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ABSTRACT

Mode hybridization is a unique way to manipulate the mode inside a fixed cavity or at interface. For example, Tamm plasmon-polariton at
solid interface can be spectrally shifted without tuning the interface. Experimental implementation of tunable hybrid Tamm-microcavity
modes is reported. The hybrid modes are excited in a one-dimensional photonic crystal bounded with a gold layer by attaching a nematic
liquid crystal microcavity. Coupling between Tamm plasmon-polariton and microcavity modes leads to repulsion of their dispersion curves
controlled by the refractive index of a liquid crystal and the polarization of incident light. Effective tuning of hybrid modes through heating
or applying an external electric field to the liquid crystal layer is demonstrated. The experimentally measured strength coupling value
between Tamm and microcavity modes was 20.7meV.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067179

The Tamm plasmon-polariton (TPP) is an interface mode that
occurs when light is trapped between two mirrors: a one-dimensional
photonic crystal (PC) and a metal.1–3 TPPs have been widely used in
many applications, including topological phases,4–8 absorbers for pho-
tovoltaics,9–11 lasers,12–14 single-photon emmitters15 sensors and
switches,16–19 thermal emitters,20–22 photoacoustic ultrasonic genera-
tors,23 and nonlinear effect amplification.2,24,25 TPP can couple to
other types of modes in the system, forming hybrid modes, such as
exciton,26–30 surface plasmon-polariton,31,32 or the microcavity (MC)
mode.33–35 Based on hybrid TPP-MC modes, organic solar cells,36,37

white top-emitting organic light-emitting device,38 the extraordinary
field amplification,39 metal layer absorption attenuation,40 and hot-
electron photodetector41 were proposed.

The wide range of TPP applications makes the task of its efficient
control relevant. The spectral position of the TPP can be adjusted in
advance by changing the thickness of the first layer adjacent to the
metal or by selecting the parameters of the PC and metal them-
selves.1,42 However, more significant is the dynamic control of TPP
and hybrid TPP modes, which is carried out after the fabrication of
the sample. It can be realized by changing the incidence angle or

polarization of the incident radiation,1,32 mechanical scanning over
the sample with variable first layer thickness27,34 or mechanical
changes in the thickness of the structure layers.43 More dynamic con-
trol is possible by applying voltage to the first layer containing gra-
phene44 or quantum walls.45,46 Heating the first layer made of liquid
crystal (LC)47 or including quantum wells48 leads to a similar effect.

In this paper, we experimentally implemented the idea of dynam-
ically controlling the spectral position of hybrid TPP-MC modes with-
out changing the first layer at the interface. The idea is to affect TPP
indirectly from outside, by means of coupled MCmodes.49 To demon-
strate the effective control of hybrid modes, the microcavity layer was
made of LC, whose refractive index was changed under the influence
of an applied external electric field or heating.

The microcavity design supporting the existence of hybrid TPP-
MC modes is shown in Fig. 1(a). The microcavity fabrication process
includes following steps: (i) fabrication of PC and PC/Au mirrors. The
mirrors of the microcavity are two identical one-dimensional PCs on a
glass substrate consisting of 9 alternating layers of silicon dioxide
(SiO2) and silicon nitride (Si3N4) with thicknesses about 112 and
72nm, respectively [Fig. 1(b)]. Alternating PC layers were grown by
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the plasma enhanced chemical vapor deposition method. An opaque
layer of gold (Au) about 200nm thick was deposited between one of
the PC and the substrate by magnetron sputtering; (ii) deposition of
the conducting layers poly(3,4-ethylenedioxythiophene)-poly(styrene-
sulfonate) (PEDOT:PSS) (about 100nm thick) on the PCs by spin-
coating method; (iii) deposition of the alignment layers poly(vinyl
alcohol) (PVA) (about 600nm thick) by a spin-coating method.
Unidirectional mechanical rubbing of PVA layers; (iv) creating a
microcavity by gluing mirrors on UV-glue mixed with spherical
spacers to control the gap thickness about 6.8lm. Filling the gap with
nematic LC 4-pentyl-40-cyanobiphenyl (5CB) by exploiting of the
capillary effect. Rubbed PVA layers are necessary to obtain the planar
orientation of the LC director. Layers of the transparent conductive
polymer PEDOT:PSS allow an external electric field perpendicular to
the LC layer to be applied to the microcavity.

