
_ \l

' \s  v

With PDMS
:3 _____ s \ \  ___________ _

\ V /
la

£  1 
W

- \

/ \ 1 Single Aperture

0

-1 -  , 1 I I I I
0 5 10 15 20 25 30 

Time Delay [ps]

Figure 4.2. Measured time-domain waveforms for the single aperture without PDMS 
(black), single aperture with only the PDMS bullseye replica (red), and single aperture 
with EGaIn injected into the second annular channel of the PDMS bullseye structure 
(blue). The waveforms are vertically offset for clarity.

slightly in time relative to the waveform associated with the single aperture. This can be 

explained by considering the absorption properties of PDMS in the THz spectral range. 

We define a frequency dependent absorption coefficient, a(v) = 2nvni/c for the THz 

electric field, where the electric field decay is given by exp[-a(v)d]). Here, ni is the 

imaginary component of the refractive index, c is the speed of light in vacuum, and v is 

the THz frequency. We have previously found that the complex refractive index of 

PDMS in this spectral range is given approximately by n = 1.57 + 0.04i and is relatively 

constant over the frequency range spanning 0.1 - 0.5 THz [15]. Therefore, in contrast to 

the aperture, which preferentially suppresses low frequencies, the PDMS layer 

preferentially suppresses high frequencies. Both the amplitude reduction and pulse 

broadening can be properly accounted for, if we consider absorption within the PDMS 

layer. In the discussion that follows, we will refer to this waveform as the ‘reference.’



For the bullseye pattern with one annular channel filled with EGaIn, we observe the 

initial bipolar waveform followed by a single time-delayed oscillation. This waveform is 

similar in nature to that observed for a single subwavelength aperture surrounded by a 

single concentric groove [18]. This is reasonable given theoretical analyses showing that 

metallic protrusions on top of the surface of a metal film scatter (couple) SPPs with 

efficiencies similar to that of grooves [22]. In contrast to earlier time-domain 

measurements on bullseye structures [18,19], there are important differences dictating the 

temporal properties of the time-delayed oscillations here.

In order to elucidate these properties, we successively inject EGaIn into only one 

channel at a time, ensuring that all of the EGaIn has been withdrawn from the other 

channels. We then subtract the time-domain waveform associated with each resulting 

structure from that obtained the reference aperture. In Figure 4.3(a), we show the 

temporal waveform associated with the reference aperture, along with each of the 

subtracted waveforms. It is clear that as the distance between the filled annular channel 

and the central aperture increases linearly, the time delay between the initial bipolar 

waveform and the time-delayed oscillation also increases linearly. This is consistent with 

our earlier finding that there are two independent, yet phase-coherent, transmission 

processes that contribute to the transmitted time-domain waveform [18]: one component 

related to transmission directly through the subwavelength aperture and a time-delayed 

component associated with coupling of the free-space THz radiation to SPPs by the 

EGaIn annular ring. These coupled surface waves propagate towards and are sampled by 

the aperture. The extent of the sampling, corresponding in part to the magnitude of the 

observed time-delayed oscillation, is determined by the overlap between the spatial extent
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Figure 4.3. (a) Measured time-domain waveforms for reference aperture and contribution 
from each individual EGaIn filled channel (Ring 2 through Ring 5). The time-delayed 
oscillations were obtained by subtracting time-domain waveform of the reference 
aperture from the waveforms associated with structures in which successive single 
annular channels were filled. The waveforms are vertically offset for clarity. (b) The 
corresponding normalized amplitude spectra of the reference aperture (red) and the time- 
delayed oscillation from the Ring 3 structure (black).

of the SPP wave and the subwavelength aperture.

The measured time interval between successive oscillations (between Ring i and Ring 

i+1, for i=2-4 in Figure 4.3(a)) is ~4.5 ps. Analytically, we find that this time delay, At, is 

given by

_ nsPP1d1 + nsPP2 2 d1) (4 1)

where nSPP1~ nair=1 in the unfilled channel, nSPP2~ nPDMS=1.57 in the filled channel [15] 

and c is the speed of light in vacuum. Using Equation (4.1), we find that At=4.47 ps,



which agrees well with experimental results. It is worth noting that the fact that Equation 

(4.1) fit the experimental observations well is somewhat surprising. As we have 

previously shown, for the frequency range examined here, the out-of-plane 1/e spatial 

extent of SPPs is typically on the order of several mm [23]. Thus, for the unfilled 

channels, which are only ~100  |im high, it is not at all clear that we should be able to use 

a value of nSPP1~ nair= 1.

As with grooves fabricated into a metal foil, the EGaIn protrusions appear to also 

couple most of the incident THz to SPPs. To demonstrate this, in Figure 4.3(b) we show 

the amplitude spectra for initial bipolar pulse (reference aperture) and the oscillation 

associated with Ring 3. While the spectra differ slightly, it is important to note that the 

frequency content of THz beam varies spatially; therefore, the temporal properties of the 

incident THz pulse are also spatially dependent. In general, the THz beam has a 

frequency dependent beam diameter, with higher frequencies more closely concentrated 

near the beam axis.

Based on this insight, we are now in a position to fully exploit this capability to create 

reconfigurable bullseye devices of greater complexity by selectively injecting and 

withdrawing EGaIn into different channels to obtain the desired temporal response. In 

Figure 4.4, we show two sets of time-domain waveforms for three different bullseye 

geometries: (i) Rings 3 and 5 filled (ii) Rings 3-5 filled and (iii) Rings 2-5 filled. In each 

case, we show the experimentally measured waveform (blue) and the waveform (red) that 

has been reconstructed from the data in Figure 4.3(a). The waveform reconstruction was 

performed by taking a superposition of the time-domain waveform associated with the 

reference waveform and that of the relevant filled rings. However, in contrast to what we
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Time Delay [ps]

Figure 4.4. Measured and reconstructed time-domain waveforms for bullseye structures 
with multiple filled annular channels. The blue waveforms corresponds to experimentally 
measured time-domain waveforms, while the red waveforms are reconstructed by taking 
a superposition of the relevant components in Figure 4.3(a), with minor modifications, as 
described in the text. (top) Bullseye with Rings 3 and 5 filled with EGaIn (middle) 
Bullseye with Rings 3, 4, and 5 filled with EGaIn (bottom) Bullseye with Rings 2, 3, 4, 
and 5 filled with EGaIn. The waveforms are vertically offset for clarity.

have observed with stainless steel bullseye devices [18], the oscillations associated with a 

specific ring clearly change in timing and, to a lesser extent, amplitude depending upon 

which other rings are filled.

In order to explain why this happens, consider a bullseye structure in which only Ring 

5 was filled with EGaIn. The resulting time-domain waveform can be reconstructed from 

the data in Figure 4.3(a) using the reference aperture and Ring 5 waveforms. Now, 

suppose that we also fill Ring 3 with EGaIn. In this case, the resulting time-domain 

waveform cannot simply be reconstructed from the waveforms corresponding to the 

reference aperture, Ring 3 and Ring 5. By virtue of filling Ring 3, the temporal properties 

of the oscillation corresponding to Ring 5 will change. The reason for this timing change



is because instead of having 4 sections of length d1 with a refractive index of nSPP1~ nair=1 

and 4 sections of length (d2-d1) with a refractive index of nSPP2~ nPDMS=1.57, by filling 

Ring 3, the oscillation arising from Ring 5 will now see 3 sections of length d1 with a 

refractive index of nSPP1~ nair= 1, 1 section of length d1 with a refractive index of nSPP2~ 

nPDMS=1.57, and 4 sections of length (d2-d2) with a refractive index of nSPP2~ nPDMS=1.57. 

Thus, the inclusion of a single filled annular channel closer to the aperture will push the 

temporal contribution from an outer filled channel to a larger time delay, Ax = d1 (nSPP1- 

nSPP1) / c = 0.76 ps. As additional inner rings are filled with EGaIn, oscillations 

associated with outer filled rings will be pushed to slightly larger time delay values. 

These expected differences in timing match the experimental data well.

In addition to shifts in timing caused by filling empty inner channels, it is reasonable 

to assume that there would also be changes in the spectral content of the individual 

oscillations associated with the outer rings. Such changes would arise because of 

differences in the loss properties between SPP propagation along a metal-air interface and 

a metal-PDMS interface. However, changes in the temporal properties of outer ring 

generated oscillations are smaller than expected from the additional d1 traversals through 

metal-PDMS sections as inner channels are filled.

4.4 Conclusion

In conclusion, we have demonstrated a means for creating reconfigurable plasmonic 

devices using liquid metals. As a specific example of this capability, we fabricated an 

elastomeric bullseye pattern using soft lithography and bonded it to a metal substrate 

after appropriate surface treatment of the metal. By injecting and withdrawing a liquid

55



metal, eutectic gallium indium, into or from individual channels, we are able to 

dramatically alter the geometry. We note that EGaIn can only be withdrawn from a 

channel when all four interior channels walls are coated with a fluorosilane, which 

dramatically reduces the free surface energy and inhibits EGaIn from sticking to the 

PDMS and metal surfaces. We developed a very simple description that accounts for the 

timing of all of the relevant time-domain oscillations. . While the present device requires 

manual operation to inject and withdraw the liquid metal, well-developed micro

electromechanical systems (MEMS) technology can be used to fabricated micro-actuators 

and micro-pumps directly on the same substrate to enable significantly higher speed 

reconfigurability [24]. As an example, a silicon-based magnetohydrodynamic pump has 

been shown to effectively actuate liquid metals [25]. Plasmonic devices, such as the one 

described here, could be fabricated on the same substrate, allowing for reconfigurability 

using appropriate electrical signals to drive the micro-pumps. Thus, this approach offers 

significant promise for developing active devices. Finally, we note that this general idea 

may be extended to develop active device that can operate in other regions of the 

electromagnetic spectrum. However, new challenges may arise. For example, as one 

moves to much shorter wavelengths, which requires smaller channel dimensions, use of 

syringes or micro-pump technology may not be viable to inject liquid metals, because 

significantly higher pressures may be needed to inject and withdraw liquid metals [26]. 

Thus, alternate approaches may need to be explored.
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5.1 Introduction

The development of metamaterials has attracted significant attention in recent years, 

because such materials can exhibit unique electromagnetic properties that are not readily 

available in nature [1]. This capability has been used in a variety of applications that hold 

great promise for next-generation devices, such as switches [2], efficient absorbers [3], 

phase modulators [4], and filters [5]. For many applications, the ability to tune the 

response to different discrete states in a controllable manner is highly desirable. Most 

existing methods to modify the response rely on changes in the various constituent 

materials via an external stimulus, often in the form of light [2], voltage [5,6], 

temperature [7,8], or mechanical flexing [9,10]. While these approaches are interesting, 

there are capabilities that they cannot address. The individual elements in metamaterials 

are typically defined lithographically using solid materials. Thus, they cannot easily be 

removed or reinserted, which would allow for different responses under different 

conditions. The individual unit cells also cannot easily be controlled individually. 

Typically, the application of an external stimulus causes all unit cells to react 

simultaneously and in the same manner. The ability to control individual unit cells 

independently is of significant potential importance, since it allows for the possibility of 

achieving a more complex electromagnetic response from a single device.

In this work, we demonstrate that eutectic gallium indium (EGaIn) [11,12], a liquid 

metal at room temperature, can be used to fabricate terahertz (THz) metamaterials in 

which individual unit cells or groups of unit cells can be selectively erased and 

subsequently refilled. With each change in the structure, either erasure or refilling, the 

corresponding transmission spectrum can be dramatically altered. The devices are formed
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using a polydimethylsiloxane (PDMS) mold with embedded closed ring resonator (CRR) 

shaped channels that are connected via common inlet channels. PDMS is commonly used 

in a variety of microfluidic applications and has been used for liquid metal-based 

plasmonics in the THz spectral range [13,14]. Furthermore, it exhibits good gas 

permeability [15,16], which is important for the present application.

5.2 Results and Discussion 

The channels are initially filled with EGaIn, which forms a thin oxide surface layer to 

provide mechanical stability to the fluid [11]. When the PDMS surface is exposed to 

hydrochloric acid (HCl, ACS reagent grade) in a localized manner, this oxide layer can 

be selectively dissolved [11,12] over well-defined cross-sectional areas. In the absence of 

an oxide surface layer, EGaIn has a viscosity that is twice that of water and a surface 

tension that is similar to mercury [11]. Thus, when EGaIn is exposed to HCl vapor in a 

localized manner, the liquid metal will retract to a position where a stable new oxide 

surface layer can form (i.e., there is no further exposure to HCl), corresponding 

effectively to erasure of the metal pattern in the exposed area. Complete reconfigurability 

of the metamaterial structure is accomplished by refilling liquid metals into unfilled 

microchannels to recover the initial structure.

We fabricated microchannels in PDMS using soft lithography techniques. To do so, 

we first fabricated the designed structure using SU8-3000 photoresist on a silicon wafer 

via conventional photolithographic techniques. The PDMS pre-polymer was mixed with 

a curing agent using a volume ratio of 7:1, degassed, poured onto the SU8 molds, and 

cured for 2 h at 60 °C. After curing, the inverse PDMS replicas were peeled off the molds
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and sealed with another layer of flat PDMS using a high voltage corona. The flat PDMS 

layer covering the CRR metamaterial structure had a thickness of ~ 40 pm, yielding an 

overall device thickness of 740 pm. Finally, we injected EGaIn into the air voids of the 

PDMS structures to obtain the desired CRR metamaterials. Since PDMS is gas 

permeable, particularly through the thin planar PDMS section, the liquid metal could be 

injected into the channels without the use of an air outlet and yielded defect-free 

structures with no air bubbles.

We fabricated a metamaterial device composed of a 4 x 4 array of CRR clusters 

arranged in an alternating pattern. In Figure 5.1(a), we show a quarter of this overall 

device (i.e., a 2 x 2 array of the two different CRR clusters). The clusters were composed 

of either a 5 x 4 array of small CRRs connected to injection channels, where the rings had 

an inner diameter of d1 = 136 pm, an outer diameter of d2 = 172 pm, and a spatial 

periodicity of T = 230 pm or a 3 x 2 array of large CRRs connected to injection channels, 

where the rings had an inner diameter D 1 = 260 pm, an outer diameter D2 =296 pm, and 

spatial periodicities of P1 = 460 pm and P2 = 400 pm. Each cluster, both small CRR and 

large CRR, covered an area of 1032 pm x 1274 pm. The entire metamaterial device 

covered an area of 4128 pm x 5096 pm. The thickness of the liquid metal lines was 11 

pm, which was determined by the microchannel height.

The localized erasure process was accomplished using HCl acid that was dispensed 

from a 0.1- 10 pL Ultra G tip connected to a Brand® transfer pipette. A schematic 

diagram illustrating the basic process is shown in Figure 5.1(b). The pressure on the 

pipette was adjusted to ensure that the diameter of the HCl drop was no larger than the 

diameter of the pipette tip. The pipette could then be accurately positioned at any location
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(a) (b)

Figure 5.1. (a) Schematic diagram of a section of the metamaterial device containing two 
CRR clusters in an alternating pattern: a 5 x 4 array of small CRRs and a 3 x 2 array of 
large CRRs. All the CRRs are connected to the horizontal injection channels. The smaller 
rings had an inner diameter of d1=136 |im, an outer diameter of d2=172 |im, while the 
large rings had an inner diameter D1=260 |im, and outer diameter D2=296 |im. (b) 
Schematic diagrams of isometric view (left) and side view (right) show the erasing 
process using HCl acid from a pipette tip. The tip is brought into soft contact with the 
surface of 40 |im thick planar PDMS section for 20-30 s.

above the device using a precision xy stage. In order to effect erasure, the pipette tip was 

placed in soft contact with the PDMS surface for 20 - 30 s, on the planar 40 |im thick 

elastomer side. Since, PDMS is gas permeable, erasure of the underlying liquid metal 

CRR structure occurred via HCl vapor penetrating through the 40 |im thick PDMS layer 

and dissolving the oxide layer covering the EGaIn, at which point the EGaIn would 

retract until a new configuration with a stable oxide layer could be maintained. We note 

that during the erasure process, the application of slight pressure on the pipette tip into 

the PDMS film helped accelerate the erasure. We believe that this faster reaction time 

arises from the fact that the effective thickness of the PDMS layer was reduced, allowing 

for faster interaction with the HCl vapor. During this erasure process, the excess EGaIn 

returned to the reservoir that was connected to the common inlet channels, but did not



refill any of the other unfilled CRR unit cells. The reason for the preferential return to the 

reservoir was because it presented a significantly larger cross-sectional opening than the 

CRRs and, thus, required less pressure to refill.

