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Abstract—Plasmonic metal-insulator-metal waveguide (MIM
WG) is a promising building block of devices of a plasmonic
computing system, and metal-semiconductor-metal (MSM) WG
offers high-speed detection of plasmon signals. MIM and MSM WG
couplers are an essential component of any integrated computing
system that requires an interface between the plasmonic devices
and the electronic circuits. However, the MIM and MSM WG
couplers have not yet been explored and systematically studied.
This work analyzes and benchmarks various coupling schemes of
the plasmonic MIM and MSM WGs to single out the best coupling
approach. From the detailed numerical analysis and considering
the trade-offs among coupling loss, total capacitance, system noise,
and bandwidth, a holistic metric is introduced to quantify and
compare the system-level performance of the couplers, and a novel
coupling scheme is identified as the most attractive choice for
coupling the two WGs.

Index Terms—Energy per bit, MIM waveguide, plasmon detec-
tor, power transmission, waveguide coupling.

I. INTRODUCTION

B EYOND CMOS (complementary metal oxide semicon-
ductor) computing paradigms [1], [2] have gained con-

siderable interest over the last few decades since CMOS circuits
approach their scaling limits. Nevertheless, it is far from trivial to
beat advanced scaled CMOS logic even when taking a metric like
energy per binary switching [3], [4]. Photonic devices and com-
ponents can be a possible substitute, with low propagation loss
and ultra-high-speed attributes. However, the diffraction limit
of light poses a strong challenge to the realization of nanoscale
photonic devices. Surface Plasmon Polariton (SPP), an electro-
magnetic oscillation propagating along metal-dielectric inter-
face, can overcome this scaling issue due to its subwavelength
confinement while maintaining a potentially ultra-high through-
put. Basically, both plasmonics and photonics have a similar
bottleneck in terms of throughput and energy consumption: their
throughput is limited by the coupler to the electronic domain,
and energy consumption is dominated by the periphery (e.g.,
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lasers and electronic excitation of the modulator, excitation for
the final readout, etc.). However, SPPs can significantly increase
the level of integration and miniaturization of the components,
and hence offers an attractive overall area-throughput-energy
(A-T-E) combination compared to their photonic counterparts.

Inspired by the unique opportunities of plasmonics for infor-
mation processing, extensive theoretical and experimental in-
vestigations on plasmonic waveguides (WGs) and devices have
been carried out recently. Some of the promising SPP-guiding
geometries include nanoparticle chains [5], metal nanowires [6],
metal-insulator-metal (MIM) WGs [7], [8], metal wedges [9],
metallic grooves [10], and hybrid plasmonic WGs [11]. Among
all the guiding geometries, the MIM WG is a potential plat-
form for highly integrated plasmonic computing system since it
supports propagating mode with nanoscale modal size [12] and
provides deep-subwavelength field localization with substantial
propagation length [13], [14]. As a result, MIM WGs have
been employed repeatedly to design devices of a plasmonic
computing system like logic gates [15], [16], phase and am-
plitude modulators [17], [18], power splitters [19], [20], fre-
quency filters [21], [22], interconnect circuits [23], [24], and
multiplexers [25].

For practical applications (e.g., readout purpose), the plas-
monic MIM devices need to be interfaced with the CMOS
circuit, which requires conversion of the plasmon signal to
current/voltage. For an efficient conversion of the manipu-
lated plasmon signal from a MIM device, a plasmonic MSM
WG/detector [26] can be employed, which makes the coupler
between the MIM and MSM WGs a crucial component for a
highly integrated plasmonic computing system. Prior to an ex-
perimental study of the MIM and MSM WG couplers, a system-
atic theoretical study focusing on the quantitative comparison of
the couplers is crucial as the cost of any experiment is getting
extremely high with advanced scaled technology nodes making
a wide space design exploration unaffordable. No previous study
considered the coupling between the MIM and MSM WGs, to
the best of our knowledge. This work aims to fill this gap. The
main objective of our work is to explore the couplers for a highly
integrated plasmonic computing system, for which the WG plat-
form should be highly compact (WG width should be restricted
to a few tens of nm); hence, we consider the coupling of MIM
WG/WG-based devices and MSM WGs. Note that, in this work,
we are not modeling the entire plasmonic computing system that
also includes the hybrid photonic-plasmonic WG system [27],
[28], plasmon excitation, plasmon modulators, CMOS circuits,
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Fig. 1. 2D representation (top view) of the plasmonic MIM and MSM coupled structures considered in our simulations: (a) Case-A and (b) Case-B with the
mode profiles shown for (i) MIM WG and (ii) MSM WG. For (b), the logic gate is shown in a box to represent that it can be considered a ‘black box’ containing
any plasmonic MIM WG-based device.

which are beyond the scope of this paper. Additionally, MIM
and MSM WGs have several other interesting applications [29]–
[31], like biosensing, which is out of the scope of this paper since
biosensing application has a much more relaxed requirement of
input power and bandwidth (in the range of kHz [32]) compared
to computing application.

