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ABSTRACT

Azzam, Shaimaa I. Ph.D., Purdue University, August 2020. Novel Light Trapping
and Nonlinear Dynamics in Nanophotonic Devices . Major Professors: Alexander
V. Kildishev.

Numerous fundamental quests and technological advances require trapping light

waves. Generally, light is trapped by the absence of radiation channels or by forbid-

ding access to them. Unconventional bound states of light, called bound states in

the continuum (BICs), have recently gained tremendous interest due to their peculiar

and extreme capabilities of trapping light in open structures with access to radiation.

A BIC is a localized state of an open structure with access to radiation channels, yet

it remains highly confined with, in theory, infinite lifetime and quality factor. There

have been many realizations of such exceptional states in dielectric systems without

loss. However, realizing BICs in lossy systems such as those in plasmonics remains a

challenge. This thesis explores the realization of BICs in a hybrid plasmonic-photonic

structure consisting of a plasmonic grating coupled to a dielectric optical waveguide

with diverging radiative quality factors. The plasmonic-photonic system supports two

distinct groups of BICs: symmetry protected BICs and Friedrich-Wintgen BICs. The

photonic waveguide modes are strongly coupled to the gap plasmons in the grating

leading to an avoided crossing behavior with a high value of Rabi splitting of 150

meV . Additionally, it is shown that the strong coupling significantly alters the band

diagram of the hybrid system, revealing opportunities for supporting stopped light at

an off-Γ wide angular span.

In another study, we demonstrate the design of a BIC-based all-dielectric metasur-

face and its application as a nanolaser. Metasurfaces have received an ever-growing

interest due to their unprecedented ability to control light using subwavelength struc-
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tures arranged in an ultrathin planar profile. However, the spectral response of meta-

surfaces is generally broad, limiting their use in applications requiring high quality

(Q) factors. In this study, we design, fabricate, and optically characterize metasur-

faces with very high Q-factors operating near the BIC regime. The metasurfaces

are coated with an organic lasing dye as an active medium, and their lasing action

is experimentally characterized. The proposed BIC-based metasurfaces nanolaser

have very favorable characteristics including low threshold, easily tunable resonances,

polarization-independent response, and room temperature operation.

The second part of the thesis deals with the nonlinear phenomenon in nanopho-

tonic structures. We developed an advanced full-wave framework to model nonlinear

light-matter interactions. Rate equations, describing atomic relaxations and excita-

tion dynamics, are coupled to the Maxwell equations using a Lorentzian oscillator

that models the kinetics-dependent light-matter interaction in the form of averaged

polarization. The coupled equations are discretized in space and time using a finite-

difference time-domain method that provides a versatile multiphysics framework for

designing complex structures and integrating diverse material models. The proposed

framework is used to study gain dynamics in silver nanohole array, reverse saturable

absorption dynamic in optical limiters, and saturable absorption in random lasers.

This framework provides critical insights into the design of photonic devices and their

complementary optical characterization, and serve as an invaluable utility for guiding

the development of synthetic materials. It allows accurate physics-based numerical

modeling and optimization of the devices with complex micro- and nano-structured

materials and complex illumination sources such as non-paraxial structured beams.
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1. INTRODUCTION

This dissertation discusses two independent, yet correlated, topics in the field of

optics and photonics. The first part of this dissertation deals with the trapping of

light waves in nanophotonic structures using what is known as bound states in the

continuum (BICs). Trapping of electromagnetic waves in general, and light waves

in particular, has always been of great interest due to the numerous fundamental

as well as technological advantages. Fields like lasers, quantum electrodynamics,

sensors, spectral filtering, and many more rely heavily on high quality (Q) resonances

at which light can be confined in a ”cavity” for an extended time. The discovery

of bound states in the continuum or high-Q resonances that don’t necessarily live in

regular cavities have been revolutionizing in many areas of science. A little over a

decade ago, the concepts of BICs have been introduced in photonic systems and have

found an immense interest and a wide variety of applications due to the flexibility

they provide in cavity design.

The second part of this dissertation deals with the numerical modeling of light-

matter interaction in nonlinear materials. Most light-matter interactions are linear

and can be captured using the dielectric function of the material. However, as the

intensity of light increases, either externally or through enhancing light localization,

nonlinear phenomenon starts to emerge. This part of the dissertation elaborates on

the computational framework that we developed to provide physics-based nonlin-

ear material models. It provides a comprehensive understanding of the dynamics of

nonlinear interactions of light with photonic systems. This framework offers critical

insights into the design of transformative photonic devices and their complementary

optical characterization. It also serves as an invaluable utility for guiding the devel-

opment of synthetic absorbing materials.
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1.1 Bound states in the radiation continuum

Bound states in the continuum (BICs) are localized state of the wave equation

that coexist with the radiation continuum. However, BICs remain highly localized

with theoretically infinite quality factors. With any deviation from the ideal system,

the BIC would collapse to a Fano resonance with a finite lifetime – a regime known

as quasi-BIC [1,2]. This is generally the states realizable practically since, in theory,

true BICs can only be achieved in systems with at least one dimension extending to

infinity [2]. If the Hamiltonian describing the system differs slightly from the one

which would produce a BIC, a sharp resonance arises in all scattering and reaction

cross-sections, which is known as “near-BIC” state [3–5]. The near-BIC regime’s

central advantages are that, unlike regular guided modes below the light-line, the

modes in this regime can be excited by free propagating plane waves. Moreover,

near-BIC resonances have very high Q factors. They can be obtained throughout the

continuous parameter values, in contrast to BICs, which are generally achieved at a

single value of the parameter. This provides stability to fabrication tolerances and

other imperfections [1].

So far, the majority of realizations of BICs are in dielectric systems [ [6–11]. The

proposals for realizing BICs in systems with losses such as plasmonics have been

limited to either working at the limit of vanishing metal losses [12] or compensating

the losses with gain from an active medium [11]. In this thesis, I explore the formation

of BICs in a hybrid plasmonic-photonic structure with realistic material loss. In

Chapter 2, I show that a silver grating coupled to a photonic waveguide can support

two distinct types of BICs: symmetry-protected BICs, and Friedrich-Wintgen BIC.

The symmetry protected states arise due to incompatibility with the radiation leading

to the decoupling and hence the localization of the state. Friedrich-Wintgen BICs

appear at off-Γ locations due to destructive interference of the resonances at the right

phase-matching conditions [13]. An apparent strong coupling behavior is observed in

the system between the plasmonic and the photonic modes manifested in the avoided
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resonances crossing with a large Rabi splitting. This is a signature of the hybridization

of the plasmon polaritons and the optical waveguide mode leading to the formation of

a new polaritonic-optical quasi-particle [14,15] as well as the BIC. I believe that these

hybrid structures are great platforms for many applications that would benefit from

high-field localization and the extreme quality factors such as low-threshold lasers,

sharp spectral filters, enhancement of nonlinear phenomena, and sensors.

In a different project, I study the lasing action in dielectric metasurfaces consisting

of nanoresonators based on BICs. One of the current prominent fields of applications

of BICs is the enhancement of nonlinear light-matter interactions near the BIC points.

This has the potential to bring the advantages of BIC states to many fields, including

all-optical and quantum computing. However, until now, the experimental realization

of bound states in the continuum in the visible regime has been quite limited.

In Chapter 2, I report on the experimental realization of BICs in the visible in

an all-dielectric metasurface. It is demonstrated that high-quality factory resonances

can be achieved in dielectric metasurfaces using a simplistic unit cell consisting of

only a single resonator. The locations of the resonances are tunable by geometrical

design through controlling the metasurface periodicity.

Utilizing the high-quality factor resonance near BICs, I demonstrate a low-threshold,

room-temperature lasing action in dielectric resonators in the visible wavelength

range. The generated lasing emission shows highly directional spatial patterns. I

also experimentally investigate mode engineering in all-dielectric metasurfaces and

demonstrate multi-wavelength, directional lasing.

1.2 Atomic multi-level models for nonlinear light-matter interactions

Modeling of the nonlinear phenomena has primarily relied on the perturbation

theory to extend the linear response to account for nonlinearities [16]. This is a very

powerful approach that enabled the solution of many nonlinear processes. However,

with the increasing advances in nonlinear materials and unprecedented increase in
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the strength of nonlinear interactions [17, 18], the perturbation theory is no longer

able to provide an adequate description for nonlinearities [17,19,20].

In this thesis, I developed an advanced full-wave numerical model for nonlinear

light-matter interaction in the time-domain. The model couples the rate equations,

describing the atomic excitation and relaxations, with the Maxwell equations describ-

ing the electromagnetic field. A full spatiotemporal picture of the nonlinear dynamics

in photonic devices can be obtained using this model. The presented novel technique

provides a versatile multiphysics framework for designing complex structures and

integrating diverse material models that were not previously possible.

In Chapter 4, the atomic multi-level system is used to systematically investigate

lasing, and net amplification in plasmonic structures with a finite-difference time-

domain method (FDTD) coupled to the rate equations of four-level and six-level

atomic systems. I used experimentally-based kinetic parameters as input to our

model to study the mechanism of the coupling of metamaterials and metasurfaces

with the gain medium. With the help of such an accurate model, net amplification,

and time-resolved lasing dynamics for the plasmonic systems coupled with gain can

be clearly distinguished. The lasing emission characteristics and threshold behavior

for the nanoholes array system predicted by the model are in excellent agreement

with the experiment. The simulations further reveal the temporal details of the

energy transfer process in the lasing regime. Such detailed and accurate models are

necessary for understanding, predicting, and designing new types of nanoscale lasers

and gain-compensated plasmonic systems.

In Chapter 5, I present a time-domain model for reverse saturable absorbers using

the same multiphysics framework. This approach allows us to capture the behavior

of the reverse saturable absorber materials embedded in artificial photonic nanostruc-

tures that cannot be analyzed with established techniques such as the Beer-Lambert’s

Law. To showcase the importance of the full-wave reverse saturable absorbers anal-

ysis coupled to carrier kinetics, I examine two plasmon-enhanced optical limiters: a

metal grating and a Fabry-Perot cavity-like structure where the unenhanced limiter
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threshold can be decreased by a factor of 3 and 13, respectively. This is a promis-

ing approach for developing reverse saturable absorbers devices that can operate at

reduced illumination levels, and hence, significantly expand their applicability.

Chapter 6 deals with the application of the atomic multi-level system to the mod-

eling of saturable absorbers. Due to the importance of saturable absorbers in passive

mode-locking [21] and Q-switching [22] to generate ultrashort laser pulses, accurate

models describing the saturable absorption in the time domain are imperative to the

development of these devices. I used the proposed multi-level approach to explore the

saturation of absorption as the interplay of the carrier population kinetics in a multi-

level atomic system with classical electromagnetic fields. The proposed methodology

offers the ability to model multiple absorption peaks based on the material spectral

response. This framework could enable a further comprehensive understanding of the

foundations of the materials physics and empower accurate optimization of future

nonlinear photonic devices.

In Chapter 7, I will conclude and provide some future direction to the research

carried out so far in this thesis. The materials presented in the chapters of this thesis

are mostly adopted from our papers published on the respective topics [5, 23–25].
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2. FORMATION OF BOUND STATES IN THE

CONTINUUM IN HYBRID PLASMONIC-PHOTONIC

SYSTEMS

2.1 Introduction

In 1929, von Neumann and Wigner predicted the existence of localized eigenstates

of the single-particle Schrödinger equation embedded in the continuum of eigenvalue

state solutions, now known as embedded eigenstates or bound states in the continuum

(BICs) [26]. Later, there have been many explanations for the formation mechanisms

leading to the different types of BICs, including symmetry-incompatibility [10,27,28],

and destructive interference of resonances [2,29–32]. According to Friedrich and Wint-

gen, when two resonances pass each other as a function of a continuous parameter, the

two channels interfere, resulting in an avoided crossing of their resonances. Typically,

at a given value of the continuous parameter, one of the channels vanishes entirely,

becoming a BIC with an infinite quality (Q) factor [13]. With any perturbation in

the ideal system, the BIC would collapse to a Fano resonance with a finite lifetime – a

regime known as quasi-BIC [1, 2]. Generally, practical realizations are limited to the

quasi-BIC regime as, theoretically, true BICs can only be achieved in systems with

at least one dimension extending to infinity [2].

Another imperative regime is the so-called “near-BIC” at which very high Q fac-

tors are still attainable in the vicinity of the BIC. These high-Q resonances can be

explained using the Theory of Resonance Reactions by Fonda [3, 4]; a bound state

can exist in the continuum at an energy where some channels are open even when

the open and closed channels are strongly coupled. If the actual Hamiltonian dif-

This chapter is based on S. I. Azzam, V. M. Shalaev, A. Boltasseva, and A. V. Kildishev, “Formation
of bound states in the continuum in hybrid plasmonic-photonic systems,” Physical Review Letters,
vol. 121, no. 25, p. 253901, 2018, and is reproduced with publisher’s permissions.
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fers inconsiderably from the one which would produce such a bound state, a sharp

resonance arises in all scattering and reaction cross-sections. Central advantages of

the near-BIC regime are that, unlike regular guided modes below the light-line, the

modes in this regime can be excited by free propagating plane waves. Moreover,

near-BIC resonances can be obtained throughout the continuous parameter values,

in contrast to BICs, which are generally achieved at a single value of the parameter.

This provides stability to fabrication tolerances and other imperfections [1].

BICs in photonic systems were realized for the first time in 2008 [33], and since

then, there has been growing interest in their implementations as well as practical

applications [7,10,34–44]. There have been numerous realizations of BICs in dielectric

systems [6–11, 45]. However, metallic structures that support BICs have remained

limited due to their intrinsic losses [11]. Proposals for realizing BICs in systems with

metallic components have been restricted to either working at the limit of vanishing

metal losses [12] or compensating the losses with gain from an active medium [11].

Very recently, the realization of BICs in hybrid transition metal dichalcogenides and

a dielectric photonic crystal slab has been studied [46]. Extensive efforts have been

made to realize high-Q plasmonic systems [47–49, 49, 50]. Plasmonic cavities with

relatively high Q factors have been achieved based on defect modes [50], collective

plasmon resonances [48], metallic trench Fabry-Perot resonator [51], high aspect ratio

metallic mirrors [52], or plasmonic nanocavities [53]. However, the demonstrated Q

factors of the plasmonic cavities have thus far been limited to a few hundred due to

both the radiation and metallic losses.

In this work, the radiative losses in plasmonic structures have been eliminated by

the careful design of a structure that strongly couples surface plasmon polaritons to

photonic modes to form BICs [5,54]. The two interacting channels in the system are:

the photonic modes of a dielectric slab waveguide and the plasmonic modes supported

by a one-dimensional (1D) periodic silver grating, Fig. 2.1(a). When the two channels

strongly couple, two distinct features can be observed. First, an avoided crossing of

the two angular dispersion lines with a reasonably large Rabi splitting – a signature
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of the strong coupling between the modes leading to the formation of a polaritonic-

optical quasi-particle [14, 15]. Second, the vanishing of one of the spectral lines at a

specific angle of illumination – a distinct feature of the BIC formation caused by the

destructive interference of the resonances.

2.2 Results and discussion

A schematic of the resonances’ interactions is depicted in Fig. 2.1(b). The unper-

turbed resonances of the plasmonic (blue) and photonic (red) modes are shown as

dotted lines, while the hybrid system’s coupled modes are depicted as solid lines. The

angular dispersion of surface plasmons excited on the surface of the grating is a result

of a hybridization of the classical surface plasmon-polariton with a plasmonic grat-

ing. Subsequently, a bandgap opens up at a wavelength determined by the grating

periodicity [55]:

κsp =
2πneff

λ0

=
2π

λ0

sin θ ± 2πm

Λ
, (m = 0, 1, . . . ) (2.1)

where κsp is the momentum of the surface plasmon, λ0 is the free space wavelength,

neff is the effective refractive index of the plasmonic mode, θ is the angle of incidence,

Λ is the grating pitch, and m is the grating diffraction order.

Likewise, the hybridization of the dielectric slab waveguide with the grating re-

sults in the excitation of the photonic modes with a narrow spectral width [56].

