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SPECIAL TOPIC — Nanophotonics

Novel graphene enhancement nanolaser based on hybrid plasmonic
waveguides at optical communication wavelength”
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Surface plasmon polariton (SPP) nanolaser, which can achieve an all-optical circuit, is a major research topic in the
field of micro light source. In this study, we examine a novel SPP graphene nanolaser in an optoelectronic integration field.
The proposed nanolaser consists of metallic silver, two-dimensional (2D) graphene and high refractive index semiconductor
of indium gallium arsenide phosphorus. Compared with other metals, Ag can reduce the threshold and propagation loss.
The SPP field, excited by coupling Ag and InGaAsP, can be enhanced by the 2D material of graphene. In the proposed
nanolaser, the maximum value of propagation loss is approximately 0.055 dB/um, and the normalized mode area is con-
stantly less than 0.05, and the best threshold can achieve 3380 cm™! simultaneously. Meanwhile, the proposed nanolaser
can be fabricated by conventional materials and work in optical communication (1550 nm), which can be easily achieved
with current nanotechnology. It is also an important method that will be used to overcome the challenges of high speed,
miniaturization, and integration in optoelectronic integrated technology.

Keywords: graphene, SPP nanolaser, optical communication

PACS: 81.15.Gh, 81.40.Lm

1. Introduction

Surface plasmon polariton (SPP) is an electromagnetic
mode of optical wave and transferable surface charge, and
it changes the sub-wavelength structure of surface metal.
These electromagnetic waves travel along the metal—dielectric
or metal-air interface and originate from the interaction
between light and collective electron oscillation on metal
surface.!'3] Mark et al. proposed an SPP nanolaser based
on theoretical prediction.!*! This nanolaser was experimen-
tally demonstrated by Norginov.[! Oulton proposed a typ-
ical hybrid plasmonic waveguide structure composed of a
high-index dielectric nanowire above a flat metal substrate
separated by a low-index buffer layer, which exhibits low
loss and confined nanoscale field.!®! Bian!”-8! proposed sev-
eral new hybrid plasmonic structures, including a coupled
nanowire pair based plasmonic laser structure and a copla-
nar edge-coupled plasmonic waveguide structure, which can
be used for subwavelength-scale nanolaser with low thresh-
old. Guillaume!® proposed a nanolaser based on hybrid in-
dium phosphide-on-silicon. A hybrid plasmonic waveguide
consisting of InGaAsP semiconductor on the top of an Ag
substrate separated by an Si buffer layer was investigated in
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Ref. [10]. However, the waveguide presents complex structure
and spread energy, thereby restricting the optoelectronic inte-
gration; the propagation distance is also too short to achieve
highly integrated photo-communication.

Then, with the rapidly development of nanophotonics,
an increasingly number of two-dimensional (2D) materials
were used to improve the performance in waveguide, such as
Bi,Se3,['1 WS2,[1%] graphene and hBN.!"3! Recently, by us-
ing the ion beam modified graphene/WSe?2 heterostructure as
a saturable absorber, Q-switched pulsed lasing with optimized
performance has been realized in yttrium aluminum garnet ce-
ramic waveguide cavity.!!'*! The aforementioned studies indi-
cated the outstanding performance of combing two dimen-
sional materials with conventional waveguides. We further
study the interaction between graphene and the SPP nanolaser
based on the current research status.

In this paper, we design a graphene enhancement nano-
laser based on hybrid plasmonic waveguides at optical com-
munication wavelength. Firstly, the finite-element method is
used to analyze the electric field distribution and calculate
the modal characteristics in the optical communication wave-
length at 1550 nm. Furthermore, in order to obtain the op-
timal mode parameters and threshold, structural properties of
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proposed waveguide are calculated. Then, the performance of
proposed waveguide is compared with those from other stud-
ies; we observe a significant improvement. Finally, we further
study the threshold and mode parameters in the cases with and
without graphene. We find that the proposed waveguide has
significant potential applications in ultrahigh density plasma
devices and photonic integrated circuit.

2. Structure and method

The structure of SPP waveguide is schematically illus-
trated in Fig. 1(a), and the 2D section diagram is depicted in
Fig. 1(b).

Fig. 1. (color online) (a) Proposed structure of three-dimensional (3D) SPP
waveguide. (b) 2D section diagram along x—y.

