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A low-threshold nanolaser based on hybrid plasmonic
waveguides at the deep subwavelength scale∗
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A novel nanolaser structure based on a hybrid plasmonic waveguide is proposed and investigated. The coupling be-
tween the metal nanowire and the high-index semiconductor nanowire with optical gain leads to a strong field enhancement
in the air gap region and low propagation loss, which enables the realization of lasing at the deep subwavelength scale.
By optimizing the geometric parameters of the structure, a minimal lasing threshold is achieved while maintaining the
capacity of ultra-deep subwavelength mode confinement. Compared with the previous coupled nanowire pair based hybrid
plasmonic structure, a lower threshold can be obtained with the same geometric parameters. The proposed nanolaser can be
integrated into a miniature chip as a nanoscale light source and has the potential to be widely used in optical communication
and optical sensing technology.
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1. Introduction
With the development of integrated optics and micro-

machining technology, the requirement for miniature photonic
devices with potential for integration has become urgent. As
a result, micro-nanolasers have attracted considerable atten-
tion in the field of nano-photonic technology. Semiconductor
lasers based on ZnO/CdS nanowires or nanowire arrays enable
the scale of microlasers to reach the diffraction limit.[1] How-
ever, the minimum size of a semiconductor laser is still limited
by the diffraction limit, i.e., (λ/2n)3 for three-dimensional
lasers, where λ is the free-space wavelength and n is the re-
fractive index of the dielectric. In recent years, the research
of lasers based on plasmonic structures has achieved a major
breakthrough in overcoming the diffraction limit[2,3] by using
the surface plasmon (SP),[4] which is a transverse magnetic
(TM) polarized surface wave propagating along the metal–
dielectric interface. The high field confinement of the surface
plasmon has been used to create subwavelength waveguides
and cavities for the development of micro-nanolasers.[5,6]

However, the high loss mainly from metal absorption in
plasmonic waveguides limits the propagation length of the
plasmonic mode and makes it difficult to form lasing action.
Even though some surface plasmon modes, such as long-
range surface plasmons, propagate longer distances with lower
loss, the corresponding optical confinement becomes much
worse.[7] In order to keep a good balance between the prop-
agation loss and the mode confinement, a variety of hybrid
plasmonic waveguides for nanolaser applications have been

put forward in recent years.[8–11] Oulton proposed a typical
hybrid plasmonic waveguide structure composed of a high-
index dielectric nanowire above a metal layer which exhibits
low loss and long propagation distance with subwavelength
confinement.[12] Then a similar hybrid waveguide consisting
of a CdS nanowire on top of a silver substrate separated by an
ultra-thin MgF2 buffer layer was investigated.[13] Zhu studied
the modal properties of the above hybrid plasmonic waveguide
by using the air as the low-index dielectric material and illus-
trated the coupling mechanism between the surface plasmon
mode and the mode of the nanowire waveguide in detail.[14]

Compared with the previous structure,[13] a hybrid plasmonic
waveguide with an air gap acquires less loss and a lower
threshold with the same size, indicating that a buffer layer of
lower index (air) can reduce the propagation loss. Based on the
above-described structure, Bian proposed several new hybrid
plasmonic structures, including a coupled nanowire pair based
plasmonic laser structure,[15] a coplanar edge-coupled plas-
monic waveguide structure,[16] and so on,[17–20] which may be
used for subwavelength-scale nanolasers with low threshold.

In this paper, we propose a novel surface plasmonic
nanolaser based on a metal nanowire/air gap/high-index semi-
conductor nanowire hybrid structure covered with a low-index
dielectric cladding. We analyze the electric field distribu-
tion of the proposed structure and calculate the modal char-
acteristics and the lasing threshold by using the finite-element
method on the basis of the COMSOL Multiphysics platform.
We obtain the optimal size of the nanolaser. The simulation
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results reveal that our proposed structure has a lower threshold
compared to the previous coupled nanowire pair based hybrid
plasmonic structure with the same parameters.[15] The struc-
ture could be easily integrated with various plasmonic struc-
tures and is significant for developing deep subwavelength-
scale plasmonic nanolasers with low loss and low threshold.