Overall, the hybrid system supports two distinct types of BICs: symmetry-protected

and Friedrich-Wintgen BICs. The former appears at the Γ-point at normal inci-

dence due to the symmetry incompatibility with the outgoing fields, leading to the

decoupling from the free-space propagating waves and hence the localization of the

state. We denote the BIC originating from the symmetry of the plasmonic modes

as symmetry-protected plasmonic BIC, while that arising from the symmetry of the

photonic modes as symmetry-protected photonic BIC. Friedrich-Wintgen BIC ap-

pears at an off-Γ point due to destructive interference of the resonances at the correct
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Fig. 2.1. BICs due to the coupling of plasmon polaritons with photonic
modes. (a) A hybrid plasmonic-photonic structure with a silver grating
(pitch Λ = 400 nm) coupled to a SiO2 slab (thickness d = 500 nm). The
periodic ridges of the grating are 30-nm high and 100-nm wide. The
back silver film is 100-nm thick. (b) A sketch of the band structures
of the hybrid system with coupled plasmonic (blue) and photonic (red)
resonances. Dotted lines indicate the unperturbed resonances, and solid
ones are the coupled resonances. Small circles show the BIC points, and
the large dotted circle highlights the strong coupling with Rabi splitting
(ΩR) and showing the off-Γ Friedrich-Wintgen BIC.

phase-matching conditions [13]. This type of bound states is also sometimes referred

to as an “accidental” BIC [8]. In the absence of strong coupling, the dispersion of the

photonic and the plasmonic modes will merely cross each other at a particular angular

position. However, due to the strong coupling of the modes, an avoided resonance

crossing is observed with a Rabi splitting ΩR, Fig. 2.1(b). This is a signature of the

hybridization of the plasmon polaritons and the optical waveguide mode leading to

the formation of a new polaritonic-optical quasi-particle [14, 15] as well as the BIC.

An essential characteristic of the Friedrich-Wintgen BIC achieved in the proposed

structure is that it originates from the interference of two resonances with different

natures, namely a photonic mode and a plasmon polaritons. This provides high flex-

ibility in the engineering of the resonances’ dispersion enabling high control on their

spectral positions, angular span, and linewidth.



10

Fig. 2.2. BIC formation in the hybrid plasmonic-photonic system. (a) Re-
flection spectrum as a function of the angle of incidence (band diagram) of
the coupled system. BICs are highlighted by dotted circles showing two
symmetry protected BICs due to plasmonic (blue) and photonic (red)
modes and Friedrich-Wintgen BIC due to the interference of plasmonic
and photonic resonances (white). (b) Cross-sections of the reflection coef-
ficient at 0◦ and 2◦ incidence angles show the appearance of the collapsed
symmetry protected BICs to sharp Fano resonances. Blue and red arrows
point to the plasmonic and the photonic collapsed symmetry-protected
BICs. Normalized electric fields at 2◦ at (c) 540.2 nm (at the resonance)
and (d) 541.2 nm (1 nm away from the resonance) showing the filed lo-
calization.

The proposed structure is composed of a silver grating (with pitch Λ = 400 nm) on

top of a silica glass substrate coupled to a silicon dioxide (SiO2) slab with thickness d

= 500 nm. The geometrical parameters are selected to ensure the spectral overlap of

the plasmonic resonances and the photonic modes to achieve coupling. The periodic

ridges of the grating are 30-nm high and 100-nm wide while the back silver film is

100-nm thick. The dielectric constant of SiO2 is fixed at 2.25, and the permittivity of

the silver is taken from ellipsometric measurement (see details in Appendix I). The

simulated reflection spectrum as a function of the angle of incidence (band diagram)

is presented in Fig. 2.2(a). We use the finite difference time domain method for
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calculating band diagrams and electromagnetic fields. More details on the numerical

simulations and the simulation domain can be found in Appendix I.

In this dissertation, BICs are described as features of the transmission spectrum

at certain angles (wavevectors). However, it is worth mentioning that BICs are the

eigensolutions to the source-free Maxwell equations characterized by real eigenval-

ues above the lightline [57]. Therefore, the angle of incidence is not associated with

a source, but rather with the wavevector in the solution. The symmetry-protected

plasmonic and photonic BICs are shown in Fig. 2.2(a) inside blue and red dotted

circles, respectively. Both BICs appear at the normal incidence. More notably, the

Friedrich-Wintgen BIC, inside a white circle, resulting from the interference and the

strong coupling of the photonic and the plasmonic modes, appears at 11.4◦ angle

of incidence. The calculated reflection coefficients are plotted at angles 0◦ and 2◦,

Fig. 2.2(b), demonstrating the noticeable and sudden appearance of sharp Fano reso-

nances when moving away from the symmetry-protected BIC. This is a clear manifes-

tation of the theory of resonances when operating at the near-BIC regime [3,4]. Also,

vertical cross-sections of the electric field at the near-BIC point at 540.2 nm at 2◦ is

shown in Fig. 2.2(c) to verify in-plane light confinement. The localization of the field

inside the dielectric layer and minimal radiation is visible even with available access

to the radiation channels. However, even a small deviation (by just 1 nm) from the

near-BIC resonance of Fig. 2.2(d) would result in significant radiation to the air and

nearly one order of magnitude drop in the max field enhancement (not shown).

The ability to confine and enhance light at the near-BIC is very crucial for en-

hancing light-matter interaction. However, more importantly, light confined at this

regime, unlike regular guided modes below the light-line, can be excited by the free

propagating plane wave. The reflection coefficients at selected angles of incidence are

scaled and plotted in Fig. 2.3 illustrates the avoided crossing between the hybridized

plasmonic and photonic modes. It shows a relatively high Rabi splitting of around

150 meV. The types of the modes are swapped due to the strong coupling, and at an

angle of 11.4◦, the spectral width of one resonance entirely vanishes. The band dia-
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Fig. 2.3. The avoided crossing and linewidth vanishing due to the hy-
bridization of plasmonic and photonic modes at different angles of inci-
dences.

gram of the silver grating covered with an extended SiO2 layer shows the dispersion of

only plasmonic modes due to the absence of mode hybridization and strong coupling.

Also, the nature of the plasmonic component is explored by calculating the band

diagram of a high-index dielectric grating on top of a silver back-reflector. The band

diagram still shows narrow resonances due to the excitation of the photonic modes in

the top waveguiding layer due to the additional momentum provided by the grating.

However, we observe resonance crossing and no strong coupling in the system. This

suggests that the origin of surface plasmon modes involved in the coupling is not the

propagating surface plasmon but the gap plasmon.
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2.2.1 Quality factors of the BIC resonances

As the linewidth of the resonance disappears, its Q factor diverges, which manifests

the formation of a BIC. Generally, the Q factor of a plasmonic mode is dictated by

the intrinsic metallic loss and the optical radiative loss. At (near) the BIC points,

the radiation into free space is inhibited (minimized); therefore, the Q factors of the

hybrid plasmonic-photonic modes around BICs are only metal loss-limited. The Q

factors of the resonances around the three BICs discussed earlier are calculated by

fitting the reflection coefficients to the Fano formula [58] and shown in Fig. 2.3. The

Q factors of the symmetry-protected plasmonic and photonic BICs are depicted in

Fig. 2.3(a) and 2.3(b), respectively.

The nature of the mode is reflected in the electric fields plotted in the insets at an

angle of 5◦ and 697.1 nm wavelength for the plasmonic mode, Fig. 2.3(a), and 2◦ and

540.1 nm for the photonic one in Fig. 2.3(b). The Q factor of the hybrid (Friedrich-

Wintgen) BIC is shown in Fig. 2.3(c) with the type of interacting modes exchanged

at the BIC point. The BIC appears at 11.4◦, and the hybridization is evident from

the field plots given at the insets of Fig. 2.3(c) showing a plasmonic nature (at 5◦ and

596.3 nm) and photonic nature (at 5◦ and 630.3 nm). More simulations exploring

the nature of the interacting modes are given in Appendix I. At the BIC points,

the radiative Q-factor diverges, which causes the total Q to be limited by the loss

in the system. Therefore, the overall Q of the symmetry-protected photonic BIC

will diverge to infinity due to the lack of material loss, Fig. 2.3(c). However, both

symmetry-protected plasmonic BIC and Friedrich-Wintgen BIC will have finite, yet

very high, Q values.

2.2.2 Band engineering in the hybridized system

Varying the thickness of the waveguiding layer changes the number of the sup-

ported waveguide modes and strongly modifies the reflectance spectra. Fig. 2.4 shows

the reflection spectra vs. angle of incidence for the hybrid structure with a top dielec-
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Fig. 2.4. Quality factor vs. angle of incidence for different BIC types. Q
factor rapidly increasing towards the Γ-point for (a) plasmonic and (b)
photonic resonances. Insets show the electric fields at (a) 697.1 nm at
5◦ and (b) 540.1 nm at 2◦. (c) Friedrich-Wintgen BIC appears at 11.4◦.
Insets show fields of the plasmonic channel at 5◦ 596.3 nm (left) and the
photonic one 15◦ 630.3 nm (right).

tric layer thickness of 200-nm [Fig. 2.4(a)] and 800-nm [Fig. 2.4(b)]. Several intriguing

features can be noted from Fig. 2.4. First, the hybridization of the plasmonic and
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Fig. 2.5. Band diagrams of the plasmonic grating coupled to a SiO2 waveg-
uiding layer with thicknesses of (a) 200 nm and (b) 800 nm. Optically
thicker waveguide supports more guided modes allowing more interactions
of resonances.

photonic modes allows for bandgap engineering depending on the number of modes

supported by the system and their spectral overlap. From the modal analysis, a 200-

nm thick silica slab waveguide surrounded by air would support a single TM mode

at 600 nm wavelength. That explains the single band is appearing at Fig. 2.4(a).

However, the 800-nm slab supports 3 TM modes at 600 nm, which is manifested

by the multiple interactions and avoided crossings depicted in Fig. 2.4(b) showing a

more complicated behavior with multiple Friedrich-Wintgen BICs appearing at dif-

ferent θ values. These results demonstrate the possibility of bandgap engineering by

designing the dispersion of either the photonic or the plasmonic component of the

system. Moreover, the system supports slow light, not only at the band edge (around

Γ-point)but also at multiple other θ values. More interestingly, the spectral band-

width along which the slow light can be supported is substantially increased. We can
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clearly observe three distinct bands in Fig. 2.4(b) at which the slope of the resonance

is almost zero, indicating slow light. Unlike conventional plasmonic gratings where

the slow light is supported at the band edge for only a single angle of incidence, here,

the engineering of the band diagram with the mode hybridization allows extending

this range significantly. The three slow light bands are centered at 550 nm, 577 nm,

and 595 nm, with their angular bandwidths of 8◦, 5◦, and, 5◦, respectively. Therefore,

the proposed structure is capable of selecting the central angle at which the slow light

exists, extending its angular span, and providing means to select where the slow light

is supported spectrally.

2.3 Conclusion

In conclusion, we have demonstrated the formation of BICs in systems with a

realistic intrinsic loss. Due to the strong coupling and the destructive interference

of the photonic and the plasmonic modes, the losses are significantly reduced due to

the suppression of radiation. Two different types of BICs are accessible in the hybrid

plasmonic-photonic system due to the symmetry incompatibility with the radiation

as well as the destructive reactions of resonances. A distinct characteristic of the

Friedrich-Wintgen BIC achieved in this study is that it originates from the interference

of two resonances with different natures. The system studied exhibits an exquisite set

of phenomena including the formation of localized states with, in principle, infinite

lifetimes, strong coupling with large Rabi splitting, optical bandgap engineering, and

slow light with broad spectral robustness. We believe that these hybrid structures

are perfect candidates for low-threshold lasers, sharp spectral filters, enhancement of

nonlinear phenomena as well as sensors.
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3. SINGLE AND MULTI-MODE DIRECTIONAL LASING

FROM ARRAYS OF DIELECTRIC NANORESONATORS

3.1 Introduction

Bound states in the continuum (BICs) are dark states that stay localized even

though they coexist with the structure’s radiation continuum [2, 8, 10, 13, 26–28, 40].

Ideal BICs have infinite lifetime and require at least one dimension of the structure to

extend to infinity [2]. In practical realizations, due to perturbations and finite extent,

the BIC collapses to a Fano resonance with a limited (yet still very long) lifetime – a

regime known as quasi-BIC [1,2]. Besides, in the vicinity of the BIC, near-BIC high-Q

resonances can be attained by slightly detuning the system from the BIC point [3–5].

Near-BIC resonances are generally stable to fabrication imperfections as they can be

obtained at a relatively broad interval of a system parameter values compared to BICs,

which are typically achieved at a single point [3, 4]. Photonic structures supporting

BICs have been intensively studied over the last decade as they offer unique ways

for engineering and enhancing the light-matter interactions [2, 5, 6, 8, 11, 32, 33, 40].

Photonic BICs have to date enabled a plethora of applications, including light routing

[59], nonlinear enhancement [60], sensing [61], and lasing [9, 44, 62]. However, the

experimental realizations of BICs and their applications in the visible wavelength

range have been considerably limited and started to gain interest only recently [62].

3.2 High-Q resonances in dielectric metasurfaces

The emergence of dielectric nanoresonators with strong electric and magnetic re-

sponses has enabled fundamentally new ways of engineering light-matter interac-

tions [58, 63]. The interplay between electric and magnetic resonances in a dielectric
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nanoresonator enables control over the direction of scattering, along with the spec-

tral position, strength, and quality factor of the resonance [64]. This control can be

realized in a single scatterer by tuning its shape to support a desired electromagnetic

response [65]. Additionally, arranging the nanoresonators in a lattice can influence

their spectral response providing more degrees of control over light-matter interac-

tion [66, 67]. Coupling between the electric dipole (ED) and magnetic dipole (MD)

in individual dielectric resonators can be controlled by placing the resonators in close

proximity to engage their near field interaction. However, due to the high refractive

index of dielectric nanoresonators’ materials, the electromagnetic field is generally

tightly confined inside the resonator and near field coupling is relatively low. Col-

lective diffractive coupling of EDs and MDs has been proposed as a more effective

way of controlling the response of dielectric nanoresonators arrays [67]. This can be

achieved through the coupling of ED and MD resonances in an array of dielectric

scatterers to the Rayleigh anomaly of the array.

In this work, we investigate the experimental realization of high-Q factor cou-

pled ED and MD resonances supported in the visible range by the array of dielectric

nanoresonators due to their collective interaction. Furthermore, we demonstrate las-

ing action within the visible spectrum, relying on the high-Q resonances supported

by arrays of nanoresonators. The laser operates at room temperature with high beam

directionality and low-threshold. In addition, we experimentally investigate the BIC-

assisted mode engineering in arrays of dielectric nanoresonators, and we show multi-

wavelength directional lasing. Two- and three-mode lasers have been demonstrated

experimentally, showing the potential for this type of structure to support controllable

multi-wavelength on-chip microlasers.

Two orthogonal orientations of dipole modes are generally supported in a dielectric

resonator; a horizontal (electric dipole, ED) and vertical (magnetic dipole, MD) (Fig.

3.1(a)). Here, we study an array comprising TiO2 cylindrical nanoresonators with a

height of 300 nm arranged in a square lattice with a period of 400 nm on a silica glass

substrate, Fig. 3.1(b). The structure is covered with a polymer, index-matched to
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the substrate. Our choice of materials and dimensions are to achieve resonances in

the visible wavelength range.

Figure 3.1(c) shows the reflectance spectra of the array as a function of the radius

of the nanoresonators. Three resonances corresponding to the ED, MD as well as a

magnetic quadrupole (MQ) can be observed in the reflectance spectra, as indicated

in Fig. 3.1(c). The resonance classification is accomplished based on the displace-

ment current loops and E-field profiles; more information can be found in Section 1

Appendix II. The Rayleigh anomaly (RA) of the array is depicted as a dashed white

line in Fig.3.1(c). As the radius of the nanoresonators decreases, the linewidth of

the MD resonance gets narrower and the position of the MD approaches that of the

Rayleigh anomaly. Both observations are distinctive features of the diffractive cou-

pling [67]. We also notice that the spectral position of the MQ follows the Rayleigh

anomaly closely. The ED and MD modes spectrally overlap a radius of 82 nm, and a

wavelength of 610 nm, highlighted by the dashed circle in Fig. 3.1(c) confirming the

realization of Kerker’s condition. Almost zero light reflection is realized at the Kerker

point with a near-unity unidirectional transmission. Another feature that results from

the diffractive coupling of the dipoles to the Rayleigh anomaly is the enhancement

of electromagnetic fields (Fig. B2) which is very advantageous in boosting the non-

linear phenomenon. More insight can also be gained from studying the effect of the

nanoresonator height on the spectral positions and widths of the ED, MD, and MQ

in Section 2 of the Appendix II.

