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Abstract—In this paper, we investigate the effect of cladding lay-
ers on a hybrid plasmonic nanowire cavity. A decent confinement
factor and moderate modal loss can be achieved for lasing. Within
a certain index range of the cladding layer, the fundamental hybrid
plasmonic mode is well confined inside the narrow gain region and
becomes the most promising lasing mode. Our results also indicate
that the mirror loss can be reduced if the refractive index of the
cladding layer is properly chosen. An estimated cold-cavity quality
factor of 87, corresponding to a threshold gain of about 1072 cm−1 ,
is achievable at a cavity length of 10.13 μm for the lasing mode.

Index Terms—Laser resonators, plasmonic optics, semiconduc-
tor lasers, waveguides.

I. INTRODUCTION

THE capability of plasmonic structures to confine photons in
the subwavelength regime has brought new concepts into

the nanophotonic technology and research [1]–[3]. Recently,
there has been significant progress on nanoscale metal-related
resonators aiming at an ultrasmall footprint. In spite of metal
loss, subwavelength plasmonic cavities have been successfully
applied to nanoscale lasers via optical or electrical pumping
from low to room temperatures [4]–[15]. These plasmon lasers
may have potential applications in biochemical sensing [16],
imaging [17], and short-distance optical interconnects [18].

There are inevitable compromises between losses and con-
finements for potential plasmonic lasing modes. Although some
particular plasmonic modes such as long-range surface plas-
mons (SPs) suffer from less loss and propagate farther, their
mode profiles are often less confined than those of lossy ones.
Recently, Oulton et al. proposed a hybrid plasmonic waveguide
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Fig. 1. Schematic diagram of a hybrid metallic nanowire cavity. The refractive
indices of dielectric cladding, active layer, and metallic substrate are denoted as
nc , na , and nm , respectively. The height h of active medium, nanowire radius
r, and cavity length L are varied to investigate modal characteristics of the
cavity.

composed of a high-index dielectric nanowire and metallic sub-
strate [7], [19]. The hybrid plasmonic mode can be viewed as a
coupled mode originated from the guided mode of the dielectric
nanowire and the SP mode of the substrate. This mode exhibits
modest attenuation and moderate field confinement. Later, Hu
et al. proposed a hybrid plasmonic nanocavity which consists
of a metallic nanowire and substrate sandwiching a dielectric
gap layer [20]. Analogous to the active dielectric nanowire in
the former case, the gap material in the latter plays the role of
gain media, and therefore, the field leakage into the metallic
nanowire should be reduced as much as possible. The experi-
ment indicates that the cavity quality factor (Q factor) is limited
by the mirror loss at ends of the cavity rather than the modal
loss due to the metallic nanowire and substrate. In this paper,
we investigate the effect of the cladding layer on the hybrid
plasmonic cavity in the presence of a metallic nanowire. Char-
acteristics of the hybrid mode and its coupling mechanism are
explored by means of the 2-D finite-element method (FEM). We
also estimate the cold-cavity quality factor from the 3-D FEM.
With the proper engineering of cavity geometry and selections
of cladding media, 15% enhancement of the Q factor can be
accomplished due to improvements of the facet reflectivity.

Fig. 1 shows the schematic diagram of the hybrid plasmonic
cavity. A metallic nanowire of radius r is placed upon a dielec-
tric gap layer with a height h. A metallic substrate is beneath the
gap layer. We investigate the effect of dielectric claddings with
different refractive indices nc around the nanowire on the for-
mation of hybrid modes. In the absence of the dielectric gap and
metallic substrate, the fundamental guided mode of the nanowire
is the circularly symmetric transverse-magnetic (TM01) mode
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Fig. 2. Normalized field distribution of the fundamental hybrid plasmonic
mode of the structure with three cladding refractive indices of (a) ambi-
ence (vacuum), (b) dielectric (Si3 N4 ), and (c) high-index dielectric (Si).
Cladding index has a significant impact on the modal profiles and confinements.
(d) Waveguide confinement factor and modal loss as a function of the cladding
index.

without the frequency cutoff. When this mode couples to the
plasmonic mode of the planar structure composed of the dielec-
tric gap and metallic substrate [21], the resulted hybrid mode is
transversely confined in an ultrasmall area inside the dielectric
gap. It is expected that the wire radius r influences the disper-
sion relation of metallic waveguide modes, and the gap height
h affects the coupling strength between the modes of nanowire
and planar structure [19]. In addition, we will show that the
profile and propagation characteristics of this hybrid mode are
also sensitive to the cladding refractive index.