The simplest way to couple a MIM and MSM WG is the
end-butt coupling in which the metal claddings of both WGs are
connected. However, the electrically connected metal cladding
of the MIM WG increases the capacitive load of the detector
by up to 25%, as shown in Section III B, thereby reducing the
detection bandwidth. To address this challenge, we can electri-
cally isolate the waveguide and detector using an insulating layer
between the metal claddings of the two WGs. However, this in-
sulating layer acts as an additional leakage path that weakens the
coupling, and a holistic study is needed to evaluate whether or not
it is beneficial to electrically insulate the two components. The
two plasmonic WGs can also be directionally coupled. Earlier
works explored the directional coupler of two similar plasmonic
WGs [33], [34]. Is it efficient for the MIM-MSM WG coupling?
Additionally, it was previously shown that plasmon can transmit
through sharp bends over a wide frequency range [35]. Can
we utilize this feature in coupling the two different WGs to
have a compact and efficient coupler? In this work, using rig-
orous numerical simulations, we are going to address all these
unexplored questions. From the detailed analysis of coupling
loss, power transmission and absorption in the MSM WG, static
and dynamic behavior and noise performance of the coupled
WGs, and trade-offs among various performance parameters,
we introduce a holistic metric to benchmark the couplers. Using
the observations of our study, we have ultimately singled out a
coupling scheme that excels in overall performance among all
the choices.

II. PLASMONIC MIM AND MSM WG COUPLERS

To investigate the coupling between the plasmonic MIM
and MSM WGs, we have designed an Al-SiO2-Al MIM
WG coupled to an Al-Ge-Cu MSM WG (Fig. 1(a)), which
serves as a generic example of the coupled plasmonic WGs
used for communicating data from the plasmonic into the
electrical domain. To illustrate the use of the studied couplers
in computing-related contexts, we additionally consider a
single-stage Al-SiO2-Al plasmonic logic gate (using the
concept proposed by Dutta et al. [36]) coupled to Al-Ge-Cu

plasmonic detector [26] (Fig. 1(b)). The structures are embedded
in SiO2. The length and width of the WGs are labeled in Fig. 1,
while the thickness of the WGs (h) and bottom oxide (tBox)
is 100nm and 1500nm, respectively. The wMIM and wMSM

values for the logic gate coupled detector are chosen to
optimize the power transmission in the detector that ensures the
characteristics impedance [37] matching of the WG sections.
LMIM of the generic MIM WG of Case-A is assumed 1μm.
For Case-B, LMIM depends on the design of the majority gate
(bending angle, input WG pitch etc.) and is taken from [36].
However, the conclusion of this work is independent of LMIM

as it only affects the loss in the MIM WG section.
We have performed a 3D fully-vectorial simulation of the cou-

pled MIM-MSM structures using a commercially available ‘De-
vice Multiphysics Simulation Suite’ of Lumerical Solution [38].
The optical simulations are performed using the state-of-the-art
3D finite difference time domain (FDTD) method. The funda-
mental mode is excited at the input MIM WG using Lumerical’s
mode source, which calculates the modes supported by a WG.
The simulations are performed at optical communication wave-
length,λ = 1.31μm, which ensures high power absorption in the
Ge slot of the MSM detector. More details of the simulation pa-
rameters are given in section IV. The supported gap SPP modes,
as shown in Fig. 1, have effective indices, neff(MIM,60nm) =
1.75 + 0.03i and neff(MSM,90nm) = 5.1 + 0.39i.

Now we discuss the six coupling methods for plasmonic MIM
and MSM WGs, which are illustrated in Fig. 2. The coupling
methods are end-butt coupling, aligned coupling, overlap1, 2
coupling, directional coupling, and perpendicular/90o coupling.
In the end-butt coupling, the WGs are coupled in a flush surface
by directly placing a plasmonic MSM WG flat at the exit end of
a MIM WG. In this coupling mechanism, the plasmonic MIM
and MSM WGs are not electrically isolated since the metal
claddings of the two WGs contact each other. In contrast, in the
aligned coupler, a 5nm gap (filled with Al2O3) separates the
metal claddings of the two WGs. In the overlap1 coupler, the
metallic cladding (Al) on each side of the MIM slot continues
towards the MSM WG in a step-like profile where it thins down
to 5nm at the bottom of the MSM metal cladding. A 5nm ALD
Al2O3 layer is used to separate the step-patterned metal layer
from the MSM metal cladding, as illustrated in Fig. 2. In this
coupling method, the Ge slot touches the bottom Al layer on
both sides, which lowers the Schottky barrier height (SBH) at the
metal-semiconductor junction due to Fermi level pinning [39].
In the overlap2 coupler, a 5nm thin continuous Al2O3 layer is
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Fig. 2. Coupling methods between MIM and MSM plasmonic WGs: (a) end-butt coupling, (b) aligned coupling, (c) overlap1 coupling, (d) overlap2 coupling,
(e) directional coupling, and (f) perpendicular coupling. WG cover layer is not shown.