We used THz time-domain spectroscopy (THz-TDS) to measure the optical 

transmission spectra, t(v), of the electric field through the CRR metamaterials, where v is 

the THz frequency. The experimental setup has previously been described in detail14. All 

measurements were performed at normal incidence, with the THz electric field polarized 

perpendicular to the injection channels. The metamaterial device was mounted on a metal 

frame in which the opening size exposed only the CRR portion of the larger PDMS mold. 

The reference spectra were taken with a planar 740 p,m thick PDMS film. It is important 

to note that since the oxide layer forms very quickly, the effect of that layer is present in 

all of the measurements. We also numerically simulated the response of the structure. 

The metal was modeled as a perfect electrical conductor using the device parameters 

given above, while the dielectric properties of PDMS were taken from THz refractive 

index measurements [13].

We begin by considering a device in which all of the channels have been fully filled 

with EGaIn. In Figures 5.2(a) and 5.2(b), we show a micrograph of the filled device as 

well as the measured transmission spectrum, respectively. The two prominent 

transmission resonances occur at 0.25 THz and 0.47 THz. The lower frequency resonance 

at 0.25 THz is associated with the fundamental resonance of the large CRRs, while the 

higher frequency resonance at 0.47 THz is associated with the fundamental resonance of 

the small CRRs. Both resonances arise from a coupled electric dipole resonance that is 

excited by a parallel THz electric field. In addition to the size of the CRRs, it is also well
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Figure 5.2. Properties of the EGaIn filled metamaterial device: (a) Image of a portion of 
the device in which all of the channels have been filled. (b) Measured transmission 
spectrum. (c) Numerically simulated transmission spectrum using the same geometrical 
parameters as in the device and measured THz refractive index properties of PDMS.



known that the lattice constant along the axis of the THz electric field polarization 

(perpendicular to injection channels) can also affect the resonant frequencies [17]. In 

contrast, the liquid metal present in the main injection channels appears to have little 

effect on the transmission spectrum. This is expected when the incident polarization is 

perpendicular to a set of straight metallic lines [6,18]. In addition, there are several 

smaller metallic lines connecting the injection channels of the different clusters that are 

parallel to the THz electric field, but the area that they cover is relatively small and 

appears to have little effect on the transmission spectrum. In Figure 5.2(c), we show the 

numerically simulated transmission spectrum, assuming the same excitation geometry as 

in the experiment. The agreement is good, in terms of both the resonant frequencies and 

resonant linewidths.

In order to demonstrate the reconfigurable nature of the device, we now demonstrate 

erasure of selected EGaIn structures. Using a HCl filled pipette that had an inner tip 

diameter of ~ 380 ^m and an outer tip diameter of ~ 700 p,m, we erased the large CRR 

clusters (3x2 elements each). Approximately four exposures were applied to erase each 

cluster. The erasure process was repeated until all 8 large CRR clusters were erased, 

leaving behind only the 8 small CRR clusters. A micrograph of a two erased clusters are 

shown in Figure 5.3(a). As is apparent in the image, the small CRRs remained unaffected, 

while the large CRRs were erased, leaving behind the empty large CRR microchannel 

structure in the image. The transmission spectrum associated with this structure, shown in 

Figure 5.3(b), demonstrates that the resonance at 0.25 THz has been eliminated, leaving 

only the high frequency resonance at 0.47 THz, associated with the small CRRs. The 

resonance linewidth here appears to be slightly larger than in Figure 5.2(b) and may be
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Figure 5.3: Properties of the EGaIn filled metamaterial device with various elements 
erased and refilled. (a) Image of a portion of the metamaterial device with large CRRs 
erased. The surrounding small rings remained unaffected. (b) The corresponding 
transmission spectrum. (c) Image of a portion of the metamaterial device showing the 
large CRRs refilled with EGaIn. (d) The corresponding transmission spectrum. (e) Image 
of a portion of the metamaterial device with small CRRs erased. In this case, the 
surrounding large rings remained unaffected. (f) The corresponding transmission 
spectrum.
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due to variation in the experimental alignment and measurement.

The thickness of the planar section of PDMS layer that overcoats the EGaIn 

structures is critically important in determining the success of this process. As might be 

expected, thicker PDMS layers required longer exposure times and yielded less 

reproducible results. As an example, when the PDMS thickness was > 250 p,m, we found 

that even when a 1 mm diameter drop of HCl acid was placed on the PDMS surface, the 

underlying CRRs could not be completely erased. For the small CRR clusters, only a few 

rings under the center of the drop were erased, even after the entire drop evaporated. 

Furthermore, the position of the rings that were erased was not predictable. If the acid 

was in contact with the PDMS surface for long periods of time (e.g. half an hour or 

longer) so that the underlying structures could be fully erased, the PDMS surface was 

often badly degraded.

The overall utility of this approach lies in the fact that the original device can be 

recovered by simply re-injecting EGaIn into the erased channels, as shown in 

Figure 5.3(c), yielding a structure that is nearly identical to the initial structure shown in 

Figure 5.2(a). The transmission spectrum for the completely filled metamaterial device 

after re-injection is shown in Figure 5.3(d). As can be seen, the two resonant frequencies 

at 0.25 THz and 0.47 THz were fully recovered, with relatively little difference between 

the spectra in Figures 5.2(b) and 5.3(d).

Once fully refilled, we then selectively erased all 8 small CRR clusters. A micrograph 

of an erased cluster is shown in Figure 5.3(e), and the corresponding transmission 

spectrum is shown in Figure 5.3(f). In contrast to what happens when the large CRR 

clusters were erased, the high frequency resonance at 0.47 THz disappeared. In principle,
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this process of filling and erasing the CRR channels can be repeated multiple times. 

However, PDMS does degrade over time with repeated exposure to HCl. In the specific 

case of the 40 |im thick planar PDMS layer, we could only perform 2 cycles for the large 

CRR clusters and 4 cycles for small CRR clusters. Further optimization of the device 

parameters may allow for greater cycling of the process. We are currently exploring the 

use of electrochemical reactions that will dissolve the EGaIn, but will have minimal 

impact on the PDMS.

Finally, we address the issue of the minimum feature size that can be achieved using 

this process. In general, the smallest erasure area is limited by both the inner diameter of 

the pipette tip, which can limit the size of the HCl drop, and the thickness of the PDMS 

layer above the EGaIn structure, since the HCl vapor diffuses through the PDMS. The 

size of the pipette tip can limit the cross-sectional area of HCl present at the PDMS 

surface, but cannot easily limit the area in the PDMS that is exposed to the HCl vapor. 

This issue can be mitigated, to some extent, by using a thin PDMS layer to limit the 

spread of HCl vapor over the short propagation path. When using a pipette with a 0.1- 10

Ultra G tip, a minimum of 4 small CRRs were erased with a single exposure, 

corresponding to a cross-sectional area of ~400 |im x 400 |im.

It should be possible to obtain smaller erased areas by simply using pipettes with 

smaller tips. However, it was experimentally challenging to carefully control the HCl 

when such tips were used, making it difficult to obtain reproducible results. Therefore, 

we developed an alternate technique to erase individual small CRR elements. We 

polished the end of a BD® 31 gauge beveled needle, which has an outer diameter of 260 

|im, so that the endface was not sharp and would not puncture PDMS. Using mechanical
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pressure, we pressed the needle into the PDMS immediately above a CRR element for 

approximately 0.2 seconds. For the small CRR array with outer diameter of 126 ^m and a 

spatial periodicity of 165 |um, this approach could be used to accurately erase EGaIn 

elements, as demonstrated in Figure 5.4, where we erased two nearby small CRR 

elements. Since only two elements were erased, there is relatively little difference in the 

resulting transmission spectrum. Nevertheless, for more complex geometries, such a 

technique may be useful for fine-tuning the transmission response.

5.3 Conclusion

In conclusion, we have demonstrated a technique for creating dramatic configuration 

changes in a device. This was accomplished via erasure and refilling of metamaterial unit 

cells in a geometry that utilized closed ring resonators of two different sizes. The primary 

erasure process involved the use of HCl to dissolve the surface oxide layer, causing the 

EGaIn to retract to a new position where a stable oxide layer can be formed. We also 

showed that relatively soft mechanical pressure could be used to erase individual unit
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Figure 5.4. Image showing two nearby CRRs erased using mechanical pressure from a 
syringe needle.
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cells. Both techniques could be utilized using the same basic pipette or needle, depending 

upon the number of unit cells that needed to be erased. In addition, the original device 

configuration could be recovered by re-injecting the liquid metal into all of the unfilled 

unit cells. The present approach does not allow for very fast reconfiguration of the 

device, since it involves large-scale material flow. However, this issue may be mitigated, 

to some extent, if only partial reversible changes are made to individual elements, 

allowing for a greater number of discrete configurations.
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6.1 Introduction

The ability to modify the configuration of a given device geometry is of great 

importance in a broad range of applications. As an example, in the field of metamaterials, 

it is the specific geometry that gives rise to the response [1,2]. In order to have in-situ 

flexibility in determining the device properties, it would be advantageous to be able to 

make changes to the geometry in a controlled, reversible manner via the application of a 

simple external stimulus. Typically, devices that incorporate a structured metallic pattern 

are fabricated by depositing and patterning thin layers of conventional metal films, such 

as gold, silver or aluminum. However, such an approach does not lend itself easily to 

enabling large-scale changes in the structure; in the case of metamaterials, structures that 

incorporate semiconductors [3] or phase-change media [4,5] have been shown to allow 

for small-scale changes in the geometry when exposed to an external stimulus.

One approach that is amenable to allowing for large-scale changes in the structure 

geometry involves the use of liquid metals. The most commonly used member of this 

family of materials, eutectic gallium indium (EGaIn), is composed of 78.6% Ga and 

21.4% In by weight and has a melting point of ~15.5 °C, making it liquid at room 

temperature. EGaIn forms a thin passivating oxide layer that enables the metal to form in 

non-spherical shapes [6] and is non-toxic [7]. These two properties make the material 

particularly useful for a variety of stretchable devices, including antennas [8], plasmonic 

devices [9], fibers [10], solar cells [11] and 2D and 3D self-healing wires [12]. In the 

absence of this oxide layer, EGaIn behaves like mercury and contracts into a spherical 

shape, since both materials exhibit high surface tension [7]. In fact, we have recently 

shown that when metamaterials fabricated using EGaIn inside a polydimethylsiloxane
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(PDMS) microfluidic structure are exposed to an acid environment, the oxide layer is 

dissolved and the resulting bare liquid metal retracts away from the exposed area, 

effectively erasing the affected area [13]. In that case, we used HCl that was brought into 

contact with the PDMS surface and the embedded liquid metal oxide was etched away 

because of the porous nature of the elastomeric mold. While the approach was successful 

in erasing components of the liquid metal geometry, it suffered from several limitations: 

(i) the size of the HCl drop on the PDMS surface limited the minimum dimensions of the 

erased area (ii) the HCl exposure time varied depending upon the thickness and porosity 

of the PDMS layer (iii) the erased area was dependent on the thickness of the PDMS 

layer and (iv) repeated exposure to HCl degraded the elastomer, thereby limiting the 

number of erase/refill cycles that could be performed.

In this submission, we demonstrate that an electrolytic process can be used to change 

the geometry of a liquid metal-based structured device in a more localized and controlled 

manner. To accomplish this, we fabricate a device that incorporates lithographically 

defined electrodes and two different sets of microfluidic channels within an elastomeric 

PDMS mold fabricated using conventional soft lithography techniques. We fill one set of 

channels with EGaIn, forming an array of closed rings. The second set of channels is 

filled with water, either deionized or as a dilute saline solution, and is in contact with 

both the liquid metal and the electrodes. By applying a voltage between different 

electrodes, we create a highly localized reducing environment around the EGaIn channel 

region closest to the positive electrode, which dissolves the oxide layer in a controllable, 

reproducible manner. This EGaIn region effectively serves as the cathode. When the 

external voltage is removed, the electrolytic process ends abruptly. This approach can be
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used to erase only portions of individual close rings or it can be performed in parallel to 

simultaneously etch multiple rings, each at a different rate and in a selective manner (i.e., 

each ring can be individually addressed). After etching, the entire device can be refilled 

with EGaIn, effectively allowing for a complete reset of the device. Since the localized 

electrolytic cell volume is small and the voltage applied for only short periods of time, 

the process can be cycled without any noticeable degradation to the PDMS structure. The 

approach is sufficiently general that it can be applied to a wide variety of other 

geometries and applications, including reconfigurable antennas and electrical circuits.

6.2 Results and Discussion 

In order to explain how electrolysis can be used to create reconfigurable structured 

devices, we first discuss how the electrochemical process can be used to dissolve the 

oxide layer that forms on EGaIn. As noted above, when the oxide is etched, the exposed 

EGaIn quickly retracts to a position where a stable new oxide layer can form (i.e., a 

position where the extent of the reducing environment created is insufficient to 

remove/etch the oxide layer), corresponding effectively to erasure of the metal pattern in 

the exposed area [13]. In Figure 6.1, we show a schematic diagram of the approach used 

to measure the erasure rate of the liquid metal. A drop of EGaIn was placed on a clean 

glass slide and spread using the sharp edge of a second glass slide until a thin shiny film 

was formed. While the approach yielded a liquid metal film that had non-uniform 

thickness, the etching process only applied to the oxide layer that was expected to have a 

uniform thickness [14]. We then covered the metal film and the rest of the glass slide 

with a layer of water that contained different concentrations of NaCl. Two gold-coated
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(a) (b)

Figure 6.1. Schematic diagram of the geometry used for measuring the electrolytic 
process. (a) Geometry before the application of an external voltage. (b) Geometry of the 
etched liquid metal after application of an external voltage showing the distance d used to 
measure the erasure rate. The upper electrode serves as the anode.

copper electrodes, separated by 2 cm, were then placed in contact with the water layer 

and close to one edge of the metal film. With the application of an external voltage, 

EGaIn was only erased about the anode (i.e., the gold-coated copper electrode to which 

the positive voltage was applied), with no change in the liquid metal around the other 

gold-coated copper electrode. Furthermore, the erasure configuration was found to not be 

symmetric about the anode (i.e., not a semi-circle centered at the anode), but rather 

somewhat closer to a semi-oval with a center that was offset from the positive electrode, 

as shown schematically in Figure 6.1.

To quantify the erasure process, we took videos of the erasure process and defined the 

erasure rate as the distance, d (as shown in Figure 6.1), erased per unit time after 

application of an external voltage. For each solution and each voltage setting, we 

performed multiple measurements with fresh samples to ensure reproducibility in the



data. In Figures 6.2(a) -  6.2(c), we show the erasure rate for saline solutions containing 

three different NaCl concentrations for multiple voltages. In general, a larger applied 

voltage yielded a faster erasure speed. This is reasonable, since a higher voltage 

corresponds to higher current, which is expected to accelerate the electrolytic process. 

