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EVER SINCE A SINGLE-ATOM-THICK 
FILM of graphite was first successfully 
synthesized back in 2004 and called 
graphene, it has been on a decade-
long ride through applications rang-
ing from photovoltaics and next-
generation batteries to electronics.

While graphene’s list of desirable 
properties—like its electrical and 
thermal conductivity—initially made 
it attractive for electronics, its equally 
attractive optoelectronic capabili-
ties were initially overlooked. But 
it soon became clear that graphene 
has incredible potential as a trans-
parent conducting electrode and 
could be an alternative to the com-
monly used indium tin oxide (ITO).
Graphene offers comparable or bet-
ter optoelectronic performance in 
addition to its mechanical strength 
and flexibility. Other potential uses 
are diverse and include applications 
such as transparent conductors used 
in touchscreens and photovoltaics 
(see Figure 1), lab-on-chip devices 
for the sensing of viruses or proteins, 
improved night vision, mid-IR imag-
ing applications, and solar cells.

» GRAPHENE AND PLASMONICS 
MEET
IN ADDITION TO OPTOELECTRONICS, 
graphene’s star has shone particu-
larly bright in photonics when it is 
used in combination with the field of 
plasmonics, a subfield of photonics 
that grew out of the need to continu-
ally explore properties and applica-
tions of light on ever-smaller scales.

Traditionally, photonics has 
dealt with structures on the micro-
meter scale, but squeezing light 
into smaller dimensions is fund a-
mentally challenging due to a prop-
erty of light known as the diffraction 
limit. Plasmonics helps with address-
ing this challenge and enables light 
confinement even at the nanoscale.

This is achieved by coupling inci-
dent light into oscillations of elec-
trons known as plasmons—hence 
the name plasmonics. Today, plas-
monics is an important, actively 
developing branch of photonics 
that deals with the efficient excita-
tion, control, and use of plasmons.

» GRAPHENE-ENABLED 
PLASMONICS IS LEADING TO 
PRACTICAL DEVICES
COMPUTATIONAL NANOPHOTONICS 
efforts at Birck Nanotechnology 
Center, Purdue University, led 
by Alexander V. Kildishev, associ-
ate professor of electrical and com-
puter engineering, have been lead-
ing the way in combining graphene 
with plasmonics to bring it closer to 
practical optoelectronic applications.

The work of Kildishev and his col-
leagues deals with a fundamen-
tal problem in graphene research: 
it is currently difficult to fabri-
cate high quality, large-area graph-
ene films. Until graphene produc-
tion improves, Kildishev and his 
team are leveraging simulation tools 
to perform design and optimiza-
tion of devices made from graphene.

Through both simulation and 
experimental testing, Kildishev and 
his colleagues have been able to dem-
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FIGURE 1: Bendable and lighter smartphone 
and laptop screens are just one of the many 
applications of graphene. Others include 
energy, computing, engineering, and health 
technologies and devices.



onstrate tunable graphene-assisted 
damping of plasmon resonances in 
nanoantenna arrays, which is impor-
tant for designing tunable photonic 
devices in the mid-infrared range1.  
Since the mid-infrared is where 
funda mental vibrational resonances 
reside for a wide range of molecules, it 
is critical to have tunable plasmonic 
devices that work in that range for 
applications in sensing and imaging.

On the other hand, moving closer 
to even shorter infrared (IR) waves, 
e.g., the telecom range, is also of ulti-
mate importance for telecommuni-
cations and optical processing. The 
group at Purdue has shown efficient 
dynamic control of Fano resonances 
in hybrid graphene-metal plasmonic 
structures at near-infrared wave-
lengths. Fano resonances are seen 
in the transmission of specifically 
coupled resonant optical systems. 
Researchers are currently leverag-
ing the properties of Fano resonances 
for use in optical filtering, sens-
ing, and modulators (see Figure 2).

Leveraging the predictive power 
of COMSOL Multiphysics® software 
models is a vital step for designing 
tunable elements for the next genera-
tion of plasmonic and hybrid nano-
photonic on-chip devices such as 
sensors and photodetectors, accord-
ing to Kildishev. The photodetec-

tors could ultimately find use in 
the sensing of infrared electromag-
netic radiation for multicolor night 
vision and thermal imaging. Another 
application may be in biosensing, 
where the resonant lines of plas-
monic elements are tuned to match 
the resonances of the spectral opti-
cal responses of viruses or proteins.

In their work, the Purdue research-
ers combined the unique properties of 
graphene with plasmonic nanoanten-
nas to modulate the antenna’s opti-
cal properties. Having a tunable reso-
nant element along an optical path is 
as critical to optoelectronics as hav-
ing a transistor in an electric circuit.

“By using the nanopatterned graph-
ene with an electrical gating (see 
Figure 3), it’s possible to modulate 
light flow in space with unparalleled 
spatial resolution,” said Dr. Naresh 
Emani, a former Ph.D. student advised 
by Kildishev, now with DSI, Singapore. 

