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ABSTRACT
In the presented work, the possibility of controlling laser generation using a nematic liquid crystal (NLC) in a hybrid layered structure ¢
consisting of a thin metal layer (Ag), a layer of NLC doped with a light-absorbing dye, and a distributed Bragg reflector (DBR) with a rect- &
angular refractive index profile is theoretically studied. Spectral dependencies of the reflection, transmission, and absorption coefficients of i
light as well as the localization coefficient of the light field in NLC within the photonic bandgap of the DBR are obtained. Narrow dips in i
the reflection coefficient and peaks in the transmission coefficient are achieved due to the excitation of plasmons at the Ag-NLC interface. ©
The dependence of the spectral position and magnitude of the plasmonic dips/peaks and the enhancement of the light field in the NLC @
medium on the thickness and orientation of the NLC layer as well as the impact of a light-absorbing dye doping are investigated. =
Theoretical calculations of the temporal dependencies of luminescence pulses for pumping pulses of different power settings (below, above,
and at the threshold of laser generation) and different values of light absorption in the dye-doped NLC medium are performed, taking into
account the peculiarities of the optical properties of the dye-doped NLC.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0208565
I. INTRODUCTION consequently, their optical properties, under the influence of exter-
Over the past few decades, localized electromagnetic modes nal .el.ectric/magnetic an.d. light. ﬁelds,. temperature changes, and the
occurring at the interface between a metal and a distributed Bragg addition of various additives, 1nclud.1ng fluorescent ‘?Yes’ opens up
reflector (DBR) with a rectangular refractive index profile have broad pgsiszlk ilities form ;ontrolllng both  ordinary 'surface
attracted increased attention. These electromagnetic modes are plasmons "~ and TPPs.”""" In the latter case, a controlling LC
known as Tamm plasmon polaritons (TPPs).' TPPs owe their layer placed between the metal and DBR prozxii;i_es additional
existence to the combination of the metal’s negative dielectric per- degreeszngz influence on TPP characteristics.”"" In  several
mittivity and the presence of a photonic bandgap in the Bragg studies,”” "~ a cholesteric liquid crystal (CLC) was used as the dis-
reflector. Unlike ordinary surface plasmon polaritons,””"” the exci- tributed Bragg reflector, as it exhibits Bragg reflection of circularly
tation of TPPs does not require the presence of a prism or a peri- polarized light if the directions of light polarization and the helix
odic grating. In experiments, TPPs manifest as narrow dips/peaks axis of the cholesteric spiral coincide. To improve the optical char-
in the optical reflection/transmission spectra within the photonic acteristics of TPPs and provide additional degrees of influence on
bandgap of the DBR. The ability of liquid crystals (LCs) to easily them, the use of rugate filters (RFs)”™"" with a smooth periodic
change their orientational ordering of the mesophase and, refractive index profile was proposed instead of DBRs with a
J. Appl. Phys. 135, 213102 (2024); doi: 10.1063/5.0208565 135, 2131021
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rectangular profile. The possibilities for controlling the characteris-
tics of TPPs open up potential applications of TPPs in sensors,
optical switches and filters,”> ™" as well as in selective thermal and
light emitters.”*™** It should be noted that Tamm-plasmonic struc-
tures, characterized by the confinement of electromagnetic modes
at the interface of a photonic crystal and metal, are also promising
platforms for laser generation due to the possibility of local
enhancement of the electromagnetic field.*”~>”

LCs are widely used in lasers to provide cost-effective and
tunable solutions for modern photonic applications. The reorienta-
tion of LCs by the influence of external factors allows for changes
in the resonant properties of the lasing cavity, typically formed by
metal, dielectric, or distributed Bragg reflectors. This enables
dynamic tunability of the lasing polarization and wavelength,
unmatched by typical semiconductor or gas lasers. Such adaptabil-
ity is achieved through external fields,”*”” temperature adjust-
ments,”>”” or mechanical stress,”® with nematic liquid crystals
(NLCs) being particularly effective for dynamically tuning laser
output within a Fabry-Pérot cavity, as demonstrated in Refs. 59
and 60. The range of laser wavelength tuning can vary significantly,
with electro-induced reorientation of the NLC director allowing for
changes of up to 30nm,’" while thermo-optical tuning offers a
more modest shift of 2-3 nm.** Precision control of the laser wave-
length to within 0.008 nm via NLC reorientation has been explored
in Ref. 63, illustrating the sophisticated capability of LC lasers in
photonics.

