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Abstract: The focusing properties of gold nanoslit lenses are
controlled by changing the refractive index of liquid crystal ﬁllings inside the nanoslits. When the liquid crystals are in the
isotropic state, the nanoslit lenses have higher transmission than
in the case when the liquid crystals are in the nematic state.
Additionally, the lens that focuses TM-polarized light shows
a sharper focus in propagation direction when liquid crystal is
in isotropic state. Our numerical simulations show good agreement with our experimental results. Having external control
over the focusing properties of nanoslit lenses could be beneﬁcial for practical applications.
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(a) – geometry of the simulation for the TM-lens. The size of
the computational domain is 7.6×10 μm2 . (b) and (c) – experimental irradiance of the transmitted light for the TM-lens. 2-D
plot of the irradiance at room temperature (RT) (b) and at 42◦ C
(HT) (c). The color scale is normalized to the maximum of HT
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1. Introduction
An optical wave transmitted through a slit in a thick metallic ﬁlm forms a Fresnel diffraction pattern [1]. Since the
phase of the wave coming out of a single slit depends
on the width of the slit, an array of slits with different
widths can be arranged to work as a conventional optical lens [2,3], a beam deﬂector [4], or a waveguide coupler [5]. The focusing device for TM-polarized light was
proposed [3] in 2005, and the device was experimentally
demonstrated by L. Verslegers et al. [6] in 2009. In our
previous work [7], we conducted a comprehensive study
on nanoslit lenses and experimentally showed that arrays
of nanoslits can be designed to focus either TM- or TEpolarized light. We have named these devices a TM-lens
(for focusing TM-polarized light) and a TE-lens (for focusing TE-polarized light). In the orthogonal incident light
polarization, these lenses perform as concave lenses. The
lenses demonstrated in [7] are linear, such that the focus∗

ing properties cannot be changed as long as the incident
beam conditions are ﬁxed.
In optics, liquid crystals (LCs) are known to exhibit
large refractive index changes when their orientation or
phase changes. Typically, the absolute value of a refractive
index change is on the order of 0.1. When LCs are in the
nematic phase, the orientation of the LCs can be changed
by applying an electric ﬁeld. Some LC materials have a
phase transition temperature in the nematic and isotropic
states that are close to room temperature, which makes it
easy to control their phases.
When LCs are incorporated into plasmonic structures
[8–10], the capability of large refractive index changes
offers resonance tunability. When the refractive index of
the LC changes, the resonance condition of the plasmonic
structure is modiﬁed, and this shifts the resonance wavelength of the plasmonic structure. In some recent publications, LCs have been used to tune the resonances of plasmonic nanostructures [11–15] and the metamaterials [16].
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Figure 1 (online color at www.lphys.org) Schematic of the measurement setup. The distance between the lens and the sample
was changed to record the irradiance at each Z position

As described in [7], each slit in a nanoslit lens can be
considered to be a metal-insulator-metal (MIM) waveguide. Light propagation through a slit is a function of the
refractive index of the insulator layer. Thus, it is possible
to control the transmission proﬁle of the light coming from
the slit by changing the refractive index of the insulator
layer. This change could result in either shifting the focal length or changing the intensity and the shape of the
transmission proﬁle. In our work, we ﬁll the slits of the
nanoslit lenses with LCs to take advantage of their index
changing property. We experimentally show that the irradiance as well as the transmission proﬁle change when LCs
change their phase from the nematic state to the isotropic
state. These LC controllable properties are novel features,
which have not been demonstrated in the previous works
[6,7].
It is important to note that the purpose of using LCs
in our work is to alter the transmission proﬁles from the
nanoslit lenses, while other researchers have used LCs to
shift the resonance conditions. The LC used in our study
is 5CB (4-cyano-4 -pentylbiphenyl), which has also been
used in [16]. The nematic-isotropic phase transition temperature of 5CB is 35◦ C, which is close to room temperature and thus makes this LC easy to work with experimentally.

2. Experiments and simulations
In our experiments, we ﬁrst evaporated thick gold ﬁlms
on glass substrates. The ﬁlm thickness for the TM-lens
was 600 nm and the ﬁlm thickness for the TE-lens was
1000 nm. We then milled the TM-lens and the TE-lens into
the ﬁlms using a focused ion beam (FIB) system. The slits

www.lphys.org

Figure 2 (online color at www.lphys.org) Simulation setting. (a)
– geometry of the simulation (TM-lens) and (b)–(d) – orientation
of the LCs modeled in the simulations

