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Featured Application: The paper describes the theoretical modeling of a surface plasmon
laser, based on Ag and CdS nanowires spaced with either MoS;, SiO;, or MgF,. A quite
extensive parametric study is carried out, exploring the effects of the variation of the geometrical
parameters, constituting materials, and so on. The most relevant result of the investigation is
that the use of MoS; as a space layer apparently has a very positive impact on the losses of the
structure, as well as on lowering the threshold for plasmon oscillation.

Abstract: The paper has proposed a new structure based on MoS,. The electric field distribution,
the locality and the loss of the mode, and the threshold under different geometric shapes and
parameters are investigated using COMSOL Multiphysics software, based on the finite element
method. The different influenced degree of each component is also analyzed. Simulation results
reveal that this kind of nanolaser has a low loss and high field confinement ability, the radius of CdS
and Ag make a major contribution to the low loss and low threshold, and field confinement ability
is mainly affected by the height of air gap. Under optimal parameters, effective propagation loss is
only 0.00013, and the lasing threshold can be as low as 0.11 um~!. The results provide theory and
technique support to the field of new nanolaser design.
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1. Introduction

As one of the most important inventions in the twentieth century, laser plays an important role in
our lives. After more than half a century of development, laser size has become smaller. Traditional
semiconductor lasers can’t breach the diffraction limit, so their spatial size and mode size are larger
than half a wavelength, and the miniaturization of lasers is hindered [1-3]. Nanolasers based on surface
plasma can achieve deep subwavelength radiance, which makes laser miniaturization possible [4-9].

However, designing high-performance surface plasmon waveguide-based nanolasers has
paradoxical problems of mode locality and propagation loss. In recent years, the proposed hybrid
surface plasmon waveguide structure has achieved the coexistence of high local mode distribution
and low loss transmission to some extent. In hybrid surface plasmon waveguides, surface plasmon
mode and dielectric waveguide mode coupling with each other in the low refractive index gap allow
the layer of gaps to function to store energy, which promotes the reduction of transmission loss while
enhancing the locality of the electric field [10-14]. The structure has been studied by researchers and
achieved a lot of good results. In addition, the propose of the grapheme [15-20] and MoS; [21-28]
make nanolasers acquire a better performance.

The nanolaser, which has a waveguide structure based on MoS,, has been put forward in this
paper. By comparing the simulation results with SiO, and MoS; and MgF; materials in the modified
structure, it was found that MoS; has a better performance. The electric field distribution, mode
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characteristics, and laser threshold have been regarded as the criteria to analyze the effect of different
materials [29-32]. The influence of geometry on nanolaser based on MoS, is also discussed.

2. Physical Model

The structure presented in this paper is shown in Figure 1. The nanolaser includes a gain nanowire
(the material is CdS, the radius is rcgs), spacer layer (MoS,, SiO,, and MgF, have been selected as
materials, the thickness is ‘h’), air gap (the thickness of upper air gap is hy, the thickness of lower air
gap is hg), and metal nanowire (the material is silver, the radius is rag). The longitudinal length of the
structure is 10 um. The geometry of the metal part and the gain part is cylindrical, which will lead to a
good mode locality.

(a)

Figure 1. (a) The block diagrams and (b) the section plan of nanolaser.

3. Simulation Analysis

The output wavelength of nanolaser is 489 nm [33] and the relative dielectric constants of Ag,
CdS, MoS;, and 51O, are —9.2 + 0.3i, 5.76, 19.7 + 7.7i, and 2.18 [34-37], respectively. This paper uses
commercial COMSOL Multiphysics software based on the finite element method for the simulation
calculation. The scattering boundary condition is chosen because the electromagnetic wave is almost
completely transmitted under the scattering boundary condition. The plane wave is well absorbed
and the incident wave is allowed to enter from any direction. This is one of the most commonly used
boundary conditions to define the incident condition. More detailed mesh is selected to obtain more
accurate results [38].

3.1. Discussion of Electric Field Distribution

The longitudinal electric field is discussed in this paper. Two-dimensional electric field distribution
is shown as Figure 2a, and the electric field distribution of Ey at X = 0 is shown in Figure 2b. As can be
seen from Figure 2, the energy is mainly distributed in the two air gaps between the CdS nanowire
and the Ag nanowire, which is caused by the energy storage ability in the air gap. The electric field
intensity around the CdS nanowire is greater than that of the Ag nanowire. This is because the surface
plasma mode of the metal nanowire coupled with the high gain dielectric nanowire waveguide mode,
which led to a considerable part of the electric field energy being localized in the gap around the CdS
nanowire. This shows that at the junction of the two materials, the electric field will be enhanced and
the degree of enhancement of different materials will be different.