LCs doped with fluorescent dyes can act as an active medium
for lasers.”* Dye-doped CLCs, with their inherent one-dimensional
photonic crystal structure, are widely used to enhance lasing”"**~%*
and to enable remarkable tunability beyond 300 nm.”” The use of
dye-doped NLCs within lasing systems based on distributed feed-
back®® has also proven to be a promising way of achieving dynamic
tunability.”

In the presented work, the possibility of controlling laser gen-
eration in a Tamm-plasmon hybrid metal-NLC-DBR structure
using a dye-doped nematic liquid crystal (NLC) is theoretically
investigated. The paper is structured as follows. Section II describes
the model of the structure and presents equations for calculating
the light reflection and transmission coefficients within the DBR
bandgap region near the Bragg resonance condition. Section IIT
presents the results of numerical calculations of the spectral depen-
dencies of the reflection, transmission, absorption coefficients, and
light field enhancement factor in the NLC medium. The effects of
the thickness and orientation of the NLC layer and the presence of
light absorption in the NLC volume on these quantities are ana-
lyzed. In Sec. IV, using rate equations, the temporal dependencies
of luminescence pulses for different powers (below, at, and above
the threshold of laser generation) of the pumping pulse are theoret-
ically calculated. The discussion of the results and brief conclusions
are presented in Sec. V.

Il. STRUCTURE MODEL AND THEORY

The structure under consideration consists of an NLC placed
between a metal film and a DBR. The orientation of the NLC’s
director is assumed to be homeotropic and uniform, meaning that
the director throughout the NLC volume is oriented perpendicular

ARTICLE pubs.aip.org/aip/jap

to the layers bounding this volume. The DBR is formed by alternat-
ing two homogeneous dielectric layers, resulting in a rectangular
refractive index profile of the DBR medium. On the opposite side,
the DBR layer is bounded by a homogeneous dielectric substrate. A
plane monochromatic light wave of frequency w, polarized in the
direction of the x-axis, oriented along the interface of the NLC and
DBR, propagates normally toward the metal film from the air in
the positive direction of the z-axis. The light wave, after passing
through the metal film, enters the NLC layer and subsequently into
the DBR medium and dielectric substrate, undergoing a series of
successive reflections at the interfaces of the layers. The scheme of
the structure under consideration, along with the directions of the
incident (A;) and reflected (B;) electromagnetic waves, is presented
in Fig. 1. It is necessary to admit that the proposed structure may
be impractical to fabricate, as it currently requires a floating metal
layer on top of the NLC. Future modeling work might, therefore,
include the possibilities for addition of a supporting substrate
either above or below the metal layer. However, this has not been
included here for the purpose of simplifying the model while still
demonstrating the principles of lasing within Tamm-plasmonic
NLC structures. It should be noted that the presence of a metal
layer leads to increased absorption of electromagnetic waves.
However, the use of the mirror structures composed of two planar
layers of indium tin oxide (ITO mirrors) and metallic mirrors sim-
plifies the production process and lowers the costs, which is impor-
tant to make NLC lasers competitive with common CLC lasers.”’
In each layer of the considered structure, the electric field

intensity vector Ei of the light wave is a solution of the wave

Aol & B, ngir | Air
—l—-d
I A B, np=n"+in" | Metal
—d
d A, B, ny,me | NLC
0 X
Az B; n(z) | DBR
L
Ay ns | Substrate

z

FIG. 1. Tamm-plasmonic structure of metal film-NLC-DBR under study. The
pump wave is propagating along the z direction, and the wave amplitudes in
each medium are denoted as A; and B; for forward- and backward-propagating
waves, respectively.
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equation AE; + %Zsil:fi = 0, where g; is the dielectric permittivity of
the respective layer. The magnetic field strength vector H; is found
from Maxwell’s equation rot E; = —0B,/0t. In the directions of the
coordinate axes x and y, the system under consideration is assumed
to be homogeneous. Within each layer of the structure, the strength
vectors E; of the electric and H; magnetic fields will have the form,
respectively, E; = (Ei(2), 0, 0) and H; = (0, Hi(2), 0). Accordingly,
in the air at z < —[ —d, in the metal film at -/ —d <z < —d,
and in the NLC layer at —d < z < 0, the electric E; and magnetic
H; field strengths of the light wave will, respectively, have the fol-
lowing form:

E,‘(Z) — Aieikn,-z +Bie—ikn;z,
i ikn;z —ikn;z (1)
Hi(z) = J (Aie * — Bje ! )
0

Here, k = w/c represents the wavenumber of the electromag-
netic wave in vacuum, with i = 0, 1, and 2 denoting air, metal, and
NLC with refractive indices ny, = 1, n,, = n;n + in],, respectively,
and nyc = n,—the refractive index of the ordinary wave in NLC
(see Fig. 1). In Eq. (1), the intensity of the incident light wave was
considered to be small enough to not change the initial uniform
homeotropic orientation of the NLC director. Here, the absorption
of light by the layers of the system, including the DBR layer, is con-
sidered negligible.

