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       Nanoplasmonics provides a method to manipulate and control 
light at metal surfaces below the diffraction limit by surface 
plasmons, which are collective electron oscillations generated 
by the coupling with an incident light at a metal–dielectric 
interface. [  1,2  ]  Plasmonic metamaterials can be engineered for 
different functionalities that have led to demonstrations of 
novel concepts such as optical cloaking, superlensing, non-
linear photonics and optical waveguides [  3–9  ]  as well as photonic 
components, i.e., optical switches, fi lters, and lenses. [  10–19  ]  
Compared to the prediction of the classical aperture theory, 
orders of magnitude larger transmission have been demon-
strated through subwavelength plasmonic nano-apertures with 
the excitation of surface plasmon grating orders. [  20  ]  Extremely 
large near-fi eld enhancements have been shown through plas-
monic systems with nanometer-scale openings. [  21–24  ]  

 Despite their widespread applications, controlling the optical 
responses of plasmonic systems is challenging. One method 
to control the plasmonic responses is to vary the geometrical 
shape or the properties of the constituent materials. However, 
this method is static and limits the fl exibility when integrating 
these passive plasmonic components into complex systems. 
Therefore, there is a strong need for active plasmonic devices 
enabling dynamical tuning of the optical properties through 
external control mechanisms. Manipulation of the refractive 
index of the medium in the vicinity of the plasmonic system 
is promising to achieve dynamic tuning. As surface plasmons 
propagate along metal surfaces (surface plasmon polaritons) 
or localize at metallic features (localized surface plasmons), 
they are highly sensitive to the changes in the local refractive 
index. Hence, dynamically modifying the refractive index can 

actively tune the spectral response of the plasmonic systems. 
Liquid crystals are ideal candidates due to their exceptional 
tunable optical/electrical/thermal properties. [  25,26  ]  Their broad 
optical anisotropy derives from the anisotropic molecular align-
ments that are extremely sensitive to the external parameters 
such as light, [  27,28  ]  electric fi eld [  29–31  ]  and temperature. [  32,33  ]  The 
tunability of liquid crystal properties has led to large variety of 
dynamic plasmonic applications. For example, photo-switch-
able gratings produced from liquid crystals can enable tuning 
of plasmonic interactions by an external pump light. [  34  ]  Elec-
trical tuning of plasmonic properties of a system composed 
of periodic arrays of nanoholes or nanorods incorporating a 
liquid crystal medium can be achieved via an external voltage 
source. [  35–40  ]  Recently, a plasmonic Fano switch has been dem-
onstrated using a plasmonic cluster supporting a Fano reso-
nance, which is actively modulated through liquid crystals in 
the presence of a low-voltage external source. [  41  ]  The use of ther-
mally controlled liquid crystals is an alternative way to modify 
the plasmonic properties. [  42–44  ]  Thermally controlled active plas-
monic systems could enable much stronger and more effi cient 
tuning capabilities as well as large spectral tuning ranges com-
pared to photo-switchable or electrically tunable platforms. [  45  ]  
Large refractive index variations can be achieved by precisely 
controlling the temperature in different liquid crystal phases. 
However, recently demonstrated thermally controlled plas-
monic platforms show only ≈1–2 nm spectral tuning of local-
ized surface plasmon modes. [  27,28,32,33  ]  

 In this letter, we introduce an active plasmonic platform 
incorporating a highly sensitive plasmonic chip and a thermally 
controlled liquid crystal medium that is capable of large spec-
tral tuning. Our platform consists of nanohole arrays fabricated 
through gold fi lms. This plasmonic substrate enables extraordi-
nary light transmission, which is exceptionally sensitive to the 
changes in the local refractive index as it supports highly acces-
sible large local fi elds. Introducing a liquid crystal medium, 
we show that the transmission resonance supported by the 
nanohole arrays can be thermally tuned by applying an external 
heat source. Our platform is capable of high contrast change 
in the effective refractive index of the medium in the vicinity 
of the plasmonic arrays. Varying the temperature within the 
nematic phase from 15 to 33 °C, we demonstrate a refractive 
index change as large as ≈0.0317. Consequently, our platform 
enables a tuning of plasmonic wavelength as large as ≈19 nm. 
The ability to control the order of liquid crystal molecules from 
nematic to isotropic phase provides an effi cient way of spectral 
tuning. At the phase transition temperature, more than 12 nm 
shift is achieved via changing the temperature by only ≈1 °C 
corresponding to a refractive index change of ≈0.02.   DOI:  10.1002/adom.201300303  
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 The experimental setup is shown in  Figure   1 a. Here, the plas-
monic chip interfacing with a liquid crystal medium is inserted 
between two calcium fl uoride (CaF 2 ) windows. The tempera-
ture is controlled via a heat bath that circulates water through 
a homemade sample cell and measured using a thermocouple. 
In order to create the liquid crystal cell, a 50  μ m thick Maylar 
spacer is used between the plasmonic chip and the upper CaF 2  
window as shown in the zoomed image (Figure  1 b). Optical 
characterization is done through spectroscopy measurement 
by using an unpolarized white light source. Transmitted light 
from the plasmonic chip is collected by a high-magnifi cation 
objective lens (Nikon Objectives with 100× magnifi cation and 
NA: 0.6 embedded in Nikon Eclipse-Ti microscope) coupled 
into an optical fi ber and then recorded using a spectrometer 
(SpectraPro 500i with 1 nm spectral resolution).  