The proposed structure consists of SiO; substrate, Ag tri-
angular rib, graphene layer, and inverted ridge high refrac-
tive index semiconductor of InGaAsP, arranged in the order
from the bottom to the top. Sliver is selected because of its
low propagation loss in the optical communication range com-
pared with others, and the material of InGaAsP can provide
gain compensation, which can further enhance SPP photon
localization. Graphene is located in the middle of two tips,
which effectively enhances and restricts the SPP. Mode pa-
rameters, are important to reflect waveguide performance, in-
cluding modal effective index (n.f), propagation loss (),
normalized mode area (SF), and confinement factor (I").

Modal effective index (n.¢r) is reflected by the real part of
the hybrid waveguide propagation constant and the free-space
wave vector.

Normalized mode area (SF), which is defined as the ratio
of the effective mode area (Ap,) to the diffraction-limited mode
area (Ap), can be expressed as SF = A, /Ao.!”] The effective

mode area (Ap,) is calculated from the following equation:

2
A, = S a.. |E] dA]z’ )
I a. |E|*dA

where E is the electric field intensity of the hybrid mode
and Ag is the diffraction-limited mode area and defined as
Ao = A2 /4, with A being the incident wavelength.

Propagation loss (o) is reflected by the imaginary part
of the hybrid waveguide propagation constant and the free-
space wave vector, and can be expressed as!”)

ety = 201g (€) nimko = lolgLﬁ, 2
P

where e and L, are the Euler’s number and propagation dis-
tance.

Confinement factor (I') refers to the capability of the gain
nanowire to confine mode field, and is defined as follows: 8!

P W ILW(naA 5
W JfaW(r)dA
where W is the electric energy in the gain medium, and W is
the total electric energy of the mode.
The pump threshold for lasing is related to the end
facet reflectivity R which is calculated from the following

equation!®!
R:(neff—l)/(neff+1). “4)

The lasing threshold can be calculated using the following for-
mula:

8th = (koaeff+ln(1/R) /L)/F (neﬁ'/nwirc); (5)

where kg = 27/, negr and nyie are the mode effective index
and refractive index of the gain nanowire, respectively, Qg iS
the propagation loss, I denotes confinement factor, and L is
defined as the length of waveguide, fixed at 30 pum.

Graphene’s out-of-plane permittivity is set to be 2.25, and
its in-plane permittivity (!> can be expressed as

€ = —0gi/EWt + 10y, /01, 6)

where 0y ; and 0Oy, represent the imaginary and real part of
the conductivity of graphene o(®), and & and ¢t = 0.3 nm
denote the vacuum permittivity and thickness of graphene, re-
spectively.

The conductivity of graphene o (w) is modeled using the
Drude model with D (Drude weight) and I'" (scattering width)
used as two fitting parameters:[117]

iD

o(®) = Terir) 2

where @ is the incident light frequency, D = ¢’Er/h? and
I' = 7! = eV /uER, with e being the elementary charge,
the reduced Planck’s constant, Er the Fermi energy level, u
the carrier mobility, Vi ~ 2.1'/2 x 10° m-s~! the Fermi veloc-
ity, and 7 the intrinsic relaxation time.
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3. Results and discussion
3.1. Electric field distribution

We compare the electric field distribution in the case with
graphene and that without graphene in the same circumstance.
The novel phenomenon can be found that graphene not only
can enhance SPP coupling effect, but also can restrict the elec-
tric field.

The height and the length of Ag and InGaAsP triangu-
lar structure are denoted as H, and W, respectively (here
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Wiip = 2H, x tan(@)). The thickness of rectangle graphene
layer is denoted as Hg,p, and the length of SiO, basement is
represented with W.

In fundamental simulation, the parameters are set to be
Hy =120 nm, Hyyp = Hy = 0.3 nm, W = 800 nm, o = /M6,
and Hz = 100 nm. The Fermi energy level and carrier mo-
bility are set to be Ep = 0.8 eV and u =1 m2/(V-s), respec-
tively. Because we focus on the SPP performance, we analyze
the electric field based on the contact point between Ag and
graphene for different Hg,p as shown in Figs. 2(a)-2(f).
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Fig. 2. (color online) Fundamental electric distributions with (a) and without (b) graphene. Field distributions along (c) horizontal and (d) vertical red
solid lines in panel (a) with graphene. Field distributions along (e) the horizontal and (f) the vertical direction in panel (b) with no graphene.

