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Abstract: The reflection and transmission coefficients of an indium tin oxide (ITO) nanoribbon grating
placed between a nematic liquid crystal (LC) layer and an isotropic dielectric medium are calculated in
the infrared region. Reflection and transmission spectra in the range of 1–5 µm related to the surface
plasmon excitation in the ITO nanoribbons are obtained. Dependence of the peak spectral position on
the grating spacing, the ribbon aspect ratio, and the 2D electron concentration in the nanoribbons
is studied. It is shown that director reorientation in the LC layer influences the plasmon spectra
of the grating, enabling a control of both the reflection and transmission of the system. The data
obtained with our model are compared to the results obtained using COMSOL software, giving the
similar results.

Keywords: surface plasmon; plasmon spectra; nanoribbon grating; ITO; liquid crystal

1. Introduction

Surface plasmons (SPs) can be excited in the gratings comprising metallic or semiconductor
ribbons by an electromagnetic wave with a wavelength much larger than the ribbon size. Initially, SPs
in the grating structures were excited in graphene micro- and nanoribbon gratings. In the infrared (IR)
region, resonance peaks in reflection, transmission, and absorption spectra related to the SP excitation
in these gratings were observed. By adjusting the ribbon width, grating spacing, or electron gas
concentration, it is possible to control the SP resonance frequency, and therefore, change the optical
properties of the grating-based devices [1–8].

Indium tin oxide (ITO) belongs to the group of transparent conductive oxides, which have
reduced electric losses and provide tunable optical properties [9–14]. Thin films of ITO are widely
used as transparent conductive coatings for making various devices, in particular, liquid crystal
displays, antireflective coatings in solar cells, window electrodes in optoelectronic devices, etc. [15–21].
Important for applications, the combination of electrical and optical properties stimulates researchers
to investigate the ITO properties and its plasmonic spectra. In recent years, transparent conductive
oxides including ITO are considered as an alternative to noble metals in different plasmonic device
applications [22–26]. In this paper, we theoretically study the influence of parameters of the ITO
nanoribbon grating on its reflection, and transmission spectra in the IR region, λ = 1–5 µm, where
the efficient excitation of SPs was observed in the thin ITO films [18–20]. The ITO grating is adjacent
to the liquid crystal (LC) layer. The LC is an anisotropic dielectric, and its permittivity can be easily
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managed reorienting the LC director by external electric or magnetic field. The LCs are known for their
applications in biosensing [27–30]. We suggest that LCs in combination with plasmon nanostructures
can also be used for sensory applications. Therefore, we also study an influence of the LC director
reorientation in the LC layer on the ITO grating plasmon spectra. The data obtained in the model of
the infinitely thin grating are compared with the results obtained using COMSOL software.

The paper is organized as follows: Section 2 introduces a model of the ITO-grating structure with
an adjacent LC layer, and presents the basic equations allowing for the calculations of reflection and
transmission coefficients of the system. Results of numerical calculations of the coefficients and their
discussion are presented in Section 3. In Section 4, some brief conclusions are presented.

2. Model of the Grating Structure

The ITO nanoribbon grating is placed in the xy-plane between a nematic LC layer and an isotropic
dielectric substrate. The grating ribbons are directed along the y-axis, d is a width of the ITO ribbon,
and Λ is the grating spacing (Figure 1). A plane monochromatic electromagnetic wave is incident
along the z-axis on the grating from the side of the LC layer and excites the SPs in the ITO nanoribbons.
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Figure 1. Schematic showing the electromagnetic wave with the wave vector ki incident from the LC
layer on the ITO grating located on the isotropic dielectric. Λ is the grating spacing and d is the width
of the ITO ribbons.