A scanning electron microscope (SEM) image of the fabricated structure is given

in Fig. 3.1(d). For details of the fabrication, see Methods and Fig. B5. Transmittance

at normal incidence from a few samples with different Rcyl was characterized using

spectroscopic ellipsometry, Fig. 3.1(e). A single resonance is observed at a radius

value of 85 nm where the ED and MD start to overlap, as can be noticed from Fig.

3.1(e). At larger radii values, 90 nm and 95 nm, two dips corresponding to the ED

and MD are observed. The measured transmittance is in a very good agreement with

the simulated spectra, Fig. B4. However, due to the non-uniformity in the radii of the
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fabricated sample, the measured resonances are broadened, and their dip positions

are slightly shifted compared to the simulated ones with around 5 nm.

3.3 Lasing in dielectric metasurfaces

After the successful demonstration of the passive nanoresonator arrays with high-

Q factor resonances, we employ them to provide feedback for lasing action in the

visible spectrum. First, the index matching coating is washed off. Then, the array is

spin-coated with polyvinyl alcohol (PVA) solution of an organic gain medium (Rho-

damine 101) with a concentration of 10 mM, which acts as an active material. The

spin coating yields an active layer with a thickness of ∼ 2 µm. To characterize the

lasing action, the sample is pumped with the second-harmonic output from an Nd:

YAG laser (532 nm, 1-Hz repetition rate, and 400-ps pulse duration). The emitted

light is collected through fiber and directed to a spectrometer to get the emission

spectrum to demonstrate the two critical effects of lasing; threshold and spectral nar-

rowing. The setup schematic is given in Fig. B7 and details of the experiment can

be found in Methods.

Figure 3.2(a) depicts the evolution of the collected emission spectra as the pump

fluence increases showing a narrow lasing peak emerging around 614 nm. An ap-

parent threshold behavior is observed where the emission transitions from enhanced

spontaneous to stimulated emission at around 40 µJ/cm2, as evident from the exper-

imental (Fig. 3.2(b)) and simulated (Fig. 3.2(c)) data. This process is accompanied

by a significant narrowing of the emission spectral width from > 30 nm to < 1 nm,

as observed in the experiment (Fig. 3.2(d)), and numerical simulations (Fig. 3.2(e)).

The emission directionality is characterized using back focal plane measurements, see

Methods. Below the lasing threshold, the enhanced spontaneous emission is illus-

trated with a back focal plane cross-section and the emission pattern of Fig. 3.3(a)

with the cross-section showing a relatively wide spatial spread. However, above the

threshold, the same measurements (see, Fig. 3.3(c)) indicate tightly focused spots
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Fig. 3.1. High-Q resonances in arrays of dielectric nanoresonators with
electric and magnetic dipoles. a) Electric and magnetic dipole resonances
supported by a dielectric nanoresonator. b) A schematic of the array
structure with a square lattice of 400 nm period made of titanium oxide
(TiO2) cylindrical nanoresonators with a height of 300 nm on a glass sub-
strate and covered with polyvinyl alcohol (PVA). c) Simulated reflectance
as a function of the nanoresonator radius (Rcyl). The dashed white cir-
cle shows the disappearance of the resonance, indicating the realization
of the Kerker condition at Rcyl = 82 nm and λ = 610 nm. The three
resonances correspond to the magnetic dipole (MD), electric dipole (ED)
and the magnetic quadrupole (MD), respectively and the dashed white
line shows the Rayleigh anomaly (RA) of the array. d) An SEM image
of the fabricated structure. e) The measured transmittance of the array
with radii of 85, 90, and 95 nm.
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and narrow beams at 3.5o with a less than 0.8o in beamwidth. It is worth mentioning

that due to our structure’s square lattice, the back focal plane image should consist

of two points along the x-axis and two along the y-axis. However, Fig. 3.2(c) shows

only a pair of bright spots along the x-axis, which is a result of the polarization of the

pump. When an analyzer with orthogonal orientation (along the y-axis) is introduced

in the lasing emission path before collection, we observe four bright spots in the back

focal plane emission as expected, Fig. B8. All our experimental studies are guided

and supported by the advanced multiphysics numerical framework built on coupling

carrier kinetics with a full-wave time-domain Maxwell equation solver [23]. Details of

the numerical simulations can be found in Methods and Section 2 of Appendix II.

To the best of our knowledge, this is the first report of lasing action in the visi-

ble spectrum with feedback from an all-dielectric high-Q factor nanoresonator array.

Unique features of the proposed system include a low threshold, tunable-by-design

high-Q factor resonances, and room temperature operation with no need for complex

cryogenic infrastructure. All these advantages suggest the suitability of the proposed

laser for integration into a multitude of applications such as sensors, biological probes,

and on-chip light sources.

3.4 Modal engineering near BIC states

By engineering the geometrical and material parameters of a unit-cell dielectric

resonator, we can selectively excite distinct resonant modes and also tune their spec-

tral properties [68,69]. Therefore, an optimal unit-cell design can enable an excellent

control over the band-diagram of the entire structure array. In general, band-diagram

engineering can be accomplished through geometrical optimization which when ap-

plied to metasurfaces, results in complex shapes with astringent unit cell geometries

and dimensions leading to further fabrication constraints [68–70]. To perform mode

engineering in our study, we intentionally limit the structure design to a simple, easy-

to-fabricate square array of TiO2 cylinders. A unit-cell of this type appears to be
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Fig. 3.2. Lasing action with near-BIC feedback. (a) The evolution of
the emission spectra collected from the gain-coated structure with the in-
creased pump fluence, showing a transition from amplified spontaneous
emission to lasing. The experimental (b) and simulated (c) output in-
tensities vs. the pump fluence. The experimental (d) full width at half-
maximum (FWHM) and simulated (e) FWHM as a function of pump
fluence.

an ideal prototype for analyzing the interplay between the electric and magnetic re-

sponses in a dielectric nanoresonator, studying the array effect, as well as exploiting

the intriguing physics of BICs.

Figure 3.4(a) shows the simulated reflectance of an array comprising nanores-

onators with Rcyl = 80 nm as a function of the angle of incidence and wavelength.

The resonance at the Γ point around 610 nm corresponds to the point where the ED
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Fig. 3.3. Directionality of the lasing emission. Back focal plane images
and the radiation patterns, which are vertical and horizontal cross-sections
of the focal plane image, of the laser emission below (a,b) and above (c,d)
lasing threshold. White arrows in (a) and (c) show the polarization of the
pump laser.

and the MD start to overlap, which we used as a feedback for the single-mode lasing

demonstrated in Fig. 3.2. It is worth noting that the array supports two types of BIC

states, one at the Γ point with wavelength 669.2 nm, which is a symmetry-protected

state. Additionally, an off-Γ Friedrich-Wintgen (FW) BIC is also supported at 8o at

a wavelength of 741 nm [2,13]. The FW BIC is highlighted with a dotted white circle

in Fig. 3.4(a) and magnified in the inset. This emphasizes the ability of an array

with such a simple unit cell structure to support multiple types of resonances with

different underlying physics. Not only can this structure support simple ”band-edge”

mode at the Γ point, but it also provides access to the non-trivial FW BIC states that

are not symmetry-protected and hence are more resilient to structural imperfections.

The structure with Rcyl = 100 nm shows a different reflectance response with two

resonances observed at the Γ point corresponding to the electric dipole at and the

magnetic dipole resonances at 622 nm and 646.5 nm, respectively. As can be seen in
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Fig. 3.4(b) the array with Rcyl = 100 nm supports a symmetry-protected BIC at 683

nm, inside the dashed yellow circle as well as an FW BIC at 824 nm and 11.5o inside

the dotted white circle. The stark difference between the optical response of the two

designs confirms an excellent opportunity to engineer the band-edge and bandgap of

metasurfaces by tuning their geometrical parameters.

We use this concept to achieve two- and three-mode lasing from arrays of dielectric

nanoresonators. On-chip multi-mode lasers are invaluable tools for many applications

such as optical signal processing, quantum computing, wavelength multiplexing for

telecommunication, and others. In this section, we explore the engineering of the

various resonance in play in our structure to realize multi-mode lasing. We design,

fabricate and experimentally demonstrate dual- and triple-mode laser solely based on

the optimal choice of the radius of the dielectric resonators in the BIC-type metasur-

face array.

Figure 3.5 shows the lasing dynamics from an array with nanoresonators with Rcyl

= 95 nm and a ∼ 2 µm active cover layer of Rhodamine 101 in PVA. With increased

pump intensity, one laser peak emerges at a threshold of ∼ 60 µJ/cm2 around 610 nm.

At a pump fluence of 140 µJ/cm2, another peak appears at 617.5 nm, as seen in Fig.

3.5(a). The evolution of the intensity of both laser peaks vs. the pump fluence can be

seen in Fig. 3.5(b). A rotating analyzer is used before feeding the collected emission

to the spectrometer to study the polarization properties of the laser emission. Back-

focal plane images of the laser emission at different analyzer angles are depicted in

Fig. 3.5(c). At 0o analyzer angle, Fig. 3.5(c) (left) shows that laser emission takes

the shape of two spatial beams. However, an analyzer angle of 90o, Fig. 3.5(c) (right)

shows the appearance of two additional beams. The change of the measured peak

values of both lasing wavelengths, 610 nm and 617 nm, is plotted in Fig. 3.5(d).

We can note that the laser peak at 617.5 nm shows little sensitivity to the analyzer

rotation, dropping to only half of its maximum value at the analyzer angle of 90o.

However, the peak at 610 nm is much more sensitive to the analyzer orientation. At

an analyzer angle of 90o, the peak intensity of the 610 nm beam drops to ∼ 10% of its
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Fig. 3.4. The simulated reflectance vs. the angle of incidence and wave-
length. a) The reflectance of an array with TiO2 cylinder nanoresonators
(Rcyl = 80 nm). The dashed yellow circle at the Γ point highlights the
symmetry-protected BIC at 669 nm. The dotted white circle highlights
the off-Γ (Friedrich-Wintgen, FW) BIC, which is zoomed in in the inset
at 741 nm. b) An array with Rcyl = 100 nm exhibiting the symmetry-
protected BIC at the Γ point and 683 nm (dashed yellow circle) and an
FW BIC at 824 nm and 11.5o (dotted white circle).

maximum value (at 0o angle). From Fig. 3.5(d), we can see that when the analyzer

angle is set to 90o, the peak amplitude of the two laser wavelengths is almost equal.

From this, we conclude that each wavelength emits in a different spatial direction.

The beam at 610 nm emits at 4.6o with a beamwidth of 2o, and the laser peak at

617.5 nm has a spatial beam around 7.9o with a 1.6o beamwidth as calculated from
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Fig. 3.5. Dual-mode lasing action from dielectric arrays. a) The evolution
of the lasing spectrum with pump fluence. b) The output intensity of
the lasing peak at 610 nm (top) and 617.5 nm (bottom) as a function of
pump fluence. c) Back-focal plane image of the laser emission above the
threshold at an analyzer angle of 0 (left) and 90 (right). d) The intensity
of the dual laser emission as a function of the polarizing analyzer angle.

the back-focal plane image in Fig. 3.5(c) (right). Triple-mode lasing has also been

observed and reported in Fig. B9.

It is worth mentioning that our choice for the unit cell for the multi-mode opera-

tion is a proof-of-concept and is simply based on the number of supported resonances.

Further optimized unit cells can be investigated to provide equal peak amplitude, con-

trollable threshold, and spectral separation. Achieving multi-mode on-chip lasing will

open up a multitude of opportunities in optical computing, sensing, and telecommu-

nications. Our design and methodology represent a step on the way to realize low

threshold room-temperature nanolasers with multiple wavelengths and high direction-
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ality. Future directions will include optimization mechanisms that take full advantage

of the interplay between the electric and magnetic responses in dielectric resonators

alongside the rich physics of BICs to gain control on the characteristics of each lasing

peak as well as their spectral separation.

3.5 Discussion

In summary, we design, fabricate, and experimentally demonstrate high-Q fac-

tor resonances in arrays of dielectric nanoresonators in the visible wavelength range.

We utilize the proposed all-dielectric arrays to experimentally demonstrate highly-

directional, low-threshold lasing action in an organic dye coating layer. To the best

of our knowledge, this is the first demonstration of room temperature lasing in the vis-

ible spectrum with an all-dielectric array of nanoresonators. Our experimental studies

are guided and supported by the advanced multiphysics numerical framework built

on coupling carrier kinetics with a full-wave time-domain Maxwell equation solver.

Using the developed framework to engineer the electric and magnetic dipole modes

in dielectric resonators, we utilize the feedback from the high-Q factor structures

to experimentally realize and explore multi-mode lasing. Our results open exciting

paths for combining different physical mechanisms in a single dielectric array without

intricate resonator designs. We believe that our study could enable advanced, con-

trollable engineering of light-matter interactions with prospective applications to the

topological states engineering and quantum light generation.

3.6 Methods

3.6.1 Metasurface Fabrication

The fabrication process starts with creating the required pattern on a silica sub-

strate using a positive-tone resist (ZEP 520A) using electron beam lithography. The

silica glass substrates (commercially available optical quality glass from PG&O) are
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cleaned in solvent (toluene, acetone, IPA) followed by a dehydration bake at 160oC for

2-5 minutes. At this stage, ZEP 520A electron-beam resist (commercially available

from ZEON Chemicals) is spin-coated onto the dry substrate and cured at 180oC for

3 minutes. The thickness of the resist should match the desired nanocylinder height.

The spin process conditions are varied according to the spin-sheet to arrive at the

desired thickness denoted as h. Before exposing the resist to electron-beam, a very

thin (∼ 5 nm) layer of Cr metal is deposited onto the resist coated substrate using

the e-beam deposition technique to avoid charging related writing discrepancies on

a dielectric substrate (Fig. B6(a)). Following the deposition, the sample is immedi-

ately loaded onto the load lock of the electron beam lithography (EBL) instrument

to prevent further oxidation of the Cr thin film. After electron beam exposure, the

first Cr layer is etched away using Cr-16 chromium etchant solution and followed

by a DI rinse. Next, the resist was developed in ZDMAC developer for 90 seconds

and rinsed in IPA. Some undeveloped residual resist may remain at the bottom of

the narrow cylinder holes which are then cleaned off by ashing the resist in a barrel

etcher in O2 plasma (at 100W, 1.2T) for 1 minute. This may lead to some reduction

of the resist thickness from top-down etching as well as an increase in the diameter

of the cylinders. Initial resist thickness and written diameter of the cylinders can be

adjusted to account for this step. At this point, the sample should have an array of

cylindrical holes in the resist (Fig. B6(b)).

Next, the sample is loaded onto an atomic layer deposition (ALD) tool for the

growth of the TiO2. ALD allows for uniform and highly conformal layer by layer

growth and therefore ensures complete coverage of all the holes (Fig. B6(c)). The

TiO2 thickness is decided by the maximum diameter of the cylinders (d) on the

sample. Due to conformal growth from all sides thickness of d/2 would be enough to

fill the cylinders (Fig. B6(d)). However, we keep a margin of growing an additional

10-15 nm. In order to ensure the stability of the polymer-based resist, the ALD

operating temperature is kept much below the resist curing temperature, in this case,

at a 120oC. A low growth rate of 0.6 nm/cycle is achieved in this low-temperature
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process. In addition, other process parameters such as precursor and water pulse

times, purge times, pressure, etc. are also optimized to arrive at a reasonably good

optical quality of the grown TiO2 film. At this stage, TiO2 covers not only the cylinder

holes but also the top surface of the resist. To planarize the top surface and also to

expose the resist layer from the top, at this step, the excess TiO2 cover is etched away

using a plasma RIE technique. A combination of BCl3, Cl2, and Ar gas chemistry is

used at 650W RF power, 80W bias power, and 0.8T pressure (Fig. B6(e)).