of each lens were ﬁlled with the LC material (5CB, SigmaAldrich). The measurement setup is schematically shown
in Fig. 1. The samples were illuminated from the substrate
side with a linearly polarized continuous wave (CW) laser
at 531 nm. The transmission proﬁles from the lenses were
recorded by a CCD camera attached to a conventional optical microscope, allowing us to measure the transmission
proﬁles at varying distances from the lens. The polarization of the incident light for the TM-lens and the TE-lens
were TM and TE, respectively. Resolution in the vertical
direction is approximately 500 nm due to the resolution of
the microscope stage and the depth of focus of the objective lens. All measurements were carried out both at room
temperature (22◦ C, RT) and at 42◦ C (HT) by heating the
microscope stage. More details of the experimental setup
could be found in [7].
To verify our experimental results, we have conducted
full-wave numerical simulations. The ﬁnite element frequency domain (FEFD) method is used for solving 2-D
partial differential wave equations for E-ﬁeld numerically.
Thus, a scalar wave equation for Ey is solved in the TE
polarization and a vector wave equation for Ex and Ez are
solved in the TM polarization case. The 3rd order ﬁnite elements are utilized in both polarizations along with generally anisotropic material properties, allowing for the modeling of different phases of the LC component of the device. The computational domain was discretized using an
unstructured triangular mesh and then truncated by nonreﬂecting boundary conditions (scattering boundary condition [17]) applied at all exterior boundaries. The incident
light is a monochromatic plane wave forced to propagate
from the bottom boundary to the top boundary. The geometrical parameters of the sample were taken from scanning electron microscope (SEM) images. The permittivity
of gold is –12.8 + 1.12i at 531 nm from [18], and the refractive index of the LCs was taken from [19]. When simulating for the RT case, we assumed the LC to be in the
nematic state and aligned perpendicular to the sidewalls
of the gold slits [11,15]. The refractive index tensor was
deﬁned as n = diag(1.74, 1.55, 1.55). When simulating for
the HT case, we assumed the LC to be isotropic and deﬁned the refractive index tensor as n = diag(1.6, 1.6, 1.6).
The geometry of the model and the orientations of the LCs
are shown in Fig. 2.
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Figure 3 SEM images for the TM-lens (top) and the TE-lens
(bottom)

3. Results and discussions
Representative SEM images of the fabricated samples are
shown in Fig. 3. Each slit is 22 μm long for both the TMand TE-lenses. Compared to the wavelength of the illuminating light, the slits are substantially long, and we therefore assume both lenses to be essentially two-dimensional.
Both lenses are symmetric with respect to the centerline
or center slit. We deﬁne the origin of the coordinate at the
surface of the lens at center. The X axis is perpendicular
to the slits, the Y axis is along the slit and the Z axis is
vertical to the sample.
In Fig. 4, we plot the irradiance of the transmitted light
from the TM-lens. Fig. 4a is at RT and Fig. 4b is at HT. The
color scales for both 2-D plots are identical and normalized
to the maximum value recorded at HT. It is clearly seem
that the irradiance at HT is higher than the irradiance at RT.
The observed change in irradiance can be attributed to the
phase change of the LCs inside the slits from the nematic
state to the isotropic state.
Fig. 4c and Fig. 4d are the simulation results for TMlens in the nematic state and the isotropic state, respectively. By comparing Fig. 4c and Fig. 4d, it is obvious that
the simulation conﬁrms our experimental results that irradiance is higher in the isotropic state than in the nematic
state. The observed changes in irradiance can be qualitatively understood by the following reasoning. Consider
TM-polarized light propagating through a MIM waveguide in a plasmonic mode. With the lower permittivity
in the dielectric layer, less ﬁeld penetrate into the metal,
thus losses are lower in the metal layer. When the temperature of the LC rises and the LC becomes isotropic, the X
component of the permittivity decreases, which results in
higher transmission.
The irradiance from the TM-lens at selected z positions
obtained from our experiment and the simulation results
are plotted in Fig. 4e and Fig. 4f, respectively. The irradiances are normalized to the maximum of each state for
both ﬁgures. In Fig. 4e, we see that the transmitted light
at HT focuses more sharply compared to the transmitted
light at RT. At RT it can be assumed that there are local
inhomogeneities in the LCs that act to broaden the trans-
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mitted proﬁle. At HT the LCs are heated to the isotropic
state, and therefore the LCs become more homogeneous.
This feature is not captured in the simulated curves since
the LCs are simulated as homogeneous media.
In Fig. 5, we show the irradiance plots of the TE-lens.
Fig. 5a is at RT and Fig. 5b is at HT. Similar to the TMlens case, the irradiance at HT is higher than the irradiance
at RT. We have also carried out numerical simulations for
the TE-lens, the results of which are shown in Fig. 5c and
Fig. 5d. In the case of TE-polarized light (electric ﬁeld in
the y direction), the light experiences a refractive index
change of 0.05. Fig. 5c is for the nematic state and Fig. 5d
is for the isotropic state. From the two 2-D plots, we see
that the irradiance in the nematic state is higher than the
irradiance in isotropic state, which agrees well with our
experimental results. For TE-polarized light propagating
through a MIM waveguide in a photonic mode, more ﬁeld
is conﬁned to the dielectric layer when the y component
of the permittivity of the dielectric increases, which gives
a higher transmission throughput. Thus, heating the LCs
to the isotropic state again increases the transmission in
this case. The difference in the transmitted irradiance of
the TE-lens at the two temperatures is smaller compared
to the case of the TM-lens. This is because the refractive
index change of the LCs affecting the TE-lens is smaller
than the refractive index change of the LCs affecting the
TE-lens.
Irradiance from the TE-lens at selected Z positions obtained from our experiments and the simulation results are
plotted in Fig. 5e and Fig. 5f, respectively. The irradiances
are normalized to the maximum of each state for both ﬁgures. From the ﬁgures, we do not clearly see the sharpening of transmission proﬁle at HT as we have seen in the
TM-lens. We attribute this fact to the smaller effective refractive index change compared to the TM-lens and to experimental noise. In the simulation results, the curves of
the two different states almost overlap each other. This is
because of the small refractive index difference between
the two states.
To gain more quantitative insight, we have plotted the
transmitted irradiances along the Z axis in Fig. 6a and
Fig. 6b for the TM-lens and the TE-lens, respectively.
From the experimental results for the TM-lens, the focal
lengths at RT and at HT are 4.0 and 4.5 μm, respectively.
At HT, the irradiance at the focus is 2.7 times higher than
the irradiance at the focus at RT. From the simulation results, the focal length in the nematic state and the isotropic
state are 4.500 and 4.565 μm, respectively. The simulation
also shows 2.5 times higher irradiance at the focus for the
isotropic state compared to the nematic state. From the experimental results from the TE-lens, the focal lengths at
RT and HT are identical at 4.0 μm. The irradiance at focus
for the HT case is 1.3 times higher than the irradiance at
focus for RT. The simulation shows that the focal lengths
in the nematic state and the isotropic are both 4.129 μm,
while the irradiance in the isotropic state at focus is 1.2
times higher than the irradiance in the nematic state. Considering the resolution of our measurement setup and the
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Figure 4 (online color at www.lphys.org) Irradiance of the transmitted light through the TM-lens. (a) and (b) – 2-D plot of the experimentally measured irradiance at RT (a) and at HT (b). The color scale is normalized to the maximum of HT. (c) and (d) – 2-D plot of
the numerically calculated irradiance in nematic state (c) and in isotropic state (d). The color scale is normalized to the maximum of
the isotropic state. (e) and (f) – irradiance at selected Z positions obtained from the experiment (e) and the simulation (f). In each panel
(e) and (f) the curves are normalized to the maxima of the 4.5 μm curves
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Figure 5 (online color at www.lphys.org) Irradiance of the transmitted light through the TE-lens. (a) and (b) – 2-D plot of the experimentally measured irradiance at RT (a) and at HT (b). The color scale is normalized to the maximum of HT. (c) and (d) – 2-D plot of
the numerically calculated irradiance in nematic state (c) and in isotropic state (d). The color scale is normalized to the maximum of
the isotropic state. (e) and (f) – irradiance at selected Z positions obtained from experiment (e) and simulation (f). In each panel (e) and
(f) the curves are normalized to the maxima of the 4.0 μm curves