Fig. 3. Electric field in the directionally coupled WGs for (a) vertical coupling and (b) horizontal coupling. 2D cross-section of the vertical directionally coupled
WGs is shown in (i) for clarity. (c) Effect of wMIM on Pabs for the horizontal directional coupler. (d) Three forms of stub structures for the perpendicular coupler.
(e) Pabs variation vs. stub length in the perpendicularly coupled WGs for the three forms of stubs shown in (d), and (f) Pabs vs. the length of MSM WG for all
the six coupler designs. While (e) and (f) show the results for Case-B, similar trends are observed for Case-A.

deposited from the top of the MIM metal cladding to the bottom
of the MSM metal cladding.

The two plasmonic WGs can also be coupled using a direc-
tional coupler by placing the Ge slot of the MSM WG close to the
SiO2 slot of the MIM WG. Unlike the conventional directional
coupler in dielectric WGs, complete transfer of power from
one WG to the other is not possible in this case due to the
presence of the inherent loss in plasmonic WGs. The directional
coupler can be horizontal or vertical. In the case of the vertical
coupler, modes leak into one of the modes of the dielectric-
metal-dielectric-metal-dielectric (DMDMD) structure formed
by the two parallel metal films, which eliminates guiding of
the modes [40]. For example, Fig. 3(a) and 3(b) show the field
in the directionally coupled WGs for vertical (Fig. 3(a)(i)) and
horizontal (Fig. 2(e)) coupling schemes, respectively. Cross-
sectional areas of the MIM and MSM slots are 120nm× 100nm
and 90nm× 100nm, respectively. WG slots are separated by a
10nm thick (wide) SiO2 (Al) layer for the vertical (horizontal)
coupler. Field profile shows that mode is not guided in the
WG slots for the vertical directional coupler. As a result, we

consider the horizontal directional coupler in this study. In this
coupler, a 5nm thin Al2O3 layer electrically isolates the metal
claddings of the MSM WG, which act as electrodes of the MSM
detector.

We also investigate a perpendicular coupler between the two
WGs that includes a 90o bend. This scheme takes advantage of
the high transmission possibility of a plasmon signal through
sharp bends [35] to reduce the overall footprint of the coupled
structure. For example, for the coupled devices of Case-B, the
total area reduces by 20% if the perpendicular coupling is
used instead of other coupling methods. Therefore, this scheme
presents a clear advantage, given the crucial footprint metric
in the A-T-E trade-off, as discussed in the introduction section.
In summary, the end-butt and directional coupling are included
in our study as they are commonly used coupling mechanisms
in the photonic system. The aligned and overlap couplers are
introduced to reduce the capacitive load contribution from the
MIM WG by electrically isolating the two WGs. Lastly, the
perpendicular coupler is introduced to have a reduced footprint
of the coupled structures with reasonable coupling efficiency.
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TABLE I
COMPARISON OF POWER LOSSES, ABSORPTION, AND REFLECTION FOR

DIFFERENT COUPLERS

III. RESULTS AND DISCUSSION

A. Coupling Loss, Power Reflection, and Absorption in the
MSM WG

In this section, we evaluate the performance of different cou-
pled structures in terms of their main efficiency-related figures-
of-merit, namely coupling efficiency, coupling loss (CL), inser-
tion loss (IL), coupling reflection (R), and power absorption
in the active Ge region of the MSM WG (Pabs). The main
difference between the two losses is CL includes only the loss
due to coupling, whereas IL includes the propagation loss in the
MIM WG and CL. CL and IL are obtained using the following
relations [41]:

CL = − 10log10η (1)

IL = − 10log10TMSM (2)

Here, η is the coupling efficiency, and TMSM is the power
transmitted in the MSM WG. Power transmission is measured
using a 2D frequency-domain power monitor with the monitor
area adjusted using a convergence testing to capture all the
associated power. Moreover, power absorption inside the Ge
slot is calculated as,

Pabs = −0.5ω|E|2imag(εGe(ω)) (3)

Here,E is the electric field inside the Ge slot and imag(εGe(ω))
is the imaginary part of the dielectric constant. TMSM and
Pabs are calculated corresponding to the power injected at
the input of the MIM WG section (PIn). For the logic gate
case, measurements are taken when all the input bits are 1.
We have also measured the reflection at the MIM WG-detector
interface by injecting power just before the interface and plac-
ing a frequency-domain power monitor in front of the source
that captures power transmission. Reflection is measured by
deducting this transmission value from 1. Table I compares the
figures-of-merit of different couplers for the two use cases.