In the region 0 < z < L, within each of the dielectric layers of
the DBR structure, the vectors of the electric and magnetic field
strengths of the light wave will take the form given by formula (1),
where n; is the dielectric constant of the corresponding layer of the
DBR.

Below the DBR, for z > L, in the dielectric substrate with a
refractive index n;, only the wave that has passed through the
system is present, resulting in the following vectors of the electric
and magnetic field strengths:

Ey(z) = Ayens?,

Hy(2) = nAql(qug)e™?. @)

At the interfaces of the dielectric layers, the vectors of the elec-
tric field strength E; and the magnetic field strength H; of the light
wave must satisfy the boundary conditions of electrodynamics.
From the latter, we find the intensities of the electric field By of the
reflected wave and A4 of the wave that has passed through the
system. This allows to obtain the values of the reflection coefficient
R= |BO/A0|2 and the transmission coefficient T = nS|A4/A0|2 of
the system. Even with a relatively small number of DBR dielectric
layers, an analytical solution to the problem is excessively cumber-
some. Therefore, it is practical to solve the problem numerically.
However, in the case when the Bragg resonance condition is met in
the DBR medium, an analytical description of the problem is possi-
ble. In the region 0 < z < L, we decompose the dielectric permit-
tivity of the DBR medium into the Fourier series along the
coordinate z as a periodic function with period 4,

ARTICLE pubs.aip.org/aip/jap

£(z) =g + Z e,
i (©)

j#0

We will assume that the wavelength A of the incident light is
close to the Bragg wavelength Az = 2#a/m, where m is an integer
and 7 = /g is the mean refractive index of the DBR medium. The
solution of the wave equation in the DBR medium will be sought
using the method of coupled waves.”>”” The vector of the electric
field strength of the electromagnetic wave can be expressed as

Es(z) = A3(2)e"™ + By(z)e =, (4)

The amplitudes of the incident A3(z) and reflected B;(z) waves
are slowly varying functions that satisfy the Kogelnik equations,””

d . —i20z
+ As(2) = ixue” B3 (2),

‘ (5)
d )
7 B3(@) = —ix_ e As(2),
where ¥, ,, = ke +,,/(271) and 6 = kit — wm/a is the deviation from
the Bragg resonance condition. In |§|la < 1, x4 ,,|a < 1 approxi-
mation, the solution of the Kogelnik equations (5) takes the follow-
ing form:””

As(2) = (ame 7" + ayeln®)e ",
. 6
Bs(z) = <u1rme*7mz + ﬂxf_mermz> €0, ©)
'm Am
Here, ¥,, = \/Amhom — 6 Tm = Y/ ¥ — i6), and a; and
a, denote the unknown coefficients.

Taking Eq. (6) into account, the following expression for the
magnetic field strength in the DBR structure is obtained:

1 o
O
0

1 i(ki—20)z _ 1= —ikn
—_— —k 12) B3 (2). 7
+w#0 (%me 7 e ""*)Bs(2) )

Xime—i(kﬁ—Zé)z) A3 (Z)

The electric field strength vectors E; and magnetic field strength
vectors H; (where i = 0, 4) of the light wave must satisfy the follow-
ing boundary conditionsat z = -/ —d,z = —d,z=0,and z = L:

Aoe—ik(ler) + Boeik(Hd) — Ale—iknm(ler) + B1 eiknm(l+d)’
Aoe—ik(l+d) _ Boeik(1+d) = (Ale—iknm(l+d) _ Bleik"’"(l+d)),
Ale—iknmd 4 Bleiknmd — Aze_ik"”d + Bzeik””d
neff (Alefiknmd _ Bl eiknmd) =1, (Azefiknad _ Bzeikn“d),

Aj + By = A3(0) + B3(0),
kno(Ay — By) = (ki — x_,,) A3(0) + (x,,, — k71 )B3(0),
A3(L)eikﬁL 4 B3(L)e_ik7‘L — A4eiknsL’

(ki — y_,)A3(L)e®" + (x,, — ki )B3(L)e " = (—1)"Pkn,A e,

(®)
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where p = L/a is the number of periods of the DBR structure. Solving
the system of equations (8) results in the expressions for the amplitudes