Appl. Sci. 2018, 8, 2110 30f9

— MoS2

100 -

E,(v/m)

-100

-200 £ 1 1 1 1
0 20 40 60 80

Y(nm)
(a) (b)

Figure 2. (a) The electric field distribution of nanolaser; (b) The intensity distribution of Ey.

3.1.1. Discussion on Electric Field Distribution of Different Materials

The electric field distribution of different materials is shown as Figure 3. The radii of the
semiconductor nanowire and metallic nanowire are 80 nm, the thicknesses of materials MoS,, MgF,,
and SiO; are 5 nm, and the height of the air gaps is 5 nm. As can be seen from Figure 3, the material
has no significant influence on the distribution of the electric field, but the electric field strength is
seriously affected by the material. The nanolaser which takes MoS; as the spacer layer has achieved
the largest electric field intensity between the CdS nanowire and the Ag nanowire and the smallest
electric field intensity in the spacer layer, while it has achieved the smallest electric field intensity
between the CdS nanowire and the Ag nanowire and the largest electric field intensity in the spacer
layer. In order to obtain a stronger electric field enhancement effect, taking MoS, as the spacer layer
is necessary.
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Figure 3. The electric field distribution with different materials.
3.1.2. The Influence of Geometrical Structure on Electric Field Distribution

Figure 4 shows the electric field distribution of different geometries. Figure 4a is the electric field
distribution of different air gap height. The radii of the semiconductor nanowire and metallic nanowire
are 80 nm, and the height of the spacer layer is 5 nm. To analyze the influence of CdS nanowire and Ag
nanowire, as shown in Figure 4b, the radii of the CdS nanowire and Ag nanowire have been changed.
The height of the two air gaps is 5 nm, and the thickness of the intermediate spacer MoS, is 5 nm.
As can be seen from Figure 4, the higher the height of the air gap, the smaller the electric field intensity;
the greater the radii of the CdS nanowire and Ag nanowire, the smaller the intensity of the electric field
in the air gap. The main reason for this is energy conservation. When the height of the air gap is higher,
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the electric field intensity in the unit area of the air gap is lower. Thus, the energy is constant. When
the radii of the CdS nanowire and Ag nanowire are greater, the curvature is smaller. Thus, the area of
the air gap is increased, and the electric field intensity of the unit area is lower.
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Figure 4. The electric field distribution of nanolaser versus (a) the height of the air gap, (b) the radius
of CdS and Ag.

3.2. A Discussion of the Locality and Loss of Modes

The mode locality of the laser is expressed in a normalized mode area named A.g/Ag.
The effective electric field area is defined as [39,40]:

2 4
Aest = ([ [E dxdy)*/([[IE[ dxdy). (1)
The diffraction limit electric field area is defined as:
Ay = A% /4. 2)

E represents the electric field intensity of the plasma wave and A is the wavelength of the output
light of the laser.

The mode loss is represented by the effective propagation loss named o [41]. In general, model
locality and loss are contradictory. Many studies are trying to resolve this contradiction at present.

3.2.1. Discussion on Mode Locality of Different Materials

The normalized mode area (Figure 5a) and effective propagation loss (Figure 5b) for different
materials are shown in Figure 5. The structure in Figure 5 is consistent with that in Figure 3. As can be
seen from Figure 5, with the increase of the thickness of the space layer, the normalized mode area of
the nanometer laser structure which chooses MoS; as the space layer is smaller and smaller, and the
effective propagation loss decreases first and then increases. However, the normalized mode area of
nanolaser which selects MgF, and SiO; as the space layer is larger and larger, and the minimum value
of normalized mode area is greater than the maximum value of normalized mode area of nanolaser
using MoS; as the space layer.

This difference is mainly because MoS; is a transition metal sulfide, with a part of metallic
properties that can enhance mode locality to some extent. MoS; belongs to the hexagonal crystal
system. It has a graphene-like structure, a large band gap [42,43], more excellent photoelectric
properties than MgF, and SiOy, high electron mobility, and good thermal stability, and it can store
energy, reducing energy loss as a result.
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Figure 5. The normalized mode area and loss with different materials and the thickness of the space
layer (a) the normalized mode area (b) the propagation loss.

