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Abstract Plasmon resonances in nanopatterned single-
layer graphene nanoribbons (SL-GNRs), double-layer graphene
nanoribbons (DL-GNRs) and triple-layer graphene nanorib-
bons (TL-GNRs) are studied experimentally using ‘realistic’
graphene samples. The existence of electrically tunable plas-
mons in stacked multilayer graphene nanoribbons was first
experimentally verified by infrared microscopy. We find that
the strength of the plasmonic resonance increases in DL-
GNRs when compared to SL-GNRs. However, further in-
crease was not observed in TL-GNRs when compared to
DL-GNRs. We carried out systematic full-wave simulations
using a finite-element technique to validate and fit experi-
mental results, and extract the carrier-scattering rate as a
fitting parameter. The numerical simulations show remark-
able agreement with experiments for an unpatterned SLG
sheet, and a qualitative agreement for a patterned graphene

sheet. We conclude with our perspective of the key bottlenecks
in both experiments and theoretical models.
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1. Introduction

Graphene has emerged as a versatile and dynamic plat-
form for hybrid nanophotonics and optoelectronics due to
its excellent electrical and optical properties [1-4]. This
material has recently been integrated with metamaterials
[5], plasmonic nanoanteannas [6—11], waveguides [12] and
photonic crystals [13, 14] to realize electrically tunable hy-
brid devices. Nanostructured graphene has been shown to
support highly confined surface plasmons with plasmon
wavelengths 40-100 times smaller than the free-space
wavelength at mid-infrared wavelengths [15-18]. These
plasmon modes in graphene can be electrically controlled
and have tremendous potential for confining and manipu-
lating radiation for mid-infrared applications [15-17, 19,
20]. At present, there are two main challenges in the area
of graphene plasmonics — to drive the plasmonic resonance
to near-infrared wavelengths, and to increase the relatively
small strength of the plasmon resonance, which is due to the
finite optical conductivity of single-layer graphene (SLG)
[21]. Optical studies of AB-stacked bilayer graphene us-
ing a synchrotron light source reveal that the optical con-
ductivity of multilayer graphene is higher than SLG [22].
While the optical conductivity of SLG is consistent with the

prediction of the random phase approximation (RPA) the-
ory [4,23], the spectrum of AB-stacked bilayer graphene
shows an additional sharp resonance at 0.37 eV due to
strong interlayer coupling [22]. Theoretical studies also
predict such an enhanced optical conductivity in bilayer
graphene due to strong interlayer coupling [24]. If the num-
ber of graphene layers is further increased the optical con-
ductivity spectrum becomes progressively more complex,
but the general trend of increasing optical conductivity is
maintained [22]. On the other hand, carrier mobility, which
determines the loss of the plasmonic resonance, decreases
when the number of layers is increased due to modifica-
tion of the electronic bandstructure. Until now, studies in
graphene plasmonics have focused on SLG, which can be
synthesized into large-area samples with reasonable ease.
Due to enhanced optical conductivity, multilayer graphene
could support stronger plasmonic resonances as compared
to SLG. Furthermore, in multilayer graphene a perpendicu-
lar electric field could be applied to achieve stronger control
on the plasmonic resonance [25]. In this paper we present
our experimental and numerical studies on plasmon res-
onances in ‘realistic’ randomly stacked multilayer chemi-
cal vapor deposition (CVD) grown graphene nanoribbons
(GNRs).
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2. Experiment

We transfer and stack CVD-grown SLG sheets to form
multilayer graphene samples due to difficulties in obtain-
ing large-area samples with controlled number of layers
by mechanical exfoliation. SLG was first grown on 25-pum
thick Cu foils using an atmospheric pressure CVD process
[26-28]. It was then sequentially transferred assisted by
poly(methyl methacrylate) (PMMA) [26,29] on three sep-
arate silicon substrates (1-10 Ohm cm) with 300 nm of
thermal oxide (Si/Si0O;) to form single-layer, double-layer,
and triple-layer devices. Subsequently, a 500 um x 500 um
active area was defined by photolithography and oxygen
plasma etching. The source—drain contacts were defined by
photolithography and subsequent Ti and Au metallization
(5 nm and 55 nm, respectively) on each sample.

