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Novel plasmonic nanolaser structures are proposed by leveraging the efficient guiding properties of
hybrid plasmonic modes of nanowire based waveguides. Theoretical investigations reveal that the
coupling between the metal nanowire and the high-index dielectric nanostructure with optical gain
results in strong field enhancement in the low-index gap region, sufficient modal overlap with the gain
medium and low propagation loss, which could enable lasing at the subwavelength scale with low
pump threshold. The proposed nanowire-based plasmonic nanolasers are also compatible with
standard fabrication technology and could be appealing candidates for active photonic systems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Photonic technologies based on nanowires have attracted
substantial attention during the last decade [1]. Due to their
fascinating optical and electronic properties, nanowires could
serve as promising building blocks for novel miniaturized photo-
nic and optoelectronic devices with applications from wave-
guiding to light emitting [2-4]. In particular, semiconductor
nanowires, due to their large refractive-index contrast, have been
used to realize efficient miniaturized lasing sources [5]. Although
modern bottom-up synthesis techniques enable the fabrication of
various kinds of nanowires of different materials with accurately
controlled dimensions and shapes, further reduction of the modal
dimensions of the corresponding nanowire lasers is still restricted
by the diffraction limit.

Recently, several sub-diffraction-limit nanolasers that utilize
the surface plasmon (SP) effect as the optical guiding mechanism
have been successfully demonstrated [6-8]. For the 2-D plasmo-
nic lasers in [6,8], the hybrid plasmonic structures play an
important role in determining their characteristics. As the hybrid
plasmonic modes’ properties are strongly influenced by the
corresponding SPP modes [6,9-25], employing a novel metal
nanostructure may result in dramatically modified modal beha-
vior and thus lead to different lasing properties. However, the
extra step to fabricate complicated metal structures could greatly
increase the fabrication complexity. Here in this paper, we would
like to explore the potential to leverage the plasmonic guiding
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capability of the metal nanowires made by the bottom-up
approaches. The interaction between the metal nanowire and
dielectric nanostructure could result in a strongly coupled hybrid
plasmonic mode as well as a laser cavity for an aligned pair of
nanowires. The resultant hybrid mode features both nano-size
mode area, sufficient modal overlap with the gain medium and
low transmission loss, which are important for low-threshold
lasing at the deep-subwavelength scale.

In the following sections, the characteristics of two types of
nanowire-based plasmonic nanolasers are investigated in detail.
The first type consists of a coupled nanowire pair formed by a
gain nanowire and a core/shell metal/dielectric nanowire. The
second one is a coaxial waveguide consisting of a metal nanowire
surrounded by low-high index dielectric layers. The properties of
the nanolasers are investigated by the finite-element method
(FEM) using COMSOL™ at the lasing wavelength of 490 nm [6].

2. Coupled nanowire pairs based plasmonic laser structure
and its optical properties

The geometry of the first type nanolaser is shown in Fig. 1(a).
The metallic nanowire is covered with a nanometer-thick low-
index cladding, with a high-index semiconductor nanowire
attached to its side as the gain medium. Such nanowire pairs
could be fabricated by using the self-assembly techniques [26].
The low-index shell of the metal nanowire then forms a natural
gap between the gain medium and the metal, enabling the hybrid
plasmonic guiding mechanism. The example of the structure
considered here consists of a MgF, coated Ag nanowire sitting
on a MgF, substrate, with a high-index CdS nanowire placed on
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Fig. 1. (a) Geometry of the proposed coupled nanowire pairs based nanolaser. (b)-(d) Normalized electric field distribution of the fundamental hybrid plasmonic mode of

the proposed structure (r;=45 nm, r,=50 nm, h=5 nm).
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Fig. 2. (a) Modal effective index and effective propagation loss. (b) Normalized mode area and confinement factor of the hybrid fundamental plasmonic mode at different

h: r,=40 nm (solid curve),

its right side. Here we choose the silver nanowire because of its
good optical properties and atomically smooth surface for low
propagation loss [27]. The thickness of MgF, cladding around the
Ag nanowire is defined as h. The radii of the silver and CdS nano-
wires are r; and r,, respectively. We assume r,=r;+ h. The permit-
tivities of MgF,, CdS and Ag are 1.96, 5.76 and —9.2+0.3i [28],
respectively.

Electric field distributions of the hybrid mode shown in
Fig. 1(b)-(d) indicate that the lateral coupling between the two
nanowires causes strong field enhancement in the nanometer-
size gap region, with sufficient modal overlap in the CdS nanowire
to provide the needed gain. The mode characteristics including
the modal effective index (n.q), effective propagation loss (o),
normalized mode area (Aqy/Ap) and confinement factor (I') of
the hybrid plasmonic mode of our proposed structure are shown
in Fig. 2 (a) and (b). The effective mode area is calculated using

r,=50 nm (dashed curve), and r, =60 nm (dash-dotted curve).

