Liquid metal-based plasmonics
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Abstract: We demonstrate that liquid metals support surface plasmonpolaritons (SPPs) at terahertz (THz) frequencies, and can thus serve as an
attractive material system for a wide variety of plasmonic and metamaterial
applications. We use eutectic gallium indium (EGaIn) as the liquid metal
injected into a polydimethylsiloxane (PDMS) mold fabricated by soft
lithography techniques. Using this approach, we observe enhanced THz
transmission through a periodic array of subwavelength apertures. Despite
of the fact that the DC conductivity of EGaIn is an order of magnitude
smaller than many conventional metals, we clearly observe well-defined
transmission resonances. This represents a first step in developing
reconfigurable and tunable plasmonic devices that build upon welldeveloped microfluidic capabilities.
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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-metallic materials 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 minimize
interfacial free energy. This latter effect can create unstable structures within microfluidic
channels. Recently, Dickey and associates 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 × 104 S/cm [9]. This value is an order of magnitude smaller than that of
aluminum [2], for example, but is greater that of some of the non-metallic materials
mentioned above [4].
In this work, we demonstrate the utility of liquid metals for plasmonics applications.
Specifically, we show 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.
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
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is commonly used for microfluidic applications, and allows for fabrication using standard soft
lithography processes [7, 8]. In order to create the microfluidic mold, we first fabricated 15 ×
15 arrays of periodically spaced subwavelength apertures in free-standing 75μm thick
stainless steel metal foils. The apertures had a diameter of 357 µm with a periodicity of 714
µm on a square lattice.

Fig. 1. (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 µm, the periodic
aperture spacing a = 714 µm, the liquid metal thickness t 1 = 80 µm and total device thickness t2
= 1 mm. (b) Photograph showing an expanded view of a portion of the array.

The perforated foils were then adhered to glass substrates using a thin (<10 µm) 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 Fig. 1, we show a
schematic diagram of the final structure with the relevant dimensions along with a micrograph
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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(ν), of the electric field through the liquid metal arrays, where ν 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(ν),
using the relation

t ( )  t ( ) exp[i ( )] 

Esample ( )

(1)
Ereference ( )
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(ν)| and φ(ν) 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 measured: one with a blank metal
frame (air reference), and the other 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 µm
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 µm thick Au film on half of a smooth metallic substrate and spread a 2 µm
thick EGaIn layer on the other half. Based 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. 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 Fig. 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.
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Fig. 2. Measured complex dielectric constant of EGaIn.

Next, we measured the refractive index properties of PDMS, since this parameter is
important in understanding the transmission spectra of the aperture arrays. In Fig. 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 spectral 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. Using this value
of ni, we can readily compute the frequency dependent absorption coefficient, α(ν) = 2πνn i/c
for the THz electric field, where the electric field decay is given by exp[-α(ν)d]) and c is the
speed of light in vacuum. Across the frequency range of interest, α 0.25 mm1, 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.
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Fig. 3. Measured complex refractive index of the PDMS used in the experiment. The PDMS
pre-polymer and curing agent were mixed using a weight of ratio of 11:1.

We now move to the liquid metal aperture array transmission properties. In Fig. 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
the 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
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relevant and fundamental parameters rather than the frequencies of the resonance peaks. From
the transmission spectrum we obtained the two AR frequencies at νAR1 = 0.27 THz and νAR2 =
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, the AR frequencies are given analytically by [11]

 AR 

c
i2  j2 ,
P nSPP

(2)

where
1/ 2

   
(3)
nSPP   m d  .
m  d 
In these equations, nSPP is the effective refractive index for the propagating SPP, ε m and εd
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 is much larger than that of dielectrics, nSPP typically takes a value
very close to the refractive index of the dielectric medium (in this case, n SPP nPDMS 1.57).
From Eq. (2) the two lowest order AR frequencies occur for i = ± 1, j = 0 (AR1) and i = ± 1, j
= ± 1 (AR2).
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Fig. 4. THz electric field transmission spectra, t(ν) of (a) 15 × 15 liquid metal array with 357
μm diameter apertures periodically spaced by 714 μm. Air and a 1 mm thick PDMS film are
used as references. (b) 15 × 15 array with 400 μm diameter apertures periodically spaced by 1
mm in a 75 µm thick free-standing stainless steel foil with air as the reference.

Using Eqs. (1) and (2), the two lowest order AR frequencies are expected to occur at ν AR1
= 0.27 THz and νAR2 = 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 (Fig. 2).
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 µm diameter apertures on a square grid
with an aperture spacing of 1 mm on a free standing 75 µm thick stainless steel foil, since this
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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 Fig. 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 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].

Fig. 5. Transmission properties of the 15 × 15 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 µm along both array axes. The maximum
stretched period along the x-axis of 806 µm corresponds to a ~13% elongation of the device
along the stretch axis. The lines represent linear least-squares fits to the data.

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 Fig. 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 νAR1 does not shift in
a linear manner. We therefore show the measured AR wavelength, λ AR1, as a function of the
fractional elongation along the x-axis in Fig. 5(b), where the unstretched film with P = 714
µm corresponds to 0% elongation and P = 806 µm 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 Eq. (2) is rewritten as

AR 

P

nSPP .
(4)
i  j2
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 λAR1 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 was reversibly
deformable and the same AR wavelengths were measured upon stretching and subsequent
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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 goldbased split ring resonators fabricated on a thick PDMS substrate [21].
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 that many of the sophisticated technologies developed for
microfluidics and optofluidics [22] may 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 discussed 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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