2. Model and calculation
The geometry of the proposed nanolaser is shown in

Fig. 1(a). An MgF2 nanowire as the low-index cladding is
placed on an MgF2 substrate. An Ag nanowire and a high-
index CdS nanowire are symmetrically buried in the MgF2

nanowire. Since a buffer layer of lower index can reduce the
propagation loss,[14,15] an air gap is introduced into the design
to achieve lower loss. The air gap is etched between the Ag
nanowire and the CdS nanowire. Silver is chosen due to its
low absorption coefficient and low propagation loss. The radii
of the Ag, CdS and MgF2 nanowires are r1, r2, and r3, respec-
tively (here r1 = r2). The width and height of the air gap are w
and h, respectively. The thickness of the MgF2 cladding, d, is
fixed at 20 nm, so the radius of the MgF2 nanowire, r3, is equal
to 2r1 +w/2+ d. The lasing wavelength is 490 nm. The re-
fractive indices of Ag, MgF2, and CdS are 0.05+3.0391i, 1.4,
and 2.4, respectively.[16]
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Fig. 1. (color online) (a) Geometry of the proposed plasmonic nanolaser. (b)–(d) Normalized electric field distribution of the fundamental hybrid plasmonic
mode of the proposed structure (r1 = r2 = 50 nm, r3 = 122.5 nm, w = 5 nm, h = 15 nm, d = 20 nm).

From the electric field distribution of the fundamental hy-
brid plasmonic mode shown in Fig. 1(b) (r1 = r2 = 50 nm,
w = 5 nm, h = 15 nm), it is clear that the electric energy is
mainly concentrated in the nanometer-size air gap, a portion
of which also permeates into the MgF2 material above and be-
low the air gap. In addition, a weak electric field exists around
the Ag nanowire and in the CdS nanowire. Compared with the
fields in other regions of the proposed structure, the electric
field in the air gap is strongly enhanced. Figures 1(c) and 1(d)
show the simulated field distributions along the horizontal and
the vertical dashed lines in Fig. 1(b), which reflect the field en-
hancements in the air gap in the horizontal and the vertical di-
rections, respectively. The coupling between the surface plas-

mon mode at the silver interface and the fundamental mode of
the CdS nanowire leads to a strong field enhancement in the
gap region, with enough modal overlap in the CdS nanowire
to provide the required optical gain, and a high energy con-
finement is formed.

In the following, we investigate the effect of the geomet-
ric parameters on the properties of the nanolaser. The modal
properties and the lasing threshold are important indices re-
flecting the properties of the designed laser. The modal prop-
erties include the modal effective index neff, the effective prop-
agation loss αeff, the normalized mode area Aeff/A0, and the
confinement factor Γ . The modal effective index and the ef-
fective propagation loss are reflected by the real and the imag-
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inary parts of the hybrid waveguide propagation constant over
the free-space wavevector, respectively.[14] The normalized
mode area is defined as the ratio of the effective mode area
to the diffraction-limited mode area and can be expressed as

A = Aeff/A0. (1)

Here, the effective mode area Aeff is calculated[15] as

Aeff =

(∫∫
|E|2dxdy

)2/∫∫
|E|4dxdy, (2)

where E is the electric field intensity of the hybrid mode. The
diffraction-limited mode area A0 is defined as

A0 = λ
2/4, (3)

where λ is the lasing wavelength. The confinement factor Γ

is defined as the ratio of the electric energy in the CdS gain
nanowire to the total electric energy of the mode and embodies
the ability of the gain nanowire to confine the mode field.[15]

We first assume that the air gap height h = 15 nm and in-
vestigate the effect of the width of the air gap (w) on the modal

properties with different nanowire radii (r1 = r2 = 30 nm,
40 nm, 50 nm, 60 nm, 70 nm). Here w varies from 2 nm to
20 nm. The results shown in Fig. 2 indicate that the modal
characteristics of the structures with different nanowire radii
show the same trend with increasing air gap width. When the
gap width increases from 2 nm to 20 nm, both the modal ef-
fective index and the propagation loss decrease because of the
weakened coupling between the two nanowires. Moreover,
the effective propagation loss gradually levels off at large gap
width. This is because when the two nanowires are relatively
small compared to the air gap width, more electric energy is
confined around the silver nanowire surface. This leads to
higher loss, which makes the total loss decrease at a relatively
slow rate. With the gap width increasing, the mode area be-
comes larger and the confinement factor gradually decreases.
The result shown in Fig. 2(c) indicates that when r1 and r2 are
small (r1 = r2 = 30 nm) and w is very large, the growth of the
mode area becomes slow. According to Ref. [15], this is be-
cause when the two nanowires are relatively small compared
to the gap width, more electric energy is confined around the
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Fig. 2. (color online) The modal properties of the fundamental hybrid plasmonic mode with different w for the cases of nanowire radii r1 = r2 = 30 nm,
40 nm, 50 nm, 60 nm, 70 nm (h = 15 nm, d = 20 nm, r3 = 2r1 +w/2+d): (a) modal effective index neff, (b) effective propagation loss αeff, (c) normalized
mode area Aeff/A0, (d) confinement factor Γ .
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silver nanowire surface. Therefore, reducing the gap width w
can increase the overlapping region between the hybrid mode
and the gain medium, achieving smaller mode area and higher
confinement factor. The normalized mode area reflects the ca-
pacity of the mode confinement. Figure 2(c) shows that when
the gap width varies within the range of 2–20 nm, the nor-
malized mode area always stays below 0.2, indicating that
the structure can realize good deep-subwavelength confine-
ment. It is also shown that the hybrid waveguide with larger
nanowire radii exhibits lower propagation loss, smaller effec-
tive mode area, and higher confinement factor simultaneously.