The remaining resist matrix can then be removed in NMP (N-Methyl Pyrrolidine)

heated at 120oC followed by rinsing the sample in acetone and IPA. This concludes

the fabrication of the high aspect ratio (Fig. B6(f)).

3.6.2 Characterization

The fabricated metasurfaces are characterized by measuring the transmittance

spectra at normal incidence for both p- and s- polarizations. This takes place after the

TiO2 etching but before the removal of resist. The resist polymer has a refractive index

of around 1.45 and therefore satisfies the index matching condition with the substrate.

Optical characterization is performed using the J.A. Woollam V-VASE UV-VIS-NIR

variable angle spectroscopic ellipsometer. The measured transmittance spectra at

different Rcyl of the resonators are given in Fig. B4(a) with solid lines showing the p-

polarization and dashed lines corresponding to the s-polarization of the incident light.

We can clearly observe that under normal illumination, the metasurfaces responses

are polarization-independent. Additionally, the simulated transmittance as a function

of Rcyl and wavelength is shown in Fig. B4(b). Dashed lines indicate the radii

corresponding to the measurements in Fig. B4(a) with red, blue and green indicating

Rcyl = 85 nm, Rcyl = 90 nm and Rcyl = 95 nm, respectively. As evident from Fig.

B4, the measured transmittance of different samples is generally in good agreement

with the predictions from the simulations. Deviations between experimental and

simulated data are believed to be due to the fabrication imperfections as we observed
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non-uniformity in the radii values of the nanoresonators of the same sample. This led

to spectral broadening, causing a reduction in the Q-factors as well as a shift in the

location of the resonances.

3.6.3 Lasing measurements

To study lasing properties with the metasurface feedback, we use a frequency-

doubled Nd: YAG picosecond laser. The laser generates pulses with a carrier wave-

length of 532 nm, a pulse width of 400 ps, and a repetition rate of 1 Hz. A schematic

of the setup is shown in Fig. B7. The laser beam that pumps the metasurface is

focused down to 100 µ m with a 5× objective. The light emission from the sample

is collected with a fiber, which is then fed to a spectrometer equipped with a charge-

coupled device (CCD). A notch filter centered around 532 nm is used to block the

pump. All lasing measurements are done in air at room temperature. Another CCD

is used to image the sample plane for sample selection and alignment and also to

ensure an accurate estimation of the pump spot size. Back focal plane measurements

have been carried out with the same setup as lasing by redirecting the laser emission

from the spectrometer to a CCD through a lens that is adjusted to form a back focal

plane image at the camera sensor.

3.6.4 FDTD simulations of lasing dynamics

We utilize an in-home built framework of a multi-level system [23–25] incorporated

in a commercial software finite difference time domain (FDTD) solver [71] to model

nonlinear light-matter interactions [72, 73]. The multi-level framework allows for

capturing the behavior of the gain materials embedded in photonic nanostructures

and have an accurate estimate of their threshold and spectral response. In this work,

the gain medium (Rhodamine 101) is modeled using a four-level system, and the

electromagnetic waves are treated classically with Maxwell’s equations [23]. The
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four-level atomic system used is depicted in Fig. B5. More details can be found in

Section 3 of Appendix II.

3.7 Conclusion

To summarize, we design, fabricate, and experimentally demonstrate the high-Q,

BIC-operating metasurfaces for the visible wavelength range for the first time. We

utilize the proposed all-dielectric metasurfaces to experimentally demonstrate highly-

directional, low-threshold lasing action in an organic dye coating layer. To the best of

our knowledge, this is the first demonstration of room temperature lasing in the visible

spectrum with an all-dielectric metasurface. Our experimental studies are guided

and supported by the advanced multiphysics numerical framework built on coupling

carrier kinetics with a full-wave time-domain Maxwell equation solver. Using the

developed framework to engineer the electric and magnetic dipolar modes in dielectric

resonators to achieve BICs, we utilize the feedback from the high-Q metasurfaces to

explore multi-mode lasing. Our results open exciting paths for the fascinating physics

of BICs into the area of lasing devices operating in the visible wavelength range. The

proposed near-BIC lasers could enable advanced, controllable engineering of light-

matter interactions with prospective applications to the topological states engineering

and quantum light generation.
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4. EXPLORING TIME-RESOLVED MULTIPHYSICS OF

ACTIVE PLASMONIC SYSTEMS WITH EXPERIMENT

BASED GAIN MODELS

The emerging field of plasmonics has stimulated the development of composite op-

tical materials and transformative nanophotonic devices with the potential for sig-

nificant societal and technological impact [74]. The fundamental requirement in all

these applications is to route and manipulate photons actively at the nanoscale [75].

Therefore, there is a high demand for coherent nanoscale optical sources in high-speed

and deeply-integrated photonic circuits [76,77]. While all-dielectric optical sources are

restricted by the diffraction limit, surface plasmons (SPs), the oscillations of free elec-

trons in plasmonic materials (e.g., the noble metals), allow overcoming the diffraction

limit with the subwavelength confinement of light. On the other hand, losses in-

troduced by electron scattering in metals can greatly degrade the performance of a

plasmonic system. As a result, active plasmonic devices can be designed by combin-

ing a plasmonic material (i.e., metal) and a gain medium (i.e., organic dyes, quantum

wells, quantum dots, etc.) to either just compensate for metal losses [78, 79], or

to create a nanoscale coherent light generation with SP amplification by stimulated

emission of radiation (spaser) [80–82]. Overcoming the diffraction limit with plas-

monic nanostructures in spasers is used in several ways. First, replacing a reflective

resonator built on a photonic mode (of the wavelength scale) inside a dielectric cavity

by a resonator based on a plasmonic mode (of the subwavelength scale) confined at

the surface of the metal nanoparticle substantially reduces the spaser dimensions.

Also, the feedback loop in the spaser provided by the near-field interaction between

This chapter is based on S. I. Azzam, J. Fang, J. Liu, Z. Wang, N. Arnold, T. A. Klar, L. J.
Prokopeva, X. Meng, V. M. Shalaev, and A. V. Kildishev, “Exploring time-resolved multi- physics
of active plasmonic systems with experiment-based gain models,” Laser & Photonics Reviews, vol.
13, no. 1, p. 1800071, 2019, and is reproduced with publisher’s permissions.
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the metal and gain parts of the structure along with the high scattering cross-section

offered by the plasmonic structures are utilized to form plasmonic random lasers or

random spasers [83]. So far, numerous active studies of the spaser have been re-

ported. The first nanoscale coherent generation of SPs was reported in ensemble

measurements for Au nanospheres with dielectric gain shells randomly suspended in

water [82]. In addition, a great number of diverse spaser configurations has been

explored, such as nano-wires [84, 85], coaxial pillars [86], nano-cavity arrays [87–89],

metamaterials [90], as well as novel lasing mechanisms and feedback such as lasing

using stopped light [91], lasing via plasmonic leaky modes [92], etc. All of them have

revealed line-width narrowing and nonlinear output behavior under optical pumping.

Perhaps, the very initial use of periodic nano-cavity arrays dates back to 2000 when

Vučković et al. [93,94] used a silver nanoholes array to enhance LED efficiency. Just a

few years later, Stuart [95] got a patent to use a similar structure for lasing. Vučković-

Stuart’s design was successfully implemented for a lasing device by van Beijnum et

al. [81] with InGaAs as a gain material, though no gain was used inside the nanoholes

due to fabrication constraints. Simultaneously, an organic injection lasing utilizing

gold nano-disc arrays was demonstrated in [96].

Along with lasing, gain media are also used to compensate losses in nanoplasmonic

devices [78,79,97]. If gain is introduced to the system, one can observe amplified SPs

coupled with photons. This would allow efficient plasmonic interconnects and low-

loss metamaterial structures. The amplification of SPs and full compensation of

optical losses have been proposed in various plasmonic devices such as long-range

SPP waveguide [98], active split-ring resonators [99, 100] and active negative-index

metamaterials [79,101] studied in time and frequency domains.

In order to unlock the temporal details of the spaser and SP amplifier, numer-

ous theoretical and numerical methods have been proposed [102–104]. Among them,

due to the accurate treatment of quantum properties of the gain medium, the time

domain multiphysics approach is viewed as the most powerful method, in which a

finite-difference, finite-volume, or a finite element time-domain method is coupled
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to a multi-level system through auxiliary differential equations [105]. Using a clas-

sical finite-difference time-domain (FDTD) scheme, this approach has been applied

to investigate lasing dynamics [106, 107], and interpret lasing experiments [87, 103].

Recently, the Maxwell-Bloch-Langevin (MBL) approach has been introduced and

broadly used by the Hess group [108–110] to account for the spatial and temporal

fluctuations providing a more accurate means of simulating amplified spontaneous

emission. For example, the use of the MBL approach provided insight on the lasing

dynamics in an active nanofishnet structure [109], indicating that the bright mode

is subject to a nonlinear competition with the dark plasmonic mode, leading to a

steady-state emission where bright and dark modes coexist and could be used to

control the system. Adding the concept of the stopped-light to plasmonic nanolas-

ing [91] and employing the MBL approach allow to perform a detailed study of the

spatio-temporal dynamics of coherent amplification and lasing [110].

Although most of the simulations provide self-consistent results, few works sim-

ulate lasing dynamics using kinetic parameters directly retrieved from analysis of

the gain media [111]. In addition, all these schemes rely on a four-level atomic

system that may not be accurate enough in some more complex gain media that

exhibit non-negligible split transitions, e.g., organic dyes [112]. In this work, we

provide a detailed study on lasing and net amplification for plasmonic devices with

gain. First, we use a model developed here to investigate and confirm our recent

experimental work on lasing from silver nanoholes arrays coated with Rhodamine-

101 (R101) dye [89]. Then, we investigate the compensation of surface plasmon

polariton (SPP) losses in a Kretschmann-Raether configuration with adjacent Fire-

fli*Fluorescent Green dye [112]. However, the approaches used here can be applied

to general cases of modeling active plasmonics with multi-level gain systems.

To address the need for modeling the gain media in time domain accurately, we

study solid films of the organic dyes (R101 and Fluorescent Green dye) using a pump-

probe setup and match the measurements with the numerical models to retrieve the

kinetic parameters of the dyes. The pump-probe results indicate the dependence of
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population inversion and effective gain on the pumping power. The retrieved kinetic

parameters are then fed into a full-wave FDTD model to study the dynamic process

in the plasmonic and gain medium coupled systems [89, 97]. For both experiments

and numerical models, we observed net amplification and fast gain saturation, which

is directly linked to the plasmonic field enhancement. For the silver nanoholes array,

as more gain is introduced to the coupled system, the simulated emission shows a

clear lasing threshold behavior matched with the experiment. We observe the clamp-

ing of the population inversion and consequently gain depletion, which manifests as

coherent emission of SPs. Furthermore, for the Kretschmann-Raether configuration,

no lasing can be observed due to the absence of feedback. Therefore, as the gain

in the system is increased, clamping of the population inversion and consequent gain

depletion occurs, but in this case, it corresponds to the amplification of the SPPs, and

hence loss compensation is attained. We believe our time-domain simulations with

calibrated kinetic parameters are particularly instrumental for acquiring insight in

the time dynamic physics of plasmonic structures/nanostructures with gain [23]. The

remainder of this chapter is organized as follows: after presenting the kinetic models

of four and six-level systems in Section 2, we also provide a brief comparison of their

similarities and differences. We then proceed with the review of primary results and

their analysis in Section 3 as we apply the proposed model to two different systems

where net gain and lasing are studied.

4.1 Theoretical models

The interaction between the electromagnetic field and the gain medium is modeled

using a semi-classical approach in which the atoms/molecules of the gain medium are

treated quantum mechanically using a four-level or a six-level quantum system based

on the type of the dye (shown in Fig. 4.1), and the electromagnetic waves are treated

classically with Maxwell’s equations.
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4.1.1 Four-level system

Four-level quantum system is shown in Fig. 4.1(a). Total population density

of the non-excited atoms or molecules of the gain medium N are generally initially

hosted in the ground level |0>. They can then be pumped with the Gaussian pump

pulse to the highest level |3 >. A fast non-radiative transition occurs between the

highest level |3> and upper lasing level |2>. Molecules can be transferred from the

upper to the lower lasing levels (from |2 > to |1 >) via spontaneous and stimulated

emissions. A proper coupling between the gain medium and substantial local field

enhancement might result in a population inversion between energy levels |2 > and

|1>, where the stimulated lasing action is intended to take place.

We assume that initially the system is at the ground level |0>. Population density

at a given energy level Ei varies with time and position Ni(r, t), where i ∈ {1, 2, 3, 4}.

The total population is universally conserved: N0(~r, t)+N1(~r, t)+N2(~r, t)+N3(~r, t) =

N . The system’s relaxation from higher to lower levels follows an exponential decay,

where upward transitions can be neglected in the visible energy range (due to detailed

balance and Boltzmann distribution). Then the dynamics of the population densities

at different energy levels shown in Fig. 4.1(a) satisfies Eqs. (4.1),

Ṅ3 = −τ−1
32 N3 + f30,

Ṅ2 = −τ−1
21 N2 + τ−1

32 N3 + f21,

Ṅ1 = −τ−1
10 N1 + τ−1

21 N2 − f21,

Ṅ0 = τ−1
10 N1 − f30.

(4.1)

Time evolution of the population densities at different levels Ni is governed by the

relaxations (with ”−”) from an upper level to a lower level, the inflow rate (with ”+”)

to a lower level population due to relaxation from an upper level, and the transition

rate due to stimulated energy transfer between electromagnetic fields and the gain

medium. Only the dominant relaxation channels with a decay time τij for each ij

level pair are included. They have both radiative and non-radiative contributions

defined as τ−1
ij = τ−1

r,ij + τ−1
nr,ij. In the current model we assume that the relaxation
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from |3> to |0> can be neglected in comparison with the much faster channel |3>

to |2>.

The driving terms fij modeling the stimulated energy transfer are given by Eq.

(4.2) [105],

fij =
1

h̄ωij

EṖij, ij ∈ {21, 30}, (4.2)

where ωij, Pij are the Lorentzian frequency and the macroscopic polarization of the

transition from |i > to |j >, respectively. Each macroscopic polarization Pij(r, t)

satisfies the Lorentz ordinary differential equation given by Eq. (4.3)

P̈ij + γijṖij + ω2
ijPij = κij[Nj −Ni]E, ij ∈ {21, 30}, (4.3)

where the excitation term is proportional to the difference in populations Nj − Ni,

γij is the dephasing rate for the polarization Pij. Here the coupling coefficients are

κij = 6πε0c
3/(τr,ijω

2
ij

√
εh), where τr,ij is the radiative lifetime of the transition ij

in the host material and εh is the permittivity of the host medium. It is worth

mentioning that the coupling coefficients κij are derived from the the dipole matrix

element between levels |i > and |j > as κij = 2ωijµ
2
ij/h̄ [105]. It is also essential

to note that these values of coupling coefficients assume that all the dipoles of the

active medium are fully aligned with the field. A more realistic scenario is that the

dipoles are randomly oriented, and hence the values of the coupling coefficients are

three times smaller.

The macroscopic polarization density P(~r, t) is coupled to the Maxwell equations

through D(~r, t) = ε0εhE(~r, t) + P(~r, t) where ε0 is the free-space electric permittivity

and εh is the relative permittivity of the host material. The rate equations, the

macroscopic polarization driving equation, and the Maxwell equations are then solved

in sync within a joined numerical multiphysics framework on a standard FDTD Yee

grid, providing a detailed nonlinear interplay between the populations dynamics and

local electromagnetic fields.
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Fig. 4.1. Scheme of a population transfer process of the four-level (a)
and six-level (b) systems for an optically excited dye molecule and the
governing rate equations.

4.1.2 Six-level system

Spectra of more complex organic dyes exhibit multiple vibronic peaks. Therefore,

their emission and/or absorption can’t be modeled with a single Lorentzian as in

the four-level system. We propose a more realistic six-level kinetic system that can

take into account the effect of the non-negligible split transitions in such dyes. This

provides a more physical and accurate description of a given gain medium, resulting

in a better fit to the experimental measurements of absorption and emission spectra of

a given host-embedded dye, which allows for a more detailed analysis of pump-probe

experiment dynamics.