“The reduced dimensionality and semi-
metallic behavior of graphene plas-
monic elements gives us, along with 
its other properties, a very vital fea-
ture—electrical tunability. This crit-
ical functionality is not attainable 
with conventional metal plasmonics.”

Plasmonic devices based on noble 
metals lack this level of control over 
electrical tunability. Noble met-
als possess a large number of elec-

trons in the conduction band, and 
consequently the electrical conduc-
tivity of metals cannot be easily mod-
ulated. But since graphene is a tun-
able semimetal, it does not contain 
any electrons in the conduction band 
in its pristine state. Therefore, its 
electron concentration—and hence 
its electrical conductivity—can be 
tuned chemically, modulated electri-
cally, or even modulated optically.

» THE ROLE OF SIMULATION 
AND MODELING
NUMERICAL MODELING has been a 
critical tool for the researchers, allow-
ing them to optimize their designs 
without complications and the signifi-
cant cost of nanofabrication processes.

“Compared to experimental work, 
mathematical modeling is low-
cost, has the opportunity to vali-
date its output through a reduced 
number of prototypes, has predic-
tive power, and, finally, allows you 
to optimize for a desired func-
tionality,” explained Kildishev.

In a field where the quality of 
the graphene material can vary, it 
is critical that there always be a 
tight connection between numer-
ical results and experiments in 
order to better understand the 
impact of all variables involved.

“In most cases, by fitting model 

FIGURE 2: Design of Fano resonant plasmonic antennas on top of a sin-
gle-layer graphene sheet optimized with COMSOL® software and its 
Wave Optics Module to achieve resonance at a 2 μm wavelength. The 
design tunability has been successfully validated in experiments using 
ion-gel top electrolyte gating2. 

FIGURE 3: 3D artistic sketch of the experimental setup used for study-
ing plasmon resonance in graphene nanoribbons (GNRs), simulated 
with COMSOL Multiphysics® software using the surface current 
approach. The lattice orientation of GNRs is for illustration only and 
dimensions are not to scale.
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parameters to experiments, we can 
retrieve the actual physics of a given 
process,” said Kildishev. “Having a 
validated mathematical model in 
hand always provides better under-
standing and interpretation. Once 
you understand the phenomena 
in terms of a mathematical model, 
you gain comprehensive know-
ledge of the whole mechanism that 
can be applied to other new ideas.”

Of course, mathematical modeling 
has its own barriers. “Unfortunately, 
many problems do not have analy-
tical solutions and we must revert 
to alternative options,” he added.

This is where numerical techniques 
come in as powerful tools for circum-
navigating these hurdles, according 
to Dr. Ludmila Prokopeva, a high-
performance computing special-
ist on Kildishev’s team. Properly 
designed simulation tools pro-
vide stability, accuracy, and speed. 
There is often a need for substan-
tial high-performance computa-
tional machinery, especially for nano-
structured devices that require full 
three-dimensional (3D) simulations.

“The multiphysical and multiscale 
essence of computational nanopho-
tonics necessitates the use of power-
ful simulation tools,” said Kildishev.

It is never one simulation tool that 
works in all situations. “We have a 
whole zoo of our own software and 
commercial software, and we are 
always looking for ways to incor-
porate new and interesting phys-
ics,” said Kildishev. “COMSOL 
Multiphysics is one tool that we have 
relied on for about ten years, and its 
key advantage is its flexible operation 
within its unique equations-driven 
framework, which is unparalleled.”

He added: “COMSOL allows users 
to couple several physics interfaces 
sharing the same mesh or even hav-
ing separate meshes. We can also 
link the solvers to complex mat erial 

functions: for example, my team has 
implemented several complex dielec-
tric models for graphene—writ-
ten in MATLAB® software—which 
are seamlessly incorporated using 
COMSOL® software. Some of these 
dielectric functions are impossible to 
handle for a straightforward explicit 
input in terms of plain arithmetic or 
look-up tables. We are also able to 
introduce nonlinear effects, couple 
these to a heat transfer analysis, add 
quantum emitters—the list goes on.”

“Another strength of COMSOL is its 
capability to model two-dimensional 
(2D) materials natively in terms of 
surface conductivity (i.e., surface cur-
rent),” noted Prokopeva. “Because 
of its atomic thickness, graph ene 
behaves like a 2D material, but many 
researchers use a thin artificial thick-
ness and have to resort to a 3D model 
in their simulations just because of 
the inability to treat 2D materials 
naturally in their software. The 3D 
approach brings unphysical shifts, 
uncertainty in optimization pro-
cedures, and significant complica-
tions to the numerical calculations.”

While waiting for manufac-
turing techniques to mature, the 
Purdue team used a theoretical 
model for graph ene’s optical con-
ductivity and simulated the device 
response in COMSOL to numeri-
cally investigate the system prop-
erties (see Figures 2 and 4).