To further evaluate the performance of the presented
structure, we investigate the dependence of the lasing thresh-
old of the fundamental hybrid plasmonic mode on the gap
width w (shown in Fig. 3). The pump threshold for lasing
is related to the nanowire length L and the end facet reflectiv-
ity R. Here, we set the nanowire length L to be 30 µm. The
reflectivity R is calculated by the following equation:

R = (neff−1)/(neff +1) . (4)

In this paper, we do not consider the effect of the MgF2

cladding on the end facet reflectivity and simply estimate
the reflectivity to illustrate the influence of the geometric pa-
rameters on the lasing threshold. The lasing threshold is
calculated[14] by

gth = (k0αeff + In(1/R)/L)/Γ · (neff/nwire) , (5)

where k0 = 2π/λ , nwire is the refractive index of the gain
nanowire, and neff/nwire is the enhancement part of the modal
effective index.

Figure 3(a) shows the complete trend for thresholds with
the chosen parameters, and figure 3(b) is the enlarged plot for
the corresponding region in Fig. 3(a). As shown in Figs. 3(a)
and 3(b), when the air gap width increases from 2 nm to 20 nm,
the threshold firstly decreases before increasing for large Ag
and CdS nanowires (e.g., r1 = r2 = 50 nm, 60 nm, 70 nm), so a
minimum threshold can be obtained at a certain air gap width.
In Fig. 3(a), for the waveguide with small nanowire radii (e.g.,
r1 = r2 = 30 nm, 40 nm), due to relatively high propagation
loss and rapidly reduced mode overlap in the gain nanowire,
the lasing threshold shows a monotonic increasing trend as the
gap width increases. Particularly, when the nanowire radius is
30 nm, the threshold increases sharply. Figure 3 also indicates
that the structure with two larger nanowires achieves a lower
threshold. However, considering the limitation of the actual
size and the adverse effect of other plasmonic modes for prac-
tical applications, too large a nanowire should not be chosen.
Here, the adverse effect[14] is that when the nanowire radius is
not sufficiently small, the perturbed supermode with a much
larger mode area will become the lasing mode, which is disad-
vantageous for obtaining the desired deep subwavelength scale
plasmonic laser.
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Fig. 3. (color online) Dependence of lasing threshold of the fundamen-
tal hybrid plasmonic mode on w for the cases of nanowire radii r1 =
r2 = 30 nm, 40 nm, 50 nm, 60 nm, 70 nm (h = 15 nm, d = 20 nm,
r3 = 2r1 +w/2+d): (a) the complete trend for thresholds with the chosen
parameters, (b) enlarged plot for the circled region in panel (a).

Furthermore, the influence of the air gap height h on the
properties of the proposed laser is investigated. Here, the
radii of the two nanowires r1, r2 are fixed at 50 nm and the
air gap width w is chosen to be 2 nm, 5 nm, 10 nm, 15 nm,
and 20 nm, respectively. The air gap height h is set within
the range of 5–30 nm. From the simulation results shown
in Figs. 4(a) and 4(b), it is revealed that the modal effective
index and the propagation loss decrease continually due to
the increased air gap area with increasing gap height h for all
chosen gap widths. When the gap width is relatively large, the
propagation loss decreases very slowly. This is because the
coupling between the two nanowires is relatively weak in this
case, and the effect of the change of the air gap area on the
propagation loss is weakened correspondingly. Figure 4(c) il-
lustrates that a smaller mode area can be achieved by reducing
the gap height. However, when the air gap is very narrow (e.
g., w = 2 nm, 5 nm), enlarging h makes the coupling inter-
action become much stronger and the electric energy is more
concentrated in the air gap, consequently resulting in the de-
creased effective mode area. It is also observed in Fig. 4(c) that
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Fig. 4. (color online) The modal properties of the fundamental hybrid plasmonic mode with different h for the cases of gap width w = 2 nm, 5 nm, 10 nm,
15 nm, 20 nm (r1 = r2 = 50 nm, d = 20 nm, r3 = 2r1 +w/2+ d): (a) modal effective index neff, (b) effective propagation loss αeff, (c) normalized mode
area Aeff/A0, (d) confinement factor Γ .

for the chosen sizes, the normalized mode area is always below
0.25, indicating deep-subwavelength mode confinement. Fig-
ure 4(d) shows that reducing the gap height results in higher
confinement factor as well.