Table I shows that most of the couplers exhibit < 1dB cou-
pling loss. Couplers with sub 1dB coupling loss are considered
highly efficient couplers in dielectric WGs or Si photonics [42],
[43], which indicates the sufficient efficiency of the coupling
mechanisms considered in this study. The insertion loss that
includes the propagation loss in the MIM WG section and
WG-WG coupling loss is higher for Case-B because of the
higher losses in the bends and junctions of the MIM logic gate
compared to the lower propagation loss of the straight WG of

Case-A. The calculated SPP propagation loss of the MIM WG
of Case-A is ∼ 1.24dB/μm and propagation length is 3.55μm.
Additionally, the group velocity of the SPP wave in the MIM WG
is 1.6× 108m/s. Table I also shows that the power absorption in
the Ge slot is maximum for the end-butt coupler. For the aligned
coupler, we initially changed the width of the gap between the
metal claddings of the WGs at the interface. As the gap width
reduces from 20nm to 5nm, power transmission improves by
34%. We have not considered gap widths less than 5nm to ensure
less complexity in the device fabrication process. Moreover,
reflection is high for the overlap couplers compared to the other
coupling schemes.

From the loss and Pabs data of Table I, it is noticeable that the
directional coupler is the weakest of all the coupling mechanisms
due to large difference in the mode effective indices of the
WGs. Coupling can be improved by decreasing (increasing) the
width of the MIM (MSM) WG that increases (decreases) the
neff(MIM) (neff(MSM)) value. However, increasing wMSM

negatively affects the detection bandwidth of the MSM WG [26].
Therefore, we have changed wMIM to improve the coupling.
For the directional coupler of Case-A, as shown in Fig. 3(c),
Pabs can be improved by 10% when wMIM is reduced from
120nm to 10nm. Conversely, for Case-B, a similar reduction of
wMIM at the WG interface decreases the Pabs value by 71%.
This decrease is because the output of the logic gate needs to
be tapered down to 10nm, which results in high loss offsetting
the effect of coupling improvement. Therefore, a trade-off exists
between the coupling loss and tapering loss (bandwidth) when
selecting wMIM (wMSM ) for the directional coupler. We have
used the optimized value of wMIM = 120nm, keeping wMSM

unchanged for the directional coupler of Case-B in Table I. For
the directional coupler of Case-A,wMIM = 120nm is also used
since the 10nm width configuration is highly lossy.

For the perpendicular coupler, we have included a MIM
stub [44] and analyzed the power absorption characteristics in
the MSM waveguide. For Pabs analysis, we have considered
three different forms of stub: two single-stub and a double-stub
structure. Fig. 3(d) shows the three forms of stub where stub
length is denoted asLs. We have studied the dependence ofPabs

on Ls keeping the width the same as wMIM . The dependence,
as shown in Fig. 3(e), originates from the variation of power
transmission due to the interference between the SPP signals
passing through and returning from the stub [44]. Although
the transmitted power varies periodically with Ls, peak trans-
mission/absorption in the MSM WG falls when Ls increases
since the SPP signal returning from the stub decays as the
signal propagates a longer path. In Table I, for the perpendicular
couplers, we have used the Form 1 stub with Ls = 70nm for
both the cases, which provide maximum power absorption in
Ge.

For all the coupled configurations, we also analyze the effect
of length variation of the MSM WG, as shown in Fig. 3(f).
For LMSM > 1μm, the absorption profiles almost saturate,
indicating that most of the power has already been absorbed
in Ge. For this reason, in our simulations, we have chosen
LMSM = 1μm for all the couplers.
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Fig. 4. (a) Total capacitance of the coupled structures with COverlap1 shown as 1/5th of the original values (b) Power absorption in Ge for changing tBox

with field profile, |E| in the Si substrate shown for (ii) tBox = 200nm and (iii) 1500nm at the output of the MIM WG (x = 1.6μm), (c) Static characteristics,
and (d) comparison of performance metrics of all the coupled plasmonic structures. All plots are for Case-B, and Case-A shows similar trends.

B. Total Capacitance of the Coupled Structures

Next, we analyze the total capacitance of the coupled plas-
monic structures. We have used the 3D field solver of Raphael,
Synopsys [45] to find the equivalent capacitance of the struc-
tures. The detail is explained in section IV. Since the WGs
are metallic structures, total resistance and its variation among
different couplers are small. Consequently, the total capacitance
affects delay and bandwidth, and hence the overall performance
of the coupled WGs. Simulation results show that at tBox =
1500nm, the detector’s intrinsic capacitance is 0.311fF , and
end-butt coupled MIM WG section increases the capacitive
load of the detector by 25.4%. As tBox becomes smaller, a
noticeable capacitive load is added by the end-butt coupled MIM
WG section (for example, capacitive load increases by 64.2%
at tBox = 200nm). Electrical isolation of the two WGs using a
thin dielectric layer helps to reduce the capacitive load, as shown
in Fig. 4(a) for the aligned and overlap2 coupler. Additionally,
the total capacitance of the overlap1 coupled structure is an order
of magnitude higher than that of the other coupled structures,
which can be attributed to the presence of thin Al2O3 film in
between the MSM WG’s electrodes and the bottom Al film.
Consequently, tBox has a negligible influence on the capacitance
of this coupler. Moreover, for the directional coupler, equivalent
capacitance is small due to the narrow metal cladding of the
MSM WG.