For very low NaCl concentrations, ~0.001 g/ml, the erasure rate appeared to vary 

approximately linearly with the applied voltage. However, for higher NaCl 

concentrations, the rate became increasingly nonlinear. Once the voltage was removed, 

the erasure process stopped almost immediately.

Although saline solutions can yield very fast erasure rates, use of the electrolyte also 

creates several significant challenges. First, as water in the channels evaporates, the salt 

concentration increases. Thus, the erasure rate changes over time. Furthermore, the 

channels need to be flushed regularly to prevent crystallization of NaCl on the channel 

walls as the water evaporates, which severely degrades the device performance. To avoid 

these issues, we tested the erasure process using only deionized (DI) water, with a 

resistivity of ~18 MQ*cm and the same experimental configuration shown in Figure 6.1. 

The erasure rate, shown in Figure 6.2(d), was significantly lower than for any 

concentration of saline solution tested. The erasure rate, shown in Figure 6.2(d), was 

significantly lower than for any concentration of saline solution tested. The test 

configuration in Figure 6.1, where the electrodes are close to one edge of the EGaIn film, 

is very close to the one that we adopt for the devices described below. To visually 

compare the erasure rates using DI water and saline solutions, we show time-stepped 

snapshots captured from videos taken of the erasure process in Figures 6.3(a) and 6.3(b). 

In both cases, the anode electrode was placed in the middle of the EGaIn film.

79



Ra
te 

[m
m

/s
] 

Ra
te 

[m
m

/s
]

80

Voltage [V] 

(a)

Voltage [V]

Voltage [V] 

(b)

Voltage [V]

(d)

Figure 6.2. Erasure rates of EGaIn film using water with differing concentrations of 
NaCl. (a) 0.05 g/ml NaCl, (b) 0.01 g/ml NaCl, (b), 0.001 g/ml NaCl, and (d) deionized 
water.
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(a) (b)

Figure 6.3. Snapshots from videos taken of the EGaIn erasure process using DI water and 
a saline solution. (a) Snapshots using DI water. The time interval between each snapshot 
is ~ 3 seconds. (b) Snapshots using a 0.001 g/ml NaCl solution. The time interval 
between each snapshot is ~ 350 milliseconds. In both cases, the anode was placed in the 
middle of the liquid metal film and the cathode was placed at the periphery of the film in 
the aqueous solution.



The time interval between consecutive snapshots is ~ 3 seconds in Figure 6.3(a) and ~ 

350 milliseconds in Figure 6.3(b), confirming the dramatic differences in oxide etch 

rates.

To describe the etching process, we first discuss the properties of the oxide film. 

Cademartiri and co-workers used x-ray photoelectron spectroscopy (XPS) and its variants 

to study the composition of this heterogeneous film [14]. Using XPS, they found 

signatures of three different types of oxide within the thin surface covering of the liquid 

metal: Ga2O3, Ga2O, and In2O3, with Ga2O3 forming the dominant component. Using 

angle resolved XPS, they found that on average, the Ga2O3 formed the outer surface of 

the oxide. In the present work, in the absence of an applied potential, we would expect 

similar oxide formation when EGaIn comes into contact with either oxygen or water (pH 

~7). We note that while the addition of NaCl changes the conductivity of the water, it 

does not alter the pH, so the following results and discussion apply to all of the 

experimental implementations discussed here.

When EGaIn or any other metal is immersed in a solution (DI water or a saline 

solution), an electrified interface is formed due to the electron transfer across the 

interface associated with the corresponding electrochemical reaction, and the 

establishment of a electrical double layer [15]. The electron transfer accompanying the 

reaction at the electrode/solution interface leads to the development of a potential 

difference between the electrode and solution across the double layer. An equilibrium is 

established when the net electron transfer is zero or the oxidation and reduction rate at 

this interface is equal. The potential of the electrode under this equilibrium condition is 

measured against a non-polarizable reference electrode (a standard hydrogen electrode
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whose potential is taken as zero) and this potential is referred to as the equilibrium 

potential of EGaIn corresponding to this solution [15,16]. When the potential of the 

electrode deviates from this equilibrium value (due to an externally applied voltage or 

contact with another metal/material immersed in the same solution), the deviation is 

referred to as an overvoltage. An oxidation reaction occurs when the overvoltage is 

positive, in which case the electrode is referred to as the anode. Conversely, a reduction 

reaction occurs when this potential deviation is negative, in which case the electrode is 

referred to as a cathode. An electrochemical cell contains two half cells, one containing 

the anode and the other containing the cathode. The total cell voltage consists of the 

potential drop from the anode to the solution across the electrified double layer, the 

potential drop in the electrolyte between the electrodes, and the potential drop from the 

solution to the cathode across the electrified double layer. With the device configuration 

described here, the resistivity of the DI water and any of the NaCl solutions are high 

relative to EGaIn. Thus, the system can be modeled as consisting of two complementary 

electrochemical cells as shown in Figure 6.4. In cell 1, the Au electrode at positive 

voltage serves as the anode and the EGaIn in the adjacent channel serves as the cathode. 

Both DI water and NaCl solutions have a pH value of about 7. Thus, at this pH level, the 

equilibrium potential E0 for Ga2O3 reduction reaction is = - 0.452 - 0.0591 xpH = - 0.865 

V. Similarly, the equilibrium potential E0 for In2O3 reduction reaction is = - 0.181 -

0.0591 xpH = - 0.594 V, again at a pH of 7. As the applied voltage is increased, the 

EGaIn electrode overvoltages corresponding to Ga2O3 and In2O3 reduction reactions in 

Cell 1 becomes increasingly negative and the reduction rate increases. Considering the 

presence of both Ga2O3 and In2O3 phases in the oxide layer on EGaIn, the oxide film

83



84

Figure 6.4. Schematic diagram of a representative electrochemical cell configuration for 
selective oxide removal. This specific geometry shown here has been chosen since it is 
relevant to the later discussion on a structured device. See the text for details.

reduction reactions at the EGaIn electrode (cathode) can be written as [17]

Ga2O3 + 6 H+ + 6 e- ^  2 Ga + 3 H2O 

M2O3 + 6 H+ + 6 e- ^  2 In + 3 H2O

When the electrode potential is lower than the equilibrium potential, a reduction of 

the oxide film will occur. In addition, as the NaCl concentration is increased, there is a 

corresponding increase in the ionic strength and ionic conductivity. Thus, as the 

concentration increases, the potential drop in the solution across the two electrodes 

decreases further and is accompanied by corresponding increases in the anodic and 

cathodic overvoltages. The cell current values will increase exponentially with 

overvoltage and there will be corresponding increases in the oxide reduction rates. It is 

important to note that the negative overvoltages required for the reduction to metallic Ga 

and In are much smaller than the cell voltages applied. The need for such large applied



voltages was necessitated by the large potential drops in the solution due to the relatively 

high resisivities of DI water and the different dilute NaCl solutions. These various 

effects are reflected in the observed erasure rates of the Ga oxide shown in Figure 6.2 (a

d).

The highly controllable erasure of EGaIn using electrolysis of water makes this an 

attractive approach for creating reconfigurable artificially structured devices. While 

almost any geometry can be used to demonstrate the utility of this approach, we have 

decided to create two separate arrays of close rings embedded within a PDMS mold. The 

curved nature of the rings shows clearly that the approach is not limited only to straight 

channels and can therefore be applied to a broad range of potential applications. The 

basic fabrication process relied on creating a master with the designed microfluidic 

channels using SU-8 photoresist, which was then transferred to PDMS using standard 

soft lithography techniques [18]. A microscopic image of one unit cell of the SU-8 

structure is shown in Figure 6.5(a). The lower horizontal channel and the ring structure 

were designed for the liquid metal. The upper horizontal channel and the short vertical 

channel above each ring were designed for DI water. With the exception of this short 

vertical channel above each ring, which had a height of 10 pm, all of the other channels 

were 32 pm in height. The 10 pm high short vertical channels were designed to have a 

smaller height because the pressure required to inject EGaIn into a microchannel varies 

inversely with its dimensions [7,19]. By having a smaller channel, the liquid metal was 

constrained to only the lower horizontal channel and the rings. On the other hand, since 

the surface tension of water is ~ 0.07 N/m, which is a much smaller value than for EGaIn, 

water easily filled the upper horizontal channel and the short vertical channels. The
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(a) (b)
Figure 6.5. Images of the master and fabricated device. (a) Microscope image of a portion 
of SU-8 mold. The inner radius of the circular ring is 100 p,m. The outer radius of the 
circular ring is 130 p,m. The length of the vertical short channel is 20 p,m. The width of 
upper horizontal channel is 72 p,m. The width of the lower straight channel is 44 ^m. The 
vertical periodicity in the unit cells is 450 ^m, while the horizontal periodicity is 530 p,m.
(b) Microscope image of a portion of final device before injecting any liquids. The 
yellow lines are the Au electrodes.

microscopic image of a portion of the device before injecting EGaIn and solution is 

shown in Figure 6.5(b).

To demonstrate the erasure process, we first injected EGaIn to fill all of the rings and 

lower horizontal channels. Then we injected DI water into the top horizontal channels, as 

well as the upper short vertical channels. In Figures 6 .6(a) and 6 .6(b), we show snapshots 

of the erasure process before and after application of an external voltage. To demonstrate 

this, we applied 10 V to two separated electrodes in the center row. A single protruding 

electrode (second from the left) within the observation window acted as the anode, while 

the cathode was outside of this window. The ring adjacent to the anode can be erased 

quickly. We note that because of the electrode geometry, electrochemical reactions are 

possible, though strongly suppressed, in adjacent unit cells. Further optimization of the 

water microchannel and gold electrode geometries is expected to mitigate this issue.
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Figure 6 .6 . Snapshots of the erasure process within the CRR array. (a) A snapshot taken 
from a video before re-erasure of an EGaIn ring (after cycling between erasure and 
refilling several times). (b) Snapshot taken after erasure of the middle EGaIn ring. A 
potential voltage o f +10 V was applied to the Au electrode immediately above the CRR. 
The ground voltage was applied to an electrode well outside of the viewing window. (c) 
The snapshot after refill EGaIn back to microchannels.



Once the applied voltage is removed, the erasure process stops quickly, providing 

excellent control over the fraction of each ring that is erased. Since the electrolytic 

reduction of the oxide is highly localized and operates for only short periods of time, we 

found that there was no observable damage to the PDMS, even with repeated cycling. 

After selective erasure, EGaIn can be refilled into microchannels to recover its original 

structure, as shown in Figure 6 .6(c), to achieve full reconfigurability.

Finally, we note that since EGaIn rings can be electrochemically erased via the 

application of a localized external bias, the erasure process can be performed in either 

serial or parallel, to a single ring or to a group of rings in a random access manner. In 

Figure 6.7, we show the result of a multi-step process in which multiple rings in a larger 

ring array are erased. In each step, we selectively erased one or several rings, although 

this could all be done in a single step. The erased fraction of each ring that is erased is 

determined by the both the applied voltage and the application time in each step. In 

contrast to earlier work, where large-scale structural changes lead dramatic spectral 

changes, each individual erasure step here corresponded only to small geometry changes 

with correspondingly small changes in the transmission spectrum. The specific geometry 

enables a specific electromagnetic capability. Since the transmission properties of similar 

change induced here is designed to show the extent of the changes possible and not to 

geometries using liquid metals have been shown in earlier work [13,19], we have not 

shown spectral properties of these structures here. However, we expect them to be similar 

in nature.
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(a)

(b)

Figure 6.7. Snapshots of a video recording erasure of an array with random access. By 
controlling which electrodes have an applied voltage, the magnitude of that voltage, and 
the application time, we can selectively erase one ring or a group of rings simultaneously, 
with the possibility of each ring being etched to a different extent. (a) Starting with a 
completely filled array, a voltage o f +10 V was applied to the gold electrodes adjacent to 
the different rings for different amounts of time. If we consider the third complete row of 
rings, the voltage was applied to the third ring from the left for only half the time that it 
was applied to the fourth and fifth rings (corresponding to a half etched ring and two fully 
etched rings, respectively). Etching of the other rings can be explained in a similar 
manner. (b) The device after refilling EGaIn into microchannels to recover the original 
array.



6.3 Conclusion

In summary, we have demonstrated that an aqueous electrochemical process 

involving the use of DI water with or without the addition of NaCl can be used as an 

effective means of erasing liquid metals via etching of the oxide layer that stabilizes the 

shape of the material. To demonstrate this, we initially measured the erasure rate using 

water with varying concentrations of NaCl. We found that the erasure rate could be 

effectively controlled by both the applied voltage and the NaCl concentration. In general, 

higher voltages or higher concentrations of NaCl contributed to a faster erasure rate. 

Using this information, we fabricated a microfluidic device with embedded 

microchannels in the form of a closed ring array, as well as an adjacent geometry for 

various aqueous solutions. Using embedded gold electrodes, we demonstrated the ability 

to selectively erase one or a group of unit cells in a random access manner. This approach 

provides the capability to create large-scale geometry changes within a device that can be 

fully reconfigured. Although we used a specific device geometry, the approach can be 

extended to other geometries and other domains, such as reconfigurable antennas and 

circuits. Within the field of plasmonics and metamaterials, we expect this to create 

greater flexibility in designing a broader range of devices.

6.4 Methods

For the fabrication of SU-8 template, we coated a silicon wafer with SU-8 3010 

photoresist and spun it at 5000 rpm for 30 seconds. This film was exposed to UV light 

using a blank mask to form a flat layer, which was used to improve the adhesion between 

the silicon wafer and the upper SU-8 patterned layer. A second layer of SU-8 3010
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photoresist was then spun cast at 3000 rpm. UV lithography using a mask with the 

structured pattern yielded a thin 10 ^m photoresist layer with the designed pattern. A 

third layer of SU-8 3025 photoresist was spun at 4000 rpm above the second layer of SU- 

8 3010 photoresist. After baking, it was aligned and exposed to UV light using a mask 

with the CRR and two straight-line patterns. The third layer had a thickness of 22 p,m. 

Both photoresist layers were then simultaneously developed to obtain the final two-layer 

pattern.

For soft lithography, a PDMS pre-polymer was mixed with a curing agent using a 

volume ratio of 7:1, degassed, poured onto the SU-8 template, and cured for 2 hours at 60 

°C. After curing, the inverse PDMS replicas were peeled off and reversibly bonded with 

a glass substrate having patterned electrodes through van der Waals forces, yielding the 

desired microfluidic channel-based device.

For embedded electrodes for electrolysis, we deposited a 10 nm layer of Cr and a 180 

nm layer of Au on a clean glass slide. Using standard wet etch techniques, we patterned 

the metal to define electrodes. The patterned PDMS mold was aligned with Au electrodes 

and reversibly bonded with the glass substrate to form the final device.
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CHAPTER 7

RECONFIGURABLE TERAHERTZ METAMATERIAL DEVICE 

WITH PRESSURE MEMORY

Reprinted with permission from [Jinqi Wang, Shuchang Liu, Sivaraman Guruswamy, and 

Ajay Nahata, "Reconfigurable terahertz metamaterial device with pressure memory," 

Optics Express 22, 4065-4074 (2014)]. ©2014, OSA.