nonuniform distribution of the LCs inside the slits, the experimental results and the simulation results are in good
agreement.
We also note that P.N. Sanda et al. report that the orientation of 5CB, which is the LCs studied in this paper,
is parallel to the gold surface in their studies [20]. Our
results conﬁrm an assumption on the orthogonal orientation of LC molecules relative to the wall (called perpendicular in Fig. 2). In order to verify our assumption of the
LC orientation, we also simulated a parallel LC orientation inside the slits (n = diag(1.55, 1.55, 1.74)). The results
are included in Fig. 6. In the case of the TM-lens, if the
parallel orientation of the LCs is assumed for RT, the ratio of the irradiances at focus in the nematic state and the
isotropic state is 1.35, which does not correspond to our
experimental results. In the case of the TE-lens, the parallel orientation and the perpendicular orientation are equiv-

www.lphys.org

alent because of the illumination polarization. Therefore,
we conclude that the majority of the LCs inside the slits
are perpendicularly oriented to the sidewalls of the gold
slits in the nematic state.

4. Summary
In summary, we have experimentally shown for the ﬁrst
time that the gold nanoslit lenses whose slits are ﬁlled
with LCs can have different transmission properties when
the phase of the LCs change. For the TM-lens, a sharper
focus and a higher irradiance are achieved at HT than at
RT. The TE-lens showed smaller changes with respect to
the temperature compared to the TM-lens. These observations of the polarization dependence show that the orthogonal orientation is a favorable orientation of the LCs inside
the gold slits. The LC controllable focusing properties of
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Figure 6 (online color at www.lphys.org) Irradiance along the Z
axis for the TM-lens (a) and for the TE-lens (b)

nanoslit lenses could be beneﬁcial for sensing and probing
applications in micro/nano optics.
Although the observed changes in transmission in our
work are due to the temperature change in refractive index,
we do not see signiﬁcant focal length shifting as shown in
[21,22], where nonlinear refractive index was discussed.
When the orientation of the LCs ﬁlling a nanoslit lens is
changed, the refractive index of the LCs changes equally
among all the slits and are independent to the width of the
slits. On the other hand, when a nonlinear Kerr medium
is introduced into the slits, by optically pumping the lens
with intense laser, for instance, the changes in refractive
index inside the slits depend on the width of the slits.
Hence, the phase proﬁle of the transmitted light is altered
drastically by changing the optical pumping power, giving
larger focal shift.
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