ARTICLE pubs.aip.org/aip/jap

of the reflected wave By and the transmitted wave A4, from which we
obtain the reflection R and transmission T coefficients of the structure,

R = |(1 = )by enby (s 1 + b7)e 7+ bo(b3 Tt + b3 )

T —8knoty(r2x,,

_Zim)(b;refikﬁL + b;eikﬁL)efik(Hd)fiknsL

: ©)

Here, 7 =7, +i5, Nu = XmX-m(rm — 1), by = bby, and
b, = by b, . Additionally, the following variables were introduced
for a more compact solution representation:

bi%—: e—iknm(l+d) + bs_(no _ nm)e—iknod _ b;(ﬂm + no)eiknﬂd)

by = b (1, — n,)e®™d — by (n,, + np)e”*ned,
b;r: efiknm(l+d) + bg(no _ nm)efiknad _ b;(no + nm)eik"”d,

by =bg (n, + e Fod — bt (n, — n,,)eld,

bi = (—1)" nket™L I b,
bi=(1F ny)ekm,
bsi—:krmlm(no + n) +k)(7m(n0 +n)+ Mm>
b = rm(kni F2,) +knf £y,

bE=e*PL(kn — y. ).

(10)

I1l. SPECTRA OF REFLECTANCE, TRANSMITTANCE, AND
INTENSITY AMPLIFICATION

To conduct numerical calculations, let us consider the struc-
ture, which consists of layers of silver (Ag), NLC, and DBR. The
latter is made of repeating layers of TiO, and SiO,, with refractive
indices and thicknesses of nrio,, drio, and #sio,, dsio,» respectively.
The values of the structure parameters used in the calculations are
presented in Table I. It should be noted that in Ref. 74, similar
Tamm plasmonic modes in the visible spectrum were experimen-
tally detected in a similar layered structure Ag-DBR but without
the NLC layer. For the DBR structure, we choose the period of its

TABLE I. Parameter values used for calculations.

Parameter Value Description

) 60 nm Ag layer thickness

d 3287 nm NLC layer thickness

drio, 51 nm TiO, layer thickness

dsio, 96 nm SiO; layer thickness

1, 1.48 NLC ordinary refractive index
1, 1.63 NLC extraordinary refractive index
10, 2.46 TiO, refractive index

1sio, 1.48 SiO, refractive index

s 1.529 Substrate refractive index

= S )bl @R (b (6T gy + b3 4 )& + b1y 1 + b1 )e D)

variation, a = drio, + dsio, = 147 nm. For the chosen thicknesses
of the TiO, and SiO; layers, the DBR’s bandgap covers the range of
wavelengths of the incident light within 450-650 nm. The thickness
of the DBR layer was chosen to be L = 1764 nm, corresponding to
p = 12 periods of its structural variation. The value of the complex
refractive index n,, of the Ag layer, taken from Ref. 75 for the cal-
culation, accounts for its frequency dispersion.

The numerically calculated dependencies of the reflection
coefficient R, transmission coefficient T, and absorption coefficient
A (where R+ T+ A =1) of the specified system on the wave-
length 2 of the incident wave are shown in Fig. 2. The calculations
of the spectral dependencies of the coefficients R, T, and A were
conducted using the finite element method in COMSOL
Multiphysics. The obtained numerical results were verified by
applying the transfer matrix method. It should be noted that
narrow dips in the reflection spectrum and peaks in the transmis-
sion spectrum of the system correspond to the bandgap region of
the DBR (Fig. 2, solid blue lines). The presence of these dips/peaks
in the reflection/transmission spectra is associated with the excita-
tion of TPPs at the interface of the Ag-NLC layers. The dips in the

R coefficient and peaks in the T values correspond to peaks in the :
A coefficient. As the calculations show, the number of dips/peaks §

in the spectral dependencies of the reflection/transmission coeffi-
cients, as well as absorption, increases with the increase in the
thickness of the NLC layer.

In Fig. 2, the values of the reflection coefficient R, transmis-
sion coefficient T, and absorption coefficient A calculated according
to formulas (9) and (10) are also presented for comparison. The
values of g and g; (where j # 0) used for the calculation are
obtained from the Fourier series decomposition (3) of the dielectric
permittivity £(z) of the DBR medium,

P 2
 figyo,d1i0, + M50, dsi0,

gy = ) (11)
¢ drio, + dsio,

2 2
ni.. — nA.
=i SiO, TiO, (1 (12)

g = zﬂ-j —e zZﬂ]dT,oz/u),
where j # 0. As can be seen from Fig. 2, there is a good agreement
between the results of the numerical calculation and the analytical
expressions (9), represented by solid black and dotted red lines,
respectively.