II. MODAL CHARACTERISTICS IN HYBRID

PLASMONIC WAVEGUIDE

We numerically solve the guided modes of the hybrid plas-
monic waveguide in Fig. 1 using the eigenvalue solver of the
commercial software COMSOL [22]. The wavelength λ is set
to 1.55 μm, targeting at telecommunication applications. In
the calculations, the refractive indices of metal (silver) nm

and active region (polymethyl methacrylate, PMMA) na are
set to 0.16+11.09i [23] and 1.5 [24], [25], respectively. Three
cladding refractive indices nc of 1 (ambience), 2.1 (silicon ni-
tride), and 3.455 (silicon) are considered. The wire radius r and
gap height h are set to 100 and 10 nm, respectively, unless oth-
erwise mentioned. In Fig. 2, the mode profiles corresponding
to aforementioned settings are illustrated. The well-confined SP
modes of the planar structure are strongly coupled to the TM01
mode sustained at the wire circumference through the evanes-
cent tail of the field. Highly bright spots localized near the
contact of the wire and dielectric gap, which are similar to those
reported in bowtie structures [26], are observable in the square
magnitude |E|2 (normalized to unity at the maximum) of the
transverse mode profile in Fig. 2. Note that in Fig. 2(a), the en-

ergy maximum occurs at the bottom of the nanowire rather than
inside the gap as nc < na . If the cladding index is close to that
of the active dielectric (nc ≈ na), the hybrid plasmonic mode
is confined well inside the gap layer and beneath the nanowire,
as shown in Fig. 2(b). This case resembles that of dielectric
nanowires on the similar planar structure [7], [27]. On the other
hand, with a high-index cladding (nc > na), the fundamental
SP mode of the substrate may spread into the cladding and over-
lap with the mode of metallic nanowire, as indicated in Fig. 2(c).
This hybrid plasmonic mode has a relatively lower portion of
the field inside the dielectric gap region when compared to that
in Fig. 2(b). The spread of the field in the dielectric gap and its
leakage around the nanowire are also more remarkable in this
case. In other words, for the given radius r and height h in these
calculations, the hybrid plasmonic mode in Fig. 2(c) is the char-
acteristic of both the TM01 mode of the metallic nanowire and
the SP mode of the substrate. From these calculations, the modal
energy density distribution is quite sensitive to the variation of
the cladding refractive index nc .

Among these three cases, the hybrid mode in Fig. 2(b) exhibits
the most uniform and strong confinement inside the active gap
region. Its mode profile has the best overlap with the gap layer
where the optical gain is present. Therefore, adopting the mode
in Fig. 2(b) as the lasing mode of an ultrasmall plasmonic laser
seems promising. On the other hand, the extremely localized
mode in Fig. 2(a) has the lowest modal loss because its energy
distribution inside the lossy metal is the smallest among those of
the three modes. To understand the field evolution of this hybrid
mode as nc varies, we show its waveguide confinement factor
Γwg and modal loss αi as a function of nc in Fig. 2(d). The
waveguide confinement factor Γwg , an indicator of how well
the mode overlaps with the gain medium, is defined as [28]

Γwg =
na

2η0Pz

∫
A a

dρρ |E (ρρ)|2 (1)

where Pz is the power flow in the propagation direction, Aa is
the region of the active dielectric gap, na is the refractive index
of gain medium, and η0 is the intrinsic impedance. This confine-
ment factor is proportional to the ratio between the square mag-
nitude of the mode in the active region and its power flow in the
propagation direction. The numerator and denominator of the
ratio are cross-sectional integrations of different physical quan-
tities, and therefore, Γwg may be larger than unity [28]–[30].
On the other hand, the modal loss αi is related to the imaginary
part of kz as 2Im[kz ] and usually becomes larger if the field is
distributed more inside lossy regions. In Fig. 2(d), maximum of
Γwg occurs at nc = 2.42 and degrades mildly at the small-nc

side until nc is lowered to 2. This trend indicates that the field
of the hybrid mode overlaps well with the active region in this
range of nc and favors the choice of silicon nitride (nc = 2.1),
which is commonly available in laboratories, as the cladding.
On the other hand, the modal loss αi exhibits a similar trend to
that of Γwg . Since it is expected that a low modal loss can lower
the lasing threshold, there is a tradeoff in the choice of nc . In
order to come up with a proper choice of the modes in Fig. 2(a)–
(c), we need more information to estimate the performances at
different nc .

In Fig. 3, we show the effective index neff of fundamen-
tal modes as a function of the cladding refractive index for
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Fig. 3. Effective index neff of the fundamental hybrid plasmonic mode as a
function of the cladding refractive index nc for gap heights h = 5 and 10 nm.