7.1 Introduction

Metamaterials have gained significant attention over the last decade because they can 

exhibit electromagnetic properties that are not readily available in naturally occurring 

materials [1]. In the terahertz (THz) spectral range, which has traditionally been referred 

to as the gap in the electromagnetic spectrum, the need for useful device technologies is 

particularly acute. Nevertheless, a number of device capabilities, including frequency- 

agile filters [2], switches [3], absorbers [4] and phase modulators [5] have been 

demonstrated recently. Of particular interest is the ability to tune the resonant response of 

THz metamaterials, since this can provide for more flexible functionalities. As an 

example, tuning of the spectral response can be accomplished through the application of 

optical radiation [3] or an external voltage [6], which can change the carrier density of a 

semiconductor material that lies within the gap of a split ring resonator. Such changes can 

also be accomplished through temperature or magnetic control [7,8], which has been used 

to switch a superconductor between its normal and superconducting states. However, 

since all of these implementations are based on the use of solid-state materials, once the 

devices are fabricated, their basic geometry is fixed. Thus, the basic 

transmission spectrum is largely unchanged and only the magnitudes of the individual 

resonances are varied, depending upon the strength of the external excitation.

Since the transmission properties of metamaterials are determined primarily by the 

geometric parameters of the metallic elements, the functional flexibility of metamaterial 

devices can improve dramatically if the shape of the metallic element itself can be 

altered. Liquid metals, such as EGaIn, offer significant benefits for the development of 

devices in which large-scale reconfigurability is desirable. EGaIn (78.6% Ga and 21.4%
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In by weight) has many advantageous properties in this regard: i) It exhibits low viscosity 

in the absence of an oxidized surface. The bulk viscosity is approximately twice that of 

water [9], ii) it has low toxicity [10], iii) the melting point is ~15.5 °C and is therefore 

liquid at room temperature, and iv) the EGaIn surface forms a thin passivating oxide 

layer of gallium, which allows it to support non-spherical shapes [11]. The last two 

properties make the metal particularly useful for a variety of stretchable devices, 

including antennas [12,13], plasmonic devices [14,15], fibers [16], solar cells [17] and 

2D and 3D self-healing wires [18]. Furthermore, within the microchannels, the liquid 

metal only flows when the applied pressure exceeds the critical pressure for that 

dimension and maintains its structural stability when the applied pressure is relieved [10]. 

Based on this property, EGaIn has been used to demonstrate pressure-responsive 

frequency shifting antennas [19] and reconfigurable circuits [20].

In this submission, we demonstrate the utility of EGaIn for metamaterial applications 

as a pressure driven, pressure memory device. In contrast to earlier demonstrations, the 

approach described here allows for switching between multiple device configurations, as 

well as the ability to reset the device. Using well-developed microfluidics technology 

[21 ], we use soft lithography techniques to fabricate microfluidic channels that are 

embedded within a PDMS film. EGaIn is injected into the air voids through injection 

channels that are common to the individual metamaterial structures. Since the metal 

elements are based on liquid metals, the device geometry can be easily switched based on 

the geometry of the microchannels. By reducing the cross-sectional area of specific 

microchannels, the critical pressure needed to inject EGaIn increases. Thus, by 

controlling the injection pressure, we can directly control the device geometry and, thus,
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the spectral properties of the device. This is accomplished by using a device geometry 

that incorporates three different microchannel cross-sectional areas, which correspond to 

three different critical pressures. When the applied pressure exceeds each critical 

pressure, we obtain different device geometries: split ring resonators (SRRs), closed ring 

resonators (CRRs) and irregular closed rings. The approach is sufficiently general that it 

can be applied to a wide variety of other geometries and applications.

7.2 Experimental Details 

We fabricated a device composed of a 7 x 9 array of rings. In the schematic diagram 

of a unit cell, shown in Figure 7.1(a), the lower horizontal channel acted as the common 

injection channel for all 9 elements in each row, with all 7 injection channels connected 

via a common inlet reservoir. The outer radius of the rings was R2 = 86 ^m and the inner 

radius of the rings was R1 = 68.5 p,m, corresponding to the first critical channel width of 

W 1 = 17.5 p,m. The length of the gap in the ring was g = 15.5 p,m, corresponding to the 

second critical channel width of W2 = 6.2 p,m. Finally, the third critical channel width, 

W3 = 4.0 p,m, was associated with the narrow horizontal section leading to the 

upper(wider) horizontal channel. Since all of the microchannels were 10 |im in height, 

only the three critical channel widths determined the operation of the device. The other 

device parameters included the width of the lower injection channel, D1 =25.5 ^m, the 

width of the upper (diagonal) connection channel, D2 =18.5 p,m, the width of top 

horizontal channel, D3 =20 p,m, and the periodicity of rings, P = 315 ^m, along both the 

x- and y- axes. In Figure 7.1(b), we show an optical microscope image of a portion of the 

ring array, in which EGaIn filled all of the microchannels through the common lower
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Figure 7.1. Schematic diagram of the unit cell. (a) A unit cell from the 7 x 9 array of 
rings. The device is composed of microfluidic channels fabricated within a PDMS mold. 
The lower horizontal channel in the figure (width D1) serves as the injection channel for 
all nine rings in the row. The seven injection channels, one per row, are connected to a 
common inlet. The periodicity of the rings is P = 315 p,m in both dimensions and the 
distance between the upper and lower horizontal channels is L = 199.5 p,m. All of the 
other dimensions are described in the main text. (b) Photograph of the metamaterial 
device in which all of the microchannels are filled with EGaIn.

injection channels.

In order to fabricate the device, we first created a template using conventional 

photolithographic techniques and then transferred the pattern to a PDMS mold. To 

accomplish this, we coated a silicon wafer with SU-8 3010 photoresist that was spun cast 

at 5000 rpm for 30 seconds. After soft baking the photoresist at 95° for 2.5 minutes, the 

wafer was exposed to UV light using a blank mask and then post baked at 65° for 1 

minute and then 95° for 1.5 minutes. The resulting 6 |im thick planar layer was used to 

improve the adhesion between the silicon wafer and an upper SU-8 patterned layer. This 

intermediate layer removed the need for additional surface modifications (e.g., through 

the use of silanes). A second (upper) layer of SU-8 3010 photoresist was then spun cast at 

3000 rpm for 30 seconds. After UV exposure of the photoresist using a mask with the



appropriate pattern, the wafer was first baked and then developed, yielding a thin 10 p,m 

upper photoresist layer with the designed pattern. This upper layer served as the template 

for the PDMS structure that was fabricated via soft lithography. A PDMS pre-polymer 

was mixed with a curing agent using a weight ratio of 7:1, degassed, poured onto the SU- 

8 template and cured for 2 hours at 60° C. After curing, the inverse PDMS replica was 

peeled off and sealed with a 120 |im thick planar section of PDMS using a high voltage 

corona, yielding a 690 |im thick final structure. Finally, the device reservoir was 

connected to a syringe, which was controlled by a syringe pump through a NanoPort 

assembly. We also fabricated a flat unstructured 690 |im thick PDMS film to act as a 

reference in the THz transmission measurements.

We used THz time-domain spectroscopy (THz TDS) to measure the normalized 

transmission spectra, t(v), of the electric field through the device, where v is the THz 

frequency [22]. The sample was mounted on a metal frame in which the opening size 

exposed only the metamaterial array. Photoconductive devices were used for both 

emission and coherent detection. An off-axis paraboloidal mirror was used to collect and 

collimate the THz radiation from the emitter to the device. The THz beam was normally 

incident on the surface of the metamaterial sample. In contrast to conventional optical 

measurements, THz TDS allows for direct measurement of the THz electric field, 

yielding both amplitude and phase information. By transforming the time-domain data to 

the frequency domain, we are able to determine independently both the magnitude and 

phase of the amplitude transmission coefficient, t(v), using the relation
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t( v) = |t( v)|exp[i^( v)] = EEsample( V) 

r̂eference ( v)reference
(7.1)

In this expression, Esample and Ereference are the measured THz electric fields with either the 

sample or reference in the beam path, respectively, and |t(v)| and 9 (v) are the magnitude 

and phase of the amplitude transmission coefficient, respectively. While the phase 

properties of the device are important, we only discuss the amplitude spectra in this work. 

We measured the injection pressure within the device using a pressure gauge that was 

connected between the syringe and the inlet through a Y connector. We also numerically 

simulated the response of the structure. The metal was modeled as a perfect electrical 

conductor using the device parameters given above, while the dielectric properties of 

PDMS were taken from THz refractive index measurements [14].

In order to demonstrate how the injection pressure can be used to control the 

transmission properties of this metamaterial device, we slowly ramped the injection 

pressure applied by the syringe to a value of ~255 kPa. Until that pressure value was 

reached, there was no EGaIn flow into the main injection channels (width D1). However, 

when the pressure was further increased above ~255 kPa, the main injection channels and 

split ring channels easily filled with EGaIn. In Figure 7.2(a), we show an optical 

microscope image of a portion of the partially filled array. It is important to note that in 

all of the unit cells, only the injection channels and SRRs were filled with the liquid 

metal and there was no leakage into the channels forming the SRR gaps. Importantly, 

because of the formation of a surface oxide layer that stabilizes the shape of EGaIn, when

7.3 Results and Discussion



101

0.0 0.1 0.2 0.3 0.4 0 .5  0.6 

Frequency [THz]

(c) (d)

Figure 7.2. Split ring resonators. (a) Photograph of a portion of the split ring resonator 
array. The background structures in the image are unfilled microchannels. Once the split 
ring resonators are formed and the pressure is released, this configuration is stable for any 
applied pressure between 0 and ~ 255 kPa. (b) Measured transmission spectrum with the 
THz electric field polarized perpendicular to the horizontal injection lines. (c) 
Numerically simulated transmission spectrum under the same excitation scheme. d) 
Snapshot of the numerically simulated current distribution using an excitation frequency 
of 0.17 THz.



the injection pressure was released, the device geometry remained unperturbed. This 

behavior is fundamentally different from that of Hg, which does not form an oxide 

surface and can retract from the channel when pressure is released because of its high 

surface energy and lack of a stabilizing mechanism [10].

In Figure 7.2(b), we show the measured transmission spectrum with the THz electric 

field normally incident on the device and polarized perpendicular to the injection lines 

and the gap in the SRRs. In this orientation, the straight injection lines have little effect 

on the transmitted spectrum. We observe two absorption resonances located at 0.17 THz 

and 0.54 THz. The center frequencies of these resonances are associated with the 

orientation of the SRR, its geometrical parameters and the dielectric properties of the 

surrounding dielectric [3.6]. In Figure 7.2(c), we show the numerically simulated 

transmission spectrum using the same parameters as in the experiments. The resonant 

frequencies found here are the same as in the experimental results, although the latter 

resonances are shallower. We attribute the difference between these spectra primarily to 

the fact that periodic boundary conditions were used in the numerical simulations, while a 

finite array was used in the experiments. Furthermore, the metal was modeled as a perfect 

electrical conductor in the simulations, while EGaIn has a DC conductivity that is more 

than an order of magnitude smaller than that of Au [23]. Finally, although soft 

lithography techniques allow for the fabrication of relatively high precision samples, the 

application of an injection pressure may lead to small differences between individual unit 

cells, especially in the length of the SRR gaps.

The origin of the resonances in SRRs is well known at this point. The absorption 

resonance at 0.17 THz arises from an LC response of the SRR, in which circulating
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currents produced from the incident time varying electric field generates a magnetic field 

polarized perpendicular to the plane of device. In Figure 7.2(d), we show a snapshot of 

the current distribution using an excitation frequency of 0.17 THz, which clearly shows 

the circulating current. The resonance at 0.54 THz is associated with a higher order 

dipole resonance, which arises from currents induced by the electric field of the incident 

radiation on opposite sides of the SRRs. This resonance is related to the plasmon 

resonance of cut wires and is associated with the finite side length of the SRRs [24].

As we slowly increased the applied injection pressure, but kept it below ~296 kPa, 

there were no changes in the device geometry. However, when the pressure exceeded 

~296 kPa, EGaIn flowed into the SRR gap channels. The resulting device structure, in 

which the SRRs switched over to being closed ring resonators, is shown in Figure 7.3(a). 

The measured transmission spectrum, again with the incident THz radiation polarized 

perpendicular to the injection lines, is shown in Figure 7.3(b). The double resonance 

associated with the SRRs has now abruptly changed to a single resonance within the 

spectral window. To validate this result, we also numerically simulated the transmission 

spectrum, shown in Figure 7.3(c). Both spectra have a single resonance dip centered at

0.40 THz, although the experimentally measured resonance is shallower and broader. We 

attribute these differences to the same causes discussed above. In the case of CRRs, the 

LC response disappears and there is no coupled magnetic field. This explains the 

disappearance of the resonance centered at 0.17 THz. Similarly, the current distribution 

associated with the higher order resonance at 0.54 THz changes, causing it to disappear. 

In place of these two spectral features, there is now a resonance centered at 0.40 THz, 

which is the fundamental resonance mode of CRRs. As shown by the snapshot of the
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Figure 7.3. Close ring resonators. (a) Photograph of a portion of the closed ring resonator 
array. The background structures in the image are unfilled microchannels. Once the 
CRRs are formed and the pressure is released, this configuration is stable for any applied 
pressure between 0 and ~296 kPa. (b) Measured transmission spectrum with the THz 
electric field polarized perpendicular to the horizontal injection lines. (c) Numerically 
simulated transmission spectrum under the same excitation scheme. (d) Snapshot of the 
numerically simulated current distribution using an excitation frequency of 0.40 THz.

current distribution in Figure 7.3(d), the current is distributed nearly evenly between the 

two side segments of equal length, parallel to the THz electric field and oscillating in

phase [25]. The resonance associated with CRRs is much broader than those for SRRs, 

which arises from the asymmetry of the ring shape along the electric field axis.

Up to this point, we have shown that the metamaterial can switch from SRRs to 

CRRs. While such switching has been demonstrated using a variety of techniques, the



method used here can allow for further changes in the configuration, making this a 

potentially more flexible approach. To demonstrate this, we further increased the applied 

injection pressure. When the applied pressure was kept below ~386 kPa, we found that 

there were no changes in the device geometry. However, when the pressure increased 

beyond ~386 kPa, the narrow horizontal channel of width W3, as well as the channels of 

width D2 and D3 filled with EGaIn (i.e., all channels in the device were filled). It should 

be noted that the latter two channels (of widths D2 and D3) were also filled because the 

critical pressure required to fill them was lower than ~386 kPa. The resulting device 

configuration, which we refer to as an irregular CRR, is shown in Figure 7.4(a).

In Figure 7.4(b), we show the experimental transmission spectra, again with the THz 

electric field polarized perpendicular to the horizontal injection lines. The spectrum is 

characterized by a low frequency narrow linewidth resonance centered at 0.13 THz and a 

much broader linewidth resonance centered at 0.4 THz. In the numerically simulated 

response of this geometry, shown in Figure 7.4(c), there is a low frequency narrow 

linewidth resonance centered at 0.13 THz. However, the higher frequency resonance is 

actually composed on two resonances: a resonance at 0.39 THz and a shallower 

resonance centered at 0.44 THz. The former resonance is similar to that shown in 

Figure 7.3(c), though red-shifted by ~10 GHz. In the experimental measurements, the 

linewidth of the resonance is sufficiently broad that the two separate resonances cannot 

be resolved.

The frequencies of each of these resonances can be understood by considering the 

relevant current distributions. In Figure 7.4(d), we show a snapshot of the current 

distribution for an excitation frequency of 0.13 THz. The resonance is associated with the
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Figure 7.4. Irregular ring resonators. (a) Photograph of a portion of the irregular ring 
array. (b) Measured transmission spectrum with the THz electric field polarized 
perpendicular to the horizontal injection lines. (c) Numerically simulated transmission 
spectrum under the same excitation scheme. (d) Snapshot of the numerically simulated 
current distribution using an excitation frequency of 0.13 THz. (e) Snapshot of the 
numerically simulated current distribution using an excitation frequency of 0.44 THz.
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large rectangle-like closed rings that are formed by the right edge of adjacent unit cells 

and the upper and lower horizontal lines and is analogous to the response of CRRs. 