To simplify calculations, we consider the incident wave to be a transverse magnetic (TM) wave
with a magnetic vector Hi directed in the LC layer along the y-axis. The TM-wave electric vector Ei

should have a component perpendicular to the grating ribbons to excite the SPs; therefore, for the
wave incident on the ITO grating, we write:

Ei = (Eixex + Eizez)ei(kir−ωt), Hi = Hieyei(kir−ωt), ki = (0, 0,−ki). (1)

The LC permittivity tensor is defined as εi j = n2
oδi j + (n2

e − n2
o)sis j, i = x, y, z, where si is the LC

director component, no and ne are the refractive indices of the ordinary and extraordinary waves,
respectively [31]. The nematic director is defined as:

s = (sinψ, 0, cosψ) (2)

where ψ is the director angle with respect to the z-axis. For the sake of simplicity, the LC director profile
is assumed to be homogenous throughout the whole LC layer, and is restricted only to the case of the
director reorientation in the xz-plane. Then, as it follows from Maxwell’s equations, Hi = −(ki/ωµ0)Eix,
Eiz = −(εxz/εzz)Eix, and the wave vector of the incident wave is related to the wave frequency by the
dispersion equation ki = (ω/c)

√
εxx − εxz2/εzz.

We intend to study reflection and transmission of the electromagnetic wave in the ITO grating
structure presented in Figure 1, and calculate the corresponding reflection (R) and transmission (T)
coefficients defined as:
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R =
∣∣∣Re(Er ×H∗r)

∣∣∣/∣∣∣Re(Ei ×H∗i )
∣∣∣,

T =
∣∣∣Re(Et ×H∗t)

∣∣∣/∣∣∣Re(Ei ×H∗i )
∣∣∣, (3)

where Er, Hr and Et, Ht are the electric and magnetic vectors of the reflected and transmitted
waves, respectively.

In general, it is necessary to solve Maxwell’s equations in the bulk of the grating material satisfying
the boundary conditions for electromagnetic field at the boundaries with the LC layer and isotropic
dielectric substrate. This is a complex coupled problem; however, in the case where the ITO ribbons’
thickness becomes infinitesimally small, h→ 0 , the problem simplifies significantly. In this case, it is
not necessary to solve the Maxwell’s equations in the grating bulk, only the boundary conditions
relating the electromagnetic fields from both sides of the grating must be satisfied. These boundary
conditions in the case of infinitely thin grating (z = 0) are as follows:

[ez × (Ei + Er − Et)]|z=0 ey = 0,

[ez × (Hi + Hr −Ht) − js]|z=0 ex = 0,
(4)

where js is an electric current density in the plane of the grating and ex, ey, ez are the unit vectors along
the Cartesian axes.

The wave vectors of the reflected and transmitted waves are in the xz-plane. Using the
Fourier-Floquet expansion with respect to the coordinate x, the electric and magnetic vectors of
the reflected and transmitted waves can be written as:

Er =
∑
n

E0rnei(knx+krnz−ω t), Hr =
∑
n

H0rnei(knx+krnz−ω t),

Et =
∑
n

E0tnei(knx+ktnz−ω t), Ht =
∑
n

H0tnei(knx+ktnz−ω t),
(5)

where kn = 2πn/Λ and n is the number of the Fourier-Floquet spatial harmonic.
Substituting Et, Ht from Equation (5) into the Maxwell equations in the LC and Et, Ht into the

Maxwell equations in the isotropic dielectric material with permittivity ε, we obtain [7]:

Er =
c/ω

εzz
√
(εxx−εxz2/εzz)

∑
n
[(εzzkrn + εxzkn)ex − (εxzkrn + εxxkn)ez]anei(knx+krnz−ω t),

Hr = ε0c
√
(εxx − εxz2/εzz)

∑
n

anei(knx+krnz−ω t)ey,
(6)

where krn =
√
(ω2/c2 − kn2/εzz)(εxx − εxz2/εzz) − (εxz/εzz)kn and

Et = −
c

ω
√
ε

∑
n
(ktnex + knez)bnei(knx−ktnz−ω t),

Ht = ε0c
√
ε
∑
n

bnei(knx−ktnz−ω t)ey,
(7)

where ktn =

√
(ω/c)2ε− kn2. In Equations (6) and (7), an and bn are the coefficients of the Fourier-Floquet

expansions for the reflected and transmitted waves, respectively.
The current density in the plane of the grating can be written as:

js = σ(x)Etx(z = 0)ex (8)

where σ(x) = σ within the ITO nanoribbons (nΛ < x < nΛ + d) and σ(x) = 0 between the nanoribbons
(nΛ + d < x < (n + 1)Λ); σ is the ITO nanoribbon surface conductivity.