Figure 4.1 (b) shows the dominant considered transitions for the atoms/molecules

modeled by the six-level kinetic system which are governed by the rate equations

given in Eq. (4.4). Driving terms fij and macroscopic polarizations Pij are described

by Eq. (4.2) and Eq. (4.3), respectively, with ij ∈ {31, 32, 40, 50}.
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Ṅ5 = −(τ−1
53 + τ−1

50 )N5 + f50,

Ṅ4 = −(τ−1
43 + τ−1

40 )N4 + f40,

Ṅ3 = −(τ−1
30 + τ−1

31 + τ−1
32 )N3 + τ−1

43 N4 + τ−1
53 N5 + f31 + f32,

Ṅ2 = −τ−1
20 N2 + τ−1

32 N3 + f32,

Ṅ1 = −τ−1
10 N1 + τ−1

31 N3 − f31,

Ṅ0 = τ−1
10 N1 + τ−1

20 N2 + τ−1
30 N3 + τ−1

40 N4 + τ−1
50 N5 − f40 − f50.

(4.4)

Differences and similarities with respect to our four-level scheme are worth noting.

Both absorption and emission initiate from the ground states of the vibronic structures

of their electronic levels but may end at different vibronic levels (highly overlapping

with the vibrational wave-function of the initial state). That is why we split only the

final states of the electronic transitions. These states then quickly non-radiatively

relax to their corresponding vibrational ground states. In principle, the relaxations

from |3 > to |2 > and from |3 > to |1 > may have both radiative and non-radiative

components, although by far the fastest non-radiative relaxation of the upper lasing

level is from |3 > to |0 >, to the bottom of the ground state of the lower electronic

level. Similar to four-level scheme, the non-radiative parts of the transitions from |5>

to |0> and |4> to |0> are neglected in our six-level system computations, but could

be easily included. This simplification is of little consequence, as |5> to |3> and |4>

to |3> pathways are typically much faster (and faster than the radiative relaxations

to level |0 > as well). Coupling between the induced macroscopic polarization and

the Maxwell equations, as well as the numerical implementation of the system, is the

same as in Sec. 2.1. Following the details of the numerical models presented in this

Section, we will proceed with the results of the time-domain modeling of two different

plasmonic systems in Section 3.
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Fig. 4.2. (a) Pump-probe experimental setup, and saturated transmission
results (both measurement and simulation) performed with pump wave-
length at 595 nm and probe wavelength at (b) 605 nm, (c) 610 nm, and
(d) 620 nm.

4.2 Results and discussion

4.2.1 Parameters retrieval using film transmission

The samples are R101 dye embedded in a thin film of polyvinyl alcohol (PVA)

on an ITO-coated glass substrate and a Fluorescent Green dye in a thin Poly(methyl

methacrylate) (PMMA) film on a glass substrate. The kinetic parameters of the R101-

PVA and the Fluorescent Green-PMMA film samples are obtained by matching the

pump-probe simulations with experiments as they are fitted to four-level and six-
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level systems, respectively. The scheme for the pump-probe experiment is shown in

Fig. 4.2(a) while the detailed setups are explained elsewhere [111]. The objective is

to feed the retrieved kinetic parameters into a full-wave FDTD model to study the

mechanism of the coupling between the plasmonic structures and the gain medium

in the net amplification and lasing regimes.

The 2 µm-thick R101-PVA sample is illuminated by two beams, a 595 nm narrow

band pump beam and femtosecond probe beam delayed by 2 ps. Total R101 chro-

mophore density is 10 mM (N = 6.0221 × 1024m−3). We calculate the differential

transmittance 4T/T by taking the difference of the measured transmission with and

without pumping divided by the transmission without pumping. This treatment will

minimize the influence of the background fluorescence effect, which is inevitable in

experiments. To improve the fitting fidelity, we run multiple simulations at various

pump powers and probe wavelengths. A collection of measurements with correspond-

ing simulations is shown in Fig. 4.2(b)-(d). We retrieved the following four-level

system parameters: transition wavelengths λ30 = 575 nm and λ21 = 605 nm; de-

phasing times T2,30 = 9 fs and T2,21 = 25.5 fs; decay times τr,30 = 5 ns, τnr,32 =

0.3 ps, τr,21 = 6 ns, τnr,21 = 7.33 ns, and, τnr,10 = 0.35 ps. It is important to note

that all simulations have been performed with parameters identical to those obtained

from the experiment, which are: pump and probe pulses durations of 150 fs, a delay

between the pump and probe signals of 2 ps and a repetition rate of 1000 Hz. Since

there is no resonant feedback involved, we observe a saturation in transmission value

with increasing pumping levels that is due to the saturation of pumping transition,

which limits the inversion available to the lasing.

4.2.2 Dynamic processes in the metal nanoholes array with gain

Since dye emission characteristics can depend on the local environment, we re-

evaluate the retrieved kinetic parameters for the gain medium incorporated in the

nanoholes array. The updated kinetic parameters are crucial to the assessment of
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Fig. 4.3. (a) Schematic view of the silver nanoholes array structure cov-
ered by R101-PVA film (b) Top view of unit cell and SEM image of the
fabricated sample (scale bar: 3 µm) (c) Saturated transmission results
of the nanoholes array structure (both measurement and simulation) per-
formed with pumping wavelength at 595 nm and probing wavelength 605
nm.

the dynamic process of net amplification and lasing in the coupled system. The

structure considered is an array of metal nanoholes with a periodicity of 565 nm, 175

nm diameter, and 100 nm thickness, which exhibits a resonance around 617 nm [89],

close to the emission line (605 nm) of R101. A schematic of the structure and SEM

image of the fabricated nanoholes array are shown in Fig. 4.3(a) and (b). The

nanoholes array is made of silver with its permittivity modeled by a Drude-Lorentz

response, which is implemented in the time domain through a generalized dispersion

material (GDM) model [113]. The parameters of the Drude-Lorentz model for silver

are adapted from an online database [114].

Due to the strong coupling between the pump pulse and gain medium, the plas-

monic field enhancement affects the time dependence of the population inversion and

subsequently increases the effective gain, leading to a dramatic increase in trans-

mission. This results in rather fast gain saturation, on the order of 0.3 mW, as

compared to 1 mW for the bare dye film (see Fig. 4.3(c) and Fig. 4.2(b)). The

probe pulse forms SPP-Bloch waves at the interface between gain medium and silver
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Fig. 4.4. Evolution of the emission spectra with increasing pumping power,
(a) Experimental results, and (b) Simulations results.

nanoholes array, i.e., coherent constructive interference of SPP waves scattered at

individual nanoholes [89]. This strong optical feedback introduces another plasmonic

decay channel for the molecules in the excited state and hence depletes these states

quickly. Therefore, the retrieval shows a more rapid non-radiative decay rate for the

SP-gain coupled system, with the non-radiative lifetime of lasing transition τnr,21 re-

duced from ∼7 ns to ∼4 ns, proving the existence of an additional decay channel due

to the plasmonic coupling.

To study the dynamic processes in the metal nanoholes array with gain, we com-

bine the systematic theoretical model described before with the experiments per-

formed using the same configuration, as shown in Fig. 4.2(a). The silver nanoholes

array is covered by the gain medium (R101-PVA film) with a thickness of 2 µm,

which we have previously reported to exhibit lasing [89]. The fitted simulation of
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Fig. 4.5. The simulated electric field distribution at different pumping
powers at the lasing wavelength (617 nm). Cross-section view of the
time-averaged field distribution for pumping power of (a) 0.5 mW , (b)
3.5 mW . In-plane view of nanoholes array at z=0 nm for time-averaged
field distribution at pumping power of (c) 0.5 mW , and (d) 3.5 mW .

the differential transmittance 4T/T and the experimental measurement are shown

in Fig. 4.3(c).

When the pump power increases, the experimentally measured emission remains

at a noise level at first, and then exhibits a well-defined threshold behavior around

2 mW , as shown in Fig. 4.4(a). In Fig. 4.4(b) we simulate the interaction between

the electromagnetic fields and the gain medium using the semi-classical framework,
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Fig. 4.6. The simulated results of the steady state population inversion
distribution (N2 − N1) for pumping power of (a) 0.5 mW , (b) 3.5 mW ;
The time domain population evolution at the position (x = 250 nm, y =
250 nm, z = 50 nm) for pumping power of (c) 0.5 mW , and (d) 3.5 mW .

as explained in detail before. Normalized simulated emission spectra in Fig. 4.4(b)

show a nonlinear increase of the self-emerging emission signal at 617 nm with pump

power, in perfect match with experiment. Thus, the simulations accurately reproduce

both the spectral and threshold behavior of the lasing emission. Furthermore, the

calculations uncover the details of the temporal interaction between population inver-

sion and electromagnetic fields in the lasing action. We perform a Fourier transform

of the simulated time-domain emission field to obtain the time-averaged field ampli-

tude distribution |E(~r)| at 617 nm and the population inversion N2(~r, t) − N1(~r, t)
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at different levels of pumping power. For 3.5 mW pumping power (above threshold),

the stimulated emission is several orders of magnitude higher than the spontaneously

emitted electric fields for 0.5 mW pumping power (below threshold), as shown in

Fig. 4.5. These findings confirm that the silver nanoholes array supports SPP-Bloch

waves, which exhibit coherent constructive interference of SPP waves, and they are

amplified by the gain medium. We further find that Fabry-Perot modes formed in the

gain medium above the silver nanoholes array are amplified by six orders of magnitude

(see Fig. 4.5(a),(b)). The hybridization of SPP-Bloch modes and photonic Fabry-

Perot modes minimizes losses in the effective mode volume and supports coherent

lasing emission. Below the threshold, a high population inversion is achieved in the

system the regions with high electric fields (compare Fig. 4.5(a) and Fig. 4.6(a)). On

the other hand, when the system is above threshold, the spatial profile of the popu-

lation density (N2(~r, t)−N1(~r, t)) inversely correlates with the electromagnetic mode

profile because of the inversion depletion by strong lasing fields (compare Fig. 4.5(b)

and Fig. 4.6(b)). We further plot the temporal dynamics of the population density

in the hot spots of electric fields in Fig. 4.6(c),(d). Below the lasing threshold, the

population of the upper lasing level |2> stays at 45 % (the lower level |1> is almost

empty). However, above the threshold, stimulated transitions in the strong localized

electromagnetic fields produced by lasing deplete the population of the excited-state

molecules from 48 % to 35 % of the total population.

4.2.3 Compensation of losses in Kretschmann-Raether configuration

In the second study, compensation of the SPP losses in the Kretschmann-Raether

configuration [78] is analyzed. The retrieved kinetic parameters for the Fluorescent

Green-PMMA film are fitted to the six-level atomic model (Fig. 4.1(b)) as follows.

Transition wavelengths are λ50 = 438 nm, λ40 = 466 nm, λ31 = 486 nm, and λ32 =

513 nm. Dephasing time for all radiative transition is T2 = 10 fs and decay times
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Fig. 4.7. (a) Schematic of the Kretschmann-Raether SPP excitation
configuration. (b) Reflectivity at no gain and with gain at different pump
energies. Dependence of the reflection minimum(Rmin) on the (c) pump
energy, and (d) dye molecule concentration.

are τr,50 = 13 ns, τr,40 = 55 ns, τr,32 = 23 ns, τr,31 = 84 ns, τnr,53 = 1 ps, τnr,43 = 1

ps, τnr,32 = 300 ns, τnr,31 = 300 ns, τnr,30 = 2.9 ns, τnr,20 = 1 ps and, τnr,10 = 1 ps.

The fitted system parameters are fed to a 2-D FDTD analysis of the experimental

setup shown in Fig. 4.7(a). The structure is composed of a 500-nm layer of the

Fluorescent Green dye in PMMA, coated on top of a 50-nm silver film. The prism

is from the glass with a refractive index of 1.784, and the refractive index of the

PMMA host is 1.5. The material properties of silver are taken from Johnson and

Christy [115]. The dye is pumped at 438nm from the backside of the prism while the

probe is incident through a glass prism. The pulse width for the pump signal is 1ps,
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and for the probe, the signal is 10fs, and the probe signal is delayed by 3ps. For a

50-nm silver film, the SPP resonance condition at 513nm corresponds to an incidence

angle of 70.9◦, which is represented by the dip in the reflectivity curve shown in Fig.

4.7(b). The amount of loss compensation (SPP amplification) is a function of many

factors that control how much gain is introduced to the system.

We study the effects of the concentration N of dye molecules and the pump energy

on the system behavior. The passive system without gain exhibits a dip in reflectivity

at 513nm and incidence angle of 70.9◦ with minimum reflection Rmin = 0.063%.

Fixing the dye concentration at 1mM and varying the pump energy, the minimum

reflection is enhanced by 11-fold at pump energy of 0.3µJ and can go up to 44.4%,

which is about 700-fold enhancement of the SPP dip at pump energy of 0.5mJ , Fig.

4.7(b). The relation between Rmin and the pump energy is shown in Fig. 4.7(c),

which shows an almost linear dependence of Rmin on the pump energy. Moreover,

the dependence of Rmin on the concentration of dye molecules is plotted in Fig.

4.7(d). We can conclude that the enhancement of the reflectivity with the change

in concentration of the active media is not as strong as its dependence on the pump

energy. Rmin = 3.83% is observed at dye concentration as high as 100mM which

corresponds approximately to 60-fold enhancement.

Temporal evolution of the macroscopic polarization and the population densities

at all the six levels are recorded near the silver film and plotted in Fig. 4.8. The

population inversion is achieved when (N3 − N2) > 0. The highlighted area in Fig.

4.8(b) shows the depletion of carriers in the upper lasing state N3 from 57.8% to 52%,

which corresponds to the energy transfer between the stored energy in the dye due

to pumping and the SPP, which causes the amplification.

These findings can be elucidated by the frequency domain analysis, which shows

that the introduction of gain increases the optimal Ag thickness for the minimal zero

reflectivity from 50-nm to a thicker film. This minimum ”can be thought of as being

due to destructive interference between the totally reflected light and the light emitted

by the SPP wave due to radiation damping”, [116]. Gain decreases the internal
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Fig. 4.8. Temporal dynamics of the (a) induced macroscopic polariza-
tions, and (b) population densities at different levels. The dotted rectangle
shows the energy transfer between the active medium and the SPP mode
which is the essence of the loss compensation/amplification process.

damping of the surface plasmon on the PMMA-Ag interface. This necessitates the

decrease of the ”optimal radiative damping” that could be realized by the thickening

of the Ag layer [117]. In addition, gain appreciably narrows the resonance, as the

overall absorption of the system and its effective quality factor increase. These effects

are observed with small to moderate gain values, insufficient to support reflective

”lasing” in such a system.

