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Abstract. An ultrasmall plasmonic coaxial laser made of metal–semiconductor–metal on a sil-
icon substrate through an interlayer bonding was designed. From the effective refractive indices
and the transparent material gain, the nanoscale structural dimensions with both the radius and
the width at 80 nm for the coaxial plasmonic waveguide were decided. The influence of the
interlayer bonding material on the optimization of resonant wavelength and Q-factor was evalu-
ated. A three-dimensional body-of-revolution finite-difference time-domain method was used to
show that a coaxial cavity with a SiO2 interlayer can laze at around 1480-nm wavelength with a
net optical threshold power density of about 800 W∕cm2 and a subwavelength mode volume of
0.014ðλ∕2nÞ3. This nanolaser on silicon platform will benefit those working on nanophotonic
integrated circuits. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
.JNP.7.070598]
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1 Introduction

Metallic-semiconductor cavity nanolasers are considered as attractive potential light sources in
the optical interconnects and ultra-high density photonic integrated circuits.1,2 By employing the
plasmonic-mode confinement mechanism at the metal/semiconductor interface, significant
miniaturization of these metallic size structures down to below the diffraction limit of light
is feasible.3,4 Despite the metal loss at optical frequencies, a net positive modal gain by the
III-V semiconductor with the metal design structures has been demonstrated.5,6

Several different nanocavity laser structures, such as microdisks and nanopatch lasers have
been proposed.7,8 However, one particular laser, i.e., coaxial nanostructure provides a strong
optical feedback despite a small cavity size could be an interesting alternative for telecommu-
nication lasing without increasing the lasing threshold significantly.9 The scaling down of such
coaxial structures below 100 nm to occupy a smaller volume on chip is thus promising. In order
to fulfill a compact electronic-photonic integration, the coaxial nanolaser is to be bonded onto the
silicon (Si) platform. The novelty of this work is the study of integration of an ultrasmall coaxial
laser on the Si substrate through an interlayer wafer bonding.10 A systematic numerical analysis
and optimization of this ultrasmall metallic-semiconductor coaxial waveguide and laser on the Si
substrate is presented.

2 Design Procedures

First, we carry out modal analysis on the coaxial waveguide using Lumerical MODE Solutions,
(Singapore) (commerical grade simulator eigenmode solver and propagator). The modal analysis
corresponds to the analysis of the mode supported by the waveguide, which includes the mode
effective index (real and imaginary parts), as well as the transparency gain to overcome the
modal loss. The modal loss refers to the loss deduced from the imaginary part of the mode
effective index. From the modal analysis, the selected dimensions for the coaxial cavity are
then proposed. In particular, the results indicate that the size of the core radius and the
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width of the gain medium ring can be reduced to below 100 nm. The semiconductor material of
the study is InGaAsP with an effective bandgap of ∼1500 nm and the whole waveguide structure
is covered with silver metal. The body-of-revolution finite-difference time-domain (BOR-
FDTD) numerical simulation indicates the influence of interlayer bonding material on the
Q-factor of the coaxial cavity. We design a coaxial cavity with both the radius and the
width at 80 nm with a SiO2 interlayer which lases at 1480 nm wavelength with a net optical
threshold power density of 800 W∕cm2.

3 Results and Discussion

Figure 1(a) shows a schematic of the coaxial plasmonic waveguide. The waveguide structure
comprises the inner core radius of R and the semiconductor gain medium of width of W. The
semiconductor gain medium is made of bulk InGaAsP material and has an equivalent refractive
index (n) of 3.4 at 1500-nm wavelength.7 Silver metal, which covers the whole structure (damp-
ing rate, Γ ¼ 0.02 eV), is chosen as a shield over gold (Γ ¼ 0.07 eV) or aluminum
(Γ ¼ 0.13 eV) due to its lower absorption loss in the optical frequencies.11 A characteristic
cross-sectional profile of the coaxial cavity in the propagation direction, z is also shown.

To understand the modal loss, the effective refractive indices in the coaxial waveguide with
respect to the structural parameters are shown in Figs. 1(b) and 1(c). In addition, the refractive
index of silver is 0.446þ j10.1 at 1500-nm wavelength. Both the real parts and the imaginary
parts of the effective refractive indices are observed to increase as both R and W decrease.
Significant increase of the indices begins when R reduces to <70 nm. These results demonstrate
a slower phase velocity at higher modal loss as the coaxial waveguide reduces in size. From the
recent literature,12 this behavior may indicate an increase of field penetration into the metal as the
dimensions reduce further. The material gain required as a function of the structural parameters R
and W, is shown in Fig. 1(d). From the figure, as R and W dimensions decrease, the required
material pumping gain to overcome the metal loss also increases. As observed from Fig. 1(d),
there are various sets of R and W dimensions that can provide the transparency gain below
0.5∕μm, which is the maximum gain achievable by the III-V semiconductor material.13 This
threshold material gain study thus shows the possibility of designing a cavity device rationally
at a subwavelength dimension that can compensate for the plasmonic metal loss. Hence, we
propose the coaxial design with both R and W equal to 80 nm as an exemplary study of
which the transparent gain is 0.405∕μm. These subwavelength dimensions in practice can be
fabricated with advanced fabrication tools, such as electron beam lithography and inductively
coupled plasma dry etching.9

Fig. 1 (a) Schematic diagram of the coaxial waveguide with a corresponding field profile. The gain
medium is shown in red and the metal coat is in silver. (b) Real parts of effective refractive indices
and (c) imaginary parts of effective refractive indices with respect to the structural dimensions.
(d) Transparency gain at different R and W dimensions.
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Next, we perform passive simulation of the coaxial cavity on a Si substrate. The cavity is
formed by the top and bottom dielectric layer materials with thickness of 10 and 200 nm, respec-
tively, as shown in Fig. 2(a). The thicker bottom cladding interlayer thickness, (Hinter) of 200 nm
is enough to prevent the Si substrate from perturbing the plasmonic mode. Height of the coaxial
cavity H should correspond to a resonant wavelength that falls within the gain spectrum of the
gain material and also H cannot be too thick such that the pumping required to pump the entire
gain material to transparency is too high. In our study, H is set at 210 nm similar as in Ref. 9.