Materials 2020, 13, 1523 4 of 10

Substituting Equations (1), (6), and (7) into the first boundary condition (Equation (4)), we obtain
an expression for the coefficients bn in terms of the coefficients an:

bn = −
1

Ais
n (ω)

[
ω
c

Eixδn0 + ALC
n (ω)an

]
(9)

where we introduced the following notations:

ALC
n (ω) =

√
ω2

c2 −
4π2n2

εzzΛ2 , Ais
n (ω) =

√
ω2

c2 −
4π2n2

εΛ2 (10)

After substituting Equations (1), (6), and (7) into the second boundary condition (Equation (4)),
and performing some straightforward algebra, we arrive at the following system of equations for the
coefficients an:

[
ALC

n (ω)
(
σd

ε0ωΛ +
√
ε

Ais
n (ω)

)
+

√
εxx −

εxz2

εzz

]
an +

iσ
2πωε0

∑
m(m,n)

(
e

2iπ(m−n)d
Λ −1

)
ALC

m (ω)

(n−m)
am

=

[√
εxx −

εxz2

εzz
−

σd
ε0c −

√
εω/c

Ais
n (ω)

]
Eixδn0 +

iσ
(
1−e

−2iπnd
Λ

)
2πε0nc Eix(1− δn0),

(11)

Equations (9) and (11) were obtained in our previous papers related to the plasmon resonances in the
graphene and MoS2 microribbon gratings [7,32].

Considering the case where the ribbon thickness becomes infinitely thin, h→ 0 , the ITO as a
monolayer film can be treated like graphene with σ representing the ITO ribbon surface conductivity.
For its calculations, we use the Drude form for 2D conductivity [33]:

σ =
n2De2τ

m∗e

1 + iωτ

1 + (ωτ)2 (12)

where n2D is the 2D electron concentration, τ is the electron relaxation time, and m∗e is the electron
effective mass.

Substituting Equation (12) into Equation (11), one can numerically solve them and calculate the
coefficients an, and then, using Equation (9), the coefficients bn. Now from Equations (6) and (7), we can
determine the electric and magnetic vectors of the reflected and transmitted waves, and then finally,
calculate the reflection and transmission coefficients defined by Equation (3).

For numerical calculations, as an example of the LC layer adjacent to the ITO grating, we used the
material parameters for the nematic LC W1791 as it possesses great optical anisotropy with no ≈ 1.53
and ne ≈ 1.94 at λ = 1.064 µm [34]; we set the bottom isotropic substrate to be a glass with a permittivity
of ε= 1.522. The electron effective mass in the ITO film is taken to be m∗e = 0.37me, where me is the
mass of electron [21]. The free electron concentration n2D and electron relaxation time τ depend to
a considerable extent on the ITO sample preparation, and in this study parameters, n2D and τ are
considered as variables.

3. Results and Discussion

In Figure 2a,b, we present the reflection and transmission spectra of the ITO nanoribbon grating
for several values of the grating spacing Λ and fixed values of the ribbon width to grating spacing
ratio, d/Λ = 0.5 (Figure 2a) and d/Λ = 0.75 (Figure 2b). In both cases, the director orientation is planar
(ψ = π/2). The grating spacing values were chosen to obtain a plasmonic spectral response in the IR
region, λ = 1–5 µm.
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Figure 3. Reflection and transmission spectra of the ITO nanoribbon grating for different values of 145 
the ribbon aspect ratio /d  and two orientations of the nematic director. Grating spacing: (a)   = 146 

300 nm and (b)   = 500 nm; /d   = 0.25—curves 1, /d   = 0.5—curves 2, and /d  = 0.75—147 
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Figure 2. Reflection and transmission spectra of the ITO nanoribbon grating for different values of the
grating spacing Λ: 300 nm—curves 1, 500 nm—curves 2, and 750 nm—curves 3. The ribbon aspect ratio:
(a) d/Λ = 0.5 and (b) d/Λ = 0.75. τ = 6.7 f s [35], n2D = 5 × 1019 m−2, and the director angle ψ = π/2.