 Our active tuning platform is based on the extraordinary 
light transmission phenomenon via nanohole arrays fabricated 
through a metal fi lm. The extraordinary transmission reso-
nances exist at specifi c wavelengths where the grating coupling 
conditions are met. At these grating wavelengths, the normally 
incident light is coupled to surface plasmons. [  21,46  ]  These trans-
mission resonances highly depend on the refractive index of 
the surrounding medium. In our platform, we use plasmonic 
nanohole arrays with a diameter of 200 nm and an array period 
of 600 nm. Nanoholes through 125 nm thick gold fi lm are 
manufactured via a fabrication process based on deep ultravi-
olet lithography. Inset in  Figure   2 a shows the scanning electron 
microscope image of the fabricated nanoholes which are well 
defi ned and uniform. Compare to current electron beam litho-
graphy technique where each array is fabricated sequentially, 
this method is highly advantageous for fabrication of nanoap-
ertures at wafer scale in a low cost and time effective way by 
enabling parallel fabrication of nanoapertures in a lift-off free 
manner (see Supporting Information text and Figure S1 for fab-
rication details). [  21,46–49  ]   

 Figure  2 a shows the experimental far-fi eld response of the 
nanohole array under normally incident unpolarized light 
source. Strong transmission resonance located at 652 nm is 

the mode which will be thermally controlled in the following 
section. This mode is due to the surface plasmon excitation 
corresponding to (–1,0) grating order of the square lattice. We 
have analyzed the optical response of this mode in detail in our 
earlier work. [  21  ]  The mode has a dipolar character where the 
light couples to localized surface plasmons resulting in strong 
light transmission and large local electromagnetic fi elds in 
the vicinity of the nanohole array. Under an unpolarized light 
source, highly enhanced near-fi elds strongly localize around 
the rims of the nanoholes as shown by the electric fi eld inten-
sity distribution (Figure  2 b) calculated at the top surface of the 
metal. The cross-sectional profi le also indicates that local fi elds 
extensively extend into the surrounding medium. By providing 
these accessible and large local fi elds, the nanoaperture system 
is highly sensitive to the changes in the local refractive index. 
Therefore, our plasmonic substrate is highly advantageous 
for spectral tuning applications via modifi cation of the sur-
rounding medium. In the following section, we describe the 
use of a liquid crystal medium for thermally varying the local 
refractive index around the plasmonic chip to spectrally tune 
this dipolar transmission resonance. 

 Thermal modulation of the effective refractive index of 
the medium in the vicinity of the plasmonic chip is achieved 
by using 4-cyano-4′-pentylbiphenyl (5CB) liquid crystal (see 
Supporting Information text and Figure S2 for the thermal 
properties of 5CB). UV–vis–NIR spectrum of a 50  μ m thick 
5CB liquid crystal sample (see Figure S2c) shows no absorb-
ance peaks in our wavelength range that might interfere with 
the plasmonic mode.  Figure   3 a and b show the variation in 
the transmission resonance and the spectral position of it for 
different temperatures, respectively. In the presence of the 
liquid crystal that increases the refractive index around the 
bare aperture, the plasmonic mode red-shifts from ≈651 nm to 
≈1027 nm at 15 °C. The transmission resonance supported by 
the nanohole arrays can be spectrally tuned over ≈18 nm (from 
≈1027.1 ±1 nm to ≈1008.4 ± 1 nm) between 15 °C and 33 °C 
where the liquid crystal shows nematic ( N ) molecular order. 
Toward the transition temperature  T c  , the average refractive 

      Figure 1.  a) Schematic view of the experimental setup containing a liquid 
crystal (LC) cell thermally controlled by a heat bath, white light incident 
source collected by an objective lens and a spectrometer collecting the 
plasmonic response for different temperature values. b) Zoomed sche-
matic of the liquid crystal cell between the upper CaF 2  window and the 
plasmonic chip. 

