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Abstract: Miniature lasers emitting dual-wavelength modes have diverse applications alongside
the more explored single-mode counterparts. However, having dual-wavelength modes originating
from a plasmonic-photonic hybrid laser is still a relatively new area for research. Compared to the
amount of literature devoted to the physics of such hybrid cavities, only a few have analyzed their
role in lasing applications. Notably, the role of hybrid cavities in dual-wavelength lasing is still
unexplored. In this work, the properties of one-dimensional distributed Bragg reflectors and thin
metal nanohole arrays come together to create a hybrid dual-mode plasmonic laser. The similar
energy distribution characteristics of photonic and plasmonic lasers make hybrid structures a
viable choice for efficient dual-mode lasing. In this work, the lasing cavity simultaneously excites
photonic and Tamm plasmonic modes to generate dual-mode lasing. Consequently, the proposed
laser shows high emission output with narrow linewidth and a clear and tunable mode separation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In photonics research, there has been an increasing interest in integrating photonic and plasmonic
components with on-chip electronics [1-3]. In this regard, scaled-down lasers are essential as
an optical source in photonic integrated circuits (PICs). In PICs, wavelength multiplexing can
significantly increase integration density where space and energy availability are constrained.
Therefore, wavelength multiplexing is a prime application area for dual-wavelength lasers.
Additionally, dual-wavelength lasers are required for on-chip optical interconnects, remote sensing
for multiple target substances simultaneously, microwave communications, terahertz difference
frequency generation, and distance measurements using the two-wavelength interferometry
[4-11]. Furthermore, a dual-mode laser is convenient when space is a constraint in integrated
circuits to avoid using two separate lasers.

Metallic nanostructures are often exploited to miniaturize laser cavity dimensions [12,13].
Since the seminal paper by Bergman et al. in 2003, reporting the theory for the first time behind
surface plasmon amplification through stimulated emission of radiation via metal nanoparticles
[14], plasmonic lasers have come a long way. To date, various cavity topologies and designs have
led to a wide variety of plasmonic lasers [15]. Recently, metallic nanoparticle arrays or nanohole
arrays (NHAs) have been introduced in plasmonic lasers to address the weak solitary feedback,
lack of directionality, and high losses of single-particle plasmonic lasers [16—19]. Nevertheless,
despite offering improved mode confinement, the ohmic loss associated with metals leads to a
low quality factor (Q) in plasmonic nanocavities.

In contrast, traditional dielectric cavities exhibit ultra-high Q [20,21]. Therefore, hybridizing
plasmonic effects with their photonic counterparts can be a suitable workaround to overcome
these challenges and develop a high-Q cavity with improved mode confinement [22]. Tamm
plasmon (TP) mode is one such hybrid plasmonic mode that offers higher O than the surface
plasmon polariton (SPP) modes [22-24]. TP mode arises due to the coupling of the photon
and plasmon resonance at the interface between a one-dimensional (1D) photonic crystal and
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metal. Furthermore, TP modes can be hybridized with photonic modes to control the spectral
position, intensity of the resonance, and the number of resonant modes in a cavity. Multiple
topologies have been delved into exploiting the capabilities offered by hybridizing TP resonances.
Hybrid modes occur when TPs are coupled with other resonances, such as photonic cavity modes
[25-28], exciton polaritons [29], SPPs [30] and LSPs [31]. The capability of hybridization has
made TPs a prospective tool that can be exploited in various fields of application, such as lasers,
where the energy coupled from the TP mode will provide stimulated feedback for lasing action.

To date, only a few cavity plasmonic resonance-based topologies have been proposed to achieve
dual or multiple cavity modes [32-34]. Wang et al. reported the first multimode plasmonic
laser, incorporating a metal-nanoparticle-superlattice structure [32]. Later in 2019, Pourjamal et
al. reported dual-mode plasmonic lasing in nickel-nanodisk arrays [33]. The following year, a
quantum-dot plasmonic lattice laser was reported to exhibit dual-mode emission by Winkler et al.
[34]. However, the designs of these previous works either utilize a larger device area to generate
a dual-mode emission [32] or different periodicities along the x- and y-directions, resulting in a
broader divergence angle. In addition, these devices are also significantly affected by the typical
drawbacks of a plasmonic system, i.e., ohmic losses in metals, leading to a higher threshold and
a more significant loss in the emitted beam. Therefore, there is still a need to create a dual-mode
laser that will localize emission in the nanoscale range, consume low power and have a high-Q
mode with minimal divergence.