The thickness of the bottom oxide layer also affects the power
absorption in the MSM WG, as shown in Fig. 4(b). As tBox drops
below 600nm, power absorption in Ge decreases, which can be
explained from the field profile of Fig. 4(b)(ii)-(iii). When the
bottom oxide is made thinner, the field penetrates the Si substrate
(Fig. 4(b)(ii)) resulting in less power transfer to the MSM WG.
For example, for the end-butt coupler of Case-B, tBox = 200nm
results in a 26% reduction in the power transmission (TMSM )

compared to when a 1500nm thick bottom oxide layer is used.
For this reason, we have considered tBox = 1500nm for all
simulations.

C. A Holistic Performance Metric: Minimum Detectable
Energy per Bit

Now we analyze the performance of the coupled MSM WG
as a plasmonic detector. The electric field (E) and permittivity
data (εGe(ω)) obtained from the FDTD simulation are used to
find the photogeneration rate (G) in Ge, which is imported in the
‘Device Charge Transport’ solver of Lumerical to simulate the
static and dynamic responses of the MSM WG. G is calculated
using the following relation:

G =
−0.5|E|2Im(εGe(ω))

�
(4)

To incorporate non-ideality of carrier mobility and lifetime, sev-
eral models are included in the simulation, which are explained
in Section IV.

Fig. 4(c) studies the steady-state behavior of the MSM WG.
The current in the presence of SPP signal deviates for various
coupling methods depending on the amount of power being
absorbed in the Ge slot. For the overlap1 coupler, dark current
(IDark) is high because of the presence of Al on both sides of
the Ge slot that reduces the SBH at the metal-semiconductor
junction [26], [39]. The high IDark makes detection of the
weakest output signal of the overlap1 coupled logic gate very
challenging. We have also investigated the dynamic performance
of the MSM detectors by performing transient simulations. The
calculated transit time-limited bandwidth of the detectors is
260GHz. Additionally, the RC-limited bandwidth is calculated
considering the total capacitance of the coupled structures and
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TABLE II
COMPARISON OF Emin/BIT FOR DIFFERENT COUPLERS

a load of RLoad = 1KΩ, CLoad = 1fF for the detector. Al-
though the system bandwidth is RC-limited for the considered
load condition, the overlap1 coupled structure has much lower
bandwidth compared to all the other options because of the
large capacitance of the MSM WG. For instance, for Case-
B, bandwidth of the end-butt coupled structure is 110 GHz,
whereas bandwidth is 22 GHz (5X lower) for the Overlap1
coupled structure. The intrinsic resistance of the detector is not
considered during the bandwidth calculation since the metallic
lateral claddings of the detector can be used as low resistive
contacts [46].

Next, we consider the noise of the detector, which can be quan-
tified by the noise equivalent power (NEP). NEP, the incident
light power on the detector below which the photocurrent can
no longer be distinguished from the noise current, is represented
by [26],

NEP =
inPin,d

IP
(5)

Here, in, Pin,d, Ip represent noise current, detector’s input
power, and photocurrent, respectively. in includes the shot noise
of the detector and thermal noise of the detector and the load
resistance. Using the calculated NEP of each detector and noise
bandwidth (π2 bandwidth), we estimate the corresponding power
(Pmin) required at the input of the MIM section. Next, we
determine the minimum energy threshold required to detect a
single bit sent from the MIM side (Emin/bit) by taking the
ratio of Pmin and the system bandwidth.

The Emin/bit value encompasses the coupling and insertion
loss, power transmission and absorption in the MSM WG, noise
in the detector, and the detection bandwidth: all the critical per-
formance parameters of the coupled WGs that we have discussed
so far. A coupled structure can have high power absorption in the
MSM WG but low detection bandwidth (e.g., overlap1 coupled
WGs), or it can offer high bandwidth with low power absorption
(e.g., directionally coupled WGs) capability. A metric is required
that reflects the effect of all the figures-of-merit of the coupled
structures. The most important goal in computing is to compute
as much data as possible with as little energy as possible. One
can consider minimizing the required energy per bit threshold
as the ultimate goal for low power computing. By tying the
performance of the couplers to energy/bit, we can come up with
the best coupling approach that gives the best balance between
the power and bandwidth; hence, Emin/bit is a holistic metric
to compare the couplers.