      Figure 2.  a) Experimental far-fi eld response of the nanohole array under 
an unpolarized light source. Figure inset shows the scanning electron 
microscope image of the fabricated nanohole array through gold fi lm 
by deep-ultraviolet lithography. b) Calculated near-fi eld response of the 
nanohole array at the top surface (air–gold interface) and through cross-
section. For gold nano-apertures, hole diameter = 200 nm and period of 
the array = 600 nm. 
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range of ≈0.0317 from  n eff   (LC at 15 °C) = 1.6368 ± 0.00169 
to  n eff   (LC at 33 °C) = 1.6051 ± 0.00169. Figure  4 d shows that 
the calculated effective refractive index of the medium in the 
vicinity of the plasmonic nanoapertures follows the trend of 
the average refractive index of 5CB. [  50,51  ]  This is due to the fact 
that we utilize a bulk liquid crystal substrate in our tuning 
platform which causes the refractive index of the medium to 
be the average of ordinary and extraordinary refractive indices 
of 5CB. Between 15 °C and 33 °C, the effective (or average) 
refractive index decreases quadratically with the temperature. 
At the phase transition of the liquid crystal molecules between 
the nematic to the isotropic phase, the sharp variation in the 
refractive index of 5CB enables the tuning of the refractive 
index by ≈0.02 with a temperature change of only 1 °C. Above 
the nematic-isotropic transition temperature  T c  , the refractive 
index changes slightly.  

 The presented platform provides a convenient way to tune 
the plasmonic properties in a large dynamic range as well as 
dramatic thermal responses via controlling the phases of the 
liquid crystal molecules. Such platform holds great promises for 
controlling surface plasmons thermally and the tunability of the 
liquid crystal molecules can be further improved to have much 
larger spectral shifts in the plasmonic modes.  Figure   5  shows 
the refractive indices at room temperature for the liquid crystal 
used in our study, 5CB measured at 633 nm by Li et al. [  50  ]  Here, 
the red and blue dots show the extraordinary ( n e  ) and ordinary 
( n o  ) refractive indices below the transition temperature, respec-
tively. Above the transition temperature, these indices converge 
( n o   ≈  n e  ) as denoted by the green dots. As seen in the Figure, 5CB 
has a high contrast between extraordinary and ordinary refrac-
tive indices, e.g., as large as 0.19 at room temperature. These 
effective indices depend on the orientation of the liquid crystal 
directors with respect to the polarization direction of the illu-
mination light. A system that controls this orientation would 
result in a much larger index contrast, thus promising larger 
spectral tuning. In Figure  5 , black squares demonstrate the 
calculated refractive index of the bulk 5CB using our refractive 
index/resonance wavelength relationship that we obtain from 
Figure  4 d. In our plasmonic substrate, we utilize a bulk liquid 

index of 5CB gradually decreases [  50,51  ]  that results in consecu-
tive blue-shifts in the plasmonic mode. As shown in Figure  3 b 
for this temperature range, the resonance wavelength has a 
quadratic relationship with temperature denoted by a red curve. 
Around the temperature  T c   where the transition occurs from 
the nematic phase to isotropic phase ( I ), we observe a sharp 
shift in the transmission resonance with only 1 °C change, 
from ≈1008 nm to ≈996 nm, relating to the rapid decrease of 
the average refractive index of 5CB. Above temperature  T c  , 
refractive index of 5CB shows minor variations and the trans-
mission resonance slowly blue-shifts with temperature. For this 
range, the transmission resonance shows a linear dependence 
on the temperature as denoted by a blue curve in Figure  3 b. We 
also successfully demonstrate the reproducibility of our thermal 
tuning capability via three independent experiments in Sup-
porting Information Figure S3.  

 The resonance wavelength strongly depends on the refrac-
tive index of the liquid crystal medium covering the plasmonic 
substrate. In order to show how strongly we can tune the 
effective refractive index with temperature, we represent the 
liquid crystal medium as a bulk dielectric. We determine the 
effective refractive index of the liquid crystal medium,  n eff  (LC) 
from the relationship between the spectral position of the plas-
monic mode (  λ  ) and the refractive index of the homogeneous 
dielectric medium,  n bulk   (schematically shown in  Figure   4 a) by 
measuring the optical response of the nanohole array in dif-
ferent bulk solutions. Figure  4 b shows the spectral response 
of the nanohole array at room temperature ( T  = 20 °C) in 
different refractive indices including de-ionized (DI) water 
( n  = 1.3325), acetone ( n  = 1.3591), ethanol ( n  = 1.3616), 
isopropyl alcohol ( n  = 1.3776) and glycerol ( n  = 1.4722). 
Obtaining the spectral position of the transmission resonance, 
we determine a linear relationship between the resonance 
wavelength of the plasmonic mode and the refractive index of 
the bulk solution,   λ   = 589.62 n bulk   + 62.005 (Figure  4 c). Using 
this spectral relationship, we calculate the effective refrac-
tive indices of the liquid crystal,  n eff  (LC) at the corresponding 
resonance wavelength,   λ   for different temperatures. Varying 
the temperature from 15 °C to 33 °C, we achieve a dynamic 

