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Photonic bound states in the continuum governed by heating
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A photonic crystal microcavity with the liquid crystal resonant layer tunable by heating has been implemented.
The multiple vanishing resonant lines corresponding to optical bound states in the continuum are observed. The
abrupt change in the resonant linewidth near the vanishing point can be used for temperature sensing.
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I. INTRODUCTION

One-dimensional (1D) photonic crystal (PhC) is a periodic
structure formed by layers with different refractive indices
(RIs) [1]. The optical thicknesses of the alternating layers are
comparable with the wavelength, which leads to the Bragg
diffraction of light. In the photonic band gap (PBG) spectral
region the PhC reflects light with small losses. The resonant
layer embedded between two PhC mirrors forms a microcav-
ity, which supports microcavity (MC) modes [2].

When the resonant layer is an anisotropic material the MC
mode can be transformed into a bound state in the continuum
(BIC) [3-7]. The BIC is a nonradiative localized eigenmode
embedded in the continuum of propagating waves [8]. The
BIC is a general wave phenomenon, which occurs in quantum
mechanics, radio physics, photonics, and acoustics [8—12].
Variation of parameters of the system near the BIC affects
the coupling between the localized mode and the continuum
of propagating waves and thereby tunes the radiation decay
rate. The BIC has been used in various applications, such
as lasers [13-15], waveguides [16—20], nanocavities [21,22],
amplified chiral response [23,24], nonlinear thermo-optical
response [25,26], trapping and sorting of nanoparticles [27],
perfect absorbers [28,29], etc. Due to the narrow spectral
line the quasi-BICs have been used for RI sensing [30-33],
mechanical pressure sensing [34], as well as for temperature
sensing [35,36]. In this work, we demonstrate an optical BIC
in a PhC microcavity tunable by heating the anisotropic liquid
crystal (LC) resonant layer having in mind potential applica-
tions for temperature sensing. In contrast to the conventional
approach based on the shift of the MC mode spectral line
position [37,38], we suggest a sensor based on the temperature
change in the resonant linewidth.
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II. MODEL

The microcavity consists of a LC layer embedded between
two identical 1D PhCs, see Fig. 1(a). The silicon nitride
(Si3Ny) and silicon dioxide (SiO,) layers are deposited on
glass substrate by using the plasma enhanced chemical vapor
deposition method. The number of periods in PhC is eight plus
one unpaired layer of silicon nitride. Polyvinyl alcohol (PVA)
layers are formed on each PhC by the spin-coating method
and then mechanically rubbed to ensure a homogeneous pla-
nar alignment of the LC. The gap between PhC mirrors is
provided with Teflon spacers. The 4-pentyl-4’-cyanobiphenyl
(5CB) nematic LC is embedded into the gap by the capillary
method.

The thicknesses and RIs of all layers are presented
in Table I. In nematic LCs the optical axis (OA) coin-
cides with the preferred alignment of the long axes of the
LC molecules, which is described by the unit vector a =
[cos (¢), sin (¢), 0], called the director, see Fig. 1(b) [39].

The polarizing microscopy images of the optical texture of
the LC layer confirm the planar LC alignment, see Fig. 1(c).
The uniform dark texture is observed when rubbing directions
of PVA layers are parallel to the polarizer or the analyzer,
while the maximum intensity of the transmitted light is ob-
served upon rotation of the crossed polarizers by 45°. The
microcavity is conjugated with glass hemispherical lenses
with RI ng = 1.5. The immersion oil with RI of 1.5 is placed
between the glass substrates and lenses to eliminate the air
gap.

The experimental setup for measuring the microcavity
transmittance spectra is shown in Fig. 1(d). The incoher-
ent radiation from the source propagates through an optical
fiber and a polarizer. After passing through the polarizer, the
TE-polarized (TE wave) or TM-polarized (TM wave) radi-
ation is focused on the microcavity. The outgoing radiation
is collected in a fiber optic collimator connected to the spec-
trometer. The microcavity is heated using the thermostat with
temperature controlling by a thermistor. The azimuthal angle
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FIG. 1. (a) The microcavity model. (b) The orientation of the LC
permittivity ellipsoid. (c) Polarizing optical microscope images of
the LC layer texture taken in crossed polarizers. R; and R, are the
PVA rubbing directions. Crossed double arrows show the direction
of the polarizer (P) and analyzer (A). (d) The experimental setup.