It is well known that the layer-stacking order in multi-
layer graphene plays a crucial role in determining its opti-
cal properties [30]. In our samples the domain orientation
is not uniform across the graphene layer and there is also
no definite stacking order between adjacent layers. Hence,
the optical response will be averaged over many domains
with random orientations in a large area. We performed Ra-
man spectroscopy (532 nm, circularly polarized laser with
~1 pum spot size and 1 mW incident power on the sample)
to probe local layer orientations in our samples, since it has
been shown to be a sensitive probe of the unique electronic
and phonon band structures in graphene layers [31]. From
the Raman spectra (shown in Figs. 1a—c) we clearly observe
that the I,p/Ig ratio is dependent on the measurement lo-
cation in double-layer and triple-layer graphene samples in
contrast to the single-layer sample. This is due to changes
in local lattice stacking order, which is consistent with pre-
vious studies in misoriented graphene [30, 32]. Hence, we
should note that there is significant inter-layer stacking mis-
alignment in addition to the well-known intralayer domain
misalignment in CVD graphene samples. Electrical test-
ing of the devices was also carried out to verify the gate
modulation of the source—drain sheet resistance in mul-
tilayer graphene sheets. We found that SLG exhibits the
highest dynamic range of variation of electrical resistance
as shown in Fig. 1d, followed by double-layer graphene
and triple-layer graphene, respectively. The gate-induced
carrier-density modulation will allow multilayer GNRs to
support tunable plasmonic resonances. The strength of such
resonances would be strongly dependent on the optical con-
ductivity and carrier mobility.

The active area was patterned into GNRs (50-nm width
and 150-nm period) using electron beam lithography on a
positive electron beam resist (ZEP 520A, Zeon Chemicals,
Inc). Figure 2 shows a simplified schematic illustration of
our experimental setup as well as a scanning electron micro-
graph showing the patterned graphene ribbons. The number
of broken C—C bonds increases significantly in nanopat-
terned graphene in comparison to unpatterned large-area
graphene, which leads to an additional peak (~1350 cm™')
in the Raman spectra (see supplementary online material
(SOM) Figure S4 for an example for SLG). However, we
should note that even after patterning the Irp/lg ratio of

125 'I'J!IJ'I_,bI' 400 e e e

L@ Single Layer’ 1 | ® | Double Layer
o 7 1 G
| 300 7
EE FE |
Kl <, 200
Z 50 =
£z z
g F 2 100 :
. N I — -
" 1 1 J,J' P IR n 1 1 y| B
1400 1600 2600 3000 1400 1600 ' 2600 3000
Raman Shift [em™] Raman Shift [em!]
: — T 1
600 ( T o'y w T | T _ d.
L (¢} Triple Layer z (—)Single Layer
500 G 1 g (gl—Double Layer,
1 & — I'riple Layer,
5400 2
&, 2 06
2 300 &
Z r =
g 500 : 0.4
=7 8
100 g 02
S
0 Z

A 0
L

2600 3000 80 —60 —40 -20 0 20
Gate Voltage [V -V,

1400 1600

Raman Shift [em'] cnel

Figure 1 (a—c) Raman spectra collected from five random lo-
cations on single-layer, double-layer and triple-layer graphene,
respectively. All the measurements were performed using a
532-nm, circularly polarized laser source with a 100x objective
(spot size ~1 um) and 1 mW incident power. Individual spectra
are offset for clarity. (d) The gate modulation of source—drain re-
sistance (normalized using sheet resistance at the charge-neutral
point (CNP) voltage) in different samples. SLG exhibits the high-
est dynamic range of variation of electrical resistance followed
by double-layer and triple-layer graphene, respectively. The open
circles represent the gate voltages at which IR reflection data
shown later is collected.

SLG is greater than 2, indicating that the physical properties
of graphene are intact. To investigate the plasmonic reso-
nance in GNRs we measure the IR reflectance, which we
normalize to the reflectance at charge-neutral point (CNP).
The optical measurements were performed using a Fourier
transform infrared (FTIR) spectrometer (Nicolet Magna-
IR 850) with a microscope accessory (Nicplan IR Scope,
15x, NA 0.58 Reflectochromat objective). The incoming
beam was polarized with the electric field perpendicular
to ribbons using a wire grid polarizer to excite transverse
magnetic modes in GNRs.

