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ABSTRACT

We analyze a plasmonic gap-mode Fabry-Perot nanocavity containing a metallic nanowire. The proper choice of
the cladding layer brings about a decent confinement inside the active region for the fundamental and first-order
plasmonic gap modes. We numerically extract the reflectivity of the fundamental and first-order mode and
obtain the optical field inside the cavity. We also study the dependence of the reflectivity on the thickness of Ag
reflectors and show that a decent reflectivity above 90 % is achievable. For such cavities with a cavity length
approaching 1.5 µm, a quality factor near 150 and threshold gain lower than 1500 cm−1 are achievable.
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1. INTRODUCTION

There has been significant progress on nanoscale metal-related resonators aiming at an ultrasmall footprint.1–5

In this paper, we analyze a plasmonic Fabry-Perot (FP) nanolaser based on surface-plasmon-polariton (SPP)
gap modes at telecommunication wavelengths around 1.55 µm. The configuration is composed of a truncated
waveguide formed by a silver (Ag) nanowire and Ag substrate which sandwich a low-index dielectric gap of
silicon dioxide (SiO2), as indicated in Fig. 1(a). The dielectric gap plays the role of active regions and contains
colloidal quantum dots (QDs) as the gain medium.6, 7 The structure is covered by a thick cladding layer, and two
Ag-coated end facets function as reflectors, as indicated in Fig. 1(b). The cladding refractive index nc will be
varied in later calculations under a fixed gap height h = 10 nm and nanowire radius r = 70 nm. The fundamental
transverse mode of the guiding structure in Fig. 1, which is usually the focus in typical FP nanocavities, is the
most promising for lasing at the ambient environment (nc = 1). On the other hand, we are particularly interested
in the case of high-index condition because it corresponds to the deposition of semiconductors as the cladding
layer. In such cases, the technologies of microelectronics and silicon photonics, including group-IV and III-V
semiconductors, may be further integrated with plasmonics and lead to more functionalities.8–10 In comparison
to the fundamental mode, the first-order mode in the presence of the high-index cladding often exhibits the
better field confinement in the active region and higher reflectivity using Ag reflectors. From this point of
view, we will look into the lasing characteristics of the first-order mode in high-index cladding materials such as
semiconductors.
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Figure 1. (a) A metallic nanowire is separated from the Ag substrate by the active layer. The structure is embedded in a
cladding layer. (b) The side view of the plasmonic gap-mode nanocavity.
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Figure 2. Square magnitudes |E(ρ)|2 of the cross-sectional profiles for the fundamental mode at (a) nc = 1 (inset: nc = 3.5)
and for the first-order mode at (b) nc = 3.5. The height h and radius r are 10 and 70 nm, respectively.

2. DISCUSSION

The SPP gap modes of the structure in Fig. 1 are formed by the coupling between plasmonic modes of the
cirular nanowire and surface waves of the gap layer sandwiched by the substrate and cladding. The coupling
strengths of the fundamental and first-order SPP gap modes are sensitive to variations of the cladding index
nc. The cross-sectional profile of the FP lasing mode at a low cladding index can be different from that at a
high index. We use the two-dimensional (2D) finite-element method (FEM) to compare characteristics of the
two modes. In Fig. 2, we show square magnitudes |E(ρ)|2 of the cross-sectional profiles (ρ = xx̂ + yŷ is the
transverse coordinate) for the fundamental modes at nc = 1 and first-order modes at nc = 3.5. From Fig. 2(a),
the fundamental mode at nc = 1 is localized near the bottom of the nanowire, which is similar to the localized
field near tips of metallic bowtie structures.11 The localized field below the wire bottom does not penetrate into
the active region much. However, in the target case of nc = 3.5, the field of first-order mode is tightly confined in
the active region below the nanowire and does not spread around lossy regions of the Ag nanowire and substrate.
Such an advantage for lasing is, nevertheless, absent for the fundamental mode in the high-index cladding, as
can be inferred from the inset of Fig. 2(a). The poorer field confinement in the active region and more significant
distribution around the metallic nanowire make the first-order mode less promising for lasing in the presence of
semiconductor cladding. Therefore, if we would pick up and design a cross-sectional profile for the lasing mode
with semiconductor claddings, the first-order mode should be the choice.