The numerically calculated spectral dependence of the locali-
zation coefficient y = |E|*/|Ao|* of the light wave intensity in the
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FIG. 2. Top row: spectral dependencies of the reflectance (R), transmittance (T), and absorbance (A), according to the numerical solution (solid black lines) and the ana-
Iytical solution (dotted red lines). Bottom row: Enlarged views of the reflectance, transmittance, and absorbance peaks. Reflectance and absorbance peaks are localized

within the DBR bandgap (solid blue lines).

NLC layer is shown in Fig. 3(a). The y coefficient is defined as the
ratio of the volume-averaged intensity |E|> within NLC to the
intensity Iy = |Ao|* of the incident light. Thus, at wavelengths A
corresponding to the peaks of the gain coefficient y (dips in the
reflection coefficient spectrum), excitation of Tamm plasmons
occurs. As can be seen, this is accompanied by a significant
increase in the intensity of the light wave inside the volume of NLC
compared to the intensity of the incident light. Under the parame-
ters assumed for the calculation, the localization coefficient y
almost reaches the value of 60.

Figure 3(b) shows the distribution of the dimensionless inten-
sity 1(z) = |E[*/|Ao|* of the light wave across the thickness of the
system, numerically obtained at a wavelength A close to the Bragg
wavelength Az = 552 nm. As can be seen, the light wave field is
almost entirely localized within the NLC layer and is uniformly dis-
tributed across its thickness with spatially modulated intensity. In
the NLC medium, the values of the local intensity maxima are

found to be twice as large as the volume-averaged intensity in
NLC. Compared to the intensity I, of the incident light, the values
of the local maxima of the light intensity in the NLC layer are
found to be about 110 times larger. As the light wave enters the
DBR structure, it quickly attenuates so that the light field is practi-
cally absent within the dielectric substrate that follows the DBR.
This corresponds to the case of no light transmission through the
system, T = 0.

The values of the wavelengths A of the incident light at which
the excitation of Tamm plasmons occurs depend significantly on
the optical parameters (dielectric constants) of the NLC layer. The
values of these parameters depend directly on the ordering state
within the volume of NLC, namely, on the director’s orientation.
For example, in the case of a homogeneous planar orientation of
the NLC layer, in equations (1) for the electric field intensity
vectors E; and magnetic field intensity vectors Hj, the refractive
index value n;c needs to be changed from #, to n,, where n.is the
refractive index of the extraordinary ray in NLC.
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Figures 4(a) and 4(b) demonstrate the changes in the spectra
of reflection and light intensity localization coefficient, resulting
from a change in the orientation from homeotropic to planar. Two
NLC layer materials with the extraordinary indexes of 1.63 (red
lines) and 1.78 (blue lines), corresponding to the optical anisotro-
pies An = n, — n, of 0.15 and 0.3, respectively, are presented. The
NLC reorientation induces a shift of plasmonic peaks toward
longer wavelengths. This shift is sensitive to changes in the refrac-
tive index values of the NLC medium and, consequently, the mag-
nitude of its optical anisotropy. For the case of an optical
anisotropy in NLC of An = 0.15, the shift of plasmonic peaks
reaches 50 nm [red arrow in Fig. 4(a)], and for a high-anisotropy
NLC with An =0.3,° the corresponding shift reaches 100 nm
[blue arrow in Fig. 4(a)]. It should be noted that the spectral distri-
bution of peak amplitudes qualitatively remains practically
unchanged. The consideration of two extreme cases of NLC layer
orientation, homeotropic and planar, allows us to estimate the
nature and range of the influence of the NLC layer’s orientation on
the characteristics of Tamm plasmon excitation.

Changes in the spectrum of the gain coefficient y of the light
wave and the distribution of its intensity I throughout the thick-
ness of the system are caused by the addition of a small concen-
tration of light-absorbing dye into the NLC. This is illustrated in
Fig. 5. For simplicity in the calculation, we assume that the

absorption of incident light by the dye is uniformly distributed
across the wavelengths A. The presence of light-absorbing dye in
the volume of NLC results in the appearance of an imaginary
part in the refractive index of the NLC medium. Numerically cal-
culated dependencies of the gain coefficient y of the light wave in
the NLC layer on the wavelength 4 of the incident light are
shown in Fig. 5(a). The presence of the dye leads to a significant
reduction in the value of the localization coefficient y of the light
wave intensity. However, the positions of the plasmonic peaks
remain practically unchanged. The relative spectral distribution
of the plasmonic peaks also remains almost unchanged. The dis-
tribution of the dimensionless intensity T of the light wave along
the z coordinate is shown in Fig. 5(b). Similar to the localization
coefficient ¥, the distribution of the intensity T of the light wave
remains homogeneous, spatially modulated, and overall qualita-
tively unchanged, except for the amplitude reduction due to
absorption.