Plasmon resonance corresponds to 0 in reflectance (R), or when the numerator

of R → 0. On the other hand, lasing corresponds to the pole in R, i.e., when

1/R→ 0. Ideally, at higher active medium concentrations, the linear reflectivity goes

to infinity, while absorption becomes infinitely negative, in full accord with the theory

of scattering and absorption of spasers. A correct frequency domain analysis around

the threshold should include saturation that makes all the quantities finite. In the

present multiphysics time-domain framework, it is taken care of automatically with

multi-level kinetic Eqs. (4.1) or (4.4). That makes the proposed numerical framework

perfectly suitable for modeling spasers.
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4.3 Conclusions

To conclude, we have studied the interaction between the light, plasmons, and gain

media using a time-domain multiphysics numerical framework arranged of coupled ki-

netic equations for multi-level gain systems. We use calibrated kinetic parameters to

investigate the net amplification and lasing behavior of two plasmon-enhanced gain

systems. Our models predict amplification and fast gain saturation, which is induced

by strong plasmonic coupling. As the pumping power increases, lasing emission and

threshold behavior are obtained for the nanoholes array system, which is in excel-

lent agreement with the experiment. The simulation further reveals the temporal

details of the energy transfer process in the lasing regime. Such detailed and accu-

rate models are necessary for understanding, predicting, and designing new types of

nanoscale lasers and gain-compensated plasmonic systems. Based on this systematic

approach, further studies could be applied to time-resolved physics of active plasmonic

nanostructures. Our numerical framework can serve as a paradigm for in-depth in-

vestigation and optimal design of other metadevices coupled with gain. Since the

MBL approach has not been implemented in our numerical models as of yet, we are

planning to include the quantum fluctuations in future efforts specifically dealing with

in-depth analysis of numerical metrics pertinent to enhanced spontaneous emission

modeling. Future efforts may also include analysis of lasing dynamics in emerging

two-dimensional materials.
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5. TIME DOMAIN DYNAMICS OF REVERSE

SATURABLE ABSORBERS WITH APPLICATION TO

PLASMON-ENHANCED OPTICAL LIMITERS

5.1 Introduction

There has been a renewed interest in the optical community to protect optical sen-

sors and more importantly human eyes from accidental or intentional harm caused by

high-intensity light sources. This is accomplished by optical limiters, which have low

absorption at low light intensities and high absorption at higher intensities. Multiple

nonlinear processes could be utilized for optical limiting including nonlinear scatter-

ing, absorption, refraction, and multi-photon absorption [118]. Materials exhibiting

nonlinear absorption, specifically reverse saturable absorption (RSA), are amongst

the most popular for optical limiters [118]. RSA materials provide high transmis-

sion (low absorption) at low intensity of incident light, and low transmission when

the intensity of incident light becomes high. Defined more rigorously, RSA occurs

when the absorption cross-section of the excited states is larger than that of the

ground states. RSA also requires the lifetime of the triplet state to be relatively long,

which is reflected directly in the efficiency and the saturation intensity of the optical

limiter. A wide range of materials that exhibit RSA includes metals [119], organic

dyes [120,121], clustered metal particles [122,123], synthetic compounds [124], carbon

nanotubes [125], and two-dimensional materials [126,127].

Unlike other nonlinear phenomena, there are surprisingly few efforts to develop

complete multiphysics models of optical limiting devices based on RSA with resonant

nanostructured optical elements. Such models would allow for the significant im-

This chapter is based on S. I. Azzam and A. V. Kildishev, “Time-domain dynamics of reverse
saturable absorbers with application to plasmon-enhanced optical limiters,” Nanophotonics, vol. 8,
no. 1, pp. 145–151, 2018, and is reproduced with publisher’s permissions.
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provement of the size, weight and power metrics of this class of optical limiters. One

of the most sought-after requirements is to obtain RSA at normal illumination levels,

which would greatly expand their area of applicability such as protective eyewear,

and automatically-dimmed windows [128, 129], and neuromorphic computing [130].

These models will also open up new opportunities for efficient RSA materials at a

weak, incoherent light. Most RSA materials have extremely high saturation ener-

gies, defined as the energy required to reduce the linear transmittance to 1/e of its

linear value. This limits the use of optical limiters based on those materials to very

intense and/or very short laser pulses. Current efforts to optimize optical limiting

properties are materials focused. Using material synthesis, chemical engineering and

functionalization of materials to increase their triplet state lifetime have been widely

explored to get enhanced RSA characteristics at sunlight power level [128, 129]. We

believe that a critical limiting factor hindering the optimization and enhancement of

optical limiters on the device level is the lack of material models that account for

the quantum mechanical origin of RSA and its relevant representation in the time

domain. Once an accurate model of RSA is available, boosting the performance of

optical limiters using the current advances in nanophotonics and micro- and nano-

fabrication should be made substantially more achievable. Thus far, there have been

efforts to model saturable nonlinearities in the time domain using various methods

such as a saturable harmonic oscillator [131] as well as two-level systems for sat-

urable absorbers [132,133]. For RSA, the physical mechanism causing the absorption

is somewhat more involved and requires taking into account different time-scales as

well as the absorption contributions of both the singlet and triplet states.

In this work, we propose an advanced time domain numerical simulation approach

that models the RSA process as an atomic multi-level system in a 3D full-wave multi-

physics framework. We integrate our material model as a proprietary ADE code in a

commercial-grade solver based on the 3D finite-difference time-domain method. This

approach allows for expanding the versatility of target problems through the advanced

pre- and post-processing features of the commercial solver [71]. With this approach,
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we can simulate the different relaxations taking place in the material and get an idea

of how they affect the nonlinear optical material response. Additionally, we can also

develop a deeper understanding of the excitation mechanisms, and then employ this

comprehensive knowledge to optimize optical limiting devices and systems. Similar to

the experiment-fitted time-domain kinetic models of gain media [134], feedback from

optical experiments should always be recommended for accurate material modeling

in the design and optimization of real-life RSA devices. Advantages of our scheme

include: (i) self-consistent description of the excitation and relaxations dynamics,

coupled to (ii) 3D full-wave multiphysics environment with the geometry discretiza-

tion that can handle an arbitrary structural complexity, and accurately model fo-

cused/structured beams that match experimentally-used sources, without resorting

to paraxial or non-paraxial approximations, and finally, (iii) in-depth post-processing

of the simulated data – time-resolved tracking of E-fields, polarizations, and popula-

tion kinetics – getting physical insights into the system dynamics not otherwise avail-

able through experiment. Moreover, we use our multiphysics framework to design the

plasmon-enhanced optical limiter devices with an order of magnitude reduction in the

saturation intensity. This is a critical improvement that brings the activation energies

of the optical limiters to reduced illumination levels significantly expanding the area

of application for these devices. Following this introduction, a particular topology of

a multi-level atomic system for modeling RSA is introduced and explained with more

details in Section 5.2. Then, the numerical framework and results obtained from the

discretized models are discussed in Section 5.3. Time dynamics of the system along

with the effects of controlling parameters on the system optical response are studied.

Also, the results from our model are compared to the classical Beer-Lambert law

by fitting the corresponding absorption cross-sections, thus verifying that our model

reproduces the experimentally measured RSA data. Finally, two different designs of

plasmon-assisted optical limiters are introduced and their saturation intensities are

compared to that of a thin film of a given RSA material.
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Fig. 5.1. RSA physical mechanism. (a) The Jablonski diagram of an
absorbing medium represented by a four-level atomic system. S0,1 and
T1,2 represent the singlet and triplet states respectively. (b) Linear regime:
low-intensity pump with no sufficient population in the lower triplet state.
(c) Nonlinear regime: high-intensity pump with absorption taking place
in the triplet states leading to RSA behavior.

5.2 RSA models

The band diagram of a material with RSA can be represented by an atomic four-

level system with the Jablonski diagram shown in Figure 5.1(a) [135]. When light

illuminates an RSA medium, the atom is excited from the ground singlet state S0 to

the first singlet state S1 by absorbing a photon of the incident light, Figure 5.1(b).

The excited atom at S1 can return back to S0 by radiating the same photon or can

exhibit an intersystem crossing (ISC) relaxation to the first triplet state T1. The

atom at T1 can either relax to S0 or can be promoted to the second triplet state T2
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by absorbing a second photon if the incident light intensity is sufficient, Figure 5.1(c).

The additional absorption associated with the elevations of atoms from T1 to T2 is

the origin of the RSA. It can be thought of as an additional channel for absorption

in addition to the ground state absorption channel (singlet pair) due to the match in

their energy gap which is true for materials exhibiting RSA [120, 121]. For the RSA

to be efficient, a sufficient population of carriers should be transferred to T1, which

requires efficient ISC and a long triplet state lifetime. Also, the absorption cross

section of the excited triplet states must be larger than that of the ground singlet

state.

5.2.1 Beer-Lambert’s law

The Beer-Lambert law (BLL) is commonly used in spectroscopy and chemical

analysis to relate the absorbance of a given absorbing material to its concentration

in a host medium and the path length. The rate equations that model carrier ki-

netics at the different states are commonly employed to approximate the absorption

coefficient of the materials [120, 136, 137]. Using the absorption coefficient with the

BLL, the intensity decay in uniformly absorbing samples can be found. Assuming

three allowed relaxations: intersystem crossing from S1 to T1, relaxation form S1 to

S0 and relaxation from T1 to S0. The rate equations governing the transitions inside

the material are given by:

dNS0

dt
=
NS1

τS1

+
NT1

τT1

−NS0
σGI

h̄ω0

(5.1a)

dNS1

dt
= −NS1

τS1

− NS1

τISC

+NS0
σGI

h̄ω0

(5.1b)

dNT1

dt
=
NS1

τISC

− NT1

τT1

(5.1c)

where NS0, NS1, and NT1 are the population densities in S0, S1, and T1, and where

ω0 is the frequency of the absorbed light. The time dependency of intensity in Eq.
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(5.2) is omitted for simplicity. The intensity of the light inside the sample can then

be calculated using:
∂I

∂z
= −(NS0σG +NT1σT)I (5.2)

where σG and σS are the ground state and the singlet state absorption cross-sections,

respectively. Using this model, the time-dependent absorbance can be calculated,

and the propagation of light intensity inside the sample can be straightforwardly

obtained with a controlled accuracy and high efficiency even for tightly focused beams

[136]. This approach, however, doesn’t provide a material model that can be used

to simulate more involved optical devices with dispersive or nonlinear materials and

other multiphysics complications. Also, this simple, yet efficient, methodology does

not allow access to the electric E or magnetic H vector fields, local population kinetics

close to the device nanostructured boundaries, and may not account for pumping

dynamics following structured illumination. All these limitations are addressed with

our full-wave multiphysics numerical framework that includes a multi-level atomic

model.

5.2.2 Four-level atomic system

As an example of a multi-level system, the atom or molecule of an RSA material is

modeled using a four-level system with the Jablonski diagram shown in Figure 5.1(a).

The rate equations that govern all allowed transitions in a four-level system are given

by:

∂NS0

∂t
=
NS1

τS1

+
NT1

τT1

− 1

h̄ω0

E · ∂PG

∂t
(5.3a)

∂NS1

∂t
= −NS1

τS1

− NS1

τISC

+
1

h̄ω0

E · ∂PG

∂t
(5.3b)

∂NT1

∂t
= −NT1

τT1

+
NS1

τISC

+
NT2

τT2

− 1

h̄ω0

E · ∂PT

∂t
(5.3c)

∂NT2

∂t
= −NT2

τT2

+
1

h̄ω0

E · ∂PT

∂t
. (5.3d)

The population densities in the lower and upper singlet and triplet states, respectively,

are NS0, NS1, NT1, and NT2. The total population, Nd = NS0 +NS1 +NT1 +NT2, is
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Fig. 5.2. RSA behavior and time dynamics of the four-level system. (a)
Transmittance vs. input fluence of a 1-µm film (b) Induced polarizations
densities inside the RSA at 0.01 µJ/cm2, polarizations are governed by
the ground state as the triplet state contribution in the linear regime
is negligible (not shown). Nonlinear regime time dynamics for a pump
fluence of 50 µJ/cm2: (c) state densities and (d) polarizations.

conserved at all times, where Nd is the density of absorbing atoms. The lifetime of

state S1 is 1/(1/τS1 +1/τISC) where τISC is the intersystem crossing lifetime. Lifetimes

of the upper and lower triplet states are τT2 and τT1. The term 1
h̄ω0

E · ∂Pij

∂t
represents

the stimulated emission and absorption between levels |i > and |j >.

The induced macroscopic polarizations due to the transitions satisfy the Lorentz

ordinary differential equation given by:

∂2Pij

∂t2
+ γij

∂Pij

∂t
+ ω2

0Pij = κij(Nj −Ni)E (5.4)
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where γij is the dephasing constant between levels |i > and |j >. The energy spacing

between the levels is ∆ES10 ≈ ∆ET21 = h̄ω0. The excitation term in Eq. (5.4) is

proportional to product of the local electric field and the difference in populations be-

tween the upper and the lower levels of this transition with a proportionality constant

κij where ij ∈ {G,T}. The coupling coefficient κij represents the dipole matrix ele-

ment between levels |i > and |j > and is given by κij = 2ωij|µij|2/h̄ = 6πε0c
3/ω2

ijτij,

where ε0 and c are the free space permittivity and speed of light, respectively, and τij

is the decay time constant between levels |i > and |j > [138, 139]. The polarization

densities are then coupled to the Maxwell equations through the electric flux,

∇×H(t, r) = ε0εh
∂E(t, r)

∂t
+
∂P(t, r)

∂t
(5.5)

∇× E(t, r) = −µ0
∂H(t, r)

∂t
, (5.6)

and Eqs. (5.3)-(5.6) are solved simultaneously using a full-wave solver on a stag-

gered Yee grid by applying the classical central finite-difference approximation to the

spatial and time derivatives [72, 139]. The time dependent electromagnetic fields are

recorded and converted to frequency domain using fast Fourier transform to obtain

the transmission and reflection, and finally the absorption.

5.3 Numerical Details and Results

A dielectric 1 µm-thin film is modeled using the proposed four-level atomic model

in a host medium with refractive index of 1. The life-time and scattering rate pa-

rameters of the model are: τT2 = 1 ps, τT1 = 300 ns, τS1 = 1 ns, τISC = 10 ps,

and γG = γT = 1014 Hz. The density of the absorptive molecules is 0.3 mM

(1.806×1017cm−3) and the ω0 = 2π/λ0 where λ0 is 532 nm. The sample is illu-

minated with two plane-wave, normally-incident pulses separated by a short delay of

5 ps: a strong 1-ps pump pulse followed by a weak 50-fs probe. The probe fluence

is fixed at 100nJ/cm2 while the fluence of the pump is varied from 10−3 µJ/cm2 to

102 µJ/cm2 to study the nonlinear transmission and absorption of the thin RSA film.
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The wavelengths of both the pump and the probe are 532 nm. Transmission and

reflection monitors are placed at least half-wavelength separation form the sample

and the source. Spatial grid size are set to 10-nm inside the RSA medium. Figure

5.2 shows the RSA behavior and time dynamics of the thin film. In Figure 5.2(a),

the transmission is linear (constant transmittance) at a low input (pump) fluence

and nonlinear at higher values, the saturation fluence for the RSA film is around

2.5 µJ/cm2 in this example. The time dynamics of the system at two pump fluences

of 10−2 µJ/cm2 and 50 µJ/cm2 are depicted in Figure 5.2(b-d). At 10−2 µJ/cm2,

well into the linear regime, the normalized ground state population density is almost

unity during all times, and consequently, the carrier build-up in the upper states is

negligible (not shown). The time evolution of the macroscopic polarization densities

of the ground (PG), and excited triplet (PT) states are shown in Figure 5.2(b) and,

as expected, PT is almost negligible in this case. All polarizations are normalized

to the maximum value of PG for clarity. Further, in the nonlinear regime with a

pump fluence of 50 µJ/cm2, the carrier dynamics, Figure 5.2(c), show depopulation

of the ground state and increased build-up of triplet state density, hence, PT starts

to contribute to the material response, Figure 5.2(d). We can clearly notice that the

response of the system to the probe (around 7 ps) is completely dominated by the

PT which explains the enhanced absorption in this case.

Crossings of molecules from S1 to T1 requires undergoing a spin conversion in a

process called intersystem crossing [140]. The efficiency of the intersystem crossing is

determined by the triplet quantum yield ΦT = (1/τISC + 1/τS1)/τISC. The faster the

intersystem rate (1/τISC), the higher the triplet quantum yield. Here, the effect of ΦT

on the system response is studied. The same sample as before is used while varying

the intersystem crossing lifetimes to 1, 10, 100 and 1000 ps corresponding to ΦT of

0.999, 0.99, 0.909, and 0.5, respectively. Transmittance versus input fluence at the

four different cases is depicted in Figure 5.3(a). It can be noticed that for τISC of 1,

10, and 100 ps, the material shows RSA behavior with increasing saturation fluence.