Recently, we reported a planar multi-layer plasmonic laser structure exhibiting dual-mode
lasing due to a merged lattice patterning of the metal layer [35]. This laser showed an ultra-low
threshold but with a substantial overlap of the lasing modes and the output sensitively depending
on the merged lattice dimensional parameters. In contrast, this work presents a dual-mode
plasmonic laser consisting of two distributed Bragg reflectors (DBRs) terminated by a perforated
metal film. The topology of the proposed device is DBR;—gain medium—DBR;-metal NHA.
This topology has a similarity with the DBR—active medium—DBR structure of vertical-cavity
surface-emitting lasers (VCSEL). The proposed laser cavity will help excite photonic modes
in addition to plasmonic modes with the potential for minimizing losses and wider separations
between the lasing modes. The multi-layer dielectric stacks are also easier to fabricate than
creating complex merged-lattice patterns onto a gold film, as used in Ref. [35].

Recently, a laser structurally similar to VCSELSs has been reported by Liu et al. for dual-
wavelength lasing at the terahertz frequency range, where DBRs have been employed on both
sides of the active medium [36]. Two DBRs on the sides of the active medium act as mirrors,
creating an optical cavity and providing feedback. In contrast, this work shows that photonic
modes between two DBRs and TP modes between DBR, and metal interact and generate a
dual-wavelength lasing spectrum. The modes of such a structure have high Q and small volume
[37]. Also, the deployment of DBRs overcomes the ohmic losses of the plasmonic laser by
selectively amplifying the lasing emission. The metal layer is thin enough to ensure that the
lasing emission is effectively transmitted through the metal-NHA film via an extraordinary optical
transmission (EOT). The spectral positions of the hybrid modes depend on the metal layer’s
thickness, material, and patterning and the properties of the neighboring dielectric layers of the
DBRs. In cavity design, coupling the TP and photonic modes offers the required resonance for
laser cavity design. This work further analyzes the two modes and finds that each is distinct,
and their origins are traced back to the respective TP and photonic modes. Also, the emission
wavelengths of the proposed dual-mode laser are tunable over a broad range, rendering it useful
for various applications.

This paper is ordered as follows: Section 2 introduces the designed plasmonic laser structure.
Section 3 explains the numerical modeling and methodology of the work. Section 4 presents the
characteristics of the passive lasing cavity through a physical and functional evolution of the
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structure leading up to the analysis of the plasmonic laser itself. Finally, Sec. 5 summarizes the
findings and offers concluding insights.

2. Proposed device configuration

Figure 1 shows the schematic illustration of the proposed dual-mode laser structure. The gain
medium of the proposed laser structure is placed between two DBRs. At the far end of the device,
i.e., opposite to the pumping side, there is a thin planar gold (Au) layer, perforated with an
array of 100 nm x 100 nm square nanoholes. The spacing between the adjacent nanoholes, i.e.,
periodicity (A), is 275 nm in both the y- and z-directions. The gain medium is a 325-nm-thick
slab, denoted as dj, consisting of IR-140 dye molecules embedded in a polyurethane (PU)
matrix. Both DBRs, hereafter referred to as DBR| and DBR;, comprise alternating layers of
non-dispersive TiO, and MgF,, as shown in Fig. 1(a). DBR| is composed of seven TiO,—-MgF,
pairs, while DBR; is composed of eight such pairs. Following DBR;, there is a terminating TiO,
layer with a thickness (dz) of 210 nm. A perforated NHA Au film of 100-nm thickness follows
the TiO, layer. The optical property of Au is modeled following Ref. [38]. The terminating TiO,
layer is used for tuning the lasing wavelength. TiO, and MgF; layers have refractive indices of
2.23 and 1.46, respectively [39]. The optical pump has been modeled assuming a plane wave
source emitting a 40-fs pulse at the 375-THz frequency and placed at the far end of DBR;.

