
 

Liquid-Crystal Active Tamm-Plasmon Devices

Hao-Chi Cheng,1 Ching-Yung Kuo,2 Yu-Ju Hung,2 Kuo-Ping Chen,1 and Shie-Chang Jeng1,*
1Institute of Imaging and Biomedical Photonics, National Chiao Tung University, Tainan 711, Taiwan

2Department of Photonics, National Sun Yat-sen University, Kaohsiung 804, Taiwan

(Received 17 October 2017; revised manuscript received 17 December 2017; published 20 June 2018)

We demonstrate a liquid-crystal (LC)-tuned Tamm-plasmon (TP) resonance device. The term TP
polariton refers to plasmonic resonance at the interface between a photonic crystal (PC) and a metallic film.
We formulate a precise optical analysis of the proposed device using the transfer-matrix method. A single
resonance dip in the photonic band-gap region guarantees that the thickness of the LC layer between the PC
and the metallic film can be as small as about 180 nm. Tuning phase retardation in the LC layer is shown to
shift the resonance wavelength tens of nanometers, depending on the birefringence and width of the LC
layer. Simulation results are in good agreement with the experimental data.
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I. INTRODUCTION

Surface states were first described by the Russian
scientist Igor E. Tamm, who received a Nobel Prize for
his efforts in 1958 [1–3]. The behavior of electrons in a
periodic crystal follows the band diagrams derived from the
arrangement of atoms. When the periodic structure is
terminated at a particular point, the surface states are the
eigenstates lying in the band-gap region. The propagation
wave vector perpendicular to the surface of the crystal
becomes imaginary; however, it is real along the surface.
The Tamm-plasmon (TP) mode is a surface mode that
occurs at the interface between a metallic film and the
photonic-crystal (PC) substrate [4–6]. The resonance wave-
length of a TP device depends on the central wavelength of
the PC, the characteristics of the metallic film, and the
thickness and refractive index of the top layer of the PC
[7–11]. It is interesting to note that this mode lies partially
within the light cone when the in-plane k vector is near zero
and the medium of the light cone is air, which means that it
can be excited without an additional phase-matching
component [4–14]. Vertical illumination causes it to be
excited only if the wavelength matches the design of the
periodic structure. Detailed discussions on the dispersion
characteristics in this mode are included in Refs. [12–14].
Bloch surface waves and the TP mode are both surface
modes on a PC substrate, formed, respectively, by an
abnormal dielectric or a metallic film capping a PC
substrate. The difference lies in the fact that the skin depth
of a noble metal in the visible wavelength range is in the
tens of nanometers, whereas in a dielectric top layer, the
skin depth is in the hundreds of nanometers. Researchers

have demonstrated interactions between TP modes and
surface-plasmon modes or cavity modes [15,16], and
TP devices have been applied in lasers, sensors, and filters
[17–22]. However, actively tuning the TP mode beneath the
top metallic film is difficult. Because of the strong
localization of electric fields between metals and PC at
the resonance wavelength of the TP device, perturbations
above the metallic film have only tiny effects. The fact that
the resonance wavelength cannot be altered after the TP
device has been fabricated greatly limits the applicability of
these devices. Tunable TP devices have been demonstrated
only in semiconductor laser systems, which involve heating
or carrier injection during lasing [23,24].
Numerous tunable photonic devices have been devel-

oped using liquid crystals (LCs) due to their large bire-
fringence and controllability via external (electrical,
optical, or thermal) stimuli [25–28]. Tunable surface-
plasmon-polariton (SPP) or localized surface-plasmon
resonance with LCs have also been widely demonstrated
in previous works [29–36], in the development of tunable
plasmonic color filters [25,31], metasurfaces [33,35], and
devices with a fast tuning response [34]. However, LCs
have seldom been used to tune TP resonance due to the
difficulties associated with inserting a thin layer of LCs
between the metal and the PC. Furthermore, surface
anchoring effects restrict the efficiency of optical tuning
in most LC-plasmon hybrid devices [35–39]. In the
proposed TP scheme, the phase retardation of the LC layer
is an ensemble effect from the entire layer, rather than the
effect of individual molecules adjacent to the metal surface.
The difference in our method lies in the creation of a small
LC gap layer (<200 nm) between the metal and the PC,
which gives the LC space in which to change its orienta-
tion. Unlike most existing SPP devices fabricated using
e-beam lithography, our scheme is highly amenable to
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scaling up for practical applications. Fabrication of the PC
substrate is achieved using mature thin-film processes,
which can be scaled up to several meters. We also use
temperature-based tuning as the modulation method. In
simulations, the transfer-matrix method is used to examine
the resonance effects on tunable TP devices, the results of
which are in good agreement with experiment results.