Table II compares the required Emin/bit values for all the
couplers. From the table we can observe that the lowest and the

highest Emin/bit values correspond to the end-butt coupler and
the overlap1 coupler, respectively. The high value of the overlap1
coupled structure can be attributed to the high shot noise current
(due to high IDark) and low bandwidth. Table II also shows
that Emin/bit of the horizontal directional coupler is noticeably
higher than the other couplers (except overlap1) due to the weak
coupling of the WGs. For the aligned, overlap2, and perpendic-
ular couplers, Emin/bit are roughly equal. The perpendicular
coupler offers an added benefit of less area requirement, as
discussed earlier, while itsEmin/bit requirement is very close to
the end-butt minimum. Although end-butt coupling is the most
energy-efficient scheme, it is not the optimum one. Footprint is
also a crucial metric to evaluate the coupled system, given that
miniaturization is the key advantage of plasmonic devices over
their photonic counterparts. Considering the trade-off between
energy per bit and footprint (Fig. 4(d)), the perpendicular coupler
can be considered the best choice for coupling plasmonic MIM
and MSM WGs.

Note that, although plasmonic MIM WGs are lossy (< 10μm
propagation length), we focus on very compact devices like
the ultra-high throughput majority gate [36]. Such a gate can
implement many functions by simply adjusting the threshold
voltage of the CMOS receiver [47], which would be impossible
to achieve with CMOS and would require many transistors while
still operating at much lower frequencies. We emphasize that
although in this work, we consider plasmonic MIM logic gate
for demonstrating the system-level performance of the couplers,
the couplers are applicable for coupling any MIM WG-based
devices [15]–[25] with the MSM WG. Hence the findings of
this work will provide design guidelines and theoretical insight
for all the researchers who work on plasmonic devices for an
integrated computing system.

1) Effect of Receiver Circuit on the Holistic Metric: The
output signal of the coupled plasmonic detector is processed
in the receiver circuit, which acts as the load of the detector. We
consider a theoretical parallel RC circuit model for the receiver
and now we are going to quantify the impact of the receiver
circuit parameters (RLoad, CLoad) on the holistic performance
metric of the couplers. RLoad affects both the system noise (in)
and bandwidth. Thermal noise contribution of RLoad primarily
dominates the overall system noise since except the overlap1
coupler case, the plasmonic detector under consideration has
a very low shot and thermal noise due to the low IDark and
high dark shunt resistance (MΩ range), respectively. Increasing
RLoad, therefore, helps to reduce theEmin/bit by reducing in as
long as bandwidth is transit time-limited, as shown in Fig. 5(a).
The further increase in RLoad causes a similar decrease of in
and bandwidth, keeping Emin/bit constant. However, if RLoad

is very high (> 1MΩ for Fig. 5(a)), in does not significantly
change, and bandwidth reduction increases Emin/bit as RLoad

increases. For the overlap1 coupler, the detector’s intrinsic noise
mostly governs the total noise, and the change of bandwidth
controlsEmin/bit asRLoad varies. As a result, with the increase
ofRLoad,Emin/bit continuously increases when the bandwidth
is RC-limited. Apart from RLoad, CLoad also affects Emin/bit:
an increase in CLoad increases Emin/bit due to the reduction
of bandwidth, as shown in Fig. 5(b).
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Fig. 5. Effect of receiver circuit parameters on Emin/bit of the couplers. For (a), CLoad = 1fF and effect of RLoad on the system bandwidth is shown on
the right y-axis. For (b), plots for the other four couplers are not shown since they follow a similar performance trend as the end-butt coupler.

Fig. 6. (a) 2D view of the coupled plasmonic MIM and MSM WGs with rough interfaces. Effect of (b) σ and (c) Lc on the propagation properties of SPP mode
in the MIM WG. Electric field profile in the rough MIM WG in the (d) xy and (e) yz direction. Effect of (f) σ and (g) Lc on the coupling efficiency of the coupled
WGs. Lc = 10nm for (b) and (f), σ = 5nm for (c) and (g). σ = 0 represents the smooth WG.

2) Effect of Roughness in the Plasmonic WGs: The plas-
monic WGs may suffer from random surface irregular-
ity/roughness due to fabrication imperfection. As the SPP signal
propagates along the metal-dielectric interface, roughness at the
interface can alter the mode profile and propagation properties.
In this section, we analyze the effect of the rough metal-dielectric
interface on the performance of the WGs and coupling mech-
anisms. The roughness of a randomly patterned surface can be
numerically modeled using a root-mean-square (RMS) height
(σ) and a correlation length (Lc) [48], [49]. We assume that the
roughness function, h(r) obeys normal/Gaussian distribution
with zero mean and σ, Lc are related to the autocorrelation
function by [49],

< h(r)h(r + δ) >= σ2exp
(−δ2/L2

c

)
(6)

We consider mutually uncorrelated surface roughness at all
metal-dielectric, metal-metal, dielectric-semiconductor, and

metal-semiconductor interfaces and sidewalls of the MIM and
MSM WGs (Fig. 6(a)).