DBR DBR | g Pump
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~ / \ | 7 [ H d11:108 nm
! Y X { : d =165 nm
. .
Gain Medium [REECEk
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Fig. 1. (a) Three-dimensional (3D) schematic view of the proposed laser structure. (b)
Longitudinal cross-sectional view of the proposed laser structure. Here, hole-to-hole distance
in the Au-film, A = 275 nm.

3. Mathematical model and simulation methodology

The interactions of the plasmonic laser structure with the incident pump pulse and subsequent
lasing have been simulated by solving Maxwell’s equations using the finite-difference time-
domain (FDTD) technique [40]. FDTD simulations have been performed using Lumerical [41].
The IR-140 dye molecule-embedded PU gain medium used in the laser structure is modeled as
a four-level two-electron atomic system, as schematically shown in Fig. 2 [42,43]. The model
abides by Pauli’s exclusion principle and follows the rate equation formulation presented in
Ref. [43]. Here, electrons are optically pumped from level O to 3. Lasing emission occurs for
stimulated electron transitions from level 2 to 1. Transitions from levels 3 to 2 and 1 to O are
non-radiative and very rapid. The PU host material for dye molecules has an index of 1.51 [18].
The different parameter values of the gain medium are obtained from Refs. [18] and [44] and
tabulated in the table in Fig. 2(b).
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Fig. 2. (a) Four-level two-electron model of the gain medium. (b) Parameter values of the
four-level two-electron gain medium model of the IR-140 dye used in simulation.

The pump pulse energy is resonant with the energy gap between levels 0 and 3 of IR-140
molecules. The pump pulse is incident along the x-direction, as shown in Fig. 1, with the electric
field oscillating along the z-direction. Since the structure is periodic along the y- and z-directions,
the simulation region has been delimited by the unit cell dimensions along the y- and z-directions
using the Bloch boundary conditions. Perfectly matched layers (PML) boundary conditions have
been used along the direction of wave propagation, i.e., x-direction.

4. Results and discussion

The characteristic plasmonic and photonic modes associated with the proposed laser cavity
will determine the lasing emission modes. Hence, this work analyzes the proposed cavity’s
transmission and reflection characteristics to understand and explain the lasing emission spectra.
In addition, the modes excited within the lasing cavity have been investigated step-by-step by
decomposing the proposed structure into constituent components.

4.1. Cavity mechanism

The proposed laser cavity consists of a 1D dielectric heterostructure, DBR|—PU-DBR5, terminated
by a thin metal layer perforated with an NHA. The modes formed by the dielectric heterostructure
and metal layer propagate through the NHA via EOT. The proposed structure has been designed
to support two hybrid spectral modes created by the coupling of plasmonic and photonic modes.
The TP mode is excited at the metal—dielectric interface, while the photonic mode is excited
between the DBRs. The photonic mode exhibits a high Q and ensures efficient absorption of
photons within the gain medium, overcoming the characteristic losses to metals in a plasmonic
mode [22]. However, the TP mode exhibits the advantageous properties of plasmons, such as
good confinement and low mode volume [45] but incurs ohmic losses associated with metals
[14,46]. When the plasmonic and photonic modes are simultaneously excited within the cavity,
they interact and create two hybrid photonic-plasmonic modes.

4.1.1. Photonic cavity modes

The designed 1D dielectric heterostructure is a photonic microcavity composed of two DBRs
separated by a PU layer, resembling a Fabry-Pérot (FP) cavity. However, unlike a dual-DBR-based
FP cavity, the proposed structure is not designed to support a mode at the center of the photonic
bandgap (PBG). Instead, the constituent DBRs are designed for a photonic mode at the band-edge
to couple to the TP mode. Since the TP modes excited at the DBR—metal interface show a strong
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resonance at the band-edge, the photonic mode must be close to the band-edge too. However, an
FP cavity with symmetric and identical DBRs on two sides shows photonic modes at the centre
of the bandgap. By contrast, an FP cavity with an asymmetrical DBR configuration offers two
modes at the lower and higher band-edges. Therefore, the proposed structure has been designed
with an asymmetrical arrangement with two different DBRs at two sides of the PU layer to excite
a band-edge cavity mode at ~870 nm.