Evolutions of different modes as nc changes are more easily understood from the waveguide confinement factor
Γwg and modal loss αi which are relevant to lasing. As shown in Fig. 3(a), Γwg and αi of the fundamental and
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Figure 3. (a) The waveguide confinement factors Γwg and modal losses αi, and (b)transparency gains gtr of the fundamental
and first-order hybrid gap modes versus nc at a fixed h = 10 nm and r = 70 nm. Symbols “fund.” and “1st” indicate
fundamental and first-order modes, respectively.

first-order modes as a function of the cladding index are calculated. The trends of Γwg and αi as nc varies are
different and are directly related to the corresponding mode profiles in Fig. 2. As nc increases from unity to 3.5,
the confinement factor Γwg of the fundamental mode first increases mildly but then decreases wildly, at which
the counterpart of the first-order mode grows sharply. The behavior of Γwg versus nc for the fundamental mode
just reflects the field evolution in Fig. 2(a), and the enhancement of Γwg for the first-order mode corresponds
to the increasing overlap of the field with the active region. While the variation of αi with nc is relatively mild
for the fundamental mode, the increase of this parameter for the first-order mode is due to the accompanying
penetration into the Ag substrate when the field is more confined in the active region.

From the viewpoint of the lasing threshold, the transparency threshold defined as gtr = αi/Γwg is the
necessary material gain which sustains the propagation of the mode without being attenuated. It is usually
desired to minimize gtr under given constraints of guiding structures. In Fig. 3(b), we show the transparency
threshold gains gtr of the fundamental and first-order modes corresponding to each pair of curves in Fig. 3(a),
respectively. At nc = 3.5 (semiconductors), the transparency threshold of the first-order mode is usually lower
than that of the fundamental one. At this stage, to minimize the propagation loss from the metal absorption in
the presence of semiconductor claddings, the first-order transverse mode of this plasmonic waveguide should be
the target mode.

On the other hand, the mirror loss is another factor hindering the lasing action of the plasmonic nanolaser.
As the cavity length L of the FP cavity is shortened, the power leakage from two end facets is enhanced. In
fact, with a cavity length L in the (sub)micron range, power leakage from two end facets can easily dominate
over the propagation loss, and increasing the reflectivity becomes necessary for the threshold reduction. For
this purpose, we consider Ag coatings of a few tens of nanometers at two end facets of the plasmonic cavity as
reflectors. Here, we utilize interference patterns between the incident mode and reflected field (standing waves)
and the orthogonality theorem of waveguide modes to calculate the modal reflection coefficient and reflectivity
of Ag mirrors. In Fig. 4, we show the reflectivities of both the fundamental mode with a low-index surrounding
(nc = 1) and the first-order mode in the presence of the semiconductor cladding(nc = 3.5). In the latter case,
when the thickness t is more than 25 nm, the reflectivity R can be higher than 90 %. Thickening Ag reflectors is
indeed an efficient way to enhance the reflectivity and provides a solution to the high threshold. However, for the
fundamental mode with the low-index cladding, the reflectivity is restrained and smaller than 80% at the even
larger thickness t. If we adopt the cavity resonance of the fundamental guided mode in the presence of the low-
index cladding, the Ag coatings do not effectively block the power leakage from edge facets. The corresponding
threshold reduction will not be sufficient to make the lasing action potentially sustainable with colloidal QDs.
In the following calculations, we will therefore focus on the threshold characteristics of the first-order mode in
the target cladding (semiconductor).
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Figure 4. The reflectivities R of the fundamental mode at nc = 1 and first-order mode at nc = 3.5 as a function of the
Ag thickness t. The gap height and wire radius are h = 10 nm and r = 70 nm, respectively.