To model the surface roughness in the solver, we first create a
matrix of random numbers in k space and then apply the correla-
tion length and Gaussian shape (Gaussian function in real space
is mapped to another Gaussian function with a different width in
k space). The resulting values are transformed back to real space,
and RMS height is adjusted to generate the random patterns.
The effect of random nature of roughness can be suppressed
by averaging the results obtained from several different random
samples [50]. Therefore, for each σ and Lc values, simulation
results are obtained by averaging the results of five different
samples of randomly generated rough WGs.

We first study the mode properties of the rough MIM WG by
calculating the mode propagation loss and propagation length
(Lp) for differentσ andLc using the Transmission coefficient (T)
through the WG of length L. ln(T ) undergoes a linear variation
with L [49], from which we calculate Lp of the rough MIM
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WGs:

ln(T ) = −L/Lp (7)

Fig. 6(b) shows that with the increase of σ, SPP propagation loss
increases which decreases Lp. Here, σ = 0nm represents the
smooth MIM WG. Surface roughness causes additional damping
of SPP signal on top of the intrinsic loss due to scattering and
reflection of the waves at rough metal-dielectric interfaces. For
large σ (σ > 10nm), excess signal attenuation due to roughness
severely affects the mode resulting in aLp of few nm. The impact
of variation in Lc on SPP mode of the MIM WG is shown in
Fig. 6(c). An increase in Lc makes the interfaces smoother,
resulting in lower scattering, lower loss, and a longer mode
propagation length. For very large Lc (Lc > 100nm), the WG
surfaces are almost flat and consequently, Lp is very close to
the smooth WG case. We also study the electric field profile of
the rough MIM WG. The field intensity in the dielectric slot is
enhanced at the peak of the metal roughness bumps, as shown in
Fig. 6(d)-(e). The field enhancement results from the crowding of
the electric field lines in the dielectric due to increased surface
charge density at the metal bump peaks, which is commonly
known as the ‘lightning rod effect’ [51].

We next study the coupling performance of the MIM and
MSM WGs considering roughness at the WGs and WG in-
terfaces. Because of increased reflection, coupling efficiency
reduces as σ increases, as shown in Fig. 6(f). Also, Fig. 6(g)
shows that coupling efficiency improves and reaches close to
the smooth WG value as Lc increases due to the reduced
roughness effect. Due to higher propagation loss and reduced
coupling efficiency, roughness increases the Emin/bit value of
the coupled WGs. For example, for the end-butt coupled WGs of
Case-A, as σ increases from 0nm to 5nm, Emin/bit increases
from 0.08fJ/bit to 0.29fJ/bit when Lc = 10nm.

In short, roughness introduces additional SPP propagation
loss in the WGs and reduces the coupling efficiency, which
eventually increases the Emin/bit value of the coupled WGs.
The WG sidewall roughness is defined primarily by the line edge
roughness (LER) of resist used for patterning. Experimentally it
was shown that the LER of the electron beam lithography process
ranges betweenσ = 0.47− 0.75nmwithLc = 25.9− 66.9nm
[52] for a photonic WG. Using Fig. 6(f) we can say that with
the surface smoothness achievable in the state-of-the-art semi-
conductor manufacturing setting, one can expect less than 3%
increase in loss compared to the ideal case. Hence, using a proper
patterning technology, the roughness and consequently associ-
ated losses can be reduced for the coupled plasmonic WGs.

IV. SIMULATION METHOD

The FDTD method used for optical simulations solves the
time-dependent Maxwell’s equation on a discrete grid in both
space and time. Perfectly matched layer (PML) absorbing
boundary conditions are used at all the boundaries of the simu-
lation region. Conformal meshing [53] is used in the simulation
with a mesh size of 5nm. The dispersive dielectric constants of

the materials, obtained from Palik’s ‘Handbook of Optical Con-
stants’ [54] are, εSiO2

= 2.09, εAl = −174 + 32.67i, εCu =
−48.95 + 7.18i, and εGe = 18.5 + 0.67i at λ = 1310nm.

In the ‘Device Charge Transport’ solver, materials are de-
fined using their workfunction values (φAl = 4.28eV , φCu =
4.65eV , and φGe = 4.5eV ). For Ge, bandgap (Eg = 0.659eV ),
intrinsic carrier concentration (ni = 1.84× 1013cm−3), and
carrier effective mass (mn = 0.56me, mp = 0.29me) are in-
dicated. The simulations include Caughey Thomas model [55]
and Canali model [56], which incorporate the impurity scat-
tering effect and carrier velocity saturation effect, respectively.
According to the models,

μ =
μ1(

1 +
(

μ1F
vsat

)β
)1/β

(8)

μ1 = μmin +
μL − μmin

1 + (N/Nref )α
(9)