Peaks in the reflection and transmission spectra observed in Figure 2a,b are the results of the
excitation of the SP mode in the ITO nanoribbons. These peaks shift to the long wavelengths with an
increase of the grating spacing or the ribbon aspect ratio d/Λ. A magnitude of the peaks and their
width increase with an increase of the ratio d/Λ. This can be seen more clearly in Figure 3a,b, which
shows the reflection and transmission coefficients calculated for different values of the ribbon width to
grating spacing ratio, d/Λ= 0.25, 0.5, and 0.75, for fixed values of the grating spacing, Λ = 300 nm
(Figure 3a) and Λ = 500 nm (Figure 3b). In these figures, we show the reflection and transmission
coefficients for two cases of the LC director orientation: the director in the planar state (ψ = π/2) and
the director in the homeotropic state (ψ = 0).
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Figure 3. Reflection and transmission spectra of the ITO nanoribbon grating for different values of the
ribbon aspect ratio d/Λ and two orientations of the nematic director. Grating spacing: (a) Λ = 300 nm
and (b) Λ = 500 nm; d/Λ = 0.25—curves 1, d/Λ = 0.5—curves 2, and d/Λ = 0.75—curves 3; planar
director orientation (ψ = π/2)—solid lines and homeotropic director orientation (ψ = 0)—dotted-dashed
lines. τ = 6.7 f s and n2D = 5 × 1019 m−2.

As seen in Figure 3a,b, the wavelength of the plasmon resonance and the magnitude of the
corresponding peak increase with an increase of the ribbon aspect ratio d/Λ. Therefore, one can control
the ITO nanoribbon grating spectra by changing the value of the grating spacing Λ or the ribbon aspect
ratio d/Λ. However, by varying Λ, only the wavelength of the plasmon resonance peak changes,
whereas by varying the ratio d/Λ, the magnitude of the peak also changes.

From Figure 3a,b, it is also seen that reorientation of the LC director strongly influences the
magnitude of the reflection peak; the same tendency was also observed in the SP spectra of the graphene
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grating [7]. In particular, reorientation of the LC director from the planar (ψ = π/2) to homeotropic
(ψ = 0) state leads to an increase of the reflection peak magnitude by approximately 30% for d/Λ = 0.25,
15% for d/Λ = 0.5, and 10% for d/Λ = 0.75. We would like to note that in the current study, we show
only a principal opportunity of the plasmonic spectra tuning with help of LCs. For real engineering
application, the LC parameters (e.g., birefringence) and the plasmonic structure parameters should be
optimized, but this is beyond the scope of the current study.

An influence of the 2D electron concentration in the ITO nanoribbons and the electron relaxation
time on the reflection and transmission spectra is shown in Figure 4a,b, respectively. The grating
spacing and the ribbon aspect ratio are fixed and set equal to Λ = 500 nm and d/Λ= 0.5, respectively;
the director orientation is planar.
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Figure 4. Influence of the 2D electron concentration (a) and the electron relaxation time (b) on the 167 
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Figure 4. Influence of the 2D electron concentration (a) and the electron relaxation time (b) on the
reflection and transmission spectra of the ITO nanoribbon grating: (a) n2D = 2 × 1019 m−2—curves 1,
5 × 1019 m−2—curves 2, 8 × 1019 m−2—curves 3, and τ = 7 f s; (b) τ = 4 f s —curves 1, 7 f s —curves
2, and 10 f s —curves 3; n2D = 5 × 1019 m−2; and grating spacing Λ = 500 nm, aspect ratio d/Λ = 0.5,
and director angle ψ = π/2.

