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Two-Dimensional Analysis Photothermal Properties
in Nanoscale Plasmonic Waveguides
for Optical Interconnect
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Abstract—The inevitable light absorption in plasmonic waveguides (PWs) gives rise to heating of waveguides themselves. Here
the photothermal effects in nanowire PWs, slot PWs, channel PWs,
dielectric-loaded PWs and hybrid PWs are investigated in the cross
section. The resistive heating is significant for all waveguides. The
thermal feature sizes of the PWs are the main factors limiting the
integration density. The copper PWs show the largest temperature
rise compared with the gold PWs, the silver PWs and the aluminum
PWs. These findings unveil the physical properties of PWs from the
photothermal perspective and provide insights into the underlying
factors influencing the adoption of PWs in optical interconnect.
Index Terms—Optical interconnect, photothermal effect,
plasmonic.

I. INTRODUCTION
S the dominating electronic devices are approaching an
interconnect bottleneck owing to the increased signal delay and the high thermal dissipation, photonic devices may offer new solutions because of their high bandwidth and reduced
power dissipation [1]–[4]. However, the sizes of photonic devices are ultimately diffraction limited. For example, the critical dimension of silicon photonic structure is around 500 nm.
For electronic structure, this critical dimension can be shrunk
to below 50 nm. Therefore, photonic structures tend to be at
least one order of magnitude larger than their electronic counterparts [1]–[4]. The surface plasmon polaritons (SPPs), which
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are optically induced coherent oscillations of free electrons at
metal/dielectric interfaces, can spatially allow the concentration of light well beyond the diffraction limit. Owing to this
unique property, the SPP technology provides a potential solution in future high-capacity integrated circuit [1]–[4]. Thus far,
several strategies for guiding SPPs have been demonstrated for
integration circuits [1], including metallic nanowire plasmonic
waveguides (PWs) [5], metal–insulator–metal slot PWs [6]–[8],
channel PWs [9], dielectric-loaded PWs [10], hybrid PWs [11],
etc.
When the light is guided through any plasmonic structure,
the inevitable absorption by metal is ultimately converted to
heat [12]–[25]. The generated heat can be utilized in a set of applications such as photothermal cancer therapy [14], materials
science [15], optical data storage [16], nanofluidics [17], nanotweezers [18], photonic switch [19], and plasmon ruler [20],
etc. For PWs, while most of the research has focused on the
optical properties for high-density plasmonic integration, their
photothermal properties which have a side effect on the optical
interconnect are still yet to be explored. Whether the maximum
integration density for plasmonic devices in optical interconnect is restricted by its optical or thermal feature size just as
the electronic devices is still unexplored. Therefore, it is of vital
importance to unveil the photothermal properties in PWs.
To address this issue, we investigate the photothermal properties in PWs in this paper. Five typical kinds of PWs are taken into
consideration: (1) nanowire PW, (2) slot PW, (3) channel PW,
(4) dielectric-loaded PW and (5) hybrid PW. Four metals are
considered: gold, silver, copper and aluminum. Gold and silver
are noble metals conventionally adopted as the plasmonic materials. Copper and aluminum are alternate metals compatible with
the main stream CMOS fabrication. The remainder of the paper
is organized as follows. Section II describes the five plasmonic
structures and simulation method briefly. Section III investigates
the optical properties of the PWs, including the mode distribution and the resistive loss. Section IV investigates the thermal
properties of the PWs, including spatial thermal properties, and
maximum temperature rise versus waveguide geometries and
metal materials. Finally, the conclusions are drawn in Section V.

II. STRUCTURE AND SIMULATIONS
Five typical kinds of PWs that can be used in optical interconnect are considered in this paper and their schematic diagrams
are depicted in Fig. 1(a): (1) nanowire PW, which is formed
by immersing a metal nanowire in a SiO2 matrix; (2) slot PW,
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TABLE I
MATERIAL PARAMETERS USED FOR SIMULATION

dielectric on the thermal behavior is thus not considered here
and the refractive indices are assumed to be constants.
The absorption of light by metal in the waveguide leads to heat
generation and the resistive loss (heat power volume density) q
is related to the metal loss and the electric field distribution in
the waveguide by [13]:
q=

Fig. 1. Schematic diagram of the PWs. (a) Nanowire PW, (b) slot PW,
(c) channel PW, (d) dielectric-loaded PW, and (e) hybrid PW.

where an air trench is etched through the metal film; (3) channel
PW, in which a V-shaped air groove is milled in a metal film; (4)
dielectric-loaded PW, which is formed by depositing a PMMA
ridge on a metal surface; (5) hybrid PW, consisting of a metal
cap separated from a high-permittivity Si ridge by a nanoscale
SiO2 gap.
A. Mode Simulation
The mode analysis is performed in the cross-section plane
(x−y plane) of the PW. The surface plasmon wave propagates
in the z direction and the electric field varies as e(iβ z −iω t) , where
ω is the angular frequency and β is the complex propagation
constant. β is related to the effective mode index neﬀ by β =
2πneﬀ /λ. The magnetic field H profile in the cross-section plane
is governed by the Helmholtz equation:


1
∇ × H − k02 H = 0
(1)
∇×
n2
where n denotes the material refractive index (provided in Table I). The propagation length of the plasmon mode is defined
as L = 1/2 Im{β}. The light wavelength is assumed to be at
telecommunication wavelength 1550 nm. The strong photothermal effect could lead to the change in the refractive index of a
dielectric material but shows little impact on the refractive index of metal. Since the heat source dominating the heat transfer
is mainly related to the metal loss, thermo-optic effect of the
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The simulation is performed based on the finite element
method (Comsol Multiphysics). This method has been validated
in Ref. [29] and also reported by several other groups [17], [30].
The simulation region is assumed to be 300 × 300 μm2 and
the PW is located in the center of this region. All the interior
boundaries are assumed to be continuous. At the lower exterior
boundary in the y direction, the temperature of the silica substrate is set to room temperature. At the upper exterior boundary in the y direction, a convective heat transfer coefficient of
20 W/(m2 ·K) is assumed to account for the convective heat flux
to the air environment. At the boundaries of x = 150 μm and
x = −150 μm, the heat flux in the horizontal direction is set to
zero, which is equivalent to periodic condition. Therefore, the
waveguide is no longer treated as a standalone object, but as an
array with a lattice constant of 300 μm in the x direction. Since
the lattice constant is large enough, this assumption is valid for
describing the practical boundary.

III. OPTICAL PROPERTIES OF THE PWS
Through mode simulations, the electric field and resistive loss
for the plasmonic modes supported by the five PWs (the metal
is Au) are obtained and their profiles are provided in Fig. 2.
1) Nanowire PW: the electric field symmetrically surrounds
the gold nanowire. The heat power volume density falls off
from the nanowire periphery to the center since the penetration depth of electric field into gold is around 25 nm.
2) Slot PW: the electric field is mainly confined to the air
slot. Therefore, the heat source mostly locates on the gold
edge near the slot.
3) Channel PW: the electric field concentrates at the bottom
of the V-shaped groove in the metal film. Therefore, the
maximum resistive loss occurs in the gold near the groove
bottom.
4) Dielectric-loaded PW: the electric field mainly focuses in
the dielectric above the Au/PMMA interface. Compared
with conventional photonic mode, the gold film acts as a
mirror intersecting the PMMA ridge, thereby reducing the
mode area significantly. The heat source mainly locates in
the 25 nm gold layer below the PMMA ridge.
5) Hybrid PW: the electric field is strongly confined within
the low-permittivity SiO2 gap sandwiched between a gold
cap and a high-permittivity Si ridge. The heat source locates mostly in the 50 nm-thick gold cap.

Fig. 2. Normalized electric field and resistive loss for the five Au PWs. (a) and
(b) Nanowire PW with r = 50 nm, (c) and (d) slot PW with W 2 = 80 nm and
H 2 = 200 nm, (e) and (f) channel PW with W 3 = 320 nm and H 3 = 1200 nm,
(g) and (h) dielectric-loaded PW with W 4 = 400 nm and H 4 = 600 nm, and
(i) and (j) hybrid PW with W 5 = 200 nm and H 5 = 250 nm.

IV. THERMAL PROPERTIES OF THE PWS
The resistive loss, which acts as an effective heat source,
results in a temperature rise in the waveguide. This section
describes the thermal properties of the PWs, including spatial
thermal properties and maximum temperature rise versus waveguide geometries and metal materials. The input CW light power
is assumed to be 1 mW except specified. The considered power
(1 mW) is compatible with those involved in practical situations.
For a pulsed light, a transient response needs to be considered
and the melting of metal at a high peak power can be expected.

A. Spatial Thermal Properties
Fig. 3 provides the temperature field profiles for the five Au
PWs. The results show that the accumulated temperature for
the nanowire PW, the slot PW, the channel PW, the dielectricloaded PW, and the hybrid PW increases by 278.52 K, 113.23 K,
27.48 K, 18.93 K and 252.04 K, respectively. The nanowire
PW and the hybrid PW have significant temperature rises. For
these two PWs, the heat source areas are merely 0.0079 μm2
and 0.01 μm2 , respectively. Besides, these two particular
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Fig. 4. Spatial distribution of temperature rise in (a) the horizontal (xdirection) and (b) vertical direction (y-direction) for the five Au PWs. The
temperature rises are normalized to the maxima. The geometrical parameters
are the same as those shown in Fig. 2.
Fig. 3. Temperature rise profiles for the five Au PWs. The geometrical parameters are the same as those shown in Fig. 2.