Photographs of the optical textures of the LC layer obtained in
the crossed polarizer scheme are shown in Figs. 1(c) and 1(d). When
the rubbing direction of the PVA R is parallel to the axis of one of the
polarizers, the optical texture is a homogeneous dark region
[Fig. 1(c)]. When the sample is rotated 45�, the maximum intensity of
reflected light is observed. These optical textures indicate the realiza-
tion of the planar orientation of the director. Applying an external AC
voltage of 1 kHz to the LC layer leads to a change in the color of the
optical texture, indicating an effective rearrangement of the LC struc-
ture [Fig. 1(d)]. A scheme for measuring the spectra of small-angle
(4�) reflection of the microcavity, when linearly polarized light is inci-
dent on it, is shown in Fig. 1(e). Two independent ways of controlling
the spectrum of the microcavity have been realized. The first approach
used a 1 kHz alternating electrical voltage of varying magnitude
applied to the microcavity using a function generator. The second
approach involved the temperature variation of the sample using a
thermostable cuvette, allowing it to be heated to temperatures above
the LC-isotropic liquid phase transition, or cooled back to room
temperature.

The reflection spectra of both mirrors of the microcavity are
shown in Fig. 2(a). One of them shows a reflection band centered
around 630nm, corresponding to the photonic bandgap of the PC.
The spectrum of the gold-coated PC mirror shows a resonance trough
indicating TPP excitation at a wavelength of kTPP ¼ 608 nm. The
position of kTPP is determined by the different thickness of the first
Si3N4 layer adjacent to the metal,1 which in our case is about 42 nm
[Fig. 1(b)]. The resonance dip corresponding to TPP almost reaches
zero reflection, which corresponds to its critical coupling with incident
light.20 When the two mirrors are combined, an air-gap microcavity is
formed, whose spectrum is shown in Fig. 2(b). Multiple resonances
corresponding to MC modes can be seen, with a split resonance at
wavelengths close to kTPP, indicating the formation of coupling
between the TPP andMCmodes.When the gap is filled with LC, there
is an increase in the number of resonances [Figs. 2(c) and 2(d)] due to
an increase in the optical thickness of the microcavity layer. At the
same time, the reflection spectra become different for the TM-
polarized (with components Hy;Ex; Ez) [Fig. 2(c)] or TE-polarized
(with components Ey;Hx;Hz) [Fig. 2(d)] light waves. Because of the
small angle of incidence of light (Ez � Ex), it can be assumed that in
the case of TM-polarization, the electric field vector of the light wave is
oriented along the direction of the LC director R, while in the case of
TE-polarization, it is orthogonal to the director. Because of the differ-
ence in the ordinary ne ¼ 1:73 and extraordinary no ¼ 1:52 refractive
indices of the LC, the number of resonances in the spectra for different
polarizations is different; however, in both cases, a split resonance near
kTPP is observed indicating the formation of hybrid TPP-MCmodes.

The spectra of TE-polarized light do not change when a voltage
is applied to the LC layer. This is due to the fact that the external elec-
tric field is directed along the z axis [Fig. 1(e)], which does not cause
the molecules to rotate in the xy plane. Thus, for TE-polarized radia-
tion, the refractive index of the LC layer is no regardless of the magni-
tude of the applied voltage. The TM-polarized spectrum undergoes a
significant transformation [Fig. 2(e)] starting from the Frederiks
threshold voltage Uc ¼ 0:74V. Under the action of an applied external
electric field, the Frederiks transition occurs in the LC layer and the
director tends to orient itself along the z axis.50 The effective refractive
index of the LC for the TM polarization ne decreases,

51 which leads to

FIG. 1. (a) Schematic of the investigated structure. The area in the red rectangle
corresponds to (b); (b) photograph of the PC obtained with an electron microscope;
(c) photographs of the LC layer texture obtained with an optical microscope in
crossed polarizers. The angle between the rubbing direction of the PVA layers R
and the polarizer axis is 0� (top square) and 90� (bottom square); (d) change in the
optical texture of the LC layer under the action of the applied electric field. The
angle between the rubbing direction of the PVA layers R and the polarizer axis is
45�. (e) Schematic of the experiment to control the hybrid modes by the electric
field and temperature change. The TM and TE vectors show the direction of the
electric field vector for the respective polarizations. The inset shows a photograph
of the microcavity.
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a decrease in the optical thickness of the LC layer and a blue shift in
the resonances of the MC modes.52,53 Each MC mode passing through
the blue shift through the wavelength kTPP ¼ 608 nm experiences
avoided crossing, indicating coupling with TPP and the formation of
hybrid TPP-MC modes. The numerical calculation of the reflectance
by the Berreman transfer matrix54,55 method is in good agreement
with the measured spectra [Fig. 2(f)]. To model the Frederiks transi-
tion, the LC free energy variation56 method was used, which was
described in detail for the investigated structure in Ref. 49. When the
voltage amplitude is reduced back to 0V, the resonances pass through
the same positions in the reverse order, indicating that the microcavity
is inherently more stable.

In contrast to the case when an electric field is applied to the LC
layer, its heating leads to a transformation of the spectra in both TM-
polarized [Fig. 3(a)] and TE-polarized incident waves [Fig. 3(b)]. An
increase in the thermal motion of LC molecules leads to a decrease in
the degree of ordering of the molecules in the rubbing direction of the
PVA layer, resulting in a decrease in the extraordinary refractive index
ne and an increase in the ordinary refractive index no.