With an increase of the 2D electron concentration (Figure 4a), the wavelength of the plasmon
resonance peak shifts into the short-wavelength side that correlates with a corresponding increase of
the plasmon frequency, increase of a magnitude of the resonance peak, and decrease of their width.
An increase of the electron relaxation time leads to an increase of the reflection coefficient, and thus a
decrease of the transmission coefficient (Figure 4b).

In Figure 5, results from calculating reflection and transmission spectra of the ITO nanoribbon
grating, using an approximation of infinitely thin gratings (h→ 0), are compared to those obtained
using COMSOL software (COMSOL Multiphysics®5.5, COMSOL Co., Ltd., Shanghai, China) for an
ITO grating with a thickness h = 120 nm and dielectric parameters obtained for close ITO thicknesses [36].
As an example, we used a grating spacing of Λ = 300 nm and an aspect ratio d/Λ = 0.25 (Figure 5a)
and d/Λ = 0.75 (Figure 5b); the director orientation in the LC layer is homeotropic (ψ = 0).
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Figure 5. Reflection and transmission spectra of the ITO nanoribbon grating with a grating spacing 184 
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Figure 5. Reflection and transmission spectra of the ITO nanoribbon grating with a grating spacing
Λ = 300 nm and a ribbon aspect ratio (a) d/Λ = 0.25 and (b) d/Λ = 0.75 calculated using COMSOL
software for an ITO grating with a thickness h = 120 nm (curves 1) and using an approximation of the
infinitely thin grating (curves 2). Parameters used for the approximation of the infinitely thin grating:
(a) τ = 8 f s and n2D = 3.1 × 1019 m−2 and (b) τ = 13.1 f s and n2D = 3.5 × 1019 m−2.

We were able to get the best agreement between the results for the infinitely thin grating (h→ 0)
and the results of the COMSOL calculations (h = 120 nm) by choosing the 2D electron concentration
from the range of (3.1–3.5) × 1019 m−2 and the electron relaxation time from the range of 8–13.1 f s
instead of τ = 5.6 f s used in the COMSOL calculations. Results of the fit indicated that the spectral
position and magnitude of the resonance plasmon peaks in the reflection and transmission spectra can
be reasonably described in the model of the infinitely thin grating using the 2D electron concentration
and electron relaxation time as the fitting parameters although the peaks are narrower.

Finally, it should be noted that it may be possible to control the SPs excitation in the grating by
reorienting the director in the LC layer from the twisted to homeotropic state. In the twisted state,
the director is oriented along the x-axis at the LC layer entrance (see Figure 1) and along the y-axis
near the ITO grating. It is proposed that the so-called Mauguin regime holds [37,38] such that the
polarization of the light wave propagating through the LC layer rotates following the LC director
rotation. In this case, the initially x-polarized incident light wave gains a polarization parallel to the
ITO ribbons near the grating, and therefore cannot excite the SPs. By applying a weak external voltage,
one can reorient the director in the LC layer from a twisted to a homeotropic state with the director
along the z-axis. Here, the incident light wave polarization is not affected in the LC layer. In this case,
the light wave propagates to the ITO ribbons with a polarization perpendicular to the grating ribbons
and excites the SPs. Using COMSOL software for calculations, in Figure 6, we demonstrate the change
in the transmission and reflection of the system when the LC director is reoriented from the twisted
orientational state (curves 1) to the homeotropic state (curves 2).
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Figure 6. Influence of the director reorientation from the twisted to homeotropic state on the reflection
and transmission spectra of the ITO nanoribbon grating: twisted state—curves 1 and homeotropic
state—curves 2. Grating spacing Λ = 150 nm and ribbon aspect ratio d/Λ = 0.25. Calculations were
performed using COMSOL software.