However, since the area of this composite structure is larger than the CRRs, the 

resonance is red-shifted. The resonance at 0.39 THz arises from the CRRs and is the 

same as seen in Figure 7.3(d). In Figure 7.4(e), we show a snapshot of the current 

distribution for an excitation frequency of 0.44 THz, which suggests that the resonance is 

associated with coupling between the CRR and the diagonal metallic line. In comparing 

Figure 7.4(e) with Figure 7.3(d), we find that the diagonal metallic line reduces the 

resonant dipole length to only the left half of the CRR. This reduced length increases the 

resonance frequency from 0.4 THz to 0.44 THz. This dipole resonance is the dominant 

part in Figure 7.4(e). Because the dipole occurs only on one side of the structure (i.e., half 

of the left side of the CRR), the 0.44 THz resonance is shallower than the 0.4 THz 

resonance. In fact, for numerical simulations in which the diagonal line is removed, this 

high frequency contribution to the spectrum disappears.

Filling the device required that the applied pressure exceed three different values for 

the critical pressure for three different geometries. In order to understand this behavior, 

we consider the relationship between the applied pressure and the channel dimensions. In 

a channel, the pressure, P, required to initiate flow is associated for a channel of width 

(W) and height (H) is given by

(7.2)

Here, y is a parameter that is related to the interfacial force per unit length required for



EGaIn to flow and 9 is the contact angle between EGaIn and PDMS (=150°) [10]. Dickey 

et al. have previously found that y = 0.63 N/m in the microchannels that they used [10]. 

In Figure 7.5, we plot the critical pressure as a function of the channel dimensions. In the 

case of the lower horizontal injection channel and the SRR, both filled simultaneously 

when the pressure exceeded ~255 kPa, even though the two have slightly different 

dimension. Using Equation (7.2), we fit a line to only the two higher pressure data points 

and find that the best fit value for y is 0.58, in reasonable agreement to the value 

mentioned above. One possible reason for the slight difference in best-fit values for y 

might arise from the actual dimensions for the SRR gap channel and the short horizontal 

channel of width W2. In both cases, the channels lengths are only slightly larger than the 

corresponding channel widths. In earlier work, the channel length was more than ten
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Figure 7.5. The critical applied pressure required for filling EGaIn for each channel 
segment as a function of the sum of the inverse height (H) and width (W). The dashed 
line is a best-fit to only the two higher pressure data points. The slope of the best-fit line 
to the data for EGaIn is 1.01 N/m.



times its width, which may affect the required pressure [10]. In addition, the rectangular 

cross-section channels may deform slightly under pressure and, thus, correspond to 

different dimensions than used in Equation (7.2). Finally, it should be noted that 

Equation (7.2) is only an approximation, since it is very difficult to analyze the interfacial 

curvature in a rectangular shaped channel.

Based on the dimensions of the channels and the best fit value for y, we would expect 

that the critical pressure required for EGaIn to flow into the lower injection channels of 

width D1 to be ~140 kPa and the critical pressure required to fill the SRR channels of 

width W 1 to be ~159 kPa. The need for a much larger applied pressure to fill these two 

channels can be attributed to several issues. First, the large difference between the 

dimensions of the inlet reservoir and the injection channels may cause the required 

injection pressure to deviate from Equation (7.2). Second, the thickness of the PDMS 

layer in the device described here was much thinner than was used in [10]. The increased 

gas permeability would lead to a significant increase in the required critical pressure. 

Third, the distance between the rings and the outlet affects the required pressure. If the 

rings were too close to the outlet, EGaIn would simply flow out of the injection channel 

without ever entering the rings. Given that the critical pressures for filling the injection 

channels and the SRR channels are very close, it is difficult to fill only the injection 

channels, without having any leakage into the SRRs. In fact, we did not observe two 

separate critical pressures for the two different channels.

In order to demonstrate full reconfigurability, there needs to be a final step that allows 

the device to be reset to its original configuration. As noted earlier, an oxide surface layer 

forms on the liquid metal stabilizing its configuration. In the absence of this oxide, EGaIn
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has a viscosity that is twice that of water and a surface tension that is similar to that of 

Hg. Since PDMS is gas permeable, the oxide layer can be dissolved using acids. 

Therefore, when the entire device is exposed to hydrochloric acid (HCl), in the presence 

of light mechanical pressure, the oxide layer surrounding the EGaIn metal within the 

device can be quickly dissolved, at which point the EGaIn retracts out of the 

microchannels and returns to either the inlet or the outlet. In Figure 7.6(a), we show an 

image of the device after it has been exposed to HCl for 1 minute. In Figure 7.6(b), we 

show the corresponding transmission spectrum. It is clear that although several small 

remnants of liquid metal remain in some of the channels, they have no impact on the 

transmission properties of the reset device.

Figure 7.6. Properties of the reset device. (a) Photograph of a portion of the reset device 
(all of the EGaIn was returned to either the inlet or the outlet). The two short white line 
segments correspond to EGaIn that remained in the upper and lower horizontal channels. 
The different contrast in the image, as compared the earlier figures, was used to more 
clearly show the channel properties after resetting the device. (b) The corresponding 
transmission spectrum.



7.4 Conclusion

In summary, we have demonstrated a reconfigurable metamaterial device that utilizes 

liquid metal, EGaIn, as its metallic element. The device utilizes conventional microfluidic 

technology, where microchannels in the form of ring resonators are created in a PDMS 

mold. By carefully designing the dimensions of the microchannels, we can require 

different critical pressures for different segments of the device. Therefore, only specific 

sections of the device are filled with EGaIn when the corresponding critical pressure is 

exceeded. This allows for a device geometry that can change abruptly from one 

configuration to another, enabling dramatic changes in the corresponding transmission 

properties. Since it is the metallic elements that are changed, the number of possible 

configuration changes is limited only by the available pressure differences that can be set. 

Thus, such a device is not limited to the conventional two state configurations. In 

addition, because the liquid metal flow conditions are irreversible, in a general sense, the 

transmission spectra records the pressure applied to the liquid metals, providing a means 

for sensing and recording the external pressure through THz electromagnetic fields. Such 

a capability may be useful in structures that incorporate not only liquid metals, but also 

other liquids to create devices that combine plasmonics with more conventional 

microfluidic capabilities. Finally, although we only describe only one specific 

metamaterial geometry, the approach can be applied to a broad range of THz device 

technologies.
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8.1 Introduction

In recent years, there has been great interest in developing metamaterials that exhibit 

electromagnetic properties not readily available in nature [1]. The artificial structure in 

these materials allows one to engineer the response through design of the geometrical 

layout of the metallic features and the surrounding dielectric media [2,3]. Much of the 

work in developing these structures has relied on creating 2D geometries on flat 

substrates using well-developed microfabrication techniques. While the approach has 

proven very successful, it also creates some issues and limitations. As an example, the 

introduction of a substrate breaks the symmetry of the metamaterial structure at the 

interface, which can induce bianisotropy [4,5]. Furthermore, in order to properly 

determine the electromagnetic properties of the structure, such as the effective dielectric 

constant, for many metamaterial geometries, it is preferable to use bulk (3D) materials 

[6,7]. The simplest approach for accomplishing this is to create a stack of 2D layers [6 ,8

11]. In the microwave and optical spectral regions, this is not a significant issue, since 

there are numerous low loss substrate materials. In the THz spectral range, however, 

there are relatively few good options, since most dielectric materials are lossy [12,13]. 

Thus, the complex refractive index properties of the substrate have to be considered and 

both the absorption loss and multiple reflections between the different substrate layers 

need to be taken into account.

This ability to engineer the response based on the geometry also suggests that more 

complex 3D geometries can yield unique capabilities. Indeed, such structures have been 

fabricated for applications at microwave frequencies by assembling appropriately 

patterned circuit boards [14]. Similarly, though the length scales at optical frequencies are
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dramatically smaller, a variety of advanced fabrication techniques have been developed 

over the years that allow for similar device definition [11]. However, in the THz spectral 

range, while the relevant dimensions lie between those in the microwave and visible, far 

fewer well developed fabrication capabilities exist. In fact, there have only been a few 

reports of non-planar THz metamaterials, which in some cases have relied on UV and/or 

X-ray photolithography combined with repeated electroplating processes [15-17]. While 

these THz structures are unique and interesting, in some cases, they require advanced 

fabrication facilities that are not widely available. In light of these various considerations, 

it would be advantageous to develop a fabrication technique that is not only substrate-free 

and amenable to construction of complex 3D geometries, but also comparatively simple 

in terms of facilities requirements.

In this submission, we demonstrate that injection molding is an extremely versatile 

and comparatively easy technique for fabricating free-standing all-metal 2D and 3D THz 

metamaterials. We use gallium as the metal of choice, because of its advantageous 

physical properties: (i) it has a relatively low melting temperature (~ 30 °C) and, thus, 

forms a liquid with only mild heating (ii) it can be solidified at room temperature using 

an external control that does not rely on simply cooling the metal to room temperature 

and (iii) its shape can be more easily manipulated than other conventional metals at room 

temperature, allowing for the construction of complex 3D structures. We use soft 

lithography techniques to fabricate a peelable injection mold using microfluidic channels 

inscribed into polydimethylsiloxane (PDMS) films. Specifically, we create the requisite 

patterns within two PDMS films, which are then reversibly bonded through van der 

Waals forces. Since the geometry of the metallic structure is determined only by mold,
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once the master template is fabricated, all further device fabrication can take place 

without the need for sophisticated microfabrication facilities.

8.2 Results and Discussion 

We fabricated all of the samples using the basic procedure shown in Figure 8.1. Using 

an SU-8 photoresist coated silicon wafer, we used conventional UV photolithography to 

create the desired template pattern. We then used PDMS and soft lithography techniques 

to obtain the inverse replica of the SU-8 template. This patterned PDMS film was 

reversibly bonded to a second PDMS film that was either unpatterned or had its own 

separate embedded microchannel geometry. The reversible bonding process of two 

PDMS films occurs because PDMS is flexible and can conform to a flat surface through 

van der Waals forces [18]. After the films were bonded, pre-heated liquid gallium was 

injected into the microchannels. The metal was then solidified at room temperature, as 

discussed below. Finally, the two PDMS films were peeled apart leaving a free-standing 

metal device. We used THz time-domain spectroscopy to measure the absolute 

transmission properties of all of the devices.

Before discussing the device geometries that can be fabricated using this approach, 

we briefly describe the properties of gallium metal and the approach used to solidify the 

liquid metal in the PDMS mold. Gallium is a silvery, glass-like metal that has a DC 

conductivity of 3.7 x 106 S/m [19], which is only slightly smaller than that of lead [20]. 

While there are no published data reporting the THz dielectric properties of Ga, there is 

data for eutectic Ga-In, which is composed primarily of Ga and clearly shows metallic 

behavior in the THz spectral range [21].
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Figure 8.1. Steps in the fabrication process for injection molding of free-standing all
metal THz metamaterials.

Although liquid Ga normally solidifies at 30°C, it can be cooled and remain in a 

metastable liquid state below its freezing point, a process that is referred to as 

undercooling or supercooling [22]. In such cases, the magnitude of supercooling (i.e., the 

difference between the actual freezing point and the bulk material freezing point) 

increases as the liquid volume decreases. For the devices described here, the entire filled 

molds were placed in a freezer at -16 °C for 24 h. Surprisingly, even under these 

conditions, the injected Ga remained at least partially in its liquid state even after being 

kept at 46 °C below the bulk melting temperature. This ensured that no issues associated 

with solidification arose during the injection process, even with changes in the room 

temperature. Interestingly, we found that the liquid metal solidified quickly at room



temperature when a piece of solid Ga came into contact with it.

In order to explain this behavior, it should be noted that the melting temperature of 

various metals and materials is well known to decrease when the dimensions are reduced 

to the order of less than a few tens of nm, where quantum confinement effects become 

relevant. In the case of liquid Ga confined within random pore networks of different 

porous glasses with pore sizes of 16 and 2 nm, the corresponding freezing point was 

found to be suppressed to less than 265 K and 185 K, respectively [23]. Since the PDMS 

channels described here are significantly larger than those dimensions, we believe that 

the observed presence of liquid Ga in the channels at such low temperatures is due to the 

large nucleation barrier for both homogeneous (within the uniform metal) and 

heterogeneous (at the gallium-PDMS interface) nucleation of the solid Ga phase from 

liquid.

In general, the temperature dependence of homogeneous nucleation rate is very steep, 

especially for metals. As such, homogeneous crystallization in bulk metals can occur at 

temperatures well below the equilibrium bulk melting point by as much as ~220K, as has 

been shown for Cu [24]. The temperature dependence of the heterogeneous 

crystallization rate is also very steep, but freezing is expected to require lower 

supercooling than in the homogeneous nucleation case. The fact that the Ga remains in a 

partial liquid state even with significant supercooling (46° below the freezing 

temperature) is indicative of a large interfacial energy requirement during the nucleation 

process. However, when a solid Ga seed is brought into contact with the liquid, there is 

no nucleation barrier and the freezing proceeds without much supercooling.

We now discuss the fabrication of 2D free-standing Ga-based metamaterials
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composed of split ring resonators (SRRs). While such structures can be created using a 

variety of techniques, we will use them as the basis for more complex 3D geometries 

described below. A schematic diagram of the resonator unit cell is shown in Figure 

8.2(a). We designed and fabricated five separate 9 mm x 9 mm SRR geometries of 

different dimensions, as shown Table 8.1. A photograph of the SRR1 metamaterial is 

shown in Figure 8.2(b) and the corresponding transmission spectrum, with the normally 

incident THz radiation polarized perpendicular to the horizontal injection lines, is shown 

in Figure 8.2(c). In this orientation, the horizontal injection lines do not interact with the 

incident radiation and, thus, have little effect on the transmission spectrum. The single 

broad resonance centered at 0.32 THz arises from the coupled dipole resonance between 

the two arms of the SRR [25]. In Figure 8.2(d), we show the transmission spectrum with 

the normally incident THz radiation polarized parallel to the horizontal injection lines. In 

this case, there are three separate factors that contribute to the measured spectrum: a 

Drude-like response related to interaction with the long horizontal injection lines for 

frequencies below ~0.3 THz [26], an LC resonance in the SRR at 0.14 THz and a higher 

order dipole resonance at 0.5 THz associated with currents produced by the THz electric 

field on the opposite sides of the gap. As would be expected for these structures, the off 

resonance transmission is near unity and substantially higher than for equivalent devices 

fabricated on substrates, where the reported transmission spectra is often higher than 

expected because the measurements were referenced relative to the substrate.

Using this 2D structure as a building block, we now describe three separate 

approaches to creating 3D free-standing metamaterials. In the first approach, we create a 

stack using the five different SRR metamaterial layers, described in Table 8.1, with each
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Figure 8.2. 2D free-standing metamaterials. (a) Schematic diagram of one unit cell of 
SRR metamaterial. The parameter values are given in Table 8.1. The lower horizontal 
connection line of width W2 is used for injection and acts to connect the different unit 
cells. (b) Photograph of free-standing 2D SRR1 metamaterial with an enlarged image of a 
portion of the device to the right. (c) Transmission spectrum for SRR1 for normally 
incident THz radiation polarized perpendicular to the connection lines. (d) Transmission 
spectrum for SRR1 for normally incident THz radiation polarized parallel to the 
connection lines.
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Table 8.1. Parameters for the split ring resonators.

g (pm) W 1 (pm) d (pm) W2 (pm) Periodicity (pm) Thickness (pm)

SRR 1 70 72 274 120 740 80

SRR 2 66 56 250 115 740 80

SRR 3 70 66 260 120 740 80

SRR 4 85 69 304 110 740 80

SRR 5 90 72 343 110 740 80

layer separated by 160 pm using gallium spacers. In Figure 8.3(a), we show a photograph 

of the resulting ~1.13 mm thick free-standing metamaterial. The circular elements at the 

four corners of the device were used to align the layers. An expanded view of a portion of 

portion of the device is shown in Figure 8.3(b). For the wire dimensions shown in Table 

8.1, we observed almost no sag in the individual layers, although this could become a 

concern with larger arrays. In that case, increasing the cross-section of the main 

horizontal injection lines can be used to minimize the issue.