Here, F is calculated from the quasi-Fermi level gradient, vsat
= carrier saturation velocity = 6× 106cms−1, μ1= mobility
after applying the Caughey Thomas model, and N = dop-
ing density =5× 1016cm−3. For electron, α = 0.56, β = 2,
μmin = 850cm2/V s, μL = 3900cm2/V s, and Nref = 2.6×
1017cm−3. For hole, α = β = 1, μmin = 300cm2/V s, μL =
1800cm2/V s, and Nref = 1017cm−3. Moreover, the bulk
Shockley-Read-Hall (SRH) recombination model is included in
simulation with carrier lifetime, τ0 = 50ps. Lifetime correction
for doping effect is also included by considering the Fossum
model [57]:

τ ′ =
τ0

1 +N/N0
(10)

Here,N0 = 7.1× 1015cm−3. Additional lifetime correction for
trap-assisted tunneling effect is incorporated in simulation by
including the Hurkx model [58]. In the Hurkx model, the cor-
rection term depends on the parameter,mt = 0.55 (for electron),
0.19 (for hole). The non-ideality of the Ge surface is also
considered in the simulation by including the surface SRH model
with a surface recombination velocity of 2.25× 105cms−1 at
the Ge-SiO2 interface.

We have additionally used the Finite Difference Eigenmode
(FDE) solver of Lumerical to calculate the mode effective in-
dices for varying signal frequency/wavelength and consequently
the SPP group velocity for the MIM WG. Lastly, to compute the
capacitance of the coupled plasmonic WGs, we have employed
the 3D field solver of Raphael, Synopsys [45], which is based on
the finite difference method. It solves the Poisson equation and
calculates the capacitance matrix for the electrodes, from which
we have calculated the total capacitance of the coupled structures
using equivalent capacitance equations. To demonstrate how
we calculate the total capacitance, Fig. 7(a) shows the end-butt
coupled plasmonic devices of Case-B with labeled electrodes,
and Fig. 7(b) shows the equivalent circuit used for capacitance
calculation.

To ensure that our simulations are producing accurate data, we
have tested a reference MIM WG fabricated in [59] and calcu-
lated its propagation length (Lp1). Our calculated Lp1(10.4μm)
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Fig. 7. (a) The coupled plasmonic devices (end-butt coupling) of Case-B with labeled electrodes and (b) corresponding equivalent circuit for capacitance
calculation.

is close to the theoretical value mentioned in the paper
(10.9μm). Experimental value of Lp1 is 5.5μm [59], and the
authors in the paper have attributed the discrepancy to the WG
sidewall roughness. Using our roughness model, we have found
that when RMS height, σ = 6nm and correlation length, Lc =
10nm, Lp1 reduces to 5.5μm and matches the measured data.

V. CONCLUSION

In conclusion, we present a thorough analysis and benchmark
the possible schemes for coupling plasmonic MIM and MSM
waveguides (WGs). In addition to the generic MIM and MSM
WG, we demonstrate the application and system-level perfor-
mance of the couplers for plasmonic MIM device by considering
a MIM logic gate as an example. Our simulation results show
that the performance trends of the couplers are similar for both
the cases. It is found that among all the schemes, the end-butt
coupler results in maximum power transmission and the highest
photocurrent (Ip) in the MSM detector. However, the two WGs
are electrically connected in this coupling approach. Introducing
a thin dielectric layer between the metal cladding electrically
isolates the two WGs at the cost of a decreased Ip due to the
reduced power transmission. We also explore couplers where
MSM WG’s cladding overlaps the metal or dielectric cladding
of the MIM WG and observe that the former one results in higher
capacitance (∼ 10×) and dark current (∼ 104×) compared to all
the other coupling options. Moreover, the directional coupling
between the WGs is found to be weak because of the large differ-
ence in the mode effective indices. Additionally, a perpendicular
coupler is proposed for which a MIM stub is incorporated and
optimized to improve the power transmission. All the coupled
WGs require the same footprint except the perpendicular one
that ensures a more compact structure. Lastly, we introduce a
holistic performance metric, minimum detectable energy per
bit threshold (Emin/bit), which encompasses coupling loss,
power transmission, total capacitance, detector’s noise current,
Ip, and detection bandwidth. The calculated Emin/bit value
is the lowest for the end-butt coupled structure. However, our
results show that apart from the coupler with overlapping metal
configuration, all the coupling schemes produce comparable
Emin/bit values. Since the perpendicular coupler additionally
features the lowest footprint, it can be considered the best choice

for coupling plasmonic MIM and MSM WGs. We have also
analyzed the effect of the receiver circuit on Emin/bit using a
theoretical circuit model. We have additionally studied the effect
of surface roughness on the performance of the plasmonic WGs
and couplers. The analysis and results presented in this work
will be critical for designing a plasmonic integrated computing
system that incorporates co-integration of plasmonic devices and
electronic circuits for high-end server system applications.
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