When graphene is patterned into nanoribbons it can
support surface plasmon standing waves when the condi-
tion Re(B)W = mm + ¢ is satisfied, where 8 is the surface
plasmon propagation constant, W is the width of the GNR,
and ¢ is an arbitrary phase shift introduced by the reflection
at the GNR edge and m is an integer [15, 18, 33]. Plasmon
resonances in 50-nm wide GNRs occur in the wavelength
range of 7-10 um when graphene is doped to 1x10'? —
7x10'? cm™? carrier densities. The experimental measure-
ments of normalized reflectance on SL-GNRs, DL-GNRs
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Figure 2 (a) Simplified schematic of the experimental setup used for studying plasmon resonance in GNRs. The lattice orientation
of GNRs in the figure is for illustration only and dimensions are not to scale; (b) Scanning electron micrograph of the fabricated GNRs

on a SLG sample with the inset showing a zoomed-in view of GNRs.
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Figure 3 Modulation of IR reflectivity of GNRs fabricated on Si/SiO, substrate as a function of Fermi energy (Eg) of graphene; the
vertical dashed line indicates the peak of the SiO, optical phonon. Panels (a)—(c) show measured data on SL-GNRs, DL-GNRs and
TL-GNRs, respectively. The reflection measurements were normalized to the reflection at the charge-neutral point in our experiments.
The width and period of GNRs were fixed at 50 nm and 150 nm, respectively. (d) 2D full-wave FEFD simulations of SL-GNRs with
COMSOL Multiphysics using a surface current model for graphene; simulations performed at 0° to 35° angles of incidence (¢) with 5°
spacing were averaged to obtain the curves shown here (see SOM on substrate characterization for further details). The Fermi energy
for each sample was calculated using a uniform charge approximation that does not take into account the screening and interlayer

coupling effects (see SOM Section 6 for further details).

and TL-GNRs as a function of Fermi energy Er (which is
related to the carrier density, see SOM Section 6) are shown
in Fig. 3. As the carrier density in GNRs is increased the
plasmon resonance becomes stronger and moves to shorter
wavelengths. There are two main peaks observed in the

measured data — one above and another below the optical
phonon wavelength of SiO,. These peaks result from hy-
bridization of the graphene plasmon with the optical phonon
in the SiO2 layer [15, 18, 34]. The resonance strength in-
creases from SL-GNRs to DL-GNRs, but the increase is
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Figure 4 Peak intensity of the resonance peaks shown in
Fig. 3 as a function of Er. The graphene plasmon hybridizes with
the SiO, optical phonon to give two peaks shown by square and
circle markers, respectively. Square markers indicate resonance
peaks at shorter wavelengths, while circles indicate resonance
peaks at longer wavelengths.

slightly less for TL-GNRs. This could be due to higher
losses resulting from the increase in the number of defects
arising out of stacking multiple layers.

In Figure 4 we plot the peak intensities of the resonance
peaks shown in Fig. 3 as a function of Fermi energy. We
find that the peak resonance intensities in DL-GNRs are
significantly stronger than SL-GNRs at a fixed Er. When
Er is held constant the total carrier concentration of the
stack is simply the carrier concentration in SL-GNRs times
the number of graphene layers. We should note that a sim-
ilar strong increase in peak intensity of TL-GNRs is not
seen when compared to DL-GNRs. We believe that this
could be due to the fact that the PMMA-assisted trans-
fer of CVD graphene invariably creates some holes, folds
and unavoidable residue. In fact, as we increase the num-
ber of layers the nonuniformities become quite apparent in
SEM images (see Fig. 2b for a representative image of SL-
GNRs) and even under an optical microscope. Therefore,
we believe that this increase in number of defects per unit
area leads to progressively higher losses, and weaker re-
sponse that manifests as broadening of the plasmon peak in
Figs. 3a—c. While the quality of our samples is comparable
to the current state of the art in CVD graphene, we can ex-
pect that further improvements in graphene growth/transfer
processes will help in further enhancing the plasmon
resonance strength.

3. Numerical simulations

To gain further insight into the experiments we performed
full-wave finite-element frequency-domain (FEFD) simu-
lations using a commercial software package (COMSOL
Multiphysics, Wave Optics Module). We first accurately

determined the dielectric function of SiO,, which has a
strong optical phonon overlapping with the graphene plas-
mon [15,34], using IR spectroscopic ellipsometry. The re-
trieved optical constants for Si and SiO, layers are used in
subsequent simulations and are shown in Fig. S1. The op-
tical properties of graphene were calculated using the local
limit of the random phase approximation (RPA) and were
modeled as a surface current in FEFD simulations.