In Figure 8.3(c), we show the transmission spectrum for normally incident THz 

radiation polarized perpendicular to the horizontal injection lines. The spectrum features 

a fast rising and falling edge and exhibits strong broadband transmission suppression 

between 0.2 THz and 0.36 THz. Because the interlayer interaction length is much smaller 

than the 160 pm layer spacing, we expect that the minor misalignment between layers 

will have little impact on the transmission spectrum [27,28]. We also expect minimal 

coupling between layers, corresponding to a simple superposition of the spectra
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Figure 8.3. A multilayer stack of free-standing metamaterials. (a) Photograph of a stacked 
five-layer SRR metamaterial structure composed of SRR1 through SRR5. (b) Microscope 
image of a portion of the device. (c) Transmission spectrum for normally incident THz 
radiation polarized perpendicular to the connection lines. (d) Transmission spectrum for 
normally incident THz radiation polarized parallel to the connection lines.



associated with each layer. This is consistent with observations obtained from other 

metamaterial stacks [28]. In Figure 8.3(d), we show the transmission spectrum for 

normally incident THz radiation polarized parallel to the horizontal injection lines. In this 

case, the device response leads to a pass band with near unity transmission from ~ 0.2 -

0.36 THz.

In comparing the response of this structure to other multilayer metamaterials [8,28], it 

is clear that while the transmission suppression characteristics are approximately similar, 

the pass band transmission amplitudes are significantly higher here because there are no 

issues with absorption by the substrate. There are also no issues with Fabry-Perot 

resonances. The high transmission contrast for the two different excitation polarizations 

in the frequency range between 0.2 and 0.36 THz suggests the possibility of creating a 

THz modulator by dynamically changing the device orientation or device configuration 

[29,30]. Finally, we note that while this structure contains only five layers, the approach 

can be easily extended to incorporate a much larger number of layers.

A commonly used approach to creating an effective 3D metamaterial relies on the use 

of very thin flexible substrates, which allow for some level of bending and flexing 

[15,28,31]. However, the extent to which such deformations can be made are typically 

somewhat limited and maintaining the shape change usually requires continued 

application of an external force. In the absence of a substrate, a free-standing 

metamaterial could be folded into the appropriate geometry after fabrication of a planar 

structure. Gallium is well suited for such applications, because it exhibits greater 

flexibility than other conventional metals. At room temperature, Ga has a homologous 

temperature [operating temperature (298 K) / melting temperature (303 K)] of 0.98 [32].
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At such high values for the homologous temperature, Ga is very soft and the stress level 

required for deformation at a given strain rate is extremely small. One approach to 

quantifying this is to consider the hardness of a metal at room temperature. The hardness 

value is a measure of the yield or flow strength of the material, where the former 

parameter is approximately 3 times larger than the latter [33,34]. Thus, the hardness of 

solid Ga at room temperature is 0.085 GPa [35]. For the purposes of comparison, the 

homologous temperature of Au at room temperature is 0.22 and the corresponding 

hardness value at room temperature is in the range of 1.07 -  2.8 GPa [36].

With this in mind, we demonstrate a second technique for creating 3D metamaterials. 

In Figure 8.4(a), we show a free-standing Ga-based metamaterial that has been folded 

into the form of a “square wave.” To fabricate this structure, we first created a planar 

SRR1 metamaterial, as shown in Figure 8.2(b), and then mechanically folded each row of 

array, such that it was perpendicular to the adjacent row. This approach can be extended 

to create a wide variety of folded geometries that maintain their shape. We show the 

excitation geometry in Figure 8.4(b) and corresponding transmission spectrum in Figures 

8.4(c) and 8.4(d). The transmission properties of this structure can be understood by 

considering the two different SRR orientations separately: vertical SRRs parallel to the 

beam propagation direction and horizontal SRRs perpendicular to that axis. In the former 

configuration, adjacent vertical SRRs were alternately oriented towards and away from 

the incident THz radiation. Although the effective impedance is different for these two 

orientations, associated with the difference phase properties of the reflected field, they 

exhibit the same transmission resonance because the eigenmode excitation is the same 

[37]. For the horizontal SRRs, alternate horizontal rows are oriented in the same direction

125



126

Frequency [THz] Frequency [THz]

(c) (d)

Figure 8.4. A mechanically folded 3D structure. (a) A photograph of “square-wave” 3D 
metamaterial with each row of SRR perpendicular to the adjacent rows. (b) Schematic 
diagram of square 3D metamaterial and the excitation geometry. (c) Transmission 
spectrum for normally incident THz radiation polarized perpendicular to the connection 
lines. (d) Transmission spectrum for normally incident THz radiation polarized parallel to 
the connection lines.



but spatially shifted relative to one another by ~740 |im. The superposition of these 

contributions agrees well with the observed spectra. Finally, we note that while the 

individual elements in SRR1 were all oriented in the same direction, we expect that a 

more complex resonance response can be achieved in the folded 3D structure by rotating 

individual elements in the planar array [37].

In the third approach, we show that 3D metamaterials can be fabricated directly via a 

single injection molding process with no post-processing steps. As an example of this, we 

show a schematic diagram of a more complex 3D structure in Figure 8.5(a). The device 

consists of two main pieces: two orthogonally oriented layers of a square closed ring 

resonator (CRR) with a bisecting line and two outwardly facing posts extending out from 

each surface. The square CRR had an inner width of 320 |im, outer width of 460 |im, and 

thickness of 50 |im, the bisecting lines were 120 |im wide and 50 |im thick, and the 

protruding posts were 70 |im wide on each side and extended out of the plane of the 

device by 50 |im. Fabrication of this device required that the SU-8 master template 

comprised square CRRs, bisecting lines and protruding posts (at the intersections of 

CRRs and bisecting lines). Each PDMS layer in the peelable mold had the same 

microchannel geometry, with one rotated by 90° relative to the other. Peeling away the 

PDMS films yielded a free-standing structure that has the appearance of having four 

layers, though a single injection injection/solidification step was used. This approach can 

be extended to create a wide variety of other 3D architectures. In Figure 8.5(b), we show 

a photograph of the overall device, with an expanded view in Figure 8.5(c).

In Figure 8.5(d), we show the transmission spectrum for normally incident THz wave 

polarized parallel to one of the bisecting lines. Over the measured frequency range,
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Figure 8.5. 3D structure fabricated without post-processing steps. (a) Schematic diagram 
of one unit of the complex 3D metamaterial for two different viewing angles. (b) 
Photograph of corresponding all-metal free-standing 3D metamaterial. (c) Microscope 
image of a portion of the device. (d) THz transmission spectrum with normally incident 
THz radiation polarized parallel to one of the bisecting lines.



we only observed monotonically increasing transmission below 0.28 THz and resonance 

transmission resonance centered at 0.4 THz. The former feature arises from a Drude-like 

response associated with the long bisecting line, while the latter feature arises from a 

dipole resonance. The height of square pillars in this sample is limited by available 

thickness of SU-8 photoresist. Thus, in this polarization configuration, it does not 

significantly affect the measured transmission spectrum. However, it is possible to obtain 

structures with out-of-plane dimensions that are comparable to that of the in-plane 

dimensions by using other photoresist materials or methods for defining the template. 

Such structures would be expected to exhibit unique responses as a function of the 

azimuthal and polar incidence angles.

8.3 Conclusion

We have demonstrated an approach for fabricating a variety of all-metal free-standing 

2D and 3D THz. The structures were constructed using a variation of injection molding, 

where Ga was heated above its melting temperature and injected into a peelable 

elastomeric molded that had embedded microchannels of the desired geometry. The 

liquid metal inside the mold did not solidify when cooled to room temperature or even 

- 16°C. However, we could rapidly solidify it at room temperature by contacting it with 

solid gallium. This solidification mechanism suggests that it may be possible to control 

physical state of individual sections, by creating appropriate gaps in the liquid metal 

lines. Using this approach, we demonstrated the ability to easily create a variety of 2D 

and 3D metamaterials. Importantly, the range of potential geometries is not limited to 

conventional single layer or stacked multilayer devices. Thus, in addition to these two
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embodiments, we also demonstrated folded geometries and arrays of complex 3D 

elements. Given the flexible nature of the fabrication approach, there is a broad range of 

architectures for both the individual unit cell and the overall structure that can be realized 

and that cannot be easily made using other techniques. Since there is no substrate, metal 

lines are needed to connect individual elements. Careful design of the geometry of these 

connection lines may be needed to minimize the impact on the resulting spectrum.

8.4 Experimental Section 

For fabrication of template, we coated a silicon wafer with SU-8 3010 photoresist and 

spun it at 5000 rpm for 30 seconds. This film was exposed to UV light using a blank 

mask to form a flat layer, which was used to improve the adhesion between the silicon 

wafer and the upper SU-8 patterned layer. For the planar 2D SRR metamaterial template, 

a second layer of SU-8 2025 photoresist was then spun cast at 1000 rpm. UV lithography 

using a mask with the appropriate metamaterial pattern yielded a thin 80 ^m upper 

photoresist layer with the designed pattern. This served as the template for the PDMS 

structure that was fabricated via soft lithography. For the non-planar 3D metamaterial 

template, discussed in Figure 8.5, a second layer of SU-8 2025 photoresist was spun at 

1700 rpm above the first layer of SU-8 3010 photoresist. After baking, it was exposed to 

UV light using a mask with the CRR and bisecting line pattern. Then a third layer of SU- 

8 2025 photoresist was spun at 1700 rpm. After baking, it was exposed to UV light using 

an aligned mask with the post pattern to form a third layer. Both the second layer and 

third layers had a thickness of 50 p,m. Both photoresist layers were then simultaneously 

developed to obtain the final two-layer pattern on a single
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PDMS film.

For soft lithography, a PDMS pre-polymer was mixed with a curing agent using a 

volume ratio of 7:1, degassed, poured onto the SU-8 template and cured for 2 hours at 60 

°C. After curing, the inverse PDMS replicas were peeled off and reversibly bonded with 

another layer of PDMS through van der Waals forces, yielding the desired microfluidic 

channel-based device.

For characterization of transmission properties, we used THz time-domain 

spectroscopy to measure the absolute transmission spectra, t(v), of the electric field 

through the device, where v is the THz frequency [38]. The sample was mounted on a 

metal frame in which the opening size exposed only the metamaterial array. 

Photoconductive devices were used for both emission and coherent detection. An off-axis 

paraboloidal mirror was used to collect and collimate the THz radiation from the emitter 

to the device. The THz beam was normally incident on the surface of metamaterial 

sample. The magnitude of the amplitude transmission coefficient, t(v), is determined by

t(v) = |t(v)|exp[i^(v)] = E . (8.1)
reference ^  '

In this expression, Esample and Ereference are the measured THz electric fields with either the 

sample or reference (no sample) in the beam path, respectively, and |t(v)| and 9 (v) are the 

magnitude and phase of the amplitude transmission coefficient, respectively. The 

reference spectrum was taken with no sample in the beam path, allowing for 

measurement of the absolute transmission spectrum.

131



132

8.5 References

1. R. A. Shelby, D. R. Smith, S. C. Nemat-Nasser, and S. Schultz, “Microwave 
transmission through a two-dimensional, isotropic, left-handed metamaterial,” Appl. 
Phys. Lett. 78, 489 (2001).

2. W. J. Padilla, “Group theoretical description of artificial electromagnetic 
metamaterials,” Opt. Express, 15, 1639-1646 (2007).

3. H. T. Chen, J. F. O’Hara, A. J. Taylor, R. D. Averitt, C. Highstrete, M. Lee, and W. J. 
Padilla, “Complementary planar terahertz metamaterials,” Opt. Express 15, 1084-1095 
(2007).

4. D. A. Powell, and Y. S. Kivshar, “Substrate-induced bianisotropy in metamaterials,” 
Appl. Phys. Lett. 97, 091106 (2010).

5. K. Fan, A. C. Strikwerda, H. Tao, X. Zhang, and R. D. Averitt, “Stand-up magnetic 
metamaterials at terahertz frequencies,” Opt. Express 19, 12619-12627 (2011).

6. C. M. Soukoulis, and M. Wegener, “Past achievements and future challenges in the 
development of three-dimensional photonic metamaterials,” Nature Photon. 5, 523-530
(2011).

7. W.-C. Chen, A. Totachawattana, K. Fan, J. L. Ponsetto, A. C. Strikwerda, X. Zhang, R. 
D. Averitt, and W. J. Padilla, “Single-layer terahertz metamaterials with bulk optical 
constants,” Phys. Rev. B 85, 035112 (2012).

8. N. Katsarakis, G. Konstantinidis, A. Kostopoulos, R. S. Penciu, T. F. Gundogdu, M. 
Kafesaki, E. N. Economou, Th. Koschny, and C. M. Soukoulis, “Magnetic response of 
split-ring resonators in the far-infrared frequency regime,” Opt. Lett. 30, 1348-1350 
(2005).

9. N. R. Han, Z. C. Chen, C. S. Lim, B. Ng, and M. H. Hong, “Broadband multi-layer 
terahertz metamaterials fabrication and characterization on flexible substrates,” Opt. 
Express 19, 6990-6998 (2011).

10. F. Miyamaru, S. Kuboda, K. Taima, K. Takano, M. Hangyo, and M. W. Takeda, 
“Three-dimensional bulk metamaterials operating in the terahertz range,” Appl. Phys. 
Lett. 96, 081105 (2010).

11. H. O. Moser, and C. Rockstuhl, “3D THz metamaterials from 
micro/nanomanufacturing,” Laser & Photon. Rev. 6, 219-244 (2012).

12. D. Grischkowsky, S. Keiding, M. Van Exter, and C. Fattinger, “Far-infrared time- 
domain spectroscopy with terahertz beams of dielectrics and semiconductors,” J. Opt. 
Soc. Am. B 7, 2006-2015 (1990).



133

13. Y.-S. Jin, G.-J. Kim, and S.-G. Jeon, “Terahertz dielectric properties of polymers,” J. 
Kor. Phys. Soc. 49, 513-517 (2006).

14. R. A. Shelby, D. R. Smith, and S. Schultz, “Experimental verification of a negative 
index of refraction,” Science 292, 77-79 (2001).

15. H. O. Moser, J. A. Kong, L. K. Jian, H. S. Chen, G. Liu, M. Bahou, S. M. P. 
Kalaiselvi, S. M. Maniam, X. X. Cheng, B. I. Wu, P. D. Gu, A. Chen, S. P. Heussler, S. 
bin Mahmood, and L. Wen, “Free-standing THz electromagnetic metamaterials,” Opt. 
Express 16, 13773-13780 (2008).

16. H. O. Moser, L. K. Jian, H. S. Chen, M. Bahou, S. M. P. Kalaiselvi, S. Virasawmy, S. 
M. Maniam, X. X. Cheng, S. P. Heussler, S. bin Mahmood, and B.-I. Wu, “All-metal 
self-supported THz metamaterial -  the meta-foil,” Opt. Express 17, 23914-23919 (2009).

17. K. Fan, A. C. Strikwerda, H. Tao, X. Zhang, and R. D. Averitt, “Stand-up magnetic 
metamaterials at terahertz frequencies,” Opt. Express 19, 12619-12627 (2011).