The PBGs of the constituent DBRs control the spectral positions of photonic modes. The
refractive indices and thicknesses of the constituent layers of a DBR affect the spectral position of
the bandgap, and hence, the resonance wavelength of the excited modes. The center wavelength
(A.) of a PBG is given by [47]

Ae = 4nid) = 4nady, 1

where n; and n; are the refractive indices of alternating dielectric layers with thicknesses d
and d,, respectively. On the other hand, the PBG range varies linearly with the difference of
refractive indices of constituent materials.

The photonic microcavity and the two DBRs used to construct it are shown in Fig. 3. DBR; in
Fig. 3(a) is designed to exhibit a PBG from ~840 nm to ~1120 nm, as shown in Fig. 3(b). DBR;
shown in Fig. 3(c) consists of the same materials as DBR|, however, with a different pair number.
DBR; is designed by changing di, in DBR; to d»;. DBR arrangements are asymmetric across
the PU layer to help couple the photonic mode to TP modes at the metal interface. Therefore,
DBR; must have a PBG that does not overlap with the photonic mode wavelength. Figure 3(d)
shows the PBG of DBR; from ~895 nm to ~1185 nm. Hence, the range of wavelengths from
~845 nm to ~890 nm can propagate through DBR; to the end.
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Fig. 3. Schematic illustrations of the constituent structures of the proposed laser and their
reflection spectra (a,b) DBRy, (c,d) DBRj, and (e,f) DBR|—PU-DBR;.

When DBR| and DBR; are combined to form the optical cavity, as shown in Fig. 3(e), the
reflection spectra show a PBG from ~845 nm to ~1190 nm, spanning the range of PBGs of both
constituent DBRs. The PBG of the combined structure shows two interfacial states at ~877 nm
and ~1120 nm, as shown in Fig. 3(f). The mode at ~877 nm falls within the passband of DBR;.
These photonic modes at ~877 nm and ~1120 nm arise due to the PU spacer layer, which acts as



Research Article Vol. 30, No. 14/4 Jul 2022/ Optics Express 25239 |
Optics EXPRESS A N \

a defect in the structure and causes field confinement [20,48]. For dy; = 325 nm, the photonic
modes are closer to the band-edge at ~870 nm. Band-edge is the site of stronger TP resonance for
the proposed laser, offering high-Q modes with better wave localization [32]. Hence, band-edge
modes are better than those deep within the bandgap.

4.1.2. Plasmonic modes at DBR—metal interface

Since the structure shown in Fig. 3(e) does not have a metal layer, it does not excite plasmonic
modes and only supports photonic modes. By contrast, if a 100-nm-thick Au film is incorporated
at the bottom of DBR,, with a TiO, layer in between, TP modes are formed at the TiO,—Au
interface. The properties of the isolated photonic and TP modes have been investigated and
presented in Fig. 4. The PBG of the DBRs acts as the effective range for tuning both the
photonic and plasmonic modes by altering dys and dy,, respectively. On changing dj,, the photonic
mode shows a redshift across the bandgap, as shown in Fig. 4(a). The DBR;-PU-DBR,-TiO,
configuration has been investigated to analyze the isolated photonic mode. Alongside, the
PU-DBR,-TiO,—Au configuration has also been investigated to analyze the isolated TP mode.
The PU layer thickness, djs, has been varied for both structures, keeping dj, fixed at 210 nm. The
normalized reflection spectra are shown in Figs. 4(a) and 4(b). An increasing dj, redshifts the
photonic mode, as shown in Fig. 4(a). Figure 4(b) shows that the change of dj, has a negligible
effect on the excited TP mode, and the TP mode remains fixed at ~870 nm. Since the terminal
TiO, layer is not a part of the photonic microcavity, it has a negligible effect on the isolated
photonic mode. Hence, when d;, varies with dj; = 325 nm, the photonic mode remains fixed at
~877 nm, as shown in Fig. 4(c). However, Fig. 4(d) shows that the TP mode redshifts when dj,
increases as the terminal TiO, layer directly interfaces with the metal.