II. THEORETICAL MODELING

Figure 1(a) presents the coordinates of the proposed
system, and Fig. 1(b) illustrates the layered structure. The
LC layer is sandwiched between a PC substrate and
Au-coated glass. The one-dimensional PC substrate lies
along the x-y plane. (θ, ϕ) is defined according to director n
of the liquid crystal, as shown in Fig. 1(a). The LC
molecules are homogeneously aligned within the TP
device. The refractive index is described using Eqs. (1)
and (2), where (kx, ky, and kz) are the k vectors of the
incident light in the corresponding layer, and ne and no are
the ellipsoidal refractive indices of the LC molecules. For
ellipsoid and spherical equations,

ðkx cos θ þ ky sin θÞ2
no2k02

þ ky2

ne2k02

þ ð−kx sin θ þ kze cos θÞ2
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¼ 1; ð1Þ
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k02
¼ no2: ð2Þ

According to previous reports [39,40], the two eigen
E-fields, Eo and Ee, in the liquid-crystal layer can be
expressed as follows:
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where Eqs. (6) and (7) are derived from Eqs. (1) and (2).
θ1 is the incidence angle.
The transfer-matrix method requires that the reflection

and transmission coefficients be derived precisely at each
interface. In an isotropic medium, the transverse magnetic
(TM) and transverse electric (TE) modes are in the
corresponding eigenstates; however, this is not the case
when dealing with a birefringent layer. Reflections from
and transmission through this birefringent layer can result
in coupling between the TE and TM modes. The complex
analysis involved in this interaction will be described in
another report. In this paper, we describe only the simplest

case, where (θ, ϕ) is set to (0°–90°, 90°), such that the LC
lies along the x-y plane and rotates around the z axis. In this
scenario, the TM field is incident to the LC layer with
the k vector defined as (k sin θ1, 0 , k cos θ1), as shown in
Fig. 1(a). The director of the LC is rotated around the z axis,
wherein only e-light in the LC is excited, resulting in a clear
interfacial matrix.
Figure 2 presents a detailed analysis of the associated

fields. Mediums 1 and 3 are isotropic layers, whereas
medium 2 is a LC layer. The TM field is incidental to
medium 1, and the continuity and boundary conditions of
Ex and Hy produce the following coefficients [41,42]:

FIG. 1. (a) Coordinates of LC molecules and the proposed
system. (b) LC layer sandwiched between the PC substrate and
Au-covered glass.
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The subscript 12 refers to light traveling from layer 1 to
layer 2. The interfacial matrix M is composed as follows:
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and the propagation matrix P is composed as follows:
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�
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�
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The stacked layered matrix can be expressed in terms of
the scheme in Fig. 1(b) as follows:

�
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III. EXPERIMENTAL PROCEDURES