4. Conclusions

The reflection and transmission coefficients of an ITO nanoribbon grating placed between a
nematic LC and an isotropic dielectric are calculated in the infrared region (1–5 µm). Using the ITO
grating with a grating spacing from the range of 300–750 nm, peaks in the reflection and transmission
spectra are obtained, which are the result of exciting SPs in ITO nanoribbons. The wavelength of
the plasmon resonances in the reflection and transmission spectra increases with an increase of the
grating spacing and the ribbon aspect ratio d/Λ, and decreases with an increase of the 2D electron
concentration. A magnitude of the resonance peaks in the spectral region 1–5 µm does not change
with a grating spacing change, but increases with an increase of the 2D electron concentration, the ratio
d/Λ, and the electron relaxation time.

We show that the orientation state of the LC layer placed at the top of the ITO grating influences
the magnitude of the plasmon peak in the reflection spectrum. As a result, reorientation of the LC
director from the planar to homeotropic state enables the control of the reflection peak within 10–30%
of its magnitude depending on the ribbon aspect ratio. The reorientation of the LC director from the
twisted to homeotropic state allows the switching ON/OFF of the SPs excitation. Data obtained in
the model using the infinitely thin grating approach are compared with results obtained for the ITO
grating with thickness of 120 nm using COMSOL software, indicating that this simplified model can
describe sufficiently well the spectral position and magnitude of the resonance peaks.
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1. Jablan, M.; Buljan, H.; Soljačić, M. Plasmonics in graphene at infra-red frequencies. Phys. Rev. B 2009, 80,
245435. [CrossRef]

2. Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H.A.; Liang, X.; Zettl, A.; Shen, Y.R.; et al.
Graphene plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol. 2011, 6, 630–634. [CrossRef]
[PubMed]

3. Nikitin, A.Y.; Guinea, F.; Garcia-Vidal, F.J.; Martin-Moreno, L. Surface plasmon enhanced absorption and
suppressed transmission in periodic arrays of graphene ribbons. Phys. Rev. B 2012, 85, 081405. [CrossRef]

http://dx.doi.org/10.1103/PhysRevB.80.245435
http://dx.doi.org/10.1038/nnano.2011.146
http://www.ncbi.nlm.nih.gov/pubmed/21892164
http://dx.doi.org/10.1103/PhysRevB.85.081405


Materials 2020, 13, 1523 9 of 10

4. Ferreira, A.; Peres, N.M.R. Complete light absorption in graphene-metamaterial corrugated structures.
Phys. Rev. B 2012, 86, 205401. [CrossRef]

5. Ke, S.; Wang, B.; Huang, H.; Long, H.; Wang, K.; Lu, P. Plasmonic absorption enhancement in periodic
cross-shaped graphene arrays. Opt. Express 2015, 23, 8888–8900. [CrossRef]

6. Yan, H.; Low, T.; Zhu, W.; Wu, Y.; Freitag, M.; Li, X.; Guinea, F.; Avouris, P.; Xia, F. Damping pathways of
mid-infrared plasmons in graphene nanostructures. Nat. Photonics 2013, 7, 394–399. [CrossRef]

7. Reshetnyak, V.Y.; Zadorozhnii, V.I.; Pinkevych, I.P.; Evans, D.R. Liquid crystal control of the plasmon
resonances at terahertz frequencies in graphene microribbon gratings. Phys. Rev. E 2017, 96, 022703.
[CrossRef]

8. Liu, Y.-Q.; Liu, P.-K. Excitation of surface plasmon polaritons by electron beam with graphene ribbon arrays.
J. Appl. Phys. 2017, 121, 113104. [CrossRef]

9. Huby, N.; Hirsch, L.; Wantz, G.; Vignau, L.; Barrière, A.S.; Parneix, J.P.; Aubouy, L.; Gerbier, P. Injection and
transport processes in organic light emitting diodes based on a silole derivative. J. Appl. Phys. 2006, 99,
084907. [CrossRef]