IV. MODELING OF LASER GENERATION

In this section, we consider the features of laser generation in
the hybrid structure Ag-NLC-DBR. Studying laser generation in
such a structure requires an understanding of the system’s behav-
ior in the presence of population inversion in the amplifying
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medium. In the considered structure, the role of the amplifying ground triplet N3 energy states and generated light emission
medium is played by the NLC medium doped with a light- intensity I,,”***"’
absorbing dye. The presence of population inversion in the levels
of the NLC medium leads to the appearance of a negative imagi- ONy(z,t)  0,.1,(z,1) oL () N, (z,t)
nary part in the refractive index of the dye. As a result, this gener- o hv, Ni(z, 1)~ hv, Na(z,t) - —PuNa(z,1),
ally leads to the presence of a negative imaginary part in the ON;(z, 1)
refractive index of the dye-doped NLC medium as a whole. It is ot P3Ny (z,1) = P3iNs (2, 1),
assumed that the magnitude of the imaginary part of the refractive dL(t)  chv,S [t (oL (t) Ny(z, 1) L)
index of the dye-doped NLC medium is directly proportional to i nv J ( ™ Na(z, t)+k1_—) dz—T—,
the concentration of the dye and does not depend on the wave- N 0 ; Ne At Ne(z t _'N ¢
length 2 of the incident light. 1&0) +No(2, )+ Ns(2,1) =N,
The lasing generation is modeled within the framework of (13)

singlet and triplet energy levels of the dye such as
4-dicyanomethylene-2-methyl-6-dimethylaminostryryl-4H-pyran
(DCM) (see Fig. 6). This model requires solving three (four
counting the equation for N) rate equations describing the popu-
lation densities in the ground singlet Nj, excited singlet N,, and

where the transition probabilities are taken in the form of

o.l,
Wi =22,
12 hv,

o.l, 1

—, = 14
v » = (14)

WZI =
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In the expressions (13) and (14), N; is the population of the characteristic lifetime of fluorescence; 7, is the lifetime of radiative £
corresponding energy levels; Wj; and Pj; are the probabilities of spontaneous emission; I, and I, are the intensities of absorbed and
induced and intercombination transitions from level i to level j emitted light, respectively; 7. is the characteristic lifetime of the

(where i,j=1,2,3); Wy and 7, represent the probability and laser mode in the cavity; and k denotes the fraction of radiation
propagating along the laser’s main axis.

Solving the system of equations (13) for the population of

energy levels requires averaging all quantities within the active

2 S1, N> medium. For the previously obtained values of the localization
Py coefficient y of the light wave intensity in the NLC medium, the
spatial distribution of the pump intensity can be approximated rea-
sonably well as I, = L, sin? gx (see Fig. 5). As a result, the system
To, N3 of equations for the population of levels (13) becomes significantly
Wi, W, [/Vsp ’ simplified,
P. @ __ oePe L p 304Pao . 304Pao 04NPgo
Y \/ 31 dt hveS+121 thst 4hv,S 2 4hv,S " 2hv,S’
So, N dn
Lile =2 =Pymy— Py, (15)
dt
FIG. 6. Diagram of the energy levels representing the dye-doped system. W, & _¢ 6.P,+ theS " _E
and W, denote the probabilities of induced transitions between the singlet dt a\ ¢° 7, 2 7.

levels Sy and Sp; Wi, stands for the probability of the spontaneous transition
from S; to Sy; P, and Psy denote the probabiliies of intercombination

transitions. where P, = I.S and P,y = IS stand for the radiation and absorp-

tion powers, respectively, and #; denotes the mean level population
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across the dye-doped NLC layer,

1 L
n; = —J Ni(Z, t)dz, i= 1, 2, 3.

L

The results of numerical calculations for the spectral depen-
dencies of the reflection coefficient R and the localization coeffi-
cient y of the light wave are presented in Fig. 7. The presence of a
relatively small gain in the system due to the negative imaginary
part of the refractive index of the dye-doped NLC,
n, = 1.48 — 0.000154, results in the reflection coefficient R of the
system becoming larger than unity at the excitation frequencies of
TPPs [see Fig. 7(a)]. This leads to a significant increase in the
value of the localization coefficient y of the light field intensity
within the dye-doped NLC medium, reaching 900 units of the
incident wave intensity. Consequently, the intensity of the light
field within the dye-doped NLC medium increases to the extent
that the intensity of the reflected light wave leaving the system
through the metal layer (reflected light wave) becomes larger than
the intensity of the incident (seed) light wave. This corresponds
to the phenomenon of laser generation in the system under
consideration.

