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Abstract: We analyze the coupling between double nanowire cavities for both photonic modes and
plasmonic modes. When the spacing between nanowires reduces, a redshift of the resonant frequency
of the symmetric mode and a blueshift of the resonant frequency of the antisymmetric mode are
observed. Compared to single nanowire cavity modes, the Q factors of antisymmetric supermodes of
double nanowires can be improved by 51% for photonic modes and by 24% for plasmonic modes.
The mechanisms of Q factor improvement for photonic modes and plasmonic modes are studied
based on the field distribution of radiations from the modes. This paper may contribute to research
and applications for double nanowire lasers and nanowire laser arrays.
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1. Introduction

To achieve photonic integrated circuits (PICs), nanoscale lasers have seen great devel-
opment in the past two decades. Various designs were brought up in pursuit of properties,
including ultracompact footprints, low thresholds, and room-temperature operation [1–3].
However, influences between multiple devices must be taken into account in more practical
applications, which encouraged studies towards nano-laser arrays, including both coupled
and uncoupled arrays [4]. In this area, arrays consisting of two nano-lasers are essential as
a building block toward more complex arrays of nano-lasers.

A large number of studies focused on mode splitting, which is a universal phenomenon
in coupled resonators such as nanoscale rings, nanopans, and square standing-wave cavity
resonators [5–7]. Both coupled metallo-dielectric cylinder nanocavities [8] and coupled
photonic crystal nanolasers [9] could create supermodes. Some of the studies aimed at
mode selection and switching [10], while some other studies aimed to curb coupling [8,11].
The coupling between nanowires has been studied in previous research, for both aligned
and parallel nanowires [12]. However, a few studies have been conducted regarding
coupled modes of double nanowire cavities (DNC), both in photonic and plasmonic modes.
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In fact, nanowire lasers have attracted great interest as the principal kind of nanoscale
lasers [13–16]. Semiconductor nanowire acts simultaneously as an optical gain medium
and an optical cavity that, in some cases, possesses the intrinsic capability to produce
laser light [17]. Nanowire cavities have also manifested outstanding properties in many
other aspects [18–21]. Nanowire lasers also enable wavelength multiplexing and potential
electrical modulation for on-chip applications [22]. However, such lasers are restricted by
the diffraction limit, both in optical mode size and physical device dimension [23].

Surface plasmon polariton (SPP) is a kind of coherent electron oscillation at metal-
dielectric interfaces [24]. Electromagnetic (EM) fields of surface plasmons decrease ex-
ponentially away from the interface, which allows lightwaves to be concentrated at sub-
diffraction limit scales [25]. The interaction between SPPs and exciton has been studied
both in weak coupling and strong coupling [26]. Exploiting this mechanism, plasmonic
lasers (or spasers) of the nanoscale have been realized based on core-shell silica nanopar-
ticles [27], metal-coated dielectric nanowires [28], silver nanopans [29], metal-insulator-
metal waveguides [30], metal-insulator-semiconductor nanowire [23], and methylene blue
dye-Ag nanocavities [31,32]. Among the above plasmonic lasers, nanowire plasmonic
lasers [23,24,33–37] play an important role. Therefore, in this paper, coupled DNC is
studied for both photonic modes and plasmonic modes.

In the following, finite element method (FEM) simulation results for photonic modes
are presented, and the coupling effect on Q factors of different modes is discussed in
Section 2. Then, in Section 3, the simulation results for plasmonic modes are shown and
compared to those for photonic modes. Several topics related to the research results in the
earlier sections are discussed subsequently in Section 4. Finally, Section 5 concludes the
mechanisms in coupled DNC for photonic and plasmonic modes and discusses possible
applications.

2. Coupling of Double Nanowire Cavities for Photonic Mode

The simulated DNCs are shown schematically in Figure 1a, consisting of two hybrid
perovskite (CH3NH3PbI3) semiconductor nanowires placed side by side with the spacing
of S1. Details of the parameters can be found in the caption of Figure 1. Hybrid perovskite
(CH3NH3PbI3) is chosen as the material of the nanowires in the present study based
on previous reports [38,39]. In experiments, the synthesis of high-quality single-crystal
perovskite can be achieved by a surface-initiated solution growth strategy [38]. The as-
grown perovskite nanowires can be subsequently transferred onto the substrate to fabricate
nanowire lasers [33].