In this work, the photonic cavity and Tamm plasmon structure are designed to keep the two
modes within the IR-140 gain linewidth of ~100 nm centered at lasing wavelength ~870 nm [49].
Therefore, the proposed cavity structure has been designed to modify a typical FP cavity structure
by making the DBR arrangement asymmetric and non-identical about the cavity, thus generating
stronger intensity in the coupled modes. The optimum dj; and d;, values that create the photonic
and plasmonic modes within the gain linewidth are 325 nm and 210 nm, respectively.

4.1.3. Hybrid modes in the compound structure

In the proposed structure, the dielectric DBR;—PU-DBR; optical cavity is connected to the
TiO,—Au stack, forming the hybrid dual-mode lasing cavity. The lasing cavity helps couple
the photonic and TP modes. Due to the interaction between the photonic and TP modes, two
hybrid Tamm modes are manifested as two distinct reflection minima close to the first band-edge
of the bandgap for this structure. Figure 5 shows the normalized reflection spectra of the TP
structure (devoid of DBR) and the lasing cavity. The two cases’ normalized reflection spectra
are compared to understand the structure better. The first case excludes DBR; from the final
structure. Thus, the resulting PU-DBR;—Au structure presented in Fig. 5(a) shows the reflection
spectra of Fig. 5(b). A single weak TP mode is observed at the photonic band-edge at ~870 nm.
The hybrid cavity composed of DBR;—PU-DBR,—Au is presented in Fig. 5(c), and its reflection
spectra are given in Fig. 5(d). The two modes are evident from the reflection spectra of Fig. 5(d).

Compared to the single weak resonance of the first case, the two modes of the second case
are highly resonant. Incorporating the DBR; on top of the PU-DBR;—Au structure adds a new
mode to the spectra. These two modes are hybrid Tamm modes, showing stronger resonance
than isolated modes and offering dual-mode resonance in the lasing cavity. Since the modes are
at the band-edge of the DBR bandgap, they show better confinement and field localization than
non-band-edge modes. Also, since the hybrid modes are composed of TPs, the mode volume
remains within subwavelength dimensions.
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Fig. 4. Normalized reflection spectra with the variation of dy; for (a) DBR|-PU-DBR; and
(b) PU-DBR,—Au structures. In both cases, d; = 210 nm. Normalized reflection spectra
with the variation of dj, for (c) DBR{—PU-DBR; and (d) PU-DBR,—Au structures. In both
cases, dyy = 325 nm.
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Fig. 5. Schematic illustrations and corresponding normalized reflection spectra for (a,b)
PU-DBR,-Au structure and (c,d) DBR;—PU-DBR,—Au structure.
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The resonance of Fig. 5(d) at 856 nm corresponds to the TP mode at the DBR,—Au interface,
while the resonance at 882 nm corresponds to the photonic mode between the two DBRs. Adding
the metal layer helps generate the TP mode and make the photonic mode more prominent by
making the normalized reflection coefficient more pronounced than Fig. 3(f). Thus, incorporating
multiple modes—one between the two DBRs and the other between DBR, and Au layer—has
resulted in two reflection minima and better energy confinement in the proposed structure.