Furthermore, a relatively small increase in the absolute value
of the negative imaginary part of the refractive index of dye-doped
NLC to Im(n,) = —0.0002, resulting in n, = 1.48 — 0.0002i, leads
to a rapid increase in the value of the system’s reflection coefficient

R, by more than two orders of magnitude [see Fig. 7(b)]. In this
case, the value of the localization coefficient y of the light field

intensity within the dye-doped NLC medium also increases and ;

reaches magnitudes of 107. With such values of the gain coefficient
¥, laser generation in the system can start spontaneously, as fluctu-
ations in the intensity of the light wave within the NLC medium
can act as the seed waves.

It should be noted that the increase in the value of the
reflection coefficient R, caused by the increase in the absolute
value of the negative imaginary part of the refractive index of
dye-doped NLC, is accompanied by a redistribution of ampli-
tudes between the Tamm plasmon peaks in the spectra of reflec-
tion coefficients R and gain coefficients y of the light field. For
instance, in the case of the refractive index of dye-doped NLC
being n, = 1.48 — 0.0002i, almost all of the intensity of the light
wave within the dye-doped NLC medium is concentrated within
a single peak at a wavelength of A = 574 nm, while other plas-
monic peaks have amplitudes that are two orders of magnitude
smaller [see Fig. 7(b)].

Next, we simulate the process of laser generation in the system
under consideration by directly solving the system of equations (15)
for the population of energy levels. The calculation was performed
for typical parameter values,”"°®”” as summarized in Table II.
Figure 8 shows the normalized temporal profiles of the laser gener-
ation pulses for different pump pulse power settings relative to the
lasing threshold power. It should be noted that the laser generation
threshold in the considered system, for the parameter values taken
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TABLE I, Values of the parameters used in the equations for the population densities of energy levels.” %%
Parameter Value Reference Description
Py, 10* s7! 77 Probability of transition from triplet level
Py 5x107 s 77 Probability of transition to triplet level
(] 12x107°%s 68 Fluorescence lifetime
7, 14x107° s Temporal width of the pumping pulse
7. 538x107 s Radiation lifetime
7, 24x107 s 68 Lifetime of radiative spontaneous emission
N 5.96 x 10** m™> Dye concentration in the NLC
B 10* m™! 68 Coefficient of distributed losses
o, 1.53 x 1072° m? 31 Cross section of induced emission
O, 0.62x 107 m* 31 Cross section of absorption
S 8.01 x 107" m? Cross-sectional area of pumping region
Aa 445 nm 77 Pumping wavelength
Ae 600 nm 77 Emission wavelength
-------- Pump
—— Emission
Fo P (@u)  p =095p, Fa, Fe (a.u) Fy = Py fa. ke (@u) P =105py,
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FIG. 8. Top row: temporal profiles of normalized pumping and laser emission pulses below, at, and above the lasing threshold, respectively. Bottom row: enlarged views of
the laser emission pulses.
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above, is observed at a pump pulse power of Py = 7.4 W, which
corresponds to the pumping intensity of 9.2 MW/cm?

At the laser generation threshold, luminescence is accompa-
nied by a single pulse. With increasing supra-threshold pump
power values, luminescence manifests as a series of short genera-
tion pulses with a monotonically decreasing amplitude. The latter
can be explained by the fact that after reaching the threshold popu-
lation of dye molecules on the excited singlet level, depletion of this
level to the triplet states occurs, leading to the cessation of genera-
tion. Unlike the case of pump power values below the laser genera-
tion threshold, in the supra-threshold regime, the first most intense
luminescence pulse leads ahead of the maximum of the pump
pulse. With an increase in pump power, the duration of lumines-
cence pulses decreases below the laser generation threshold.
Moreover, this trend persists for pump power values above the
laser generation threshold when considering the first luminescence
peaks. It is worth noting that, overall, the temporal profiles of gen-
eration in the considered hybrid structure Ag-NLC-DBR are quali-
tatively similar to those obtained in previous works’"**”” in the
case of the CLC laser with distributed feedback.