However, at τISC of 1 ns, the material acts as a saturable absorber. This matches the
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Fig. 5.3. Effect of triplet quantum yield on the RSA efficiency. (a) Trans-
mittance vs. pump fluence at four different values of τISC : 1, 10, 100 and
1000 ps corresponding to ΦT of 0.999, 0.99, 0.909, and 0.5, respectively.
(b), and (c) the population time dynamics at 10, and 1000 ps at pump
energy of 50 µJ/cm2.

system dynamics very well. As seen in Figure 5.3(b), at τISC of 10 ps, the efficiency of

the triplet quantum yield is high enough to allow for a sufficient population transfer

to T1 unlike at τISC of 1 ns, Figure 5.3(c), where the population density at T1 is

almost negligible, and as a result, the carrier density at S1 starts to saturate leading

to saturation of system absorption and hence to increased transmission (see the green

line in Figure 5.3(a)).
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Fig. 5.4. Transmittance vs. pump fluence using full-wave atomic sys-
tem simulations (solid lines) and BLL (dotted lines) at different molecule
densities.

Next, we compare the results of a 1-µm-thin RSA film with varying Nd using a

four-level atomic model and the classical BLL. The lifetimes of the films are τT2 = 1 ps,

τT1 = 1 µs, τS1=30 ns, and τISC = 0.1 ns. The same lifetimes are used in both simu-

lations while changing the absorption cross-sections to fit the two models. The fitted

absorption cross-sections are σG = 5.2× 10−20 m−3 and σS = 9× 10−15 m−3. Figure

5.4 shows excellent agreement between the full-wave simulation (solid lines) and the

BLL equations (dotted lines) calculations. Generally, the BLL has been successfully

used to fit experimental results [136, 137] of uniform samples. Having an excellent

match with the BLL implies the ability of our model to fit and further utilize experi-

mentally measured RSA transmission data. From figure 5.4, the saturation intensity

as well as the linear transmittance increases with decreasing molecular absorption

densities which suggest the use of thinner films with larger Nd in optical limiters

device engineering.
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5.3.1 Plasmon-enhanced optical limiters

Reducing the light intensity required for activating optical limiters is crucial for the

expanding their area of application. For example in protective goggles, optical limiter

devices should be activated at normal levels of the incoherent light illumination. From

RSA materials standpoint, this translates to a very long triplet lifetime. Thus far,

most of the development in this direction has been focused on developing materials

with these favorable properties. In addition to this, here we use the multi-level

material models developed for RSA to optimize optical limiting devices where due

to the local field enhancement from plasmonic structures, the nonlinear response

from RSA materials is further intensified. This way, the light intensity required for

activating a given RSA device is greatly reduced. As a proof of concept, we design two

plasmonic structures with an embedded RSA material to study the reduction in the

saturation energy. Figure 5.5(a) shows the RSA material, with the same parameters

as before, with thickness d of 200 nm on top of a silver grating. The bottom silver

film is 20-nm thin (t2) and the periodic ridges of the grating are 10-nm high (t1) and

50-nm wide (w) . The pitch of the grating structure (Λ) is 500 nm, and the optical

properties of silver are obtained from [115]. The second configuration is depicted in

Fig. 5.5 (b) illustrating the same 200-nm RSA layer sandwiched between two silver

films with thickness h of 10-nm. The geometrical parameters of the grating and

the cavity are specifically chosen based on several parametric sweeps to maximize

the linear transmission while reducing the saturation intensity. Spatial grid size are

set to 10-nm inside the RSA medium and to 2.5 nm inside the silver. The linear

transmittance is 0.93 in the case of bare RSA film, 0.46 in the case of RSA film

on a grating, and 0.68 in the case of the RSA layer inside a cavity-like structure.

Figure 5.5(c) shows the normalized transmittance as a function of the input fluence

of all three structures: a bare 200-nm RSA, the 200-nm RSA film on a grating and

the 200-nm RSA inside a cavity-like structure. The transmittance in each case is

normalized to its maximum for more straightforward comparison. As observed in
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Fig. 5.5. Enhancement of optical limiters using plasmonic structures. RSA
thin film of 200 nm thickness (a) coated on top of a silver grating and (b)
sandwiched between two thin silver layers. (c) Normalized transmittance
vs. pump fluence for all three configurations: bare RSA thin film, the
same film on top of a silver grating, and same RSA film between two thin
silver layers.

Fig. 5.5 (c), the saturation intensity for the bare RSA film is 2.651 µJ/cm2, for

the RSA film on a grating is 1.019 µJ/cm2, and for the RSA film in a cavity-like

structure is 0.2006 µJ/cm2. This is a 2.6-fold reduction in the saturation intensity

for the grating structure and 13.2-fold reduction in the cavity configuration.
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5.4 Conclusion

A 3D full-wave analysis of the RSA devices with the ability to model light-matter

interaction based on rate equations that could include non-paraxial structured beams,

complex photonic structures with diverse material composition has been presented

and validated. The results of the proposed model agree well with the classical Beer-

Lambert equation used to fit the experimental RSA data while also providing a com-

prehensive physical understanding of the fields’ and carriers’ dynamics within the

absorbing material. Examples of two plasmon-enhanced optical limiters that utilize

the field enhancement to lower the saturation intensity are proposed. More that

one order of magnitude reduction of the light fluence required to activate the RSA

structures with plasmonic elements is achieved. Using our technique, the numerical

modeling and optimization of the devices with complex micro- and nano-structured

materials and illumination are made possible, which opens up new opportunities

to explore high-sensitivity, low-threshold optical limiters beyond homogeneous RSA

light-matter limitations. Future work will include other important effects into our

model such as the Pauli exclusion principle for more accurate representation of RSA

materials.
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6. TIME-DOMAIN DYNAMICS OF SATURATION OF

ABSORPTION USING MULTILEVEL ATOMIC SYSTEMS

6.1 Introduction

A saturable absorber (SA) is a material with a nonlinear absorption coefficient

that decreases as the incident light intensity increases. When the low-intensity light

is incident on the SA, a photon is absorbed, and a carrier is excited from the ground

to a higher energy atomic level causing the absorption of light, Fig. 6.1(a). The ma-

terial can still absorb more photons due to the abundance of absorbent carriers in the

ground state. However, if the excited-state lifetime is long enough and the intensity

of light is increasing, so that the excited-state carriers are not decaying fast enough

to participate in the absorption process again, while more carriers are getting excited,

the saturation of absorption occurs (Fig. 6.1(b)). SAs find applications in passive

mode-locking [21] and Q-switching [22]. A broad range of materials exhibit saturable

absorption including 2D materials such as graphene [141], carbon nanotubes [142],

topological insulators [143], as well as dielectric [144] and metallic nanoparticles [145].

However, full-wave analysis of saturable absorption has been limited to either phe-

nomenological descriptions that ignore transient response or simple models that do

not account for multiphysics material response. The overall objective of this study is

to provide a generalized time-domain (TD) coupled-physics method for numerical sim-

ulations of the saturation of absorption in a complex (e.g., nanopatterned, dispersive,

and illuminated with a structured light) three-dimensional (3D) material systems.

The availability of such a modeling tool can provide means to design and optimize

nanophotonic structures that can engineer the nonlinear spatiotemporal light-matter

This chapter is based on S. I. Azzam and A. V. Kildishev, “Time-domain dynamics of saturation
of absorption using multilevel atomic systems,” Optical Materials Express, vol. 8, no. 12, pp.
3829–3834, 2018, and is reproduced with publisher’s permissions.
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Fig. 6.1. Saturable absorption in a dielectric thin film modeled by a two-
level system at: (a) low input fluence and (b) high input fluence where
the ground state carriers are depleted and the excited-state lifetime is too
long to allow for reabsorption.

interaction, and thus, control the functionality of the entire system. Following our

objective, we explore the kinetics of the spatially-dependent carrier population and

the coherent absorption using a set of rate equations (RE) derived for the multilevel

system. The proposed technique simulates an averaged nonlinear material response

as a polarization vector in a multiphysics simulation framework. Within this frame-

work, the Maxwell equations are coupled with the RE – a set of spatially-dependent

auxiliary differential equations (ADE) [105] – and share the same simulation domain,

along with the same temporal and spatial discretization. A salient feature of the car-

rier kinetics model integrated into our simulation framework is that it offers a critical

ability to predict multiple absorption peaks in the absorbing medium.

Following this introduction, we organize the rest of the chapter as follows: Section

6.2 introduces and provides details on different SA models built on two- and four-

level transition topologies. Section 6.2 presents the analysis of thin-film dielectric SAs

modeled using either two- or four-level atomic systems within our new multiphysics
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framework with the multilevel RE-ADE. The results of the study are summarized in

Conclusions.

6.2 Saturable absorption models

Saturable absorption is commonly modeled using a phenomenological description

to account for the intensity dependence of the absorption of a material given by:

α(I) =
α0

1 + I
Is

, (6.1)

where α(I) is the intensity-dependent material absorption coefficient, α0 is the low-

intensity absorption coefficient, I is the light intensity and Is is the saturation intensity

of the material.

This model puts forward many limitations, including the lack of a comprehensive

description of the fundamental physics, the assumption of instantaneous response,

which is nonphysical, lack of any direct access to electric or magnetic fields inside

the medium, and the complete inability to predict the temporal dynamics of a sat-

urable absorber. To overcome these shortcomings, more physics-based models built

on the population kinetics with the REs have been introduced [146, 147]. Initially,

only steady-state solutions were considered in those studies [146,147]. An important

nonlinear generalization of the Lorentz model has been applied by Varin et al. to

model 2nd and 3rd-order optical nonlinearity [131, 148] with FDTD. Recently, Mock

et al. made a vital contribution to modeling the saturation of absorption for a 2D

material in the TD [149].

In this section, we propose and discuss two TD ADE models for SAs based on

two- and four-level atomic systems. The proposed four-level system can reproduce

multiple absorption peaks based on the nature of the material and the application.

We integrate our material model as a proprietary ADE code in the commercial-grade

solver based on the 3D FDTD method [71].
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6.2.1 Two-level saturable absorption atomic model

The saturable absorbing material is modeled using a two-level system, depicted

in Fig. 6.2(a). The transition between the two levels is governed by:

dN1

dt
= −N1

τ
+

1

h̄ω0

E · dP
dt
, (6.2)

where N1 is the population density of the excited-state carriers, N0 is the population

density of carriers in the ground state, with the total population density of absorbing

carriers Nt being conserved, Nt = N0 + N1, τ is the lifetime of the material, ω0 is

the frequency of the absorbed light defined by the energy difference between the two

levels, and h̄ is the reduced Planck constant.

The macroscopic polarization resulting from this transition takes a Lorentzian form

with a source term being dependent on the difference of the population density in the

ground and excited levels:

d2P10

dt2
+ γ10

dP10

dt
+ ω2

0P10 = κ(N0 −N1)E, (6.3)

where P10 is the average macroscopic polarization vector and which is a function of

time and space. The damping factor of this oscillator is γ10, and it is a summation

of all sources of damping in the material, such as dephasing, and the transition

frequency is ω0. The coupling factor κ takes the form κ = 6πε0c
3/(τω2

0

√
εh) where εh

is the permittivity of the host medium [139].

Using a standard FDTD Yee grid, the rate equation, the macroscopic polariza-

tion driving equation, and Maxwell’s equations are solved numerically, providing a

complete spatiotemporal description of the nonlinear interplay between the popula-

tion dynamics and electromagnetic fields [105]. This description offers comprehensive

insights into a detailed physical picture of the system. It gives access to numerous

time-resolved functional dependencies of the internal dynamics that are not attain-



70

Fig. 6.2. Jablonski diagrams of (a) two-level and (b) four-level atomic
systems showing the allowed transitions and the corresponding lifetimes.

able otherwise. Following the ADE technique, the macroscopic polarization vector is

coupled to Maxwell’s equations through:

D = ε0εhE +
∑
m

Pm, (6.4)

where ε0 is the permittivity of free-space, and Pm is the polarization induced by the

mth oscillator.

6.2.2 Four-level saturable absorption atomic model

Some absorbing materials exhibit more than one absorption peak, which cannot

be captured by either a two-level atomic model in the TD or simpler SA models in

the frequency domain. For an extended representation of the absorption spectra, we

expand the two-level model to four-levels and demonstrate the appearance of three

different absorption peaks. Since such an expansion is very generic, it can be adjusted

for an arbitrary number of peaks with an appropriate topology of levels. Such a model

also has the flexibility of controlling the spectral width, position, and strength of each
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absorption peak individually. The Jablonski diagram of a four-level atomic system is

depicted in Fig. 6.1(b). The RE system governing these transitions are given by:

dN3

dt
= −N3

τ30

− N3

τ31

− N3

τ32

+
1

h̄ω30

E · dP30

dt
,

dN2

dt
= −N2

τ20

− N2

τ21

+
N3

τ32

+
1

h̄ω20

E · dP20

dt
, (6.5)

dN1

dt
= −N1

τ10

+
N2

τ21

+
N3

τ31

+
1

h̄ω10

E · dP10

dt
,

where N1, N2, N3, and N4 are the population density of carriers in the different energy

levels. The system describes the absorption of the incident light at different frequen-

cies, ω30, ω20, and ω10, as well as the rapid decay of the excited-state population from

higher levels to lower energy levels due to non-radiative relaxations. The transition

lifetime between levels i and j is τij, as shown in Fig. 6.2(b). The macroscopic

polarizations induced as a result of these transitions are:

d2Pij

dt2
+ γ1ij

dPij

dt
+ ω2

ijPij = κij(Nj −Ni)E, (6.6)

where ij ∈ {30, 20, 10}, Pij is the macroscopic polarization vector formed between

levels i and j. γij and κij are the ij-oscillator’s damping coefficient and the coupling

factor, respectively. The Maxwell equations are solved using the FDTD method

[105], along with the REs, Eq. 5, and the polarization densities, Eq.6 within a joint

multiphysics framework as mentioned earlier.

6.3 Results and analysis

Figure 6.3 illustrates the analysis of a 200-nm SA with a dielectric constant of 2.25

using the two-level model. We use a lifetime (τS1) of 1 ps, a transition wavelength

of 532 nm, a damping rate (γ10) of 1014 rad/s, and a concentration of 10 mM. The

absorption of the film decreases as the input fluence increase, as depicted in Fig.

6.3(a). The saturation fluence of the SA, defined as the fluence required to reduce

the absorption to 1/e of its linear value, is 87 J/cm2. Figure 6.3(b-d) illustrates the
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time dynamics of the system. We plot the internal system dynamics at different input

fluences: 6 J/cm2 where the system is unsaturated and still linear and 94 J/cm2 in the

nonlinear regime. Figure 6.3(b) illustrates a time-dependent behavior of macroscopic

polarization P10 in both linear and nonlinear cases showing the relative increase in its

magnitude. Figure 6.3(c) shows the time evolution of unsaturated normalized carrier

population densities in the upper and lower energy levels, N1 and N0. Figure 6.3(d)

shows a significant difference in the carrier population dynamics. Once the incoming

light elevates more carriers to the upper energy levels, it causes a decrease in the

available population pool and, hence, absorption saturation. Therefore, the two-level

system gives us access to the numerous details of internal time-dynamics that help

understand the physics and further engineer the response of more complex systems.

Next, we study the dependence of the absorption on the SA film thickness and the

concentration of absorbing carriers. Figure 6.4(a) shows the increase of the linear

absorption with increasing the film thickness. The absorption increases from 0.46

for a 100-nm film to a 0.94 for a 500-nm one. The saturation intensity shifts with

the thickness increase from 81 J/cm2 for the 100 nm film to 126 J/cm2 for the 500

nm film. The effect of the carrier concentration on absorption is also explored. As

anticipated, as the carrier concentration increases, the absorption increases. Figure

6.4(b) shows the increase of the linear absorption from 0.145 for 1 mM concentration

to 0.87 for 20 mM, and Is increase from 51 J/cm2 for 1 mM concentration to 115

J/cm2 for 20 mM.

Using the four-level atomic system, we simulate the absorption in a 100-nm SA

with a carrier concentration of 0.1 mM and the absorption central wavelengths being,

λ30 = 450 nm, λ20 = 550 nm, and λ10 = 650 nm. The damping coefficients for each

Lorentzian are γ30 = γ20 = γ10 = 2π× 1014 rad/s, while the life-times are τ30 = τ20 =

τ10 = 10 ps, τ32 = 1 ps = τ31 = 1 ps and τ21 = 10 fs. Figure 6.5(a) depicts the simulated

absorption spectrum showing three peaks at the selected wavelengths. The bandwidth

of each peak, along with its amplitude, can be controlled using the model parameters.