It is worth noting that the main conclusions of the following results are not limited
to the specific hybrid perovskite and still hold qualitatively for nanowire cavities of other
dielectric materials. Since we mainly concentrate on the coupling of nanowire cavities, the
substrate is not included in the simulation here for simplicity. The FEM software COMSOL
Multiphysics is used in the simulation. Tetrahedron mesh is used. The minimum mesh size
is 5 nm.

Single nanowire cavity (SNC) supports only fundamental modes (two degenerate
modes polarized in the y and z directions) for wavelengths larger than 750 nm. When two
identical nanowire cavities are placed side by side near each other, they support symmetric
supermodes and antisymmetric supermodes (or bonding and antibonding modes). Sym-
metric modes and antisymmetric modes have similar or opposite EM field distributions,
respectively, in two nanowire cavities. Figure 1b shows the E field profile on the y–z cross
section for symmetric and antisymmetric modes of z and y polarizations. Figure 1c shows
the symmetric and antisymmetric modes on the x–y cross section. Those symmetric and
antisymmetric modes of z polarization are similar to the case of y polarization and are not
shown here. In the following parts, the modes of y and z polarizations will be referred to
as Ey modes and Ez modes, respectively.
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Figure 1. (a) Coupled photonic DNC. S1 = 0.2 µm. L1 = 5 um. W1 = H1 = 0.2 µm. The refractive index
of semiconductor nanowire n = 2.59. The nanowires are placed in the air. (b) Electric field distribution
at the y–z cross section of symmetric and antisymmetric modes of z and y polarizations. The z
component of the E field is shown for Ez modes, while the y component of the E field is shown for Ey

modes. (c) E field distribution at the x–y cross section for antisymmetric and symmetric Ey modes at
the middle of the nanowire. The y component of the electric field is shown here, at frequencies of
380.3 and 385.4 THz, respectively. (d,e) Total energy spectra of symmetric Ey mode and antisymmetric
Ey mode, respectively, as S1 grows smaller. (f) Resonant frequencies versus S1 for symmetric and
antisymmetric modes of y and z polarizations.

To study the resonant modes, we calculate the total energy of the fields when the
cavities are excited by short line sources for wavelengths between 750 nm and 800 nm.
The peaks of the total energy spectra correspond to the resonant frequencies of modes.
Figure 1d,e shows the shifting of spectra for symmetric and antisymmetric Ey modes when
S1 decreases from 0.4 µm to 0.1 µm. A redshift of the resonant frequency of the symmetric
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mode and a blueshift of the resonant frequency of the antisymmetric mode can be observed
when S1 decreases. The spectra for symmetric and antisymmetric Ez modes have the same
tendency when S1 decreases, but are not shown here. A series of resonant frequencies are
plotted versus S1 in Figure 1f.

To understand Figure 1f, we start with a single nanowire cavity. As a Fabry-Perot
resonator, the longitudinal modes of SNC obey the following equation [40]:

1
λ

q
eff

− 1

λ
q+1
eff

=
1

2L1
(1)

where q is a positive integer marking the longitudinal mode index; L1 is the length of
the Fabry-Perot resonator; λeff is the effective wavelength of the longitudinal mode. The
effective wavelength λeff is calculated as λeff = 2π/β, where β is the propagation constant
of the longitudinal mode. The calculated effective wavelengths of the longitudinal modes
agree well with Equation (1). For SNC, which has a square cross section, longitudinal
modes are two-fold degenerate in y and z polarizations. When two nanowires are placed
far away from each other, they resonate just as two independent SNCs. When the two
nanowires are placed near each other, the two degenerate modes of the same q index
will split into four nondegenerate modes (two Ey supermodes and two Ez supermodes
for DNC), as shown in Figure 1f. For instance, when S1 = 0.5 µm, four supermodes with
frequencies near 387.1 THz originate from the coupling of the two degenerate longitudinal
modes of SNC. When S1 decreases, the frequencies of the four modes split, i.e., the redshift
of symmetric modes and the blueshift of antisymmetric modes. The same phenomenon
also happens in other longitudinal modes (378.6 THz and 395.3 THz). Four supermodes
that originate at 387.1 THz are depicted for clarity in Figure 1f, but only two antisymmetric
supermodes that originate at 378.6 THz and two symmetric supermodes that originate at
395.3 THz are presented.