On the basis of the above research of the modal prop-
erties, we explore the effect of the air gap height h on the
lasing threshold. From Fig. 5, it is obvious that the thresh-
olds of the structures with different w show different trends
as h increases. When the air gap is relatively narrow (e.g.,
w = 2 nm), reduced threshold can be observed at larger gap
height. With a large overlap between the hybrid mode and
the gain medium, enough gain could be provided to compen-
sate the loss, which causes the reduced threshold as the loss
sharply decreases. Whereas for wide air gaps (e.g., w= 10 nm,
15 nm, 20 nm), the pumping threshold becomes higher and
higher with increasing h. In this case, the insufficient over-
lap region in the gain medium rapidly becomes smaller due to
the increased h, and the lasing threshold gradually increases
in spite of the slowly decreased propagation loss. When w is

fixed at 5 nm, the threshold firstly decreases before increas-
ing as h increases, indicating a minimum threshold achieved
at h = 12.5 nm (shown in Fig. 5(b)).

Figure 6 shows the comparison of lasing threshold
between the present hybrid plasmonic waveguide and the
previous coupled nanowire pairs based hybrid plasmonic
structure.[15] According to Ref. [15], the previous hybrid plas-
monic structure can realize deep-subwavelength mode con-
finement as well. However, the proposed structure shows
much lower threshold than the previous hybrid plasmonic
structure when they have the same gap width and nanowire
radii (especially for large gap width), which is beneficial for
realizing low-threshold lasing.

Although the proposed structure can make the optical en-
ergy confined in the gap region to realize the subwavelength
confinement, there is a disadvantage for the optical gain in the
CdS nanowire. For a small gap width (e.g., w = 2 nm), the
overlap of the hybrid mode and the gain region is enough to
provide the optical gain. However, when the gap width is rel-
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atively large (e.g., w = 20 nm), the weak modal overlap in the
gain medium results in a large threshold, which is undesirable
in practical applications.
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present hybrid plasmonic waveguide and the previous hybrid plasmonic
waveguide[15] with different gap width w for the cases of nanowire radii
r2 = 40 nm, 50 nm, 60 nm (h = 30 nm, d = 20 nm, r3 = 2r1 +w/2+d).

Above all, the characteristic of the proposed structure can

be regulated by changing the geometric parameters w, h, r1,
and r2. If the radii of the two nanowires r1, r2 are fixed at 50
nm, the ultra-deep subwavelength lasing with the minimum
pump threshold could be realized by respectively setting the
width and the height of the air gap at 2 nm and 30 nm. In this
case, the lasing threshold and the normalized mode area can
reach 1.65 µm−1 and 0.01, respectively.

The fabrication of the designed nanolaser may be a chal-
lenge, but is not entirely impossible with the development
of nano-fabrication technology. Nano-fabrication techniques
such as the focused ion-beam (FIB), dry etching, annealing,
and various material deposition techniques can be used to fab-
ricate the waveguide.[8,17,21]

3. Conclusion
We propose a new type of nanolaser structure based

on a hybrid plasmonic waveguide which enables deep-
subwavelength scale lasing with low propagation loss. We in-
vestigate the effect of the width and height of the air gap and
the nanowire radius on the nanolaser’s properties. It is demon-
strated that by appropriately adjusting these parameters, the
lasing threshold can be significantly reduced while maintain-
ing the capacity of ultra-deep subwavelength mode confine-
ment. We obtain the optimal size of the nanolaser. Compared
with the previous coupled nanowire pair based hybrid plas-
monic structure,[15] a lower threshold is achieved for the pro-
posed nanolaser with the same geometric parameters. The pro-
posed hybrid plasmonic waveguide structure provides a theo-
retical basis and research ideas for the development of a new
generation of nanolaser. It could be easily integrated with var-
ious nanophotonic devices and shows potential for application
in many fields such as optical sensing, optical communication,
and so on.
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