Fig. 4. Normalized field distribution in the horizontal (x) and vertical (y)
directions. (a) Horizontal distribution at the middle of the dielectric gap. The
distribution size increases with height h. (b) Vertical distribution at the center
of the cavity. The characteristic of the TM01 mode of the metallic nanowire
emerges at y ≈ 0.25 μm when h = 30 nm.

different gap heights h. The effective index neff is defined as
the ratio between the propagation constant kz and that k0 in
the free space. The real part of the effective index is higher
than refractive indices of the cladding nc and dielectric gap na ,
which is the characteristic of surface-like waves. The real part
Re[neff ] increases with the cladding index nc , but the differ-
ence between Re[neff ] and nc diminishes in the large-nc limit
because the mode turns from a well-confined one in the gap
into a less-confined coupled mode, as can be observed from
Fig. 2(a)–(c). In addition, the dependence of the imaginary part

Fig. 5. (a) Real part of the effective index Re[neff ], (b) modal loss αi ,
(c) waveguide confinement factor Γwg , and (d) transparency threshold gain
gtr of the fundamental hybrid mode versus wire radius r for different gap
heights h.

Im[neff ] on the cladding index nc indicates the degree of over-
lap between the mode profile and metal regions, in particular,
the cross section of the metallic nanowire. To understand the
subwavelength confinement in more detail, in Fig. 4, we show
the normalized filed distribution |E|2along specific directions
for different gap heights. The square magnitudes along the hor-
izontal direction (x-axis) at the middle of the dielectric gap are
depicted in Fig. 4(a). The localization in this direction originates
from the coupling between SP modes of the planar structure and
finite-sized TM01 mode of the metallic nanowire. The width of
the hybrid plasmonic mode is similar to that in the case of di-
electric nanowires [19] and increases with the gap height h,
reflecting the weaker coupling between two types of modes.
For the distribution along the vertical direction (y-axis) at the
center of the cavity shown in Fig. 4(b), the hybrid mode is well
confined. When the gap height h is 30 nm, the characteristic of
the TM01 mode of the nanowire starts to emerge on the profile
of the hybrid mode in this direction. A small but finite portion
of field distribution on top of the nanowire (y ≈ 0.25 μm) can
be observed.

We also show real parts of the effective index Re[neff ], modal
loss αi , waveguide confinement factors Γwg , and transparency
threshold gains gtr of the fundamental hybrid mode as a function
of the wire radius r for different gap heights h in Fig. 5(a)–(d),
respectively. The cladding index nc is fixed at 2.1 in these cal-
culations. For laser applications, the transparency gain gtr is
defined as the gain at which the mode can propagate through the
waveguide without attenuation and is expressed as gtr =αi /Γwg .
This gain coefficient does not include the mirror loss αm and
is smaller than the real threshold gain gth of the laser. In con-
trast to the fundamental hybrid mode in the waveguide structure
based on the dielectric nanowire [19], the fundamental mode
here does not exhibit a frequency cutoff. As shown in Fig. 5(a),
at the small gap height h, the enhanced coupling strength be-
tween the modes of the metallic nanowire and planar struc-
ture significantly increases the real part of the effective index



4800306 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 3, MAY/JUNE 2013

Re[neff ]. From Fig. 5(b), the modal loss of the hybrid mode
rapidly increases as the wire radius r decreases below 100 nm.
The increase of the modal loss can be inferred from that of
the TM01 mode of the metallic nanowire and the corresponding
mode distribution. As the radius r shrinks from 100 to 50 nm,
the modal loss αi of the TM01 mode of the nanowire is tripled,
which is caused by the more heavily weighted distribution of
the mode inside the nanowire at the smaller radius. Since the
hybrid mode results from the coupling between two types of
modes, the less weighted distribution outside the nanowire also
leads to the decrease of the waveguide confinement factor Γwg
in Fig. 5(c) before the wire radius r drops to 50 nm. At the even
smaller wire radius comparable to the gap height h, the size of
the horizontal distribution inside the gap slightly rebounds. This
phenomenon is due to the slight enhancement of the distribution
weight inside the active dielectric gap and increases the wave-
guide confinement factor Γwg . The overall transparency gain
gtr weakly depends on the wire radius r for r > 50 nm. For
r < 50 nm, the remarkable increase of the modal loss due to
the metal dissipation raises the transparency gain gtr , and the
threshold gain gth is enhanced accordingly.