3.2.2. Discussion on the Influence of Geometric Structure on the Localization and Loss of Modes

Figure 6a,c is the effects of the height of the air gap on the normalized mode area and the effective
transmission loss. The radii of the Ag nanowires and CdS nanowires are fixed at 80 and 90 nm
respectively in Figure 6a,c, and the spacer layer is fixed at 6 nm. Figure 6b,d is the effects of the
CdS nanowire and Ag nanowire radius on the normalized mode area and effective transmission loss,
in which the heights of the h, and hy are fixed and are both 10 nm. The structures in Figure 6a,c
and Figure 4a are consistent. The structures in Figure 6b,d are consistent with those in Figure 4b,
respectively. From Figure 6a,c, the normalized mode area increases as the height of the lower air gap
increases, and the effective propagation loss decreases first and then increases, and the trend is upward.
The minimums of the A.¢/Ag value and o, are, respectively, 0.005 and 0.00013. With the increase
of the height of the upper air gap, the normalized mode area and the effective propagation loss all
decrease. With the increase of the Ag nanowire radius, the normalized mode area decreases gradually,
and the effective propagation loss increases gradually. Through the comparison of the diagrams in
Figure 6, it can be seen that the Ag nanowire and CdS nanowire play a more important role in the
limited propagation loss. Among them, the Ag nanowire has the greatest impact. The height of the
air groove has a greater influence on the normalized mode area, and the upper air groove has the
greatest influence.
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Figure 6. The normalized mode area and loss of nanolaser versus (a,c) the height of air gap, (b,d) the
radius of CdS and Ag.
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3.3. Discussion on Threshold

In the process of laser oscillation, there must be a certain gain in order to overcome the loss in the
transmission process so as to realize and maintain the realization of laser oscillation. The minimum
gain is the laser threshold. It is defined as [44-46]:

gin = (KoXegs +1In(1/R) /L) /Te(Neg/Nyire), 3)

where ko = 271/A. neg is effective refractive index, and . is effective propagation losses. They
correspond to the imaginary part of the real part of the relative propagation constant of the plasma
waveguide and the relative vector of the free space. nyir. is the refractive index of the nanometer wire
in the gain medium. T is a limiting factor used to characterize the field limiting power of the gain
dielectric nanometer wire. It is defined as the ratio of the electric field energy in the nanometer wire to
the total energy of the mode waveguide,

R= (neff_l)/(neff+1)- (4)
3.3.1. Discussion on Threshold of Different Materials

Figure 7 is the threshold of different materials, varying with the thickness of the space layer.
Its structure is consistent with that of Figure 3. As can be seen from Figure 7, with the increase of the
space layer thickness, the threshold of the nanolaser which uses MoS, as the space layer decreases
first and then increases. The minimum value is obtained when the thickness is 6 nm. However,
the threshold of the nanolaser which takes MgF, and SiO; as the space layer is becoming smaller and
smaller, but its minimum value is greater than the minimum value in which MoS, is taken as the space
layer. According to the conclusions of Figure 5, the nanolaser using MoS; as space layer is not only
better in locality, but also lower in threshold. Compared to that of MgF, and SiO,, its comprehensive
performance is the best.
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Figure 7. The threshold with different materials.

3.3.2. Discussion on the Influence of Geometric Structure on Threshold

The threshold with different geometries is shown in Figure 8. The structures in Figure 8a,b are
consistent with those shown in Figure 4a,b. As shown in Figure 8a, the threshold decreases as the
height of the upper air gap increases. With the increase of the height of the lower air gap, the threshold
decreases first and then increases, and the minimum threshold is 0.11 pm~—!. As shown in Figure 8b,
with the increase of the radius of the CdS nanowire and the Ag nanowire, the threshold shows a
decreasing trend. When the radius is large, the threshold caused by the radius change is smaller.
Comparing Figure 8a,b, we can see the influence of the height of the air gap on the mode localization is
much smaller than that of the CdS nanowire and the Ag nanowire. Therefore, in order to obtain a lower
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threshold and smaller impact on other properties of the nanolaser, the radius of the CdS nanowire and
the Ag nanowire should be changed preferentially.

In summary, in order to optimize the overall performance of the laser and to balance the
contradiction between A.¢/Ag and o, the radius of the CdS nanowires and Ag nanowires are
90 nm and 80 nm respectively, the spacer layer is 6 nm, and the air gaps are all 10 nm, which means the
threshold of the laser is lower while the normalized mode area is smaller. This structure can achieve
deep subwavelength confinement and a low-lasing threshold.
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Figure 8. The threshold of nanolaser versus (a) the height of air gap, (b) the radius of CdS and Ag.

4. Conclusions

In the paper, a new type nanolaser based on surface plasmon has been proposed. The electric field
distribution, the mode property, and the threshold under different geometric shapes and parameters
are investigated using the finite element method. The different influenced degree of each component
is also analyzed. Under optimal parameters, effective propagation loss is only 0.00013, and the lasing
threshold can be as low as 0.11 um™~!. This value is lower than the simulation results using spacers
of MgF, and SiO, in Reference [41]. Simulation results reveal that this kind of nanolaser has a low
threshold and high field confinement ability, the height of air gap makes a major contribution to the
low threshold, and the field confinement ability of the nanolaser is mainly affected by the radius of the
metal and gain medium. The structure and results provide theory and technique support to the field
of new nanolaser design.
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