088104-3



Chin. Phys. B Vol. 27, No. 8 (2018) 088104

Figure 2(a) shows that coupling excitation electric field
with graphene can be easily achieved at 891 V/m. However, in
Fig. 2(b), the maximum value of electric field strength without
graphene is approximately 640 V/m. It shows that the electric
field in the graphene significantly increases by nearly 40%,
compared with that without graphene. Therefore, we can find
that graphene can extremely enhance the electric field strength.
A comparison between Figs. 2(c) and 2(e) shows that the elec-
tric field distribution with graphene layer, along the vertical
red solid line, is more concentrated at y = 220 nm in SPP
waveguide. As shown in Figs. 2(d) and 2(f), the electric field
distribution in the case with no graphene partially diverges in
the x = 400 nm direction. Just as figures 2(c) and 2(d) indicate
the curve of electric filed distribution in the case with graphene
is for a divergent state, whereas figures 2(e) and 2(f) present
that it is a polymerization state in the case without graphene.

Therefore, we can conclude that the electric field can be
excellently confined in the rectanglar graphene layer.

3.2. Mode parameters

We conduct the quantitative analysis of mode parameter
by changing thickness of the rectangular graphene layer, Hg,p.
Considering the limitations of the current manufacturing pro-
cess, the width and length of a rectangular are set to be unequal
to increasing its feasibility. The most important parameters in
the SPP waveguide are electric field distribution and mode pa-
rameters which include modal effective index (n.f), propaga-
tion loss (fr), normalized mode area (SF), and confinement
factor (I'). The mode parameter will be analyzed in the fol-
lowing.

In the calculation, the frequency of incident light is set to
be 1550 nm and the structure parameter of H», Hgap, W are
set to be 120 nm, 0.3 nm, and 800 nm, respectively. The 3D
normalized electric field strength is shown in Fig. 3.

normalized electric field strength V/m
400 1.0
1.00 o
0.8
| 0.7
' ! 0.6
0.5
0.4
0.3
0.2
0.1
0

Fig. 3. (color online) Normalized electric field strength.

As shown in Fig. 3, the electric field coupled by Ag and
InGaAsP is normalized. After the electric filed strength is nor-
malized, the strong couple effect and peak value appear in the

interface between Ag and graphene. Due to the ohmic effect
of metal, some energy spreads to the bottom of triangle. Then,
SPP effect is excited by Ag and SiO;, resulting in propagation
loss. From the normalized electric field distribution, energy is
confined into a small area, which indicates that the proposed
structure has an outstanding performance in mode area and
confinement factor.

Then, in order to obtain the best structure characteristic,
we further study the mode parameter in the waveguide. Con-
sidering the completeness of the simulation, we change the
thickness of graphene, Hg,p, from 0.3 nm to 20.3 nm in steps
of 0.2 nm for different A, as shown in Figs. 4(a)-4(d).

Figures 4(a) and 4(b) show that when the height of trian-
gle (H,) is fixed, the modal effective index decreases as the
thickness of the rectangular graphene (Hg,p) increases. The
reason is that the coupling effect between Ag and InGaAsP
weakens as Hg,, increases, which means that it excites less
energy. In addition, when the thickness of graphene (Hg,p)
is fixed, the modal effective index increases as H, decreases.
Then, we analyze the propagation loss which is defined as the
loss of light transmission in the waveguide. Therefore, the
lower propagation loss value is expected. When the height of
triangle (H>) is fixed, propagation loss increases as Hgyp in-
creases. As the Ag triangle area increases, metal produces a
greater ohmic effect, moving the energy to the two corners of
the triangle. Thus, the larger Ag triangle area produces higher
modal effective index and lower propagation loss with maxi-
mum values of nearly 3 and 0.055 dB/pm, respectively. Com-
pared with the maximum, 0.1 dB/pum, the propagation loss

(7-18] Therefore, the pro-

decreases in the order of magnitude.
posed waveguide has outstanding propagation property.