The TP device in Fig. 1(b) is designed using a standard
quarter-wavelength PC with a central wavelength λ0 of
approximately 680 nm. The PC comprises eight paired

layers of TiO2 and SiO2 deposited on a B270 glass
substrate using electron-beam evaporation with ion-
beam-assisted deposition (Kingmate Electronics) to depths
of 78 and 119 nm, respectively. The thickness of the TiO2

top layer is about 205 nm. This layer undergoes buffing
with a nylon cloth to achieve a homogeneous alignment of
LC molecules. A thin gold film is applied to a depth of
approximately 30 nm on a glass substrate using a thermal
evaporator. The Au-coated substrate and the PC are then
assembled with a small gap between them to form a tunable
TP device. In each run of the experiment, the width of the
gap is varied, with the aim of optimizing the measured
resonance wavelengths. The gap is then filled with LC
molecules (5CB, ne ∼ 1.68, no ∼ 1.53 at T ∼ 30 °C,
niso ∼ 1.58, Tc ∼ 35 °C). As the LC is filled, the cell is
heated to about 36 °C (above the clearing point) to obtain
uniform alignment. The resonance wavelength of the TP
device is tuned by changing the phase of the 5CB LC
between the nematic phase and the isotropic phase. It is
realized by changing the temperature of 5CB LC via a
thermoelectric device attached to the bottom of the TP
device. When the driving voltage of the thermoelectric
device is 0.4 or 0.5 V, therefore, the TP device is held at
approximately 30 °C and about 36 °C, respectively. This
voltage control of the thermoelectric device makes it
possible to switch the LC layer in the TP device between
the nematic phase (approximately 30 °C) and the isotropic
phase (about 36 °C) while operating the thermoelectric
device at 0.4 and 0.5 V, respectively.
Figure 3 presents the apparatus used to measure the

reflectance spectra of the tunable TP device. It is set up by a
spectrometer (Ocean Optics HR4000) via a polarizing
optical microscope (Olympus BX51). Awhite light illumi-
nates the TP device from the metal side. An aluminum
mirror (Thorlabs, ME1-G01) is applied for the reflectance
reference. The polarization of input light through the
upright optical microscope lies along the x axis, and the

FIG. 3. Measurement system for reflectance spectra of the TP
devices.

FIG. 2. Detailed description of fields at interfaces adjacent to
the LC layer.
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surface of the sample is along the x-y plane. The direction
of the LC director (defined as θ) is rotated to 0°, 45°, and 90°
on the x-y plane. The birefringence of the LC layer makes
the resulting TP device polarization dependent. Figure 4
presents images of the tunable TP device obtained under a
polarized light microscope. Figures 4(a) and 4(b) show the
homogeneous alignment of the LC molecules within the TP
device. As shown in Figs. 4(b) and 4(c), the LC layer is in
nematic and isotropic phases when the thermoelectric
device is operated at 0.4 and 0.5 V, respectively.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 5 presents the reflectance spectra of the TP device
before and after filling the LCs, i.e., with the LC layer in an
isotropic phase. After LC filling, the resonance wavelength

shifts from 680.3 to 768.4 nm due to a difference in
refractive index from 1 (air) to 1.58 (LCiso). In simulations,
the cell gap is estimated at about 317 nm. The dotted curves
indicate the simulation results. Discrepancies between the
simulation results and the experimental data can be
attributed to imperfections in the PC substrate, the gold
film, or the gap nonuniformity [7–9].
Figure 6 presents polarization-dependent measurements

of the TP device, where the LC layer is operated in nematic
phase and the cell gap is set at approximately 180 nm. The
resonance wavelengths are 651.4 and 667.6 nm when the
θ values are 90° and 0°, respectively. The corresponding
refractive indices of the incident lights are no and ne,
respectively. Based on Eq. (15) and the cell structure
adopted in Fig. 6, the reflection spectrum with respect to
the LC angle θ is shown in Fig. 7. TP resonance can be
tuned from 668 to 651 nm simply by rotating the LC
molecules from 0° to 90° with a reflection resonance dip of
only about 45% in the band-gap region under normal
incidence. The low coupling ratio is due to several factors,
such as the quality of metallic film and the film thickness
[7–9]. A higher coupling ratio in the TP can also be
achieved when the incidence is tilted and the TPs have
an in-plane propagation k vector. Figure 8 presents the

FIG. 4. Photographic images of the TP devices under a
polarized light microscope, where the LC layer is in (a) the
nematic phase, (b) the nematic phase, and (c) the isotropic phase.

FIG. 5. Reflectance spectra of the TP devices before and after
LC filling, wherein the LC layer is in the isotropic phase.