¢ of the LC OA orientation is changed by rotation of the
sample on the motorized turntable.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the measured PhC transmittance
spectra for TE and TM waves incident at angle 6g =
asin{(nsi,n, /ng) sin [atan(nsio, /nsi;N, )]} ~ 53°. The wide dip
corresponding to the PBG for TE waves is observed, while
TM waves pass through the PhC due to the Brewster effect
at the Si3Ny4-Si0O; interfaces [40]. The TE-polarized spectrum
demonstrates resonant transmittance at A = 723 nm corre-
sponding to edge mode excitation [1]. The transmittance
spectra of the microcavity for different values of the azimuthal
angle ¢ at room temperature are shown in Figs. 2(b)-2(f).
The oscillating behavior of the envelope of the transmittance
spectra can be seen. It can be explained by the fact that PhC

TABLE I. Parameters of the layers.

Layer Thickness (um) Refractive index at A = 570 nm
SisNy 0.08 2.15

SiO, 0.153 1.45

PVA 0.1 1.48

5CB 10.03 ng =.,/e; =155n = /5 =174
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FIG. 2. Measured transmittance spectra for the TE (red line) and
TM (blue line) waves at the Brewster’s angle. The spectra of (a) PhC
and (b)—(f) microcavity at different values ¢. The vertical dashed line
in (a) corresponds to the edge mode. The black lines in (c)—(e) show
the TM-polarized transmittance spectra of the LC layer in the parallel
polarizers scheme.

transmits only TM-polarized light. Thus, the problem can
be treated as transmission through the anisotropic LC layer
in the parallel polarizers scheme. To confirm this statement
the additional calculations for LC layer in parallel polarizers
scheme are presented in Figs. 2(c)-2(e). The initial linear
TM-polarization state changes due to the propagation through
the LC layer [39]. The zero transmittance corresponds to the
case when the LC layer is equivalent to the half-wave phase
plate, see Fig. 2(c). In the PBG spectral range the multiple
resonant dips corresponding to the MC modes are observed at
the envelope line when ¢ # 0, /2, see Figs. 2(c)-2(e). The
position of the dips, at the rough estimation, corresponds to
the integer multiple of half-wavelengths LC optical thickness
condition [40]. More strictly, the position of the resonant
wavelengths can be obtained through the solution of the eigen-
frequency problem, see Fig. 4(e). It can be seen that the
position and width of the resonant lines are strongly dependent
on the value ¢. The width of the resonant line is determined
by the total decay rate y,or = ¥ + Yo, which is the sum of
the radiation decay rate y into the TM polarized continuum
and the material loss rate yp. The cases ¢ = 0, /2 corre-
spond to symmetry-protected BICs with zero radiation decay
rate y = 0, due to the orthogonality of the localized TE and
propagating TM waves [4,7]. The resonant dips do not occur
in the corresponding spectra, see Figs. 2(b) and 2(f).
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FIG. 3. The (a)—(c) measured and (d)—(f) calculated dependencies of the microcavity transmittance spectra on the difference AT =T, — T
between the temperature 7 of the LC layer and the temperature of the LC and isotropic liquid phase transition 7, &~ 35°C. The black rectangle

areas in (b) and (e) are scaled up in Fig. 4(a) and Fig. 4(c), respectively.

The measured temperature transformation of the micro-
cavity spectra for fixed values ¢ = /6, 7w /4, m /3 is shown
in Figs. 3(a)-3(c). It can be seen that position and width
of the resonant lines change when temperature 7' increases
from 24 °C to 35°C. The radiation decay rate y is determined
by the Poynting vector of TM waves of the resonant mode
Y o |E,|? at the LC-PVA boundary [3]. The value E, is a sum
of the ordinary (o-wave) and extraordinary (e-wave) waves
E, = E, + E,. The polarization vectors E,. of the o- and
e-waves are determined by the direction of the LC OA a,
the permittivities of the o- and e-waves &,(7"), and the unit
vectors in the propagation directions ko e(7') = [Ko.ex; 0; Ko.ez]-
According to Ref. [41] one can write

Eo =E, [a X ICO]9

ge(ar)

Eo

Ee =E. |:a - ICe(lCed):|, (1)

where « is the angle between the vectors a and k..

The thermal motion of the LC molecules leads to a change
in the permittivities ¢, = ¢, (T) and &, (T) < &c.(a) < g)(T).
For certain values of temperature 7' the condition E, = E,, +
E.. = 0 can be satisfied. The radiation decay rate y in this

case is equal to zero y = 0, and the resonant line collapses.
This case corresponds to Friedrich-Wintgen BIC [42], also
called accidental BIC [16] or parametric BIC [10]. The tem-
perature changing in the LC permittivities leads to the spectral
shift of the resonant wavelengths, due to the changing of the
LC layer optical thickness. At temperature 7. = 35°C the
phase transition of the LC to the isotropic liquid is observed.
The TE and TM waves are not mixed, and resonant lines
vanish [6].