      Figure 3.  a) Experimental transmission response of the nanohole array for different temperatures from 15 °C to 51 °C. b) Spectral position of the trans-
mission resonance for different temperatures. In the fi gure, the red curve denotes the resonance points below the transition temperature  T c   (showing 
the quadratic behavior) and the blue curve denotes the points above  T c   (showing the linear behavior). The green dashed line represents the transition 
between nematic ( N ) and isotropic ( I ) phases. 
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crystal. Therefore, the orientation of the directors is in between 
extraordinary and ordinary axes resulting in an average refrac-
tive index between  n o   and  n e  . This average bulk refractive index 
does not vary with the polarization direction of the incident 
source as verifi ed in Supporting Information Figure S4. The 
absence of the molecular order limits the spectral tunability, 
i.e., the refractive index changes in the nematic phase and at the 
phase transition are ≈0.0317 and ≈0.02, resulting in ≈18.7 nm 
and ≈12 nm shifts, respectively. The ability to control the liquid 
crystal director would result in a higher spectral tunability. For 
example, by ordering liquid crystal molecules along the extraor-
dinary axis with  n e   = 1.7562 at 15 °C followed by increasing the 
temperature to reach isotropic phase with  n o   = 1.5929, as large 
as ≈96.3 nm spectral tuning can be achieved. Furthermore, as 
demonstrated by Figure  5 , the slope of the index/temperature 
curve is sharper for individual ordinary (blue) and extraordinary 
(red) indices compared to the response of the bulk liquid crystal 
refractive index (black). Our work suggests that improved spec-
tral tunability can be attained by appropriate surface treatment 
to control the molecular directors near the plasmonic device. 
Combining electro-optic methods with the thermal tuning by 
the application of directed electric fi elds would result in further 
control over spectral properties. [  31,37,52  ]   

      Figure 4.  a) Schematic view of the plasmonic system embedded in a liquid crystal medium having an average refractive index,  n eff   (LC) represented 
by a bulk homogeneous dielectric medium with a refractive index,  n bulk  . b) Experimental transmission response of the nanohole array for different 
refractive indices of bulk solutions, DI water ( n  = 1.3325), acetone ( n  = 1.3591), ethanol ( n  = 1.3616), isopropyl alcohol (IPA) ( n  = 1.3776) and glycerol 
( n  = 1.4722). c) Linear relationship between the resonance wavelength of the plasmonic mode,   λ  , and the refractive index of the bulk solutions,  n bulk  . 
d) Effective refractive index of the liquid crystal medium in the near-fi eld of the nanohole array calculated from the linear relationship shown in Figure 
 4 c. Here, the red curve denotes the refractive indices below the transition temperature,  T c   (showing the quadratic behavior) and the blue curve denotes 
the refractive indices above  T c   (showing the linear behavior). 

      Figure 5.  Ordinary,  n o   (blue dots) and extraordinary,  n e   (red dots) refrac-
tive indices of 5CB below the transition temperature. The refractive index, 
 n o   ≈  n e   (green dots) above the transition temperature. [  50  ]  Black squares 
denote the average refractive index of 5CB calculated from the experimen-
tally obtained resonance wavelength/refractive index relation. 
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 In conclusion, we demonstrate a dynamically tunable plas-
monic platform that enables spectrally large tuning capabili-
ties. Our platform utilizes a thermally controlled liquid crystal 
medium and a plasmonic substrate composed of nanohole 
arrays. The system supports high sensitivities to surface condi-
tions due to the large local electromagnetic fi elds at the plas-
monic resonance. It enables a spectral tuning of resonance 
wavelength as large as ≈18.7 nm in a temperature range of 
18 °C (through nematic phase) by overlapping these local fi elds 
with thermally controlled liquid crystal. Employing our active 
plasmonic system, we show the refractive index of the medium 
in the vicinity of the plasmonic substrate can be changed as 
large as ≈0.0317. The ability to thermally control the liquid 
crystal phases from nematic to isotropic where the strongest 
variations occur in the molecular orientation enables us to tune 
the spectral position of the plasmonic mode more than 12 nm 
in ≈1 °C temperature range.  
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