From Figure 1f, it is also seen that the difference between the resonant frequencies of
symmetric and antisymmetric modes increases when S1 decreases. This phenomenon was
named “mode splitting” [5–7]. Due to the redshift and blueshift of resonant frequencies for
symmetric and antisymmetric modes, the curves of frequency tendency from neighboring
longitudinal modes can intersect, and the resonant frequencies from neighboring longitu-
dinal modes can overlap. This overlap could cause mode competition, which may not be
desired in laser operation.

To further investigate the properties of the supermodes, total energy spectra are
calculated for a longitudinal mode of SNC and four corresponding supermodes of DNC
(Figure 2a). These four supermodes for S1 = 0.1 µm of DNC are marked by arrows in
Figure 1f. The quality factor (Q factor) for these modes is calculated based on the full
width at half maximum (FWHM) of the spectra. The Q factor of mode for SNC is 94.9. The
Q factors of symmetric Ey and Ez modes for DNC are 68.7 and 83.2, respectively. The Q
factors of the antisymmetric Ey and Ez modes for DNC are 133.2 and 143.1, respectively.
Antisymmetric modes have higher Q factors than symmetric modes. This kind of Q factor
splitting has been found in previous research on mode splitting [8]. Q factor splitting for
Ez modes is stronger than Q factor splitting for Ey modes. Among the four supermodes,
antisymmetric Ez mode has the highest Q factor. The Q factor of antisymmetric Ez mode
for DNC is 51% higher than the Q factor for SNC mode.
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Figure 2. (a) Total energy spectra for the mode of SNC and corresponding four supermodes of DNC
at S1 = 0.1 um. Contour plot of the electric field norm for a longitudinal mode of SNC (b), symmetric
Ez modes of (c), and antisymmetric Ez modes (d) for DNC at S1 = 0.2 um. The lobe pattern of the
electric field norm at the far field for antisymmetric Ey mode (e) and antisymmetric Ez mode (f)
for DNC.

Different Q factors for symmetric and antisymmetric modes and two polarizations
can be understood based on their radiation patterns. Firstly, we performed an analysis
based on the symmetry property of supermodes. Figure 2b shows the radiation pattern
of the mode of SNC, which is mainly along the direction of the longitudinal axis of the
nanowire. Figure 2c shows the radiation pattern of the symmetric mode of DNC. The
radiation is also mainly along the direction of the longitudinal axis of the DNC, which
can be regarded as the constructive interference of two SNC modes. Figure 2d shows the
radiation pattern of the antisymmetric modes of DNC. The radiation deviates from the
direction of the longitudinal axis of the DNC. This radiation pattern can be regarded as
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the destructive interference of two SNC modes, which is similar to the radiation pattern of
a quadrupole source. For clarity, Figure 2b–d shows only the radiation patterns around
the left ends of the nanowires, while the patterns around the right ends are the same due
to the symmetry of the structures. In comparison to SNC modes, destructive interference
increases the Q factors of antisymmetric DNC modes. This is due to the reduced radiation
energy of these modes.

Secondly, we analyze from the perspective of polarizations. For antisymmetric modes,
Ez supermode has a higher Q factor than Ey supermode. To understand this phenomenon,
the lobe patterns of radiation of Ey and Ez supermodes are plotted in Figure 2e,f. The
difference between the EM far field distribution of two polarizations shows lower radiation
energy for Ez supermode than radiation energy for Ey supermode. This explains the higher
Q factors of antisymmetric Ez modes than those of antisymmetric Ey modes. Consequently,
the antisymmetric Ez mode has the highest Q factor among the four supermodes.