18. J. C. MacDonald, D. C. Duffy, J. R. Anderson, D. T. Chiu, H. Wu, O. J. A. Schueller, 
and G. M. Whitesides, “Fabrication of microfluidic systems in poly (dimethylsiloxane),” 
Electrophoresis 21, 27-40 (2000).

19. R. W. Powell, “The electrical resistivity of gallium and some other anisotropic 
properties of this metal,” Roc. R. Soc. London, Ser. A 209, 525-541 (1951).

20. J. R. Gordon, and R. A. Serway, Principles o f Physics (Saunders College Pub., 1993).

21. J. Wang, S. Liu, Z. V. Vardeny, and A. Nahata, “Liquid metal-based plasmonics,” 
Opt. Express 20, 2346-2353 (2012).

22. V. P. Skripov, Metastable Liquids: Transl. from Russ. by R  Kondor. Transl. Ed. by 
D. Slutzkin (Wiley, 1974).

23. E. V. Charnaya, C. Tien, W. Wang, M. K. Lee, D. Michel, D. Yaskov, S. Y. Sun, and 
Y. A. Kumzerov, “Atomic mobility in liquid gallium under nanoconfinement,” Phys. 
Rev. B 72, 035406 (2005).

24. D. A. Porter, K. E. Easterling, and M.Y. Sherif, Phase Transformations in Metals and 
Alloys (CRC Press, 2009).

25. W. J. Padilla, A. J. Taylor, C. Highstrete, M. Lee, and R. D. Averitt, “Dynamical 
electric and magnetic metamaterial response at terahertz frequencies,” Phys. Rev. Lett. 
96, 107401 (2006).

26. H. T. Chen, W. J. Padilla, J. M. O. Zide, A. C. Gossard, A. J. Taylor, and R. D. 
Averitt, “Active terahertz metamaterial devices,” Nature 444, 597-600 (2006).



134

27. K. Aydin, K. Guven, N. Katsarakis, C. Soukoulis, and E. Ozbay, “Effect of disorder 
on magnetic resonance band gap of split-ring resonator structures,” Opt. Express 12, 
5896-5901 (2004).

28. N. R. Han, Z. C. Chen, C. S. Lim, B. Ng, and M. H. Hong, “Broadband multi-layer 
terahertz metamaterials fabrication and characterization on flexible substrates,” Opt. 
Express 19, 6990-6998 (2011).

29. J. Wang, S. Liu, S. Guruswamy, and A. Nahata, “Reconfigurable liquid metal based 
terahertz metamaterials via selective erasure and refilling to the unit cell level,” Appl. 
Phys. Lett. 103, 221116 (2013).

30. J. Wang, S. Liu, S. Guruswamy, and A. Nahata, “Reconfigurable terahertz 
metamaterial device with pressure memory,” Opt. Express 22, 4065-4074 (2014).

31. H. Tao, A. C. Strikwerda, K. Fan, C. M. Bingham, W. J. Padilla, X. Zhang, and R. D. 
Averitt, “Terahertz metamaterials on free-standing highly-flexible polyimide substrates,” 
J. Phys. D: Appl. Phys. 41, 232004 (2008).

32. H.J. Frost, and M.F. Ashby, Deformation-Mechanism Maps: The Plasticity and Creep 
o f Metals and Ceramics (Pergamon Press, 1982).

33. F. A. McClintock, and A. S. Argon, Mechanical Behavior o f Materials (Addison- 
Wesley, 1966).

34. K. Herrmann, Hardness Testing: Principles and Applications (ASM International, 
2011).

35. D. S. Lin, and H. Wilman, “The surface structure of gallium after plastic deformation 
by unidirectional abrasion and by rolling,” J. Phys. D: Appl. Phys. 5, 2068 (1972).

36. M. Dietiker, R. D. Nyilas, C. Solenthaler, and R. Spolenak, “Nanoindentation of 
single-crystalline gold thin films: Correlating hardness and the onset of plasticity,” Acta 
Mater. 56, 3887-3899 (2008).

37. C. Rockstuhl, T. Zentgraf, E. Pshenay-Severin, J. Petschulat, A. Chipouline, J. Kuhl, 
T. Pertsch, H. Giessen, and F. Lederer, “The origin of magnetic polarizability in 
metamaterials at optical frequencies -  an electrodynamic approach,” Opt. Express 15, 
8871-8883 (2007).

38. D. Grischkowsky, S. Keiding, M. v. Exter, and C. Fattinger, “Far-infrared time- 
domain spectroscopy with terahertz beams of dielectrics and semiconductors,” J. Opt. 
Soc. Am. B 7, 2006 (1990).



CHAPTER 9

3D PRINTING OF RECYCLABLE SOLID 

METAL STRUCTURES

9.1 Introduction

The ability to fabricate three-dimensional (3D) structures is a topic of great interest in 

a broad range of areas, including metamaterials [1-3], microvascular networks [4-6], 

tissue engineering [7] and electronics [8,9]. Among the various fabrication methods that 

have been developed for such applications, 3D printing has been shown to be a very 

attractive approach, since it allows for the creation of complex geometries that may be 

difficult to fabricate using other means [10]. The most commonly used materials for this 

approach includes thermoplastic polymers, metals and ceramics [11], where the 

deposition often occurs via an additive manufacturing method. While such techniques 

reduce waste in the printing process compared to top-down fabrication methods, the print 

materials typically have relatively high melting temperatures or become crosslinked and, 

therefore, are not easily recyclable. Here, we demonstrate that gallium metal is a good 

candidate for 3D printing. The process operates at temperatures that are relatively close to 

room temperature and relies on pull of a continuous filament of liquid gallium that 

quickly solidifies when it comes in contact with solid gallium, creating structures that can 

be handled in the same manner as other 3D printed objects. In the absence of this contact



with solid gallium, the extruded liquid gallium often does not solidify, even when cooled 

well below the freezing temperature of the metal [3]. The diameter of the extruded 

component can be carefully controlled by varying the print speed and can have a 

minimum diameter that is smaller than the print nozzle opening. Since gallium has a 

melting temperature of ~30 °C, the printed structures can be easily recycled (i.e., returned 

to the liquid metal state) with only modest heating. This may prove useful for 

applications where multiple variations of a design need to be characterized 

experimentally before settling on a final design. In such cases, the amount of waste 

material can be minimized significantly or eliminated altogether.

9.2 Results and Discussion 

We constructed a homemade 3D printing system, shown in Figure 9.1, that consists of 

three main components: a syringe fitted with a metal printing nozzle (commercially 

available metal needles attached to the syringe tip), a sample platform that is cooled using 

a Peltier cooler, and a 3-axis translation stage that can move the sample up to 15 mm 

along each axis. For the majority of the structures fabricated, we used either 20 gauge or 

27 gauge needles with flat end faces. The inner diameters of these needles were ~600 p,m 

and 210 |im, respectively. Since gallium has a melting temperature that is above room 

temperature, the syringe was surrounded by a heating pad that was set to 38°C to ensure 

that the metal within the syringe and the printing nozzle was completely melted. The 

substrate sat on a flat aluminum platform that was in good thermal contact with a Peltier 

cooler. The cooled platform ensured that once the metal was in contact with the substrate, 

its temperature fell below the melting temperature, so that it could solidify
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Figure 9.1. Photograph of the experimental setup for 3D printing gallium with an 
expanded microscope view of the liquid/solid interface. The syringe body is surrounded 
by a heating pad with a temperature sensor and mounted in a syringe pump. The glass 
substrate is placed on the top of an aluminum platform that is cooled using a Peltier 
cooler. This assembly is mounted on a 3-axis stage. The expanded view of the 
liquid/solid interface of the drawn gallium is shown to the right of the main figure.

quickly.

In preparation for printing, we found that it was difficult to make liquid gallium 

adhere to a clean microscope glass slide, if the liquid gallium from the syringe was 

brought in direct contact with the substrate and subsequently cooled. This occurred 

despite the fact that liquid gallium is known to wet a variety of materials, including glass 

substrates. To circumvent this issue, we needed to first deposit a small drop of liquid 

gallium on the glass slide, spread it using a pair of tweezers and then solidify the 

resulting thin film by bringing it into contact it with a piece of solid gallium. The reason 

why this spreading approach works is that when the liquid metal is spread across the 

glass surface, the unoxidized liquid metal that breaks through the initial oxide layer of the 

gallium drop quickly re-oxidizes, which in turn allows the liquid metal to wet it [12]. To



ensure that this thin film is solidified, we bring it into contact with a piece of solid 

gallium, which then can act as a seed layer for any subsequently deposited liquid metal. It 

is worth noting that if the thin film (seed layer) is not solidified, the succeeding liquid 

gallium that is printed will not necessarily solidify, even when cooled well below its 

freezing point [3].

The basic steps in the printing process are illustrated in Figure 9.2. In order to begin 

the process for the first time, liquid gallium needs to be extruded first through the print 

nozzle. However, when sufficient pressure is applied to the syringe, a pendant drop of 

gallium forms just outside the nozzle. To remove this drop, it is brought into contact with 

a glass slide that has a solid gallium thin film. Once contact is made, the substrate is 

pulled away from the syringe, causing a break that takes away the excess pendant gallium 

and leaves behind a protruding cone shaped structure on the print nozzle. The shape of 

this protrusion arises from the fast oxidation of gallium at the break point [13]. This glass
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Figure 9.2. Schematic diagram of the process flow for 3D printing gallium structures. The 
orange extruded section corresponds to liquid gallium that quickly solidifies (change in 
color to gray). The dark orange box corresponds to a heater pad that surrounds the liquid 
metal filled syringe. See text for details regarding the setup and printing process.



slide can be discarded.

In order to print a structure, we bring the gallium protruding from the print nozzle 

into contact with a new substrate. Here the contact can be with a thin solid gallium (seed) 

film or with gallium that has already been printed and solidified. It is worth noting that 

the metal on the substrate and at the print nozzle are oxidized, which can hamper 

adhesion between the two when the temperature of substrate is too low. Too low 

temperature makes the metal on the substrate not melted but the metal at the print nozzle 

solidified quickly so that they are solid-solid contact. To make a firm contact, the 

protruding gallium needs to melt the solid gallium partially and then re-solidify.

In contrast to conventional 3D printing, where the melted filament is pushed through 

the printer nozzle, the solid gallium at the solid/liquid interface pulls the liquid gallium 

out of the needle, so it is typically not necessary to apply any pressure on the syringe. As 

with many other liquid metals [14], it is possible to create a uniform column of (liquid) 

gallium because the outer surface quickly oxidizes, thereby stabilizing the shape. 

However, in contrast to other work in this area, the metal solidifies quickly creating a 

solid metal structure. By controlling the position and speed with which the solid/liquid 

interface moves, we are able to obtain a variety of different 3D structures. After the 

fabrication of each segment is completed, the stage is very rapidly moved, causing a 

break at the solid/liquid gallium interface, so that printing can be continued at another 

position.

We now describe a number of different example geometries that show the potential of 

this approach. As noted above, the diameter of the printed metal is dependent on the stage 

moving speed, where the maximum diameter is limited by the output diameter of the
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print nozzle. In Figure 9.3(a), we show a straight extruded metal segment that has a 

constant diameter. Using a 27-gauge needle with an inner diameter of 210 pm as the print 

nozzle, straight segments that were pulled at a uniform rate had a constant diameter of 

~200 pm. By varying the pull speed, it is possible to continuously vary the extruded wire 

diameter, as shown in Figure 9.3(b). In situations where a varying diameter is desirable, 

there are restrictions on the rate at which liquid gallium can be pulled out of the syringe 

associated with the rate at which the metal solidifies (i.e., the rate at which the 

solid/liquid interface moves).

The rate at which a structure can be printed is ultimately related to the speed with 

which the print medium can be solidified in the appropriate position. In the present 

approach, this is determined by the rate at which the solid-liquid interface moves. In 

general, this is a complex process that is related to undercooling, nucleation, and heat 

transfer. While these microscopic processes are important to understand, from the point 

of view of developing a printing process, we measured the rate at which a uniform 

extruded metal segment could be pulled from the syringe and solidified. To accomplish 

this, we used three different print nozzles (20, 23 and 27 gauge needles) and made 

measurements of solidification speeds for 10 independent 1.6 mm long metal segments to 

determine the print speed, as shown in Figure 9.4. As might be expected, the 

solidification speed is greater for narrower diameter metal segments, which can be 

attributed to the faster cooling rate. The relatively large error bars are likely the result of 

open loop heating on the syringe and open loop cooling on the sample platform, which 

can result in fluctuations in the respective temperatures. We expect that feedback in both 

systems will reduce the variability in the print speeds.
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(a) (b)

Figure 9.3. Straight lines. (a) Microscopic image of a straight solid metal segment with 
constant diameter. (b) Microscopic image of a straight solid gallium segment with a 
controllable varying diameter. In both cases, a 27-gauge needle was used as the print 
nozzle.
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Figure 9.4. Measurement of the rate that a continuous gallium filament can be solidified 
as a function of the print nozzle diameter. Ten segments were printed with each needle.



We can also create sharp bends in the printed structure, as illustrated in Figure 

9.5, without requiring any discontinuity in the extrusion process. In Figure 9.5(a), we 

show two structures that include 90° right angle bends. In order to create such bends, as 

shown in Figure 9.2, the sample stage cannot immediately move horizontally, but rather 

requires that the pull direction rotate quickly from vertical to horizontal. As the liquid 

gallium is pulled along the horizontal direction, the metal surface oxidizes quickly and 

solidifies allowing it to maintain its shape. It is worth noting that as the sample platform 

moves horizontally, there is a possibility for breaks to occur in the filament near the 

needle. The situation arises because the liquid gallium exits the print nozzle vertically, 

while the stage is moving horizontally. This is particularly an issue when long horizontal 

sections are printed. To eliminate such occurrences, we apply mild pressure to the syringe 

to force liquid metal move out of the needle. By monitoring the movement of the 

solid/liquid interface, we are able fabricate a solid line of any desired length.

In conventional 3D printing, parts are built layer-by-layer using plastics, such as ABS 

(acrylonitrile butadiene styrene), and each layer of a horizontal section usually requires
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(a) (b)

Figure 9.5. Bending structures. (a) Photograph of two extruded solid gallium metal lines 
with a 90° bend fabricated on a glass slide following the procedure shown in Figure 9.2. 
(b) The same structures in (a) trimmed using mildly heated tweezers. A 20-gauge needle 
was used as the print nozzle.
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some underlying support. Without this, the maximum length of an unsupported horizontal 

section is rather limited and can begin to droop. In contrast, the printing approach 

described here allows for continuous extrusion of gallium. For the geometry shown in 

Figure 9.5, the horizontal line can be modeled as a cantilever with uniform applied 

pressure. If we assume that the vertical section is fixed, the maximum length of the 

horizontal (cantilever) section is given by [15]

where L and r are the length and radius of the horizontal (cantilever) section, 

respectively, y is the deflection of the cantilever, E is Young’s modulus for gallium (9.81

gravity. If we assume a deflection of 1 mm with an extruded segment radius of 300 pm 

(20 gauge print nozzle), the maximum cantilever length is 7.4 cm. Thus, this approach 

can be used to create geometries that incorporate unsupported segments that are not 

possible using other 3D printing techniques.

Another significant advantage of using gallium as the 3D printing medium is that the 

structure can be trimmed after printing without using chemicals or high energy heating. 

To demonstrate this, we heated the tip of a pair of tweezers to 60 °C and brought them 

into contact with the relevant portion of the gallium structure. This immediately melts the 

affected gallium metal, shortening the horizontal lines, as shown in Figure 9.5(b). This 

process can be used to make both minor and major changes in the printed structure

(9.1)

GPa), p is the density of solid gallium (5.91 g/cm3) and g is the acceleration due to



geometry.