III. DESIGN FOR A PLASMONIC LASER

We characterize the threshold gain gth and Q factor by means
of Fabry–Perot (FP) formula. The work by Hu et al. [20] vali-
dates the assumption of FP cavity for the hybrid plasmonic mode
under the ambience condition (nc = 1). The lasing threshold de-
pends on the cavity length L and facet reflectivity R. We evaluate
the reflectivity R by numerically solving the reflected optical
field with the aid of 3-D FEM. In order to reduce the influ-
ence of unwanted reflections, we adopt the boundary condition
of perfect matched layers (PMLs). In the calculation, an inci-
dent wave solely consisting of the target hybrid plasmonic mode
propagates inside the cavity toward the reflection facet. The in-
cident field is subsequently transmitted, scattered, and reflected.
Only a portion of the reflected field is coupled back into the same
guided mode of the incident wave while the remaining is cou-
pled to other guided and leaky ones. This phenomenon results
in a complicated interference pattern. To obtain the reflectivity
R of target modes, the numerical results are postprocessed with
the orthogonality theorem of waveguide modes [31]. The reflec-
tivity R of the fundamental mode can be as high as 0.858 at nc =
2.1. For the low-index cladding of nc = 1 (high-index cladding
of nc = 3.455), the mode profile is quite concentrated in a sharp
region (leaky toward the free space of cladding) and leads to
the lower reflections back into the incident mode. The reflectiv-
ities are 0.848 and 0.794 for the two cases, respectively. These
results are quite different from the simple estimations based
on the Fresnel formula R = |(neff−1)/(neff +1)|2 because the
plane-wave approximation is inapplicable for SP hybrid modes
considered here (for example, at nc = 2.1, the Fresnel formula
leads to R = 0.560).

The threshold gain gth is the required gain for lasing and can
be written as [32]

gth =
1

Γwg

[
αi +

1
L

ln
(

1
R

)]
. (2)

Fig. 6. (a) Threshold gain gth and (b) Q factor of the FP mode, regardless
of the formation of standing waves, as a function of the cavity length L for
different cladding indices nc . An increase of 15% with proper choices of the
cladding index nc is achievable around L = 1.6–1.8 μm.

Fig. 7. Resonance patterns of the cavity mode (L = 1.55 μm) at the resonance
wavelength of 1.55 μm. (a) Subwavelength confinement on the transverse cross
section can be observed in the dielectric gap. (b) Standing-wave pattern along
the FP oscillation axis is also present on the y−z cross section.

On the other hand, the Q factor is indicative of how long a photon
is present in a cavity before vanishing and can be expressed as

1
QFP

=
vg,z

ω

[
αi +

1
L

ln
(

1
R

)]
(3)

where vg,z ≈ (∂Re[kz ]/∂ω)−1 is the group velocity of the guided
mode along propagation direction, which is estimated from the
frequency derivative of Re[kz ]. Note that the frequency disper-
sion of the silver permittivity is included in the calculation of the
propagation constant kz and automatically incorporated into the
group velocity vg,z through the frequency derivative. The higher
Q factor means that the device can lase with the lower pump. The
threshold gain and Q factor as a function of cavity length L for
nc = 1, 2.1, and 3.455, regardless of the formation of standing
waves at 1.55 μm, are shown in Fig. 6(a) and (b), respectively.
For L = 1.55 μm at the resonance wavelength of 1.55 μm
(nc = 2.1), we carry out the 3-D FEM calculation and show
the normalized field profile in Fig. 7. The transverse profile of
the mode on the cross section (x−y) of the cavity is depicted in
Fig. 7(a), and the standing-wave pattern along the longitudinal
direction is shown in Fig. 7(b). The more significant portion of
the power shall be transmitted into the air region at the smaller
cavity length, which is reflected on the small Q factor of about
60. This indicates that the improvement of mirror designs will
be necessary for the better plasmon feedback. At a cavity length
L ≈ 1.6–1.8 μm, for instance, the difference between Q factors
at two cladding indices nc = 1 and nc = 2.1 is significant. At
the FP resonance, the Q factor at nc = 2.1 is improved by 15%
when compared to that under the ambience condition at nc = 1
(L = 1.69 μm) mainly due to the higher reflectivity at nc = 2.1,
even though the cavity length at nc = 1 is actually longer. In
either case, however, the intense pumping is required to over-
come the high threshold gains. In order to meet a threshold gain
attainable by, for example, colloidal quantum dots with optical
pumping at telecommunication wavelengths [24], [25], we may
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increase the cavity length L to 10.13 μm, at which an FP res-
onance is reached, for the case of nc = 2.1. With this cavity
length, the Q factor is enhanced to 87, and the threshold gain
drops to 1072 cm−1 , which makes the lasing action easier.

IV. CONCLUSION

We have analyzed a hybrid plasmonic FP cavity containing
a metallic nanowire. The coupling between the TM01 mode of
the metallic nanowire and the SP mode of the planar structure is
explored. The proper choice of the cladding layer brings about
a uniform field distribution and decent confinement inside the
active region for the fundamental plasmonic hybrid mode. For
metallic nanowires with radius r smaller than 50 nm, the thresh-
old gains rise sharply. Using 3-D FEM, we numerically extract
the reflectivity of the fundamental hybrid plasmonic mode and
obtain the optical field inside the FP cavity. The Q factor of the
cavity for L around 1.6–1.8 μm is improved by 15% if nc is
varied from 1 to 2.1. At the even smaller cavity length, the better
plasmon feedback is required to reduce the mirror loss.
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