50 This leads to a

FIG. 2. (a) Reflectance of two PC mirrors of the microcavity measured at normal
incidence for PC without (blue line) and with a gold layer (red line). The dotted red
line shows the position of the resonance associated with the TPP excitation in the
PC coated with the gold layer. (b)–(d) Reflectance of the microcavity taken at an
incidence angle of 4�. (b) Air-gap microcavity, unpolarized incident light.
Microcavity filled with LC, TM- (c) or TE- (d) polarized incident light. [(e) and (f)]
Transformation of the reflectance shown in (c) when an external electric field is
applied. Result of measurement (e) and numerical simulation (f). The spectra of the
microcavity filled with LC were taken at t ¼ 21:8�C.

FIG. 3. Transformation of the measured microcavity reflection spectra, depending
on the difference Dt ¼ t0 � t between the temperature t of the LC layer and the
phase transition temperature of LC – isotropic liquid t0 ¼ 33:4� C; (a) TM- or (b)
TE-polarized light incident at angle 4�.
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blue shift of MC mode resonances in the TM-polarized spectrum and
a red shift for TE polarization,57 respectively. As a result of the blue
[Fig. 3(a)] or red [Fig. 3(b)] shift, the MC mode crossing the position
kTPP ¼ 608 nm experiences, as in the case of an applied electric field,
avoided crossing, indicating coupling with TPP and formation of
hybrid TPP-MC modes. When the temperature t0 ¼ 33:4 �C of the
phase transition of the nematic-isotropic liquid is reached, the refrac-
tive indices jump50 leading to the jump of MC57 and hybrid TPP-MC
modes.49 Above the phase transition temperature, the spectra for TM-
and TE-polarized light coincide. Reversibility of the microcavity, as in
the case of electric control, is confirmed by passing the resonances
through the same positions in the reverse order when cooling the sam-
ple back to room temperature.

To explain the behavior of resonances in the measured tempera-
ture spectra, it is convenient to consider the model of coupled oscilla-
tors58 according to which the eigen circular frequencies x of hybrid
modes can be found by equating the determinant of the corresponding
matrix to zero,

x� xTPP XTPP�MC

XTPP�MC x� xMC

�
�
�
�

�
�
�
�
¼ 0: (1)

The eigenangular frequency xTPP ¼ 10:3342lm�1 ¼ const of bare
TPP was taken from the experimental spectrum of the Au-DBRmirror
[Fig. 2(a)]. The eigenfrequency xMC ¼ xMCðtÞ of the bare MC mode
as a function of temperature t was found analytically through solving
the dispersion equation for MC modes obtained using the wave
matching method, which was detailed for the PC with defect in the
supplementary material.59 The parameter XTPP�MC characterizing the
coupling strength between the modes was estimated from the experi-
mental spectrum [Fig. 3(b)] using the value of the frequency splitting
of the coupled modes Dx ¼ 2XTPP�MC � 0:105 lm�1 (which is
equivalent to Dk � 6 nm or DE � 20:7 meV) at xMCðtÞ ¼ xTPP .

60

Figure 4 compares the measured, numerical, and analytical spectra.
The left panel contains the result of the numerical calculation by the

Berreman method. The experimental spectrum is presented in the
right panel. The analytical solution for bare MC modes is superim-
posed on the experimental spectrum as black dashed lines. The analyt-
ical solution for hybrid TPP-MC modes obtained in the coupled
oscillator model according to Eq. (1) is also presented in the right
panel of Fig. 4 as magenta dashed lines. This solution explains the
avoided crossing behavior due to coupling between two modes. It can
be seen that the spectral shift of the hybrid modes is directed from the
TPP position and increases on approaching the TPP wavelength
kTPP ¼ 608 nm. The best agreement between the solution obtained in
the coupled oscillator model and the experimental position of the reso-
nances corresponding to the hybrid modes is observed near the point
xMCðtÞ ¼ xTPP . The insignificant difference far from this point can
be explained by the fact that TPP is coupled with two adjacent MC
modes at once, as it was described in Ref. 49. In this case, the model of
three coupled oscillators33 can be applied by analogy. It is worth not-
ing that the presence of coupling between the modes is also indicated
by the fact that the amplitudes of the split peak of the hybrid modes
vary with the external control parameter. The parameter is the ampli-
tude of the applied external electric field [Fig. 2(f)] or temperature
(Fig. 3).

In summary, the electrically and temperature-controlled hybrid
TPP-MC modes have been experimentally implemented for the first
time. The presented approach made it possible to manipulate the TPP
wavelength by affecting the coupled modes externally without chang-
ing the structure in which TPP is localized. Based on the advanced
LC-cell technology platform, the device opens up broad possibilities
for introducing TPP into modern photonics applications.

See the supplementary material for additional information on
sample fabrication, experimental setup, calculation parameters, esti-
mation of electric heating effect value, and additional figures.
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