waveguides are fully surrounded by dielectrics with low thermal conductivities. The generated heat, which cannot be readily
exhausted out of the source, accumulates in these tiny areas and
thus leads to significant temperature rises. For the channel PW
and the dielectric-loaded PW, there are gold films below the air
channel and the dielectric ridge, respectively. These gold films
serve as efficient channels for exhausting the heat out of the
heat sources, thereby alleviating the maximum temperature rise
(ΔTm ax ) to a great extent. When the temporal thermal behavior
is considered, the rising time is on the scale of ∼ 0.1 ms and
∼ 0.01 ms for the nanowire and hybrid PWs, respectively. For
the slot PW, the channel PW, and the dielectric PW, the rising
time is on the scale of ∼1 ms.
The strong photothermal effect can cause thermal crosstalk
since the heat can be conducted from one waveguide to the adjacent waveguides. This thereby has a side effect on the integration
density when the PWs are exploited for optical interconnect. In
order to gain a deeper understanding, we further analyze the
spatial temperature distributions for the five PWs, which are
shown in Fig. 4. For the nanowire PW and the hybrid PW,
the temperature rise in the horizontal direction (x-direction)
decreases far more quickly compared with the other three
PWs. The temperature gradient is inversely proportional to the

thermal conductivity. The heat sources for the nanowire PW and
the hybrid PW are surrounded by dielectrics with low thermal
conductivities, consequently resulting in large temperature gradients. For the hybrid PW, the temperature rise at 3.25 μm away
from the waveguide can still be half of the maximum temperature rise. For dielectric-loaded PW, this value rises to 60 μm.
These values are at least one order of magnitude larger than the
feature sizes of PWs; therefore, to alleviate the thermal crosstalk,
the two PWs have to be positioned apart with a distance much
larger than the waveguides feature sizes. The maximum integration density for PWs will ultimately be limited by their thermal
feature length rather than the optical feature size, just as the
problem that is confronted by electronic devices.
B. Maximum Temperature Versus Waveguide Geometries,
Metal Materials
We also analyze the dependence of effective propagation
length and maximum temperature rise on waveguide width (or
nanowire radius) and metal materials for the five PWs and the
results are shown in Fig. 5.
1) Propagation length: For each PW of different metals, Cu
waveguides exhibit the shortest propagation length, followed by Au waveguides and Ag waveguides. Al waveguides show the longest propagation length. This can be
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the slot PW, the channel PW and the dielectric-loaded
PW, the metal layers are the main channels for exhausting
the heat and thus the metal thermal conductivity plays a
substantial role in the heat accumulation. For these three
particular PWs, the temperature rise can be approximately
proportional to εm /kε2
m . From the permittivity and thermal conductivity demonstrated in Table I, we can see that
Cu has the largest εm /kε2
m , followed by Au, Al, and Ag.
Therefore, the Cu waveguide exhibits the largest temperature rise and the Ag waveguide the smallest temperature
rise.
V. CONCLUSION

Fig. 5. Dependence of (left) effective propagation length and (right) maximum
temperature rise on nanowire radius/waveguide width. The geometrical parameters are the same as those shown in Fig. 2 except the nanowire radius/waveguide
width.

explained in terms of the metal permittivity. The plasmon
propagation loss between the metal/dielectric interface is
proportional to εm /εm 2 . From the permittivity presented
in Table I, we can see that Cu has the largest propagation
loss.
2) Maximum temperature rise: The maximum temperature
rise is not only related to the resistive loss, but also to
the thermal conductivity. i) For the nanowire PW and the
hybrid PW, the heat sources are surrounded by dielectrics
with low thermal conductivities and the resistive loss contributes predominantly to the temperature rise. Therefore,
Cu waveguide exhibits the largest temperature rise while
the Al waveguide the smallest temperature rise. ii) For

The photothermal properties in five kinds of typical PWs
for optical interconnect are considered in this paper, including
nanowire PWs, slot PWs, channel PWs, dielectric-loaded PWs
and hybrid PWs. For the nanowire PWs and the hybrid PWs,
where the heat sources are fully surrounded by dielectrics, significant temperature rises can be expected. While for the slot
PWs, the channel PWs, and the dielectric-loaded PWs, where
the metal layers below serve as efficient heat exhaustion channels, smaller temperature rises can be expected compared with
the nanowire PW and the hybrid PW. As to the spatial thermal
distribution, the thermal feature sizes for all the PWs are well
larger than their optical counterparts. Therefore, the maximum
integration density for PWs will be limited by their thermal feature sizes even though the PWs can confine the light beyond the
diffraction limit.
When different metals are adopted, Cu waveguide exhibits
the largest temperature rise while the Al waveguide the smallest
temperature rise for the nanowire PW and the hybrid PW, where
the resistive loss contributes predominantly to the temperature
rise. The Cu waveguide shows the largest temperature rise and
the Ag waveguide the smallest temperature rise for the slot
PW, the channel PW, and the dielectric-loaded PW, where the
metal thermal conductivity plays a substantial role in the heat
accumulation.
To reduce the heating, plasmonic materials with low losses
should be used since they could fundamentally reduce the resistive loss forming the heat sources. These findings presented
in this paper unveil the physical properties of PWs from the
photothermal perspective and provide insights into some of the
underlying factors influencing the adoption of PWs for optical
interconnect.
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