3. Coupling of Double Nanowire Cavities for Plasmonic Mode

In the simulation for coupled plasmonic DNC, a metallic (Ag) substrate is introduced
below two hybrid perovskite semiconductor nanowires placed side by side (Figure 3a).
The relative permittivity of the metallic substrate is fitted with the Drude–Lorentz dispersion
model (high-frequency dielectric constant ε∞ = 3.75, plasma frequencyωp = 1.32 × 1016 rad/s,
characteristic collision frequency γ = 1.20 × 1014 rad/s).

Plasmonic nanowire lasers work similarly to photonic nanowire lasers in some aspects
and thus have similar phenomena in the coupled DNC system. A distinction between
photonic modes and plasmonic modes is the EM field distribution. The EM field for
plasmonic modes exists mainly at the interface between metal and dielectric and attenuates
exponentially vertically (Figure 3b). Contrastively, the EM field for photonic modes lies
mainly in the central area of the cavity (Figure 1b), especially for fundamental modes.
Moreover, only TM mode (or Ez mode) exists in plasmonic modes, contrasting with Ez and
Ey modes in photonic modes.

Symmetric modes and antisymmetric modes of plasmonic DNC can be observed,
as shown in Figure 3b. Resonant frequencies of supermodes versus S2 are plotted in
Figure 3c,d for L2 = 5 µm and L2 = 3 µm, respectively, which indicates the mode splitting of
plasmonic DNC. The longitudinal modes of plasmonic SNC split into two supermodes of
plasmonic DNC when two identical nanowires are placed near each other. The longitudinal
spacings are smaller for modes of relatively longer DNCs, as shown in Figure 3c. And the
overlap of mode frequencies happens earlier when S2 decreases. This overlap still exists
even when the nanowires are as short as 3 µm for plasmonic DNC, as shown in Figure 3d.
Figure 3c, similar to Figure 1f, illustrates simply the antisymmetric supermode at 384.9 THz
and the symmetric supermode at 397.1 THz, for the sake of clarity. For the same reason,
only the antisymmetric supermode, which originates at 376.1 THz, and the symmetric
supermode, which originates at 406.8 THz, are demonstrated here in Figure 3d.

A longitudinal mode of plasmonic SNC and two supermodes of plasmonic DNC are
used to calculate their total energy spectra (Figure 3e). These two supermodes for S2 =
0.1 µm of plasmonic DNC are marked by arrows in Figure 3d. The Q factor of mode for
SNC is 59.6. The Q factors of symmetric mode and antisymmetric mode for DNC are 58.5
and 75, respectively. These results exhibit the Q factor splitting of coupled plasmonic DNC.
Q factors for antisymmetric modes are higher than symmetric modes of plasmonic DNC.
The mechanism of different Q factors for modes of plasmonic DNC is similar to that of
photonic DNC, i.e., destructive interference and constructive interference.
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Figure 3. (a) Coupled plasmonic DNC. S2 = 0.2 mm. L2 = 3 µm; W2 = H2 = 0.135 mm. The refractive
index of hybrid perovskite semiconductor nanowire n = 2.59–0.015 i. The Ag substrate has parameters
of ε∞ = 3.75, ωp = 1.32 × 1016 rad/s, γ = 1.20 × 1014 rad/s. (b) E field distribution at y–z cross
section of symmetric and antisymmetric modes. The z component of the E field is shown here.
(c) Resonant frequencies of symmetric and antisymmetric modes versus S2 when L2 = 5 µm.
(d) Resonant frequencies of symmetric and antisymmetric modes versus S2 when L2 = 3 µm.
(e) Total energy spectra for mode of plasmonic SNC and corresponding two supermodes of plasmonic
DNC with S2 = 0.1 µm when L2 = 3 µm. (f) Contour plot of the electric field norm for a longitudinal
mode of plasmonic SNC. (g) Normalized electric field amplitudes versus distance from the ends of
nanowires along the cut line (shown in (f) and Figure 2b) selected by main radiation directions for
the mode of plasmonic SNC (line) and the mode of photonic SNC (dash).
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The Q factor of the antisymmetric mode of plasmonic DNC has an improvement of
up to 24% over the Q factor of the mode of plasmonic SNC. This improvement in the Q
factor is lower compared with the result (51%) for the case of photonic modes in Section 3.
This different improvement of Q factors may be due to the different extents of destructive
interference of antisymmetric modes of plasmonic DNC and photonic DNC. Additionally,
the extent of interference from DNC is mainly determined by the radiation fields of SNC.
The extent of the radiation fields of plasmonic SNC and photonic SNC is analyzed along
the cut lines of the main radiation directions of modes as shown in Figures 3f and 2b,
respectively. The normalized electric fields along the cut lines from the ends of nanowires
are shown in Figure 3g, which demonstrates the attenuation of radiation fields away
from the ends. The radiation electric field of plasmonic SNC attenuates faster than that
of photonic SNC because of additional absorption loss due to the metallic substrate of
plasmonic SNC. Consequently, the extent of interference in the antisymmetric mode of
plasmonic DNC is smaller than that of photonic DNC. Moreover, the Q factor improvement
in the case of plasmonic DNC is lower than that of photonic DNC.