Table 1. The reflectivities, quality factors, and threshold gains of cavity modes corresponding to mirror thicknesses t = 0
(L =1547 nm) and 50 nm (L =1511 nm) at the wavelength of 1.55 µm. The cavity parameters are set as follows:
h = 10 nm, r = 70 nm, and nc = 3.5.

t (nm) L (nm) R Γwg gth (cm−1) Q

0 1547 0.506 0.734 7071.4 31.2

50 1511 0.957 1472.5 149.9

We use the FP round-trip oscillation condition to estimate the required cavity length L, quality (Q) factor
and threshold gain gtr so that the lasing action at the target wavelength of 1.55 µm is permissible.12 In Table 1,
we list various parameters for two candidate mirror thicknesses t = 0 and 50 nm, at cavity lengths L around
1.5 µm which satisfy the FP round-trip phase condition at r = 70 nm, h = 10 nm, and nc = 3.5. We note that
Ag mirrors with a thickness of 50 nm significantly increase the reflectivity (lower the mirror loss) when compared
to the case of bare waveguide/air interfaces (t = 0).

From Table 1, the quality (Q) factor of the FP cavity mode may exceed 100 (149.9) at t = 50 nm and
L = 1511 nm, and the corresponding threshold gain gth is lowered below 1500 cm−1 (1472.5 cm−1). This
threshold gain may be sustainable by, for example, colloidal QDs such as PbS with the intense optical pumping.6, 7

To understand the field distribution inside the plasmonic gap cavity, we carry out the 3D FEM simulation for
L =1511 nm and t =50 nm at the resonance wavelength of 1.55 µm, which is potentially more promising for lasing
than other modes. The transverse profile of the mode on the cross-section (x-y plane) of the cavity is depicted
in Fig. 5(a), and the clear standing-wave pattern along the longitudinal direction (z) is shown in Fig. 5(b). In
addition to the clear standing-wave pattern along FP cavity (z direction), the mode is also laterally confined (x
direction). Due to the high reflectivity of the guided mode at the waveguide/mirror junction, the cross-sectional
profile of the 3D mode pattern resembles that of the first-order mode in the infinitely long plasmonic waveguide.

3. CONCLUSION

We have analyzed a plasmonic FP nanocavity with a metallic nanowire embedded in a thick cladding layer. First,
two cladding refractive indices of unity (ambience) and 3.5 (semiconductor) are considered. We investigate the
effect of dielectric claddings around the nanowire on the fundamental and first-order plasmonic gap modes. Using
FEM, we numerically solve guided modes of the plasmonic waveguide at a wavelength of 1.55 µm. The waveguide
confinement factors and modal losses of the fundamental and first-order modes are explored as a function of the
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Figure 5. (a) The side view (y-z plane) and (b) front view (x-y plane) of the mode profile corresponding to the case of
L = 1511 nm in Table 1. The field pattern is excited by a plane wave normally incident onto the Ag mirror from the free
space outside the cavity.

cladding index at various gap heights and wire radii. We utilize standing wave patterns from interferences of
the incident and reflected fields and the orthogonality theorem of waveguide modes to calculate modal reflection
coefficients and reflectivities at cavity ends. The result shows that both the field confinement and reflectivity
can be improved with adequate choices of cladding materials. To reduce the mirror loss, we additionally consider
silver coatings at two end facets as reflectors. Using silver coatings within a decent thickness range, we show
that the reflectivity is substantially enhanced above 90 %. The corresponding cavity performance is evaluated
based on the threshold gain and Q factor of FP cavities. At a coating thickness of 50 nm and cavity length of
1.51 µm, the quality factor is about 150, and the threshold gain can be lower than 1500 cm−1.
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