The surface current model in COMSOL was first
validated for an unpatterned single graphene sheet on
SiO,/Si substrate by modifying the classical Drude
equation for the complex reflection coefficient [35], now
rewritten as r = (1 + rgyr12¢20) (1 + rg;r12e?1°). The
classical Fresnel coefficient for p-polarized light, i, =
(e2ky — e1ko) [(e2k) + €1ky), was still applicable at
the second interface with no graphene sheet, with
ki = ©y/ei — eosin’p, i€ 0,2 for a given fre-
quency of light w and angle of incidence ¢. While
using & = okok; /(wey) three different permutations
of a modified Fresnel coefficient at the first inter-
face, ry; = (etko + & — eoki)ferko + & + eoky), 1, =
(e1ko — & + eok1) (e1ko + & + €ok1), and
(e1ko — & — eoky1) (e1ko + & + eok1), were required to
account for the effect of the graphene layer. Here, ¢, €1, &>
are the dielectric constants of air, SiO, and Si substrate,
and o, §, and ¢ are the conductivity of the graphene layer,
the thickness of silicon dioxide and the free-space speed
of light respectively. Further details of our implementation
and can be found in SOM.

We found that simulations at only normal incidence
do not fully account for all the experimental features (see
SOM Fig. S2). Therefore, we developed a weighted aver-
aging procedure where the contribution of each simulation
performed with 0° to 35° angles of incidence was weighted
with a Gaussian factor. The upper limit of 35° was chosen
to account for the finite acceptance angle of the objective
used in our experiment. The final results thus obtained cap-
ture the experimental data remarkably well as compared
to just normal reflectance, as shown in Fig. S2. From this
analysis we retrieved a carrier-scattering time of ~10 fs for
the unpatterned graphene sample that is 5 times lower than
the value estimated using DC Drude model [3] (see SOM
Sections 2 and 6 for additional details). We also recently be-
came aware of another study that reports an experimentally
extracted scattering time of 18 fs, which is in the same range
as our results [36]. In numerical simulations SL-GNRs were
modeled as a patterned surface current. The results obtained
with the averaging procedure described above are shown in
Fig. 3d, where we see a qualitative agreement with the
experimental results. A key difference is the considerably
narrower plasmon peaks below the SiO, optical phonon
wavelength in experiments when compared to simulations.
When graphene is patterned into nanoribbons the carriers
are confined to a 1D strip leading to opening of an en-
ergy bandgap. At the same time there is also significant
edge disorder leading to charge localization and a smaller
effective width of the GNR [37]. The bandgap (Egp) is
found to be empirically related to the GNR width (W) and
disorder parameter (W") as Egp = a/(W — W¥) based on

fop =
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electrical-transport studies on epitaxial graphene [37]. Ac-
cording to these studies a rather large bandgap of 0.2 eV
can be obtained for GNR widths of ~15 nm. It seems plau-
sible that such a bandgap could reduce the optical loss at IR
wavelengths, and consequently lead to narrower plasmon
resonance peaks. While we can expect significant differ-
ences between electrical and optical responses, it seems
plausible that such a bandgap could reduce the optical loss
at IR wavelengths. Based on our numerical studies we con-
clude that the experimental features cannot be attributed to
variations in the width of the ribbons or carrier-scattering
time alone. Therefore, we believe that the optical conduc-
tivity for graphene ribbons should be rederived taking into
account the energy bandgap, which is beyond the scope of
this work.

4. Conclusions and outlook

A major current challenge in the area of graphene plasmon-
ics is to improve the strength of the plasmonic resonance.
CVD-grown graphene, which yields large sample area, has
been predominantly used in graphene plasmon studies due
to the ease of optical characterization. However, growth ki-
netics and the transfer method of CVD graphene lead to
disorder and hence poorer physical properties compared to
epitaxial graphene films on silicon carbide. We investigated
the behavior of plasmon resonance in GNR in single-layer
and multilayer ‘realistic’ CVD graphene. Our experimen-
tal results indicate that plasmons are indeed supported by
multilayer graphene nanostructures. When the carrier con-
centration of the graphene sheet is fixed, we find that DL-
GNRs show stronger plasmon peaks when compared to
SL-GNRs. However, the increase is weak from DL-GNRs
to TL-GNRs most likely due to inhomogeneities in local
stacking order as well as random orientation of domains
within CVD graphene. Systematic numerical simulations
were performed in order to obtain a very good fit with exper-
imental results for unpatterned graphene. Thus, we retrieved
a carrier-scattering time of ~ 10 fs from our graphene sam-
ple and developed an accurate numerical model that takes
into account contributions from 0° to 35° incidence angles.
The developed simulation model was applied for GNRs,
and the results agree qualitatively with the experiment, but
show broader plasmonic resonances. We believe that this
could be due to opening of the bandgap close to the Dirac
point due to nanopatterning. While incorporating a bandgap
into the numerical model could theoretically lead to a bet-
ter fit, we believe that such advanced modeling would first
require better-quality graphene samples and accurate mea-
surements.
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