Ay = ([[|E|* dx dy)*/([|E|* dx dy). Ao is the diffraction-limited
mode area and defined as A?/4. The confinement factor (I) is
defined as the ratio of the electric energy in the CdS nanowire to
the total electric energy of the mode. Fig. 2 indicates that, when
the gap width h varies from 2 nm to 20 nm, both the mode
effective index and the propagation loss decrease first at small
gap width, mainly due to the weakened optical coupling between
two nanowires. However, when the gap gets relatively large,
e and o Will increase simultaneously. That is because more
field is confined and located around the Ag nanowire surface
when the Ag nanowire is relatively small compared to the gap
width. When this effect becomes dominant, it leads to increased
effective index and higher loss. It is also shown that reducing the
gap size lowers the normalized mode area and enhances the
confinement factor in most cases, as the overlap of the hybrid
mode and the gain region increases. Only when the nanowire is
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Fig. 3. Dependence of lasing threshold on h: r,=40 nm (solid curve), r,=50 nm
(dashed curve), and r,=60 nm (dash-dotted curve).
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rather small (e.g. =40 nm), this trend is no longer valid and
the mode area may decrease at large h. It is also observed
that when the gap width is within the range of 2-20 nm, the
normalized mode areas are always below 0.2, indicating good
deep-subwavelength mode confinement. Fig. 2(a) and (b) also
illustrates that for the case of larger CdS nanowire, lower
propagation loss and higher confinement factor can be achieved
simultaneously.

Based on the above analysis of modal characteristics,
we investigate the lasing threshold of the fundamental hybrid
plasmonic mode. The nanowire length L is set to be 30 um and
the reflectivity R=(nes—1)/(neg+1). The threshold is calculated
using g =(Kkottesr+1In(1/R)/L)/ I (Neg/niire) [29]. Fig. 3 shows the
thresholds of the hybrid mode at various gap widths. It is noted
that when the gap width grows from 2 nm to 20 nm, the thresh-
old decreases first before increasing for larger CdS nanowires
(e.g. =50 nm, 60 nm), indicating a minimal lasing threshold
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Fig. 4. (a) Geometry of the proposed coaxial nanowires based nanolaser. (b)-(d) Normalized electric field distribution of the fundamental hybrid plasmonic mode of the

proposed structure (r;=100 nm, t=50 nm, h=10 nm).
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Fig. 5. (a) Modal effective index and effective propagation loss. (b) normalized mode area and confinement factor of the hybrid fundamental plasmonic mode at different t
(h=10 nm): r;=50 nm (solid curve), r;=100 nm (dashed curve), and r; =150 nm (dash-dotted curve).
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achieved at a certain gap width. It is also indicated that when the
CdS nanowire is small (e.g. r,=40nm) and the gap width is
relatively large, the threshold could see a sharp increase due to
the huge propagation loss and weak modal overlap in the gain
medium, which is undesirable in practical applications.

3. Coaxial nanowire based plasmonic laser structure and its
optical properties

Fig. 4 shows the geometry of the second type of plasmonic
nanolaser, which consists of a coaxial CdS-MgF,-Ag nanowire
positioned on a MgF, substrate. The radius of the silver is r;, while
the thicknesses of the MgF, and CdS layers are h and t, respec-
tively. A Similar waveguiding structure was investigated at the
telecom wavelength in [19]. The corresponding electric field
distributions of the fundamental hybrid plasmonic mode exhibit
a ring-type field distribution with strong field enhancement in the
MgF, layer, as can be seen in Fig. 4(b)-(d). Firstly, we investigate
the effect of the thickness of the CdS layer (t) on the modal
characteristics, where t is set within the range of 40-100 nm. The
simulation results shown in Fig. 5 illustrate that both the effective
index and the energy confined in the gain medium increase with
increasing CdS layer thickness. Meanwhile, lower propagation
loss and smaller mode area could also be observed with thicker
CdS layer. It is thus expected that better lasing property could also
be achieved when t is larger.
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Fig. 6. Dependence of lasing threshold on t: r;=50 nm (solid curve), r;=100 nm
(dashed curve), and r; =150 nm (dash-dotted curve).
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Calculation of the lasing threshold reveals a monotonic reduc-
tion with increased thickness of CdS layer. Fig. 6 also illustrates
that the structure with a larger metallic nanowire requires a
lower pumping threshold. Therefore, in order to reduce the
threshold, larger t and r; should be employed. However, for
practical applications, some issues such as an increased physical
size and undesired effect of other plasmonic mode should also be
considered when choosing the dimensions of the CdS layer and
the metal nanowire.

Finally, the effect of the thickness of the MgF, layer is
investigated, where h varies from 2 to 20 nm. Fig. 7 reveals that
for all the chosen CdS thickness, widening h results in decreased
effective index and confinement factor, as well as dramatically
reduced propagation loss. Although the corresponding mode area
undergoes an increase with extended propagation length, it
always stays below 0.4, indicating subwavelength mode confine-
ment. For the lasing threshold, significantly reduced g, is
observed with increased h, as seen in Fig. 8.

4. Conclusion

In this paper, we have proposed and investigated two types of
plasmonic nanolasers based on nanowires. Simulation results
reveal that for both of the structures, the fundamental hybrid
plasmonic mode could be used to realize deep-subwavelength
plasmonic laser.
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Fig. 8. Dependence of lasing threshold on h (r; =100 nm): t=40 nm (solid curve),
t=70 nm (dashed curve), and t=100 nm (dash-dotted curve).
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Fig. 7. (a) Modal effective index and effective propagation loss. (b) Normalized mode area and confinement factor of the hybrid fundamental plasmonic mode at different h
(ry=100 nm): t=40 nm (solid curve), t=70 nm (dashed curve), and t=100 nm (dash-dotted curve).
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