10. Hong, H.; Kim, S.; Kim, D.; Lee, T.; Song, J.; Cho, J.H.; Sone, C.; Park, Y.; Seong, T. Enhancement of the
light output of GaN-based ultraviolet light-emitting diodes by a one-dimensional nanopatterning process.
Appl. Phys. Lett. 2006, 88, 103505. [CrossRef]

11. Lai, F.; Lin, L.; Gai, R.; Lin, Y.; Huang, Z. Determination of optical constants and thicknesses of In2O3: Sn
films from transmittance data. Thin Solid Films 2007, 515, 7387–7392. [CrossRef]

12. Kim, H.; Gilmore, C.M.; Piqué, A.; Horwitz, J.S.; Mattoussi, H.; Murata, H.; Kafafi, Z.H.; Chrisey, D.B.
Electrical, optical, and structural properties of indium–tin–oxide thin films for organic light-emitting devices.
J. Appl. Phys. 1999, 86, 6451–6461. [CrossRef]

13. Tamanai, A.; Dao, T.D.; Sendner, M.; Nagao, T.; Pucci, A. Mid-infrared optical and electrical properties of
indium tin oxide films. Phys. Status Solidi A 2017, 214, 1600467. [CrossRef]

14. Kim, H.; Horwitz, J.S.; Kushto, G.; Piqué, A.; Kafafi, Z.H.; Gilmore, C.M.; Chrisey, D.B. Effect of film thickness
on the properties of indium tin oxide thin films. J. Appl. Phys. 2000, 88, 6021. [CrossRef]

15. Rhodes, C.; Franzena, S.; Maria, J.-P.; Losego, M.; Leonard, D.N.; Laughlin, B.; Duscher, G.; Weibel, S.
Surface plasmon resonance in conducting metal oxides. J. Appl. Phys. 2006, 100, 054905. [CrossRef]

16. Rhodes, C.; Cerruti, M.; Efremenko, A.; Losego, M.; Aspnes, D.E.; Maria, J.-P.; Franzen, S. Dependence of
plasmon polaritons on the thickness of indium tin oxide thin films. J. Appl. Phys. 2008, 103, 093108. [CrossRef]

17. Zhou, Y.; Shim, J.W.; Fuentes-Hernandez, C.; Sharma, A.; Knauer, K.A.; Giordano, A.J.; Marder, S.R.;
Kippelen, B. Direct correlation between work function of indium-tin-oxide electrodes and solar cell
performance influenced by ultraviolet irradiation and air exposure. Phys. Chem. Chem. Phys. 2012,
14, 12014–12021. [CrossRef]

18. Kim, J.; Naik, G.V.; Emani, N.K.; Guler, U.; Boltasseva, A. Plasmonic resonances in nanostructured transparent
conducting oxides films. IEEE J. Sel. Top. Quantum Electron. 2013, 19, 4601907.

19. Zhao, H.; Wang, Y.; Capretti, A.; Dal Negro, L.; Klamkin, J. Broadband Electro absorption Modulators Design
Based on Epsilon-Near-Zero Indium Tin Oxide. IEEE J. Sel. Top. Quantum Electron. 2015, 21, 3300207.
[CrossRef]

20. Cleary, J.W.; Smith, E.M.; Leedy, K.D.; Grzybowski, G.; Guo, J. Optical and electrical properties of ultra-thin
indium tin oxide nanofilms on silicon for infrared photonics. Opt. Mater. Express 2018, 8, 1231–1245.
[CrossRef]

21. Wang, Y.; Overvig, A.C.; Shrestha, S.; Zhang, R.; Wang, R.; Yu, N.; Dal Negro, L. Tunability of indium tin
oxide materials for mid-infrared plasmonics applications. Opt. Mater. Express 2017, 7, 2727–2739. [CrossRef]

22. Franzen, S. Surface plasmon polaritons and screened plasma absorption in indium tin oxide compared to
silver and gold. J. Phys. Chem. C 2008, 112, 6027–6032. [CrossRef]

23. West, P.R.; Ishii, S.; Naik, G.V.; Emani1, N.K.; Shalaev, V.M.; Boltasseva, A. Searching for better plasmonic
materials. Laser Photonics Rev. 2010, 4, 795–808. [CrossRef]