At 1J/cm2, the time-dependent carrier population in all four levels is given in Fig.
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Fig. 6.3. Dynamics of a dielectric SA modeled using the two-level system.
(a) Absorption vs. input fluence showing the saturation of absorption. (b)
Time-dependent normalized macroscopic polarization P10 in both linear
and nonlinear cases. Time evolution of carrier population density in (c)
linear (6 J/cm2) and (d) nonlinear (94 J/cm2) regimes.

6.5(b) showing the decrease in the ground state population density N0, which accounts

for the absorption reduction. The normalized macroscopic polarization as a function

of time are shown in Fig. 6.5(c) indicating the relative amplitudes of the material

response.
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Fig. 6.4. Dependence of the absorption on the (a) film thickness and (b)
carriers’ concentrations.

Fig. 6.5. An SA dielectric film modeled using the four-level system. (a)
The absorption spectrum shows three peaks at the selected wavelengths.
Time-dependent (b) carrier population densities and (c) normalized po-
larizations at an input fluence of 1 J/cm2
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6.4 Conclusions

We proposed a hybrid FDTD-RE modeling approach to explore the saturation of

absorption as the interplay of the carrier population kinetics in a multilevel atomic

system with classical electromagnetic fields. This versatile modeling approach is built

upon the ADE technique that allows adding polarization driven by different underly-

ing physics, accounting for multiple material dynamics. Our multiphysics framework

opens up access to a complete spatiotemporal picture of the entire nonlinear system,

which is not attainable otherwise. This framework could enable a further compre-

hensive understanding of the foundations of the materials physics and empower the

accurate optimization of nonlinear photonic devices.
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7. SUMMARY

This thesis deals with the engineering, localization, and modeling of light at the

nanoscale.

In the first part of this thesis, we have demonstrated the formation of BICs in a

hybrid photonic-plasmonic system with a realistic intrinsic loss. By engineering the

interactions of two sets of modes with distinct natures, plasmonic modes and photonic

modes, the strong coupling can be observed with large Rabii splitting. The destructive

interference of the photonic and the plasmonic modes, the losses are significantly

reduced due to suppression of radiation. Two different types of BICs are achieved in

the hybrid plasmonic-photonic system due to the symmetry incompatibility with the

radiation as well as the destructive reactions of resonances, the Friedrich-Wintgen

BIC. A distinct characteristic of the Friedrich-Wintgen BIC realized in this thesis

is that it originates from the interference of two resonances with different natures.

The system studied exhibits an exquisite set of phenomena including the formation of

localized states with, in principle, infinite lifetimes, strong coupling with large Rabi

splitting, optical bandgap engineering and slow light with broad spectral robustness.

Such resonances find a wide range of applications ranging from low-threshold lasers,

sharp spectral filters, enhancement of nonlinear phenomena as well as sensors.

Following that, in a different study, we explore the interplay of electric and mag-

netic dipoles in arrays of dielectric nanoresonators to enhance light-matter interaction.

We reported on the experimental realization of high-Q factor resonances in the visible

through the collective diffractive coupling of electric and magnetic dipoles. Provid-

ing direct physical insights, we also show that coupling the Rayleigh anomaly of the

array with the electric and magnetic dipoles of the individual nanoresonators can

result in the formation of different types of BICs. We utilized the resonances in the

visible regime to achieve lasing action at room temperature with high spatial direc-
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tionality and low threshold. Besides, we experimentally demonstrated multi-mode,

directional lasing and study the BIC-assisted lasing mode engineering in arrays of di-

electric nanoresonators. We believe that our results enable a new range of applications

in flat photonics through realizing on-chip controllable single and multi-wavelength

micro-lasers.

The second part of the thesis proposes an advanced 3D full-wave framework to

model the nonlinear interaction of light and matter. Using the rate equation to model

the carrier kinetics inside the material, we are able to obtain a full spatio-temporal

picture of the material response. This approach has been applied to mode different

nonlinear phenomena such as gain and net amplification, saturable absorption, and

reverse saturable absorption. Such a framework will provide critical insights into the

design of transformative photonic devices and their complementary optical charac-

terization, and serve as an invaluable utility for guiding the development of synthetic

absorbing materials. We believe that the developed multiphysics models are crucial

enabling tools that lay a necessary foundation for numerical machinery required for

the realization and optimization of nonlinear devices.

Future directions can include the utilization of the field localization provided by

the various types of BICs to enhances nonlinear effects. This may lead to efficient

on-chip nonlinearities at chip-compatible power levels that can be used for all-optical

computing and signal processing. Another exciting direction is the exploration of

BIC-assisted lasing at different types of BIC supported by a single structure and the

switchability between them. This could enable a new class of on-chip controllable

single and multi-wavelength micro-lasers that would be invaluable for many applica-

tions.
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derink, “Experimental observation of a polarization vortex at an optical bound
state in the continuum,” Nature Photonics, vol. 12, no. 7, pp. 397–401, 2018.

[41] L. Carletti, K. Koshelev, C. De Angelis, and Y. Kivshar, “Giant nonlinear
response at the nanoscale driven by bound states in the continuum,” Physical
Review Letters, vol. 121, p. 033903, Jul 2018.



81

[42] F. Monticone, H. M. Doeleman, W. Den Hollander, A. F. Koenderink, and
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A. APPENDIX I

A.1 Silver optical properties

The dielectric function of sputtered polycrystalline silver on a glass substrate is

retrieved from variable angle spectroscopic ellipsometry measurement (WVASE, J.

A. Woollam Co., Inc.) as shown in Fig. A1. The tabulated data is fitted using multi-

coefficient models (MCMs) in Lumerical FDTD [71] to allow efficient incorporation

of Ag optical dispersion in the time-domain solver.

Fig. A.1. Real and imaginary parts of the polycrystalline silver permittivity
as a function of the wavelength.
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A.2 Numerical details

A commercial solver based on the finite-difference time-domain method is used

to perform the calculations [71]. Our simulations are two-dimensional (2D) with the

Bloch boundary conditions in the y-direction and perfectly matched layers (PML)

along the x-direction to ensure absorption of outgoing radiated waves, see Fig. A2.

The structure is illuminated with a broadband plane-wave light source incident and

an angle (θ). Electric field direction is determined based on the required polarization

to provide transverse electric (TE) across the grating or transverse magnetic (TM)

along the grating wires.

A.3 Nature of supported modes

In this section, we simulate different variations of the structure studied in the main

text to explore the nature of the interacting modes further and to confirm our results.

First, the band-diagram of the silver grating covered with an extended dielectric layer

is calculated and depicted in Fig. A3. Due to the absence of the mode hybridization

and the strong coupling, the band-diagram of this structure shows only the dispersion

of the plasmonic branch that partially appeared in the hybridized structure band-

diagram. Moreover, the band-diagram of the primary studied structure consisting of

a silver grating coupled to a 500-nm SiO2 waveguide under not only TM polarized

light illumination but also TE is shown in Fig. A4. In the TE case, the sharp photonic

modes supported by the waveguide are excited by the additional momentum provided

by the grating. Still, no hybridization is present in the system because TE polarized

light cannot excite the plasmonic modes. Field distributions in the structure at an

angle of incidence of 2◦ at six different resonances are shown in Fig. A4. All field plots

confirm that only photonic modes of different orders are excited, and no plasmonic

modes are present.

Furthermore, we study a titanium oxide (TiO2) grating, with the same dimensions

as silver one, on top of a 100-nm silver film coupled to a 500-nm SiO2 waveguide.
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Fig. A.2. Cross-section of the hybrid plasmonic-photonic structure in the
simulation domain. The simulation implements the Bloch periodic bound-
ary conditions in the y-direction and PML in the x-direction. Dimensions
are specified in the main text.

The band-diagrams under TE and TM polarizations are shown in Fig. A5. In Fig.

A4(a) we can clearly observe the differences between the band-diagram under TM

illumination when the metallic grating is replaced by a dielectric one. Only photonic

modes, with the help of the momenta provided by the grating, are excited due to

the absence of plasmonic modes. On the contrarily, the band-diagrams under TE
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Fig. A.3. Band-diagram of the silver grating with extended SiO2 top layer.

polarized light with both metal and dielectric gratings are, as expected, very similar

due to the excitation of photonic modes only.
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Fig. A.4. Band diagram of the hybrid silver grating-silica waveguide system
under (a) TM and (b) TE light illumination. Plots of the electric field under
TE illumination at the locations highlighted in (b) at an angle of incidence
of 2◦ and wavelengths of (c) 405.6 nm, (d) 413.4 nm, (e) 475.1 nm, (f) 485.3
nm, (g) 541.6 nm, (h) 555.2 nm.
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Fig. A.5. Band-diagram of a TiO2 grating on top of a 100-nm silver film
coupled to a 500-nm SiO2 waveguide under (a) TM and (b) TE illumination.
For the TiO2 grating the same dimensions are used as for the Ag grating.
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B. APPENDIX II

B.1 Nature of the supported modes in the metasurface

Simulated reflectance of a metasurface with a radius of 100 nm at normal incidence

is shown in Figure B.1. At normal incidence, three resonances are observed in the

reflectance spectrum, and the vector plots of electric fields show the nature of these

modes. Current loops at 645.9 nm and 579.4 nm confirm the formation of magnetic

dipole and quadrupole, respectively. At 621.4 nm shows the resonance is due to

an electric dipole. While symmetry-protected BIC points will not appear at normal

incidence, we can observe the quasi-BIC resonances under angled-illumination. Figure

B.1(A) shows the reflectance spectrum of a metasurface with a radius of 100 nm at

incidence angle of 2o. The resonances at 621.5 nm and 644 nm are due to electric and

magnetic dipoles whilst the sharp resonance appearing at 686.3 nm is the quasi-BIC

state. Cross sections of the absolute electric fields at the different resonances are

given in Fig. B.2 showing the horizontal and vertical confinements at the different

spectral points.

B.2 Dependence of the Electric Dipole, Magnetic Dipole and the BIC

State on the Geometrical Parameters

To further investigate the nature of the dipole modes, their interplay, and how this

interplay affects the BICs, we performed parametric sweeps on some of the geometrical

parameters of the metasurface array. Figure B.3 shows the reflectance spectra as a

function of the nanoresonator height at different values of the radius. Varying the

height of the single resonator manipulates the spectral position and width of the

electric and magnetic dipole modes, and the electric quadrupole mode, as can be seen
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in Fig. B.3 . Moreover, similar to what we reported on in the main manuscript,

symmetry-protected BIC can be observed not only with varying the radius but also

the height of the single resonator, as can be noted from Fig. B.3 (B).

B.3 FDTD simulations of lasing dynamics

We utilize an in-home built framework of a multi-level system [23–25] incorporated

in a commercial software finite difference time domain (FDTD) solver [71] to model

nonlinear light-matter interactions [72, 73]. The multi-level framework allows for

capturing the behavior of the gain materials embedded in photonic nanostructures

and have accurate estimate of their threshold and spectral response. In this work,

the gain medium (Rhodamine 101) is modeled using a four-level system, and the

electromagnetic waves are treated classically with Maxwell’s equations [23]. The

four-level atomic system used is depicted in Fig.B.5.

The rate equations describing the transition and pumping dynamics in the four-

level system are given by:

dN3

dt
= −N3

τ32

+
1

h̄ω30

E · dP30

dt
(B.1a)

dN2

dt
= −N2

τ21

− N3

τ32

+
1

h̄ω21

E · dP21

dt
(B.1b)

dN1

dt
= −N1

τ10

+
N2

τ21

+
1

h̄ω21

E · dP21

dt
(B.1c)

where N3, N2, are N1 are the population density of carriers in the different energy

levels. The total carrier density, Nd, is conserved such that Nd = N3 +N2 +N1 +N0

at any time and space point. The lifetimes of the transition between energy level

|i〉 to level |j〉 is given by τij which are shown in Figure B.5. The energies between

levels |3〉 and |0〉 corresponds to the angular frequency ω30 and that between |1〉 and

|2〉 corresponds to ω21. The term 1
h̄ω0

E · ∂Pij

∂t
represents the coherent emission and
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absorption between levels |i〉 and |j〉. The induced macroscopic polarizations due to

the transitions satisfy the Lorentz ordinary differential equation given by:

∂2Pij

∂t2
+ γij

∂Pij

∂t
+ ω2

ijPij = κij(Nj −Ni)E (B.2)

where γij is the dephasing constant between levels |i〉 and |j〉. The source term

in Eq. (B.2) is proportional to product of the local electric field and the differ-

ence in populations between the upper and the lower levels of this transition with

a proportionality constant κij where ij ∈ {30, 21}. The coupling coefficient κij

represents the dipole matrix element between levels |i〉 and |j〉 and is given by

κij = 2ωij|µij|2/h̄ = 6πε0c
3/ω2

ijτij, where ε0 and c are the free space permittivity

and speed of light, respectively, and τij is the decay time constant between levels |i〉

and |j〉 [73, 138].

The polarization densities are then coupled to the Maxwell equations through the

electric flux using equations:

∇×H(t, r) = ε0εh
∂E(t, r)

∂t
+
∂P(t, r)

∂t
, (B.3)

∇× E(t, r) = − µ0
∂H(t, r)

∂t
, (B.4)

where µ0 is the permeability of free space. Eqs. (B.1)-(B.4) are solved simulta-

neously using a full-wave solver on a staggered Yee grid by applying the classical

finite-difference approximation to the spatial and time derivatives [72,73]. The time-

dependent electromagnetic fields are recorded and converted to the frequency domain

using fast Fourier transform to obtain the transmission and reflection coefficients.

In this study, we use experimentally-extracted model parameters for the R101 gain

medium with a concentration of 10 mM: nh = 1.45, λ30 = 575 nm, λ21 = 605 nm,T 30
2

= 9 fs, T 21
2 = 25.5 fs, τ30 = 5 ns, τ32 = 0.3 ps, τ21 = 3.3 ns, and τ10 = 0.35 ps As

evident from the results in the main manuscript, simulated and experimental data of

the lasing spectra and threshold are in excellent agreement.
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Fig. B.1. A) Simulated reflectance of a metasurface with a radius of 100
nm at normal incidence. The inset shows a schematic of the cross section
of a unit cell. (B-D) Vector plots of the electric field inside a cross sec-
tion of the nanoresonator at the different reflectance dips indicated in (A).
Displacement current loops in (B) 579.4 nm and (D) 645.9 nm confirm the
formation of magnetic quadruple and dipole, respectively. (C) At 621.4 nm
an electric dipole mode is formed.
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Fig. B.2. Nature of electromagnetic fields at the different modes supported
by the metasurface. A) Simulated reflectance of a metasurface with Rcyl =
100 nm at an incidence angle of 2o. Horizontal (top) and vertical (bottom)
cross-sections of the electric field at B) 621.5 nm, C) 644 nm, and D) 686.3
nm.
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Fig. B.3. Simulated reflectance spectra of the metasurface with an array
periodicity of 400 nm vs. the resonator height, with Rcyl of (A) 70 nm, (B)
81 nm, (C) 90 nm, and (D) 100 nm.
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Fig. B.4. A) Transmittance of three samples with Rcyl of 85, 90 and 95
nm at normal incidence. Solid lines correspond to p-polarized light and
dashed ones correspond to s-polarized light. B) Simulated transmittance
as a function of Rcyl and wavelength. Dashed lines are color-coded to
correspond to the measurements in (A).
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Fig. B.5. Jablonski diagram of a four-level gain medium. Solid lines indi-
cate stimulated transmissions (absorption and emission) and dashed lines
represent non-radiative transitions.
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Fig. B.6. Schematic showing the different steps of the fabrication process
of the metasurfaces. The process flow starts from (A) through (F).
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Fig. B.7. Schematic of the experimental setup used to collect the lasing
emission from the metasurface samples.
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Fig. B.8. Back focal plane images at analyzer angles of (a) 0o, (b) 30o, (c)
60o and (d) 90o.
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Fig. B.9. Triple-mode lasing with a BIC metasurface feedback. (Top)
Laser output of an active metasurface showing three lasing peaks at 612.9
nm, 616.2 nm, and 624.4 nm. (Bottom) Evolution of each lasing peak
with the pump fluence showing a sharp threshold behavior for each lasing
wavelength.
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