FIG. 6. Reflectance spectra of the TP devices measured at three
angles θ, where the LC layer is in the nematic phase.
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reflection spectrum with respect to the parallel k vector.
With an increase in the in-plane k vector, the resonance dip
presents stronger (blue) coupling in the TP mode.
Figure 9 presents the measured tuning spectrum of the

TP device under two LC phases (with a LC width of
approximately 180 nm). The resonance dips based on
different polarization incidences are evaluated. The two
resonance wavelengths (667.1 and 652.1 nm at θ ¼ 45°)
present homogeneous alignment. As expected, the reso-
nance wavelengths at θ ¼ 45° are a combination of
resonance wavelengths at θ ¼ 0° and θ ¼ 90°. The red
curves are measured by heating the device to an isotropic
state, which is polarization independent. The active tuning
range depends on the direction of incident light polariza-
tion, the direction of LC alignment, and the LC gap.
Figure 10 illustrates the dependence of resonance wave-
lengths on the width of the LC gap, where the LC layer is
operated in the nematic (θ ¼ 0°) and isotropic phases. An
increase in the gap is shown to increase the tuning range.
The accumulated difference in optical path between the two
LC orientation states increases the tuning range until the
gap reaches 700 nm, at which point a second resonance
dip appears in the photonic band-gap region, thereby

complicating the situation. The periodic behavior of the
resonance wavelength is due to the cycling of resonance
dips in the photonic band-gap region.
It should be noted that the resonance wavelength can be

tuned by changing the phase of the LC or by changing the
LC gap. We recently developed a scheme by which to tune
the resonance wavelength by changing the LC gap using
fine screws and piezoelectric (PZT) tubes, as shown in
Fig. 11. The resonance wavelength of a TP device is

FIG. 8. Reflection spectrum vs in-plane k vector.

FIG. 9. Reflectance spectra of TP devices with a LC layer
switched between the nematic and isotropic phases, measured at
(a) θ ¼ 0°, (b) θ ¼ 45°, and (c) θ ¼ 90°.

FIG. 7. Reflectance spectrum vs LC rotation.
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generally fixed during device fabrication. The LC gap can
be adjusted manually to a value corresponding to a specific
resonance wavelength using fine screws, the preliminary
results of which are presented in Fig. 12. The figure shows
two resonance wavelengths related to two different LC
gaps. It would also be possible to control the LC gap by
applying voltage to PZT tubes. For a PZT tube with a
length L, the change in length ΔL can be determined using
the equation below [43]:

ΔL ¼ ðd31VLÞ=t; ð16Þ

where d31 is the piezoelectric constant, V is the voltage
applied to the PZT tube, and L and t are the length and the
wall thickness of a PZT tube, respectively. Thus, if
d31 ¼ 0.1 nm=V, L ¼ 10 mm, and t ¼ 1 mm, then an
applied voltage of 200 V would alter the LC gap by about
200 nm. This change of LC gap, in turn, would produce a
resonance shift of up to 200 nm, depending on the initial
LC gap estimated in Fig. 10. This would be a remarkable
amount of variation in an optical filter or switch applica-
tion. Changing the LC phase in conjunction with electrical
control over the LC gap allows for a tuning of the resonance
wavelength over a wide range. Experiments on the TP
device using PZT tubes are currently in progress.

V. CONCLUSIONS

In conclusion, a tunable Tamm-plasmon device is
demonstrated in this paper by filling LC molecules in
the subwavelength gap between the metallic film and the
PC. The resonance wavelength of the TP device is switched
by changing the temperature of the LC layer. Depending on
the angles between the directions of the incident light
polarization and the LC director, the resonance wavelength
shows a shift of approximately 4–11 nm when the LC layer
(LC width, about 180 nm) is changed from the nematic to
the isotropic phase. A shift of 15.5 nm can also be obtained
for a LC director rotating 90° on the substrate surface. This
tuning effect could be applied to the switching of optical
planar circuits and quantum-dot laser emission.
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