The two hybrid modes show an explicit anti-crossing behavior, which is evidence for the
coupling of the photonic and plasmonic modes, as shown in Fig. 6. The isolated modes, indicated
by the guiding lines in Fig. 6, show crossing when either dj, or djs change while keeping the other
fixed. The isolated TP mode, independent of dy, is indicated by the vertical white dashed-dotted
lines in Figs. 6(a) and (b). The TP line is crossed by the cyan dashed curve of the uncoupled
photonic mode in Figs. 6(a) and (b). These uncoupled mode lines are obtained from Figs. 4(a)
and (b). The actual hybrid modes of the proposed laser structure deviate from their uncoupled
characteristics and avoid crossing, as shown in Fig. 6(b). Similarly, the coupled modes exhibit
anti-crossing behavior for varying d;, around ~210 nm in Figs. 6(c) and (d).
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Fig. 6. Normalized reflection of DBR|—PU-DBR,—Au structure with the variation of (a,b)
dy, when dp, = 210 nm, and (c,d) dy, when dy; = 325 nm. (b,d) show the zoomed-in
anti-crossing behaviour. The cyan dashed lines show the uncoupled cavity modes while
white dashed-dotted lines show uncoupeld TP modes. The d;, = 210 nm and dy; = 325 nm
lines are denoted by white dashed lines.

4.1.4. Extraordinary optical transmission

The electric field intensity within the proposed lasing cavity shows a peak 200-fold enhancement
when a solid metal film is used instead of the NHA, as shown in Fig. 7. The electric field
concentrates within the cavity at A,; ~ 856 nm and A,; ~ 882 nm, as exhibited in the intensity
profile across the device. For 4,; ~ 856 nm, the maximum enhancement is ~90 folds, occurring
at the gain region. Furthermore, a ~200-fold enhancement is observed at the longer wavelength
mode in the middle of DBR,.

The plasmons exhibit EOT through the NHA when the holes have subwavelength dimensions
[50]. EOT is a different kind of SPP mode excitation in metal with a regular array of subwavelength
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Fig. 7. (a) Refractive index profile of the device. (b) E-field intensity profile in the
x-direction of the passive lasing cavity, without NHA incorporated in the metal layer. The
intensity profile is plotted for 4 = 856 nm (blue line) and A4 = 882 nm (red dashed-dotted
line). (c) The E-field intensity profile in the x-direction along the nanohole edge when an
NHA is incorporated in the metal layer. The intensity values are normalized to the incident
field intensity. The portions of the figures with coloured overlay indicate the following
regions: red overlay - gain medium, blue overlay - terminating TiO5 layer, and yellow overlay
- Au-film.

holes. The modes excited in EOT are composed of quasi-cylindrical waves at the metal interface
along with SPP modes [51]. The plasmonic modes at the hole edges and the metal interface
focus energy at hotspots of nanohole edges. The hole dimensions, shape, and array parameters
significantly affect the modes. For wavelengths greater than the array period, the NHA transmits
more photons than that through the same area of nanoholes without the NHA, resulting in an
area-normalized transmission greater than unity. However, the ohmic losses in metal attenuate
the transmitted electromagnetic field energy through much of the cross-section of the metal
NHA. Therefore, as a transmission device, the performance of a metal NHA can be enhanced by
incorporating DBRs, thus validating its application in a laser. DBRs have been cascaded with the
metal NHA film in this work to improve the transmission through NHA. The addition of the 1D
dielectric photonic crystal to the structure, i.e., the DBR on the metal surface, has experimentally
enhanced transmission compared to without the presence of the DBR [39]. This enhancement is
attributed to the excitement of TP states at the metal interface [52].

The enhancement due to the NHA patterning is shown in Fig. 7. The inclusion of NHA
on the Au layer confines the field significantly at the nanohole edges. The field enhancement
is reduced from that observed in an unpatterned metal film in Fig. 7(b) as much as the field
is confined at the nanohole edges, resulting in enhanced transmission. Also, as the metal is
perforated, the total energy is not reflected from the DBR,—metal interface. However, in Fig. 7(c),
the increased intensity of electric-field at selected wavelengths within the cavity shows that the
feedback provided by the cavity is significant. The maximum intensity is in the central region
around the gain medium. The plasmonic cavity traps stimulating energy within the structure’s
gain medium and paves the way for the emission of dual-mode lasing.
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4.1.5. Spatial field distribution