Normalized mode area, which is defined as the optical
limit capability in waveguide structure, indicates the degree
of energy concentration. The relationships between Hgy,, and
normalized mode area for different H, are shown in Fig. 4(c).
As graphene thickens, more energy diverges into the rectangu-
lar range. When Hy,;, is fixed, normalized mode area increases
as the H, increases. With the decrease of coupling effect, high
energy has stronger constraining force than low energy.

The maximum and the minimum value in the proposed
waveguide are 0.05 and 0.001, respectively. However, in
Ref. [19], the maximum and minimum values are 0.4 and 0.1,
respectively. Compared with the maximum 0.1 in Ref. [7], the
normalized mode area is reduced by two orders of magnitude.
Thus, the normalized mode area of the proposed waveguide
improves about 87.5% (nearly one order of magnitude), show-
ing a strong limit.

The confinement factor is defined as the physical quan-
tity that can reflect the capability of energy distribution in the
waveguide. Thus, in this paper, it is defined as the ratio of
the energy in the gain medium to the total energy of the mode
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field. The relationship among H>, Hyyp, and confinement fac-
tor are shown in Fig. 4(d). As Hg,, increases, the coupling
effect weakens, resulting in energy divergence and increasing
confinement factor.

In the proposed waveguide, the maximum value of con-
finement factor is 0.8, which is comparable to that in Ref. [19],
the maximum value and the minimum value are 0.35 and 0.15,
respectively. The performance of our proposed waveguide

2.9
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is improved by more than 56%. Energy is limited around
graphene, proving its capability in constrained optical field.
Then, we discuss the most important parameter reflecting the
optical transmission property. As shown in Figs. 2(a)-2(d),
we select waveguide length to be L = 30 pum to calculate the
threshold. When H, is fixed, threshold decreases as Hg,p, in-
creases. It leads the energy to decrease as the coupling effect

weakens.
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Fig. 4. (color online) Mode parameters appearring in waveguide, showing (a) modal effective index, (b) propagation loss, (c) normalized mode

area, and (d) confinement factor.
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After aforementioned analysis, the best structure param-
eter can be obtained in the cases of Hy,p = 1.3 nm and H, =
40 nm. The best threshold, 3380 cm™!, has the same order
of magnitude as that in Ref. [18]. However, in the proposed
waveguide, the best normalized mode area and mode area are
0.0025 and 107°A2, respectively. The proposed waveguide
shows the better confinement factor, normalized mode area,
and propagation loss than other structures.

Last but not least, as shown in Table 1, based on the
best structure parameter, the mode parameter of the proposed
waveguide, including modal effective index (nf), propaga-
tion loss (@), normalized mode area (SF), confinement factor
(I'), and threshold, will be further studied in the cases with and
without graphene, respectively.

Table 1. Mode parameters for the cases with and without graphene.

Neff  Cefr/(dB/cm) SF/10™3 ' Threshold/cm™!

With graphene 2.851 203 3.1
Without graphene 2.822 200 1.9

0.645 3375
0.360 6060

As shown in Table 1, the mode parameters of proposed
waveguide can be obtained in the cases with and without
graphene, respectively. Comparing with in the case without
graphene, the confinement factor in the case with graphene,
which can reflect the capability of energy distribution, shows
a better value of 0.645. The threshold of waveguide with and
without graphene free are 3375 cm~! and 6060 cm™!, respec-
tively. Therefore, it can indicate that graphene has the ability
to concentrate energy and reduce threshold. However, because
of the scattering mechanism in graphene, the propagation loss
of the proposed waveguide is larger than that in the case with-
out graphene free.

4. Conclusions

According to the aforementioned analysis, we propose a
novel graphene enhancement nanolaser based on the hybrid

plasmonic waveguide at an optical communication wavelength
of 1550 nm. In this paper, we find that the graphene has the
properties to limit SPP and enhance coupling effect. Then,
based on the best structural property, the optimal confinement
factor and propagation loss are 0.645 and 0.02, respectively.
The threshold and normalized mode area are 3380 cm ™! and
0.0025, respectively. Compared with the waveguide in other
studies, our waveguide is improved nearly 56.52% in confine-
ment factor and reduced in propagation loss. Meanwhile, the
normalized mode area increases about 87.5%. In addition, the
proposed waveguide can be fabricated by using normal mate-
rials, which can be achieved easily by current nanotechnology.
This method can be used to solve the difficult problems of
high-speed, miniaturization and integration in optoelectronic
integrated technology in the future.
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