4. Discussion

In Section 2, the substrate is excluded from the simulation for simplicity. In realistic
applications, the presence of dielectric and metal substrates will affect the EM field dis-
tributions and Q factors of photonic modes. For instance, the Q factors of the photonic
modes of DNC with SiO2 substrate will decrease due to the effects of field delocalization
and its displacement into the substrate, according to the simulation results. However, the
main conclusions in Section 2, including longitudinal spacing, mode splitting, and Q factor
splitting, are not influenced by the introduction of SiO2 substrate.

However, the introduction of a metal (Ag) substrate will fundamentally change the
question. For nanowires with a metal substrate, the supported modes are determined by
the sizes of the cross section of nanowires with a certain refractive index for the studied
wavelength band [33]. A nanowire with a height smaller than its critical value supports only
the plasmonic modes [33]. When the height of the nanowire is larger than the critical value,
both the plasmonic and hybrid modes will be supported. This hybrid mode is formed due
to the hybridization of photonic modes and plasmonic modes [25,41,42]. According to this
consideration, the dimensions of the plasmonic SNC and DNC in Section 3 are designed to
support only the plasmonic modes, excluding the hybrid modes.

Additionally, anisotropy might exist for single-crystal perovskite nanowires [43]. How-
ever, the anisotropy of the material is not decisive for the main conclusions of this study.
When the anisotropy is not crucial for the physical phenomena, the use of a scalar re-
fractive index is acceptable, as has been done in other studies [38,44–46]. Therefore, the
real part of the refractive index is set at n = 2.59 in our study based on previous research
on CH3NH3PbI3 [39]. The imaginary part of the refractive index is set at k = −0.015 to
introduce an appropriate gain in the nanowire to compensate for the absorption loss due to
the metallic substrate. This k corresponds to a gain level for laser physics 2.7 × 103 cm−1,
which is within the realizable gain level of perovskite in previous studies [47]. With this
gain level, the intensity of the mode will remain approximately constant when it propagates
in the nanowire.

5. Conclusions

The coupling of DNC is studied in this paper for both photonic modes and plasmonic
modes. Our results revealed a mode splitting. A longitudinal mode of photonic SNC splits
into four supermodes of photonic DNC. Moreover, a longitudinal mode of plasmonic SNC
splits into two supermodes of plasmonic DNC. Due to the redshift and blueshift of resonant
frequencies for symmetric and antisymmetric supermodes, the resonant frequencies of
supermodes from neighboring longitudinal modes of DNC can overlap. This overlap of
mode frequencies still exists even when the nanowires are as short as 3 µm for plasmonic
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DNC. The possible overlap of frequencies of longitudinal modes should be taken into
account when DNC or nanowire laser arrays are designed.

The Q factors of antisymmetric modes of DNC are higher than the Q factors of modes
of SNC, for both photonic and plasmonic modes. The reason is that the antisymmetric
modes have lower radiation loss due to the destructive interference of radiation from two
SNCs. However, this improvement in Q factors for plasmonic modes (24%) is lower than
that for photonic modes (51%). This difference can be explained by the faster attenuation of
the radiation field for plasmonic modes than for photonic modes. The improvement of Q
factors in DNC may be applied to improve nanowire lasers.
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