The electric field distribution throughout the structure presented in Fig. 8 shows various spatial
modes. The physics behind lasing of the proposed structure can be further analyzed from the field
profiles at different cross-sections of the structures. In Fig. 8, the fields at the nanohole edges
show enhancement. The hotspots at the nanohole edges show 80-fold and 50-fold enhancement of
the electric field intensity for the two resonant modes. The intensity enhancement demonstrates
the strong coupling of photonic and TP modes. It has been possible to identify the coupled
resonant modes by observing the spatial E-field distribution.
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Fig. 8. (a)-(b): The transverse section E-field intensity profile of the proposed structure
taken along the metal-terminating TiO, layer interface.(c)-(d) The longitudinal section
E-field intensity profile of the proposed structure taken along the dashed line shown along
y = 0 of the figure (a),(b). (a),(c) Shorter wavelength |I§|2 intensity profile at 856 nm. (b),(d)
Longer wavelength |E |2 intensity profile at 882 nm.

4.2. Dual mode lasing emission

Now, IR-140 dye molecules are included in the PU-based gain medium of the laser to get the
lasing response. Figure 9(a) shows that the device emits two distinct lasing modes at ~865
nm and ~885 nm with a 20-nm separation between them. Figure 9(a) also indicates that the
DBR;—gain medium—-DBR; structure emits only a single-mode (red dashed-dotted curve) at
~875 nm without the Au NHA. However, incorporating a metal NHA attenuates the emission
intensity due to the loss associated with the plasmonic mode. Notably, the DBR—gain—Au-NHA
structure, similar to the structure reported by Ref. [53], also exhibits a single mode. By contrast,
the proposed laser emits dual modes when two DBRs are used. Figure 9(b) shows the effect of
changing pump input energy on output spectral intensity for two pump energies. The proposed
laser’s pump input versus output emission characteristics show threshold behavior, as shown in
Fig. 9(c). The output emission occurs abruptly once the input pump overcomes the threshold
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required for lasing emission—an inherent feature for lasers [54]. Pump intensity thresholds exist
at 10.02 uJ/cm? for the smaller wavelength mode and 12.95 uJ/cm? for the longer wavelength
lasing mode, which are much smaller than the thresholds of similar dual-wavelength plasmonic
lasers reported recently [33,34]. Both the peaks of dual-mode lasing at around 865 nm and 885
nm wavelengths show a rising trend with the input pump amplitude. Both the peaks show almost
equal emission intensity for pump intensity >160 uJ/cm?.
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Fig. 9. (a) Lasing emission spectra of the proposed laser structure (blue curve), a structure
akin to the one reported by Ref. [53] with hole width and periodicity changed to dj,
and A, respectively (black dashed curve), and the laser structure without the metal film
(red-dashed-dotted curve). (b) Dual-mode lasing emission of the proposed laser structure
for two pump intensities. (c) Peak intensity for the two modes versus the pump energy.

Although the proposed laser creates dual lasing modes using hybrid Tamm modes, more than
two lasing modes can be obtained in principle. Additional photonic modes can be excited from
cavity engineering and hybridized with the TP mode to generate more than two hybrid modes.
However, the resonances must be within the limited ~100 nm gain linewidth of the IR-140 dye
molecules, and the cavity engineering may add complexity to the structure. The number of
modes will also be limited by the additional requirement of gain or pumping.

4.2.1. Near-field mode dynamics

The spectral characteristics of the lasing modes are dependent on some of the laser cavity
parameters. In this work, the number of alternating pairs in both DBRs, N| and N;, and the
thicknesses d;, and dj; are varied to investigate the change in the lasing spectra.
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Tuning N; and N,: The effects of varying the pair number in each DBR are different.
Figure 10(a) shows that when N; increases, it refines the existing resonant modes by decreasing
the emission linewidth. The increasing N; also increases the emission by reflecting it away from
the input side toward the output side, causing amplification and narrowing lasing modes. The
spectral positions of the modes remain unaffected due to the variation of N;. By contrast, N,
affects the spectral positions of the modes, as shown in Fig. 10(b). The lasing modes redshift in
the range from 850 nm to 890 nm when N, increases, exhibiting a maximum gain at 870 nm.
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Fig. 10. (a) Emission intensity spectrum for varying the number of TiO,/MgF, pairs in (a)
DBR; (V}) and (b) DBR; (N;). (c) Lasing emission intensity spectra for varying dy. (d)
Lasing spectra for d;, = 140 nm and 210 nm, as indicated in (c) by the white dashed lines.
(e) Lasing emission intensity spectra for varying dj;. (f) Lasing spectra for dy; = 280 nm
and 325 nm, as indicated in (e) by the white dashed lines.