V. DISCUSSION AND CONCLUSIONS

In this work, controlled laser generation in the Ag-NLC-DBR
hybrid structure using NLC has been theoretically investigated.
Within the scope of our research, numerical calculations have been
performed for the spectral dependencies of the coefficients of
reflection, transmission, and absorption of light by such a system.
The obtained narrow dips in the reflection coefficient and peaks in
the transmission and absorption coefficients are attributed to the
excitation of TPPs at the Ag-NLC boundary. It has been established
that increasing the thickness of the NLC layer leads to an increase
in the density of Tamm plasmon peaks. The excitation of TPPs is
accompanied by a significant increase (approximately 55 times) in
the intensity of the light field within the NLC medium compared
to the intensity of the incident light. Moreover, the light field is
almost entirely localized within the NLC layer with spatially modu-
lated intensity. We have proposed an analytical approach to
describe the problem when the wavelength of the incident light is
close to the Bragg wavelength. It should be noted that such an
approach adequately describes the positions and magnitudes of
TPP peaks even when the mentioned condition is slightly violated.

The influence of the orientation of the NLC layer on the posi-
tions and magnitudes of the TPP excitation dips/peaks has been
studied. It has been shown that changing the orientation of the
NLC layer from homeotropic to planar leads to an increase in the
refractive index of the incident light within the NLC medium and,
consequently, to a shift of plasmon peaks toward longer wave-
lengths. As a result, the use of NLC (n, = 1.48, n, = 1.78) allows
for a shift of plasmon peaks within the 100 nm range. It should be
noted that achieving a shift of plasmon peaks within the substantial
range of 100 nm is not feasible for NLC in the absence of Tamm
plasmons. Clearly, the orientation of the NLC layer affects the
wavelength of TPP excitation, which, in turn, influences the proper-
ties and characteristics of laser generation in the studied system. By
applying external stimuli such as electric fields, magnetic fields, or
heat, one can change the LC director orientation and the order

ARTICLE pubs.aip.org/aip/jap

parameter. This leads to corresponding changes in the components
of the dielectric tensor, thereby allowing the tuning or control of
lasing. Detailed calculations (for instance, the LC director reorien-
tation under a given applied voltage, and the lasing threshold vs
voltage) are beyond the scope of the current study.

The addition of a small concentration of light-absorbing dye
molecules to the NLC volume does not change the positions and
relative spectral distribution of the plasmon peaks. The presence of
the dye leads to a decrease in the amplification of light intensity in
the dye-doped NLC medium without altering the nature of the
intensity distribution throughout its thickness. At the same time, it
should be noted that the presented model assumes a perfect broad-
band fluorescent emitter over the tuning range. In practice, gain
would be limited to the fluorescence band of the chosen emitter.
However, some organic laser dyes have wide fluorescence bands
that would feasibly still allow a 100 nm tuning range.

The peculiarities of laser generation in the Ag-NLC-DBR
system were investigated under conditions of inverted population
levels in the dye-doped NLC medium doped with a light-absorbing
dye. The presence of a relatively small negative imaginary part of
the refractive index in the dye-doped NLC, —0.0002, resulting from
inverted level populations, leads to an increase in the reflection
coefficient by more than two orders of magnitude. Meanwhile, the
localization coefficient of the light intensity in the dye-doped NLC
medium reaches the order of 10”. It should be noted that adding an
azo-dye with light-induced trans-cis isomerization to NLC will lead
to a change in the order parameter of the system. As a result, both
the ordinary and extraordinary refractive indices of NLC change.
Thus, by changing the orientation of the NLC using an external
electric or magnetic field, it is possible to influence the value of the
lasing wavelength.

By directly solving the system of equations for the level popu-

lation, we obtained the time dependencies of the emission pulses :

for the pump powers below, at, and above the laser generation
threshold. As the calculations show, an increase in the pump power
leads to a reduction in the duration of luminescence pulses. For
pump power values above the laser generation threshold, lumines-
cence in the system manifests as a series of short pulses, with the
amplitude exhibiting a monotonic decrease over time.

In conclusion, the proposed Tamm-plasmon hybrid structure
Ag-NLC-DBR is a convenient system for laser generation due to its
high level of intensity amplification and the ability to control this
amplification in real-time using NLC. This can have significant
implications in applied fields of optoelectronics and photonics where
precise manipulation of laser emission is of great importance.
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