24. Naik, G.V.; Shalaev, V.M.; Boltasseva, A. Alternative plasmonic materials: Beyond gold and silver. Adv. Mater.
2013, 25, 3264–3294. [CrossRef] [PubMed]

25. Wang, Y.; Capretti, A.; Dal Negro, L. Wide tuning of the optical and structural properties of alternative
plasmonic materials. Opt. Mater. Express 2015, 5, 2415–2430. [CrossRef]

http://dx.doi.org/10.1103/PhysRevB.86.205401
http://dx.doi.org/10.1364/OE.23.008888
http://dx.doi.org/10.1038/nphoton.2013.57
http://dx.doi.org/10.1103/PhysRevE.96.022703
http://dx.doi.org/10.1063/1.4978383
http://dx.doi.org/10.1063/1.2190714
http://dx.doi.org/10.1063/1.2174842
http://dx.doi.org/10.1016/j.tsf.2007.03.037
http://dx.doi.org/10.1063/1.371708
http://dx.doi.org/10.1002/pssa.201600467
http://dx.doi.org/10.1063/1.1318368
http://dx.doi.org/10.1063/1.2222070
http://dx.doi.org/10.1063/1.2908862
http://dx.doi.org/10.1039/c2cp42448g
http://dx.doi.org/10.1109/JSTQE.2014.2375153
http://dx.doi.org/10.1364/OME.8.001231
http://dx.doi.org/10.1364/OME.7.002727
http://dx.doi.org/10.1021/jp7097813
http://dx.doi.org/10.1002/lpor.200900055
http://dx.doi.org/10.1002/adma.201205076
http://www.ncbi.nlm.nih.gov/pubmed/23674224
http://dx.doi.org/10.1364/OME.5.002415


Materials 2020, 13, 1523 10 of 10

26. Solodar, A.; Cerkauskaite, A.; Drevinskas, R.; Kazansky, P.G.; Abdulhalim, I. Ultrafast laser induced
nanostructured ITO for liquid crystal alignment and higher transparency electrodes. Appl. Phys. Lett. 2018,
113, 081603. [CrossRef]

27. Hsu, W.-L.; Lee, M.-J.; Lee, W. Electric-field-assisted signal amplification for label-free liquid-crystal-based
detection of biomolecules. Biomed. Opt. Express 2019, 10, 4987–4998. [CrossRef]

28. Lin, C.-M.; Wu, P.-C.; Lee, M.-J.; Lee, W. Label-free protein quantitation by dielectric spectroscopy of
dual-frequency liquid crystal. Sens. Actuators B Chem. 2019, 282, 158–163. [CrossRef]

29. Lee, M.-J.; Lee, W. Liquid crystal-based capacitive, electro-optical and dielectric biosensors for protein
quantitation. Liquid Cryst. 2019. [CrossRef]

30. Reshetnyak, V.Y.; Pinkevych, I.P.; Zadorozhnii, V.I.; Evans, D.R. Liquid crystal control of surface plasmon
resonance sensor based on nanorods. Mol. Cryst. Liq. Cryst. 2015, 613, 110–120. [CrossRef]

31. De Gennes, P.G.; Prost, J. The Physics of Liquid Crystals, 2nd ed.; Clarendon Press: New York, NY, USA, 1993;
p. 144.

32. Reshetnyak, V.Y.; Zadorozhnii, V.I.; Pinkevych, I.P.; Bunning, T.J.; Evans, D.R. Surface plasmon absorption
in MoS2 and graphene-MoS2 micro-gratings and the impact of a liquid crystal substrate. AIP Adv. 2018, 8,
045024. [CrossRef]

33. Buss, J.H.; Smith, R.P.; Coslovich, G.; Kaindl, R.A. Broadband transient THz conductivity of the
transition-metal dichalcogenide MoS2. Proc. SPIE 2015, 9361, 93611F.
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