Tuning terminating TiO, layer: The change of d; linearly varies the resonant wavelength
within the PBG of the DBR, as expected for TP resonance [55]. As per the results presented
in Ref. [55], the TP resonance within the PBG shifts to longer wavelengths when dj, increases
until it crosses the longer wavelength, i.e., the upper band-edge of the PBG. Once the upper
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band-edge is crossed, TP modes reappear at the smaller wavelength, i.e., the lower band-edge
of the PBG, except that the TP resonances are more closely spaced in this case. Thus, with
increasing dj, the smaller wavelength lasing modes shift to the longer wavelengths along the
PBG in the spectrum, as shown in Fig. 10(c,d). However, the redshift of the shorter wavelength
mode is more prominent than the longer wavelength mode, verifying that the shorter wavelength
mode is the TP mode, generated at the metal-terminating TiO, interface. It has been shown that
the variation of the layer just preceding the metal NHA shifts the resonant modes along the PBG.

Tuning gain medium thickness: The variation in dy also tunes the spectral position of the
modes, as presented in Fig. 10(e,f). The emission peak redshifts with increasing dj;. However,
for dj; < 220 nm and = 330 nm, the spectra show only a single-mode emission because of the
limited gain lineshape centering 870 nm and the PBG of the DBR.

4.2.2. Far-field analysis

Plasmonic lasers emit higher-order modes and lack directionality in the spatial domain if not
appropriately designed. The difference between the wavevectors of the free-space propagating
modes and the surface plasmon modes is the origin of the higher-order spatial modes. The
higher-order modes can be suppressed if the NHA has a periodicity within the subwavelength
range. Thus, ensuring subwavelength periodicity of the NHA, the proposed laser emits only
zeroth order mode. This work simulates an area of 150 ym X 150 um along the yz-plane of the
device to get the far-field beam distribution. The far-fields for both modes have been analyzed
separately and similar results have been found. The far-field profiles are given in Fig. 11. The
nanoholes act as hotsptots for resonant modes and secondary point sources for the far-field. The
emissions from the secondary sources interfere in the far-field to create an interference pattern
on the hemisphere 1 m away, having Gaussian distribution. Figure 11 shows that the far-field
emission intensity is confined within 0.35° polar angle at 1m distance from the near-field.
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Fig. 11. (a) Electric field intensity distribution at the far-field with respect to polar angle ()
at 0° azimuth. Polar 2D spatial farfield intensity for (b) 4ps = 865 nm and (c) 4,,; = 885 nm.

5. Conclusion

In conclusion, this work theoretically demonstrates dual-mode emission from a hybrid Tamm
plasmonic laser. The dual-mode emission is created by hybridizing the plasmonic and photonic
modes. While the two cascaded DBRs create photonic modes with a gain medium between
them, the interface between the second DBR and metal layer excites the plasmonic mode. The
hybridized modes created from the interaction of the photonic and plasmonic modes fall within
the linewidth of the IR-140-doped PU gain medium and result in dual-mode lasing. The emission
spectra can be tuned by varying the DBR pair numbers and the thicknesses of the PU gain layer
and TiO, dielectric layer interfacing with the metal NHA. Furthermore, the higher-order spatial
modes in the far-field emission pattern, a well-known drawback of plasmonic lasers, have been
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suppressed using subwavelength periodicity in the metal NHA, limiting the emission only to the
zeroth-order mode.

Disclosures. The authors declare no conflicts of interest.
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