Figures 3(d)-3(f) present temperature transformation of
the microcavity spectra calculated by the Berreman trans-
fer matrix method [43]. For calculation of spectra the
frequency-dependent [44—48] and temperature-dependent re-
fractive indices [49] were adjusted within 5% to provide
agreement with the experiment. In Fig. 4(a) we demonstrate
the transmittance in the vicinity of the BIC shown in Fig. 3(b)
by black rectangle. In Fig. 4(b) we show the temperature
dependence of the resonant linewidth and its temperature
derivative. In Fig. 4(b) one can see that at the BIC temperature
T the derivative exhibits an abrupt change. In Fig. 4(c) we
show the numerical data obtained by the Berreman method in
the same range of parameters.

In the framework of the temporal coupled-mode theory
(TCMT) [50] the LC layer and the PhCs are considered as a
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FIG. 4. (a) The measured, (d) calculated by Berreman’s method,
and (e) using TCMT model dependences of the microcavity trans-
mittance spectra on the difference AT =T, — T between the
temperature 7 of the LC layer and the temperature of the LC
and isotropic liquid phase transition 7, ~ 35°C. (e) shows 27 /wy
(red line); 27 /(wo £ ¥, ) (Mmagenta line). The linewidth AA (b), its
derivative d(AX)/d(AT) (b), and Q factor (c) for the resonant line.

resonator and waveguides. The amplitude a of the MC mode
obeys the following equations:

da

5
7 = —(iwo + ¥ + yo)a + (d*| <S<+>> 2

2
S(]*) R s(+)
)= ¢ & +ald). )
2 S
Here wy is the resonant frequency, |d) is the column vector
of coupling constants, s”, are amplitudes of TM waves in the

PhC waveguides. In the case of central- il-plane mirror symme-
try, the nonresonant scattering matrix C at the BIC frequency

is written as
A_ i 1Y :I:l‘L'
Eoe ( oo ) )

where ¢ and p are the phase and amplitude of the com-
plex reflection coefficient, t is the amplitude of the complex
transmission coefficient, p> 4+ 2 = 1. The coupling constant
vector for the case when the MC mode is even with respect to
the mirror plane is written as

_ (A _ v 4 7 —i(l1+p)
= (dz) ¢ v2<1+p><if—i<1+p>>’ )

and for the case of odd MC mode it is written as

d) = (31) I <itﬂ:{(1 +p)>' ©)
b 2(1 4+ p)\Fr —i(1+p)

Assuming that harmonic waves s o e~ propagate in the

waveguides, the Egs. (2) and (3) yield the final expression for
the scattering matrix S in following form:
ST C |d) (d”|

(T,w) =C+ - . @)

ilwg(T) — 0]+ y(T) + yo

The complex eigenfrequency in dependence on temper-

ature w,(T) = wo(T) —iy(T) was found analytically by

solving the eigenvalue problem for an open system, see Sup-

plemental in Ref. [4]. The major contribution to the material

loss in the fabricated microcavity is due to the conducting

transparent layers of aluminum-doped zinc oxide deposited on

the glass substrates. It cannot be taken into account by solving

the eigenvalue problem formulated for the semi-infinite PhCs,

therefore the rate of material loss yy is fitted to be consistent

with the numerical spectra. In Fig. 4(d) we demonstrate the

TCMT solution with fitted 3. One can see a good agree-

ment between Figs. 4(d) and 4(c). Although the presence of

the conducting layers decrease the maximum possible quality

factor Q = wo/2Y to the value Qnax = wo/2yp at the BIC

frequency, it ensures the voltage-tunable Q factor, which has

been demonstrated in Ref. [7].

IV. CONCLUSION

In this work we demonstrated an optical bound state in
the continuum in a photonic crystal microcavity tunable by
heating the anisotropic liquid crystal resonant layer. We ex-
perimentally measured the temperature dependencies of the
transmittance spectrum at Brewster’s angle and observed mul-
tiple vanishing resonant lines, which indicate the occurrence
of optical bound states in the continuum. The obtained de-
pendencies are explained theoretically with application of the
temporal coupled mode theory and rigorous Berreman’s trans-
fer matrix method. It is found that in the point of optical bound
state in the continuum the resonant linewidth has an abrupt
change, which can be employed for engineering temperature
Sensors.

The data that support the findings of this study are avail-
able from the corresponding author, P.S.P., upon reasonable
request.
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