The silver metal covers the whole structure conformally.9 The effects of different cladding
materials with low n from 1.0 to 2.0 on the resonant wavelength are shown in Fig. 2(b). Using the
SiO2 material of n ¼ 1.45, the resonance wavelength of the selected R and W dimensions is
1480 nm with the cavity quality (Q) factor of 43. This small cavity dimension yields one of
the highest Q factor even though it is not expected to be higher than that of the conventional
dielectric cavities. In addition, the resonance wavelength is very close to the material bandgap of
1500 nm. The redshift in the cavity wavelength from 1444 to 1566 nm for higher index cladding
materials, such as Si3N4 (with n of 2.0) indicates a longer effective cavity length due to the
increased field penetration. As shown in Fig. 2(c), the Q factor also reduces as the cladding
material n increases. This indicates that the higher n material gives rise to a lower reflectivity
due to the smaller refractive index difference in the cavity and hence the Q factor is reduced. The
resonant wavelength can thus be controlled depending on the structural dimensions of the wave-
guide, such as R and W and the cladding material.

We study the spatial and simulation of electromagnetic field of the nanolaser using our in-
house BOR-FDTD algorithm based on a multilevel gain medium system.14 The subwavelength
coaxial cavity laser is optically pumped, and one possibility is that it could be pumped through
the Si substrate with a pumping wavelength of 1064 nm, which is transparent to Si. In the sim-
ulation, we use the pump current density J referring to the pumping term of the electric pump
rate format in the laser rate equations ðJ∕edÞ where e is the electronic charge and d is the thick-
ness of the active region.14 The optical intensity of the detector in the cavity under different
current densities is shown in Fig. 3(a). The simulated coaxial laser lases at a threshold pumping
density of ∼1000 A∕cm2, which corresponds to a comparable power density of ∼800 W∕cm2 at
a smaller device dimension.9 Self-sustained lasing is then achieved at above threshold and the
time domain response of the laser in steady state after preliminary oscillations is further shown in
the inset. Figure 3(b) shows the effect of injection pump level on the lasing wavelength. The
lasing wavelength blueshifts with increasing pump densities as a result of band filling effects.15

Fig. 2 (a) Schematic diagram of the coaxial cavity on a Si substrate. (b) Spectrum response of the
passive coaxial cavity with different interlayer materials. (c) Plot of Q-factor versus refractive index
of different interlayer material.
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The spectrum response of the cold cavity is added for comparison. Upon lasing, the bandwidth of
the spectrum reduces significantly.

Figure 3(c) shows the zero-order electric field profiles sliced across the different heights of
the whole coaxial structure. The first slice occurred at z ¼ 50 nm up from the bottom coaxial
cavity surface and the second slice into the bottom interlayer, zinter ¼ 50 nm away from the
coaxial cavity surface as shown in Fig. 3(d). As compared to the coaxial field intensity in
the cavity, the strength of the field, however, reduces as we move into the interlayer. The trans-
verse field profile of the plasmonic mode inside the coaxial laser is also shown in Fig. 3(d). The
simulation of the electric field intensity profile, E2 shows that most of the optical field energy is
confined at the inner interface between the metal and the semiconductor medium, which is con-
sistent with the coaxial mode expression in the microwave range. This bounded mode between
the metal/semiconductor interface could lead to nonradiative recombination, which may affect
the threshold current.16 This field profile also suggests that a proper design of the interlayer
structure is required to extract the light from the coaxial cavity for practical applications. In
addition, the effective mode volume is calculated to be ∼0.014ðλ∕2nÞ3 with the following equa-
tion where εðrÞ is the dielectric constant, EðrÞ is the electric field strength, and V is a quantiza-
tion volume encompassing the cavity. This mode volume is one of the smallest for a nanolaser.

Veff ¼
R
v εðrÞjEðrÞj2d3r
max½εðrÞjEðrÞj2� : (1)

4 Conclusion

In summary, we have presented a systematic numerical analysis and optimization of this ultra-
small metallic-semiconductor coaxial waveguide and laser. Modal analysis of the coaxial wave-
guide has shown the required material gain to overcome the modal loss, which suggests the
design dimensions for the coaxial cavity. Our BOR-FDTD with multilevel gain medium
modal has been employed for the optimization of cavity and simulation of the lasing perfor-
mance. The influence of interlayer bonding material on the Q-factor of the coaxial cavity
has been revealed. As a design example, a coaxial cavity with both the radius and the width
at 80 nm with a SiO2 interlayer lases at 1480-nm wavelength is demonstrated numerically
with a net optical threshold power density of 800 W∕cm2. This study of ultrasmall coaxial
laser on the Si substrate will be useful in integrated nanophotonic circuits.

Fig. 3 (a) Plot of simulated optical intensity inside the coaxial laser at different injection pumping
densities. The inset shows the time domain response after an input optical pulse. (b) The spectrum
response of the cold cavity (dashed line) and the lasing spectra of the coaxial laser at different
pumping levels. (c) The electric field patterns at different locations of the coaxial structure.
(d) Transverse field profile of the plasmonic mode inside the cavity laser.
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