“We’ve been very fortunate to col-
laborate with our ‘next-door’ exper-

iment-oriented teams of Profs. Yong 
Chen, Alexandra Boltasseva, Vlad 
Shalaev, Ashraf Alam, David Janes, 
and Gary Chen, here at the Birck 
Nanotechnology Center at Purdue. 
Collaboration with the Ted Norris 
and Vinod Menon groups within 
the C-PHOM NSF MRSEC center is 
also of critical importance. As the 
experimental studies are focused 
on very diverse facets of novel gra-
phene applications, including IR sen-
sors, hybrid photovoltaic electrodes, 
and even other 2D materials, they 
give us an excellent base for validat-
ing our new modeling approaches. 
They offer indispensable feed-
back from the fabrication and opti-
cal characterization of real-life gra-
phene-based nanostructructures.”

» LOOKING AHEAD TO 
QUANTUM OPTICS, BETTER 
NIGHT VISION, AND FLEXIBLE 
TOUCHSCREENS
THE PURDUE TEAM is continuing their 
simulation work to understand and 
predict the behavior of graphene so 
that it may be put to use in devices 
such as photovoltaics, optical modu-
lators, and—one day—flexible touch-
screens. They are looking to make 
graphene nanoribbons so that they 
can begin fabricating a prelimi-
nary light modulation device3,4. 

“Generation and modification of 
short optical pulses is an impor-
tant aspect of imaging and sens-
ing,” explained Kildishev. “Currently, 
the devices capable of achieving 
this functionality at mid-IR wave-
lengths are rather bulky and are 
not tunable. We envision a proto-
type device that can dynamically 
change the frequency content of 
an incoming optical pulse or light 
beam. This will enable higher sen-
sitivity detection for night vision 
and mid-IR imaging applications.”

 They also have longer-range aspi-

FIGURE 4: The time-dependent electric 
field of a Gaussian pulse transmitted 
through an array of graphene nanoribbons.
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SIMULATING GRAPHENE 
BY ANDREW STRIKWERDA

WHAT IS THE BEST WAY to simu-
late graphene? More specifically, 
should graphene actually be mod-
eled as a 2D layer or rather as a 3D 
material that is extremely thin? 
Many researchers have used the lat-
ter approach because it is the only 
one supported in their numer-
ical software. With COMSOL 
Multiphysics® software, you can 
use either method. As stated in the 
article, Professor Kildishev and his 
colleagues have found that simu-
lating graphene as a 2D mate-
rial yields better agreement with 
experimental results. Let’s take 
a closer look at how this is imple-
mented in COMSOL® software.

Ohm’s law states that, in the fre-
quency domain, the current den-
sity is simply the product of the 
conductivity and the electric field:  

 

In COMSOL Multiphysics, this 
can be implemented in 2D using 
a Surface Current bou ndary con-
dition where the induced cur-
rent is expressed, according to 
Ohm’s law, as the product of 
the graphene conductivity (cal-
culated, for example, from a 
Random Phase Approximation) 
and the tangential electric field.

For time-domain simulations, 
the required surface current den-
sity can be a little more difficult to 
calculate, since Ohm’s law is now a 
convolution of the electric field and 
the conductivity: 

 
To implement this in COMSOL 
(see Figure 4), Professor 
Kildishev’s group used a Padé 
approximation to represent the 
frequency-dependent optical con-
ductivity of graphene. They then 
applied a Fourier transform of 
the terms in the Padé series to 
obtain second order partial dif-
ferential equations in time, which 
can be solved in COMSOL.

The solutions to these equations, 
representing contributions to the 
time-dependent surface current, 
can then be linked to the Surface 
Current boundary condition.  

Another strength of 
COMSOL is its ability 

to model two-dimensional 
materials natively in terms 
of surface current.”
—LUDMILA PROKOPEVA, 
HIGH-PERFORMANCE 
COMPUTING SPECIALIST, BIRCK 
NANOTECHNOLOGY CENTER

rations to explore the plasmonic 
properties of graphene in the quan-
tum optics regime. Kildishev and 
his colleagues believe the quan-
tum optics regime will be the next 
frontier for the science of light 
and has been relatively unex-
plored in the mid-IR wavelengths.

“Semiconductor quantum wells 
show some interesting quantum prop-
erties but are restricted to low tem-
peratures so far,” said Kildishev. “If 
we successfully address some of the 
challenges in graphene research, it 
might end up outperforming semi-
conductor quantum wells. If we are 
able to do this, we could significantly 
reduce the size of many devices.” They 
continue to move forward on the 
cutting edge of research with many 
unknowns, toward a future that con-
tains unbelievable possibilities. 
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If you would like to learn more about how to simulate graphene, watch the 
webinar by Alexander Kildishev on comsol.com/webinars and download 
his COMSOL models available at comsol.com/community/exchange/361.