More complex structures involving multiple bends or curves can also be fabricated 

easily, as shown in Figure 9.6. For metal sections that are printed relatively close to the 

glass substrate, the solidification rate is relatively constant. However, as the liquid-solid 

interface moves away from the substrate, the solidification rate slows down. Thus, 

changes in the operating temperature are needed to keep the solidification rate constant. 

In our case, this was accomplished by reducing the syringe heating pad temperature as 

the substrate moved away from the print nozzle.

In Figure 9.6(a), we show a multilevel structure that incorporates a number of right 

angle bends. Based on the calculation associated with Equation 9.1, such structures can 

extend for quite some distance above the substrate. In Figure 9.6(b), we show fabricated a 

similar structure; here it incorporates both right angle and curved bends. In Figure 9.6(c), 

we show a curved structure that was printed in one continuous process and contacted the
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(a) (b) (c)

Figure 9.6. Three-dimensional structures that include right angle and curved bends. (a) A 
multilevel structure that includes seven right angle bends. (b) A square spiral structure. 
(c) A curved structure that contacts the substrate at six different points.
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substrate at six different points. In order to print this structure, we needed to first deposit 

six gallium seed layers on the glass substrate. As with conventional 3D printing, rather 

complex geometries can be created through appropriate computer control of the 

translation stages.

In all of the structures discussed until now, the printed structures were fabricated in a 

continuous process. In Figure 9.7, we describe several structures in which intentional 

breaks in the structure were created to allow for the fabrication of multiple segments to 

be drawn out of a single point. As an example, in Figure 9.7(a), we print a variety of y- 

structures, by first creating a single filament that is bent and then returning to the joint 

and drawing an additional filament at a different angle. In order to ensure that the second 

arm of the y-structure was firmly connected to the existing structure, the point where the 

joint occurred was partially re-melted with the liquid gallium from the print nozzle by

Figure 9.7. Structures made with multiple segments, (a) An array of y-structures 
surrounding a four-prong fork structure, (b) A structure that has two patterns, which are 
orthogonally oriented with respect to one another. (c) Schematic drawing of the structure 
in (b) that is color coded by print order (red first, yellow second, cyan third, dark blue 
fourth, and magenta last).

(a) (b) (c)



turning off the cooler. The entire structure solidified as an integrated structure once the 

substrate was cooled. Using this process, we printed a structure that contained four 

branches (center of Figure 9.7(a)). More complex geometries, such as that shown in the 

image in Figure 9.7(b) and schematically in Figure 9.7(c), can be printed 

straightforwardly.

9.3 Conclusion

In summary, we have demonstrated an approach for 3D printing solid of metal 

structures using gallium metal. The printing process operates at temperatures close to 

room temperature, since the melting temperature of gallium is 30°C. Solidification of the 

metal once it has been extruded relies on cooling it below the melting temperature of 

gallium and having it be in contact with solid gallium. The latter requirement corresponds 

to a moving liquid-solid interface. It is this interface that draws the liquid metal out of the 

syringe and through the print nozzle. We use commercially available needles as the print 

nozzles, which extrude the metal in a cylindrical shape. Print nozzles with other 

geometries should work equally well. An attractive feature of the process lies in the fact 

that the printed structures can be easily melted and reused almost indefinitely, which 

severely reduces the amount of waste material. Finally, the diameter of the extruded 

filaments was typically on the order of the print nozzle diameter. We expect that with 

further refinement, much thinner diameter segments can be extruded, allowing for the 

fabrication of smaller structures, such as devices relevant for electromagnetic studies, 

including terahertz plasmonics and metamaterials.

146



147

9.4 References

1. C. M. Soukoulis, and M. Wegener, “Past achievements and future challenges in the 
development of three-dimensional photonic metamaterials,” Nature Photon. 5, 523-530 
(2011).

2. K. Fan, A. C. Strikwerda, H. Tao, X. Zhang, and R. D. Averitt, “Stand-up magnetic 
metamaterials at terahertz frequencies,” Opt. Express 19, 12619-12627 (2011).

3. J. Wang, S. Liu, S. Guruswamy, and A. Nahata, “Injection molding of free-standing, 
three-dimensional, all-metal terahertz metamaterials,” Adv. Opt. Mater. 2, 663-669 
(2014).

4. D. Therriault, S. R. White, and J. A. Lewis, “Chaotic mixing in three-dimensional 
microvascular networks fabricated by direct-write assembly,” Nature Mater. 2, 265-271 
(2003).

5. A. P. Esser-Kahn , P. R. Thakre, H. Dong, J. F. Patrick, V. K. Vlasko-Vlasov, N. R. 
Sottos, J. S. Moore, and S. R. White, “Three-dimensional microvascular fiber-reinforced 
composites,” Adv. Mater. 23, 3654-3658 (2011).

6. W. Wu, A. DeConinck, and J. A. Lewis, “Omnidirectional printing of 3D 
microvascular,” Adv. Mater. 23, H178-H183 (2011).

7. J. N. H. Shepherd , S. T. Parker, R. F. Shepherd, M. U. Gillette, J. A. Lewis, and R. G. 
Nuzzo, “3D microperiodic hydrogel scaffolds for robust neuronal cultures,” Adv. Funct. 
Mater. 21, 47-54 (2011).

8. J. Hu, and M.-F. Yu, “Meniscus-confined three-dimensional electrodeposition for 
direct writing of wire bonds,” Science 329, 313-316 (2010).

9. B. Y. Ahn, E. B. Duoss, M. J. Motala, X. Guo, S.-I. Park, Y. Xiong, J. Yoon, R. G. 
Nuzzo, J. A. Rogers, and J. A. Lewis, “Omnidirectional printing of flexible, stretchable, 
and spanning silver microelectrodes,” Science 323, 1590-1593 (2009).

10. J. A. Lewis, “Direct ink writing of 3D functional materrials,” Adv. Funct. Mater. 16, 
2193-2204 (2006).

11. B. Utela, D. Storti, R. Anderson, and M. Ganter, “A review of process development 
steps for new material systems in three dimensional printing (3DP),” J. Manufact. 
Processes 10, 96-104 (2008).

12. T. Liu, P. Sen, and C.-J. Kim, “Characterization of nontoxic liquid-metal alloy 
galinstan for applications in microdevices,” J. Microelectromech. Syst. 21, 443-450
(2012).



148

13. R. C. Chiechi, E. A. Weiss, M. D. Dickey, and G. M. Whitesides, “Eutectic gallium- 
indium (EGaIn): a moldable liquid metal for electrical characterization of self-assembled 
monolayers,” Angew. Chem. 120, 148-150 (2008).

14. C. Ladd, J.-H. So, J. Muth, and M. D. Dickey, “3D printing of free standing liquid 
metal microstructures,” Adv. Mater. 25, 5081-5085 (2013).

15. J. M. Gere, and B. J. Goodno, Mechanics o f Materials (Cengage Learning, 2012).



CHAPTER 10

FUTURE WORK AND CONCLUSION 

10.1 Future Work

Based on results shown in previous chapters, there are some possible extensions for 

future work to make liquid metal-based metamaterial devices more flexible and 

interesting.

10.1.1 Integration of Split Ring Resonator and Hole Arrays Structure 

In previous chapters, we demonstrated active control of plasmonic and metamaterial 

devices. For plasmonic hole arrays structures, we can tune the extraordinary transmission 

resonance, which is a resonant peak on near-to-zero transmission background. For 

metamaterial devices, we can tune the absorption resonance, which is a resonant dip on 

near-to-one transmission background. These two different resonance properties can be 

combined together through a two-layer structure. By designing proper dimensions of unit 

cells, we can make the resonance peak from hole arrays structure and the resonance dip 

from split ring resonators close or overlap with each other. This will make the total 

transmission be zero when THz radiation is incident normally to the surface of the 

device, and can be potentially used as a THz absorber. The properties of two layers can 

be controlled separately or simultaneously to change the transmission properties of the



device. For example, since the resonance frequency of plasmonic hole arrays structure 

can be shifted using external stretching, we can make this resonance frequency separate 

from absorption resonance of SRR so that new resonance can show up from the zero 

transmission spectrum background. This study will contribute a device with more flexible 

transmission properties.

10.1.2 Integration of MEMS and Liquid Metal Metamaterials 

We demonstrated that liquid metal alloy could be used for reconfigurable terahertz 

plasmonic and metamaterial devices. The liquid phase of eutectic gallium-indium 

(EGaIn) at room temperature makes it micromoldable under different conditions. 

Properties of metamaterials are mainly determined by the geometry of metallic structures. 

The spectral response changes according to its configuration. Meanwhile, micro 

machining is a well-developed technology for fabricating devices with the feature size 

from 10 micrometers to a millimeter, which matches well with THz wavelength. By now, 

we have remained on concept-level demonstration for most liquid metal-based devices 

and operated them manually. This severely limited reconfigurable speed. In the future 

work, we will integrate Micro-Electro-Mechanical-Systems (MEMS) technique and non

toxic liquid metals into metamaterial devices. A micro actuator is usually controlled by 

external stimulus such as electric voltage, pressure or thermal energy, and can easily 

work at frequency larger than 1000 Hz. The movement of actuators’ film can change the 

shapes of underlying liquid metals and the devices’ configuration parameters. As a 

configuration changes, the spectral response will change correspondingly. By use of 

MEMS technology, it will be possible to largely improve the operation speed of liquid
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metal-based metamaterial devices.

10.1.3 Photo-chemically Controlled Reconfigurable Metamaterials 

We demonstrated reconfigurable THz metamaterials using chemical acid vapor or 

electrolysis. We were able to erase several rings simultaneously via localized HCl acid 

vapor. By using electrochemical process, we opened metamaterial ring structures to some 

extent by controlling applied voltage. All of these changes could lead to active control of 

metamaterial properties. However, for a single ring configuration, all of the opening split 

gaps started from a top central point and then spread from there. This limited available 

split ring geometries. In the future, we will develop some photochemical methods to 

induce local acid environment via an incident light. The purpose of this study is to open 

gaps of close rings at random locations. The induced acid will dissolve surface oxide 

layer of liquid metal to make it retract to the place where there is no acid. Because the 

incident light can be focused into several micrometers and directed to any location 

around the whole ring, we will be able to erase the liquid metal rings at arbitrary spots to 

make random opening for the split ring structures. This will provide us more flexible 

metamaterial structures, not just periodic split rings.

10.1.4 Advanced Manufacturing Methods for 3D Metamaterials 

We demonstrated a technique of fabricating free-standing all-metal 3D terahertz 

metamaterials through injection molding of gallium. This technique can provide some 3D 

structures, but available structures are still limited by molds. Then we demonstrated a 

technique of 3D printing of gallium. Fabricated 3D structures were not restricted by any



mold. However, the dimension of 3D printing of gallium was at the several-millimeters 

level. In the future work, we will develop this technique to reduce the dimension of 

minimum feature size to hundreds of micrometers, which lies at THz spectral range. This 

will provide us capability of creating more flexible and complex 3D structures to 

manipulate and control THz electromagnetic radiation. We will also study other 

alternative methods to fabricate flexible 3D structures. Top-down processing and additive 

manufacturing will be the two main research paths for this work. For example, we can 

locally heat a bulk gallium to make it be melted shortly at a small size. Then we can use a 

needle or other small tube to suck melted gallium out to leave an empty hole inside. It is 

possible to make a 3D lattice via a multi-axis operation by using this method.

10.2 Conclusion

In this dissertation, we presented our work on design, fabrication and characterization 

of liquid metal-based metamaterial devices. We briefly summarize the results from 

previous chapters.

In Chapter 2, we presented the general device fabrication processes for liquid metal- 

based structures. It mainly used soft lithography technique after fabricating appropriate 

solid templates. Usually, PDMS elastomer was chosen to replica a template and worked 

as supporting mold for liquid metals. Liquid metals filled into PDMS microchannels and 

provided various structures. For 3D printing structure, we used syringe and Peltier cooler 

to draw various free-standing structures. We found this method can provide very flexible 

structures. For the optical transmission measurement, we used THz time-domain 

spectroscopy to measure time-domain signal. Fourier transform of time-domain signal
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provided frequency-domain data, in which we can obtain both magnitude and phase 

information.

In Chapter 3, we demonstrated enhanced THz transmission property of a liquid metal 

hole arrays. The device is a periodic array of subwavelength apertures with EGaIn 

injected into PDMS mold. We observed two resonances in the detection window and 

demonstrated the tuning capability by stretching the PDMS mold.

In Chapter 4, we demonstrated a method to create reconfigurable plasmonic devices 

using liquid metals. We utilized a bullseye structure with various annular PDMS 

channels. By injecting and withdrawing liquid metals from individual channels, we were 

able to change the geometry dramatically. As the geometry changes, the transmission 

properties of time-delayed oscillation also change. We provided a simple model to 

explain the transmission results for different geometries.

In Chapter 5, we demonstrated a technique to change configuration of a metamaterial 

device. The metamaterial device was an alternative array of close ring resonators with 

two sizes. The erasure was accomplished using HCl to dissolve the surface oxide layer to 

make EGaIn retract to a position where there was no acid exposure. The refilling of 

EGaIn back to microchannels recovered its initial configuration. The erasure could also 

be done by using a small needle to press liquid metal outside of specific area. As the 

geometry changed, especially when one kind of close rings were erased or refilled, the 

transmission resonance could be removed or recovered to achieve active control of 

metamaterials.

In Chapter 6, we demonstrated a means of erasing liquid metal through reducing the 

oxide layer by an electrochemical process involving DI water with or without the
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addition of NaCl. We measured the erasure rate as a function of applied voltage and NaCl 

concentration. Higher voltage or higher concentration of NaCl contributed to a faster 

erasure rate. Then we fabricated an array of close rings with embedded gold electrodes on 

a glass substrate. By controlling the applied voltage, we could selectively erase one or 

several unit cells in a random access manner. This method can control erasure at the 

partial unit cell level to provide more flexibility.

In Chapter 7, we demonstrated a THz metamaterial device that was not only pressure 

driven, but also exhibited pressure memory. Because liquid metal flowed only when a 

critical pressure was exceeded, the geometrical structure changed corresponding to 

different pressures. As the geometry changed, transmission properties of metamaterials 

changed abruptly. Because the liquid metal flow conditions were not reversible, the 

transmission spectra recorded previous applied pressure, this could be considered as a 

memory. To reset liquid metal structures to initial configuration, we applied acid vapor 

and slight pressure to remove liquid metal from microchannels.

In Chapter 8, we demonstrated an approach for fabricating all-metal free-standing 2D 

and 3D THz metamaterials. The structures were obtained using injection molding of 

gallium into reversibly bonded PDMS microchannel films. After solidification of 

gallium, PDMS films were separated to yield a free-standing structure. There were three 

means to creating 3D structure: multilayer stacking, mechanical folding and direction 

injection molding. We also demonstrated a simple method to solidify super cooled 

gallium by contacting a solid piece of gallium into liquid gallium at room temperature.

In Chapter 9, we demonstrated a method to print 3D free-standing gallium structure 

by controlling the solidification process. The method involved a Peltier cooler and 3D
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axis stage. Due to mechanical force from the surface oxide layer of liquid gallium, solid 

gallium could pull liquid gallium outside of the needle so that no pressure was required to 

push liquid metal outside of a syringe reservoir. This was different from common 3D 

printing where filament is pushed out of the nozzle. We also demonstrated that 3D 

printing of gallium structure could also provide smaller structure than the diameter of 

needle.

In Chapter 10, we discussed possible study direction for future work. Various efforts 

can be done to make liquid metal metamaterial more flexible to satisfy different 

requirements. Also, advanced manufacturing method can be combined with low melting- 

point gallium to obtain different 3D structures.
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