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ABSTRACT: Graphene plasmonic resonators have been broadly
studied in the terahertz and mid-infrared ranges because of their
electrical tunability and large confinement factors, which can
enable the dramatic enhancement of light−matter interactions. In
this work, we demonstrate that the characteristic scaling laws of
resonant graphene plasmons change for smaller (<40 nm)
plasmonic wavelengths and that those changes modify the optical
confinement properties of graphene plasmonic resonators, allowing
their operational frequency to be expanded into the short-wave
infrared (SWIR). These effects are realized in centimeter-scale
arrays of graphene resonators as narrow as 12 nm, which are
created using a novel, bottom-up block copolymer lithography method. Measurements of these structures reveal that their plasmonic
resonances are strongly influenced by nonlocal and quantum effects, which push their resonant frequency well into the SWIR (free-
space wavelength ∼2.2 μm), 75% higher frequency than previous experimental works. The confinement factors of these resonators
reach 137 ± 25, among the largest reported in literature for any type of 2D optical resonator. The combined SWIR response and
large confinement of these structures make them an attractive platform to explore ultrastrongly enhanced spontaneous emission.
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Optoelectronic devices based on tunable graphene
plasmonic resonances offer a promising route toward

next-generation devices1−3 that include chemical sensors,4−6

perfect absorbers,7,8 photodetectors,9−12 tunable filters,13 and
high-speed intensity and phase modulators.14,15 Many of these
devices require the patterning of graphene sheets into
nanoribbons,5−7,14,16,17 nanoperforated sheets,4,18,19 or nano-
disks13,18 that support plasmonic oscillations with a resonant
frequency set by the characteristic length of the nanostructure
and the carrier density of the graphene.16,18,19 Thus far, these
devices have operated at mid- and far-infrared wavelengths.
There have been both theoretical20 and experimental21,22

investigations that have indicated the plasmonic response of
graphene should be heavily damped at free-space wavelengths
shorter than 6 μm due to plasmon−phonon interactions.
Nevertheless, graphene plasmonic resonances at wavelengths
as short as 3.5 μm have been experimentally observed16 and, at
present, it is not clear if there is a high frequency cutoff for
graphene plasmons and, if so, what sets that limit. If the
resonant plasmonic response of graphene could be pushed to
shorter wavelengths and into the short-wave infrared (SWIR),
there would be substantial fundamental and technological
implications. For example, theoretical models predict, and
experiments demonstrate, that graphene plasmons could create

extremely high Purcell-enhanced rates of emission16,23,24 and
could even be used to drive optically forbidden transitions.25

These processes are expected to become more dramatic in the
SWIR and, unlike the mid-infrared, there are numerous
fluorescent SWIR emittersincluding quantum dots,26,27

lanthanide ions,28 and III−V materials29that can be used
as a platform to observe these effects. Meanwhile, from a
technological perspective, a tunable SWIR plasmonic response
would allow for the creation of high-speed, low-cost devices
that operate at telecommunication wavelengths.
To date, however, no experiments have demonstrated a

resonant plasmonic response in graphene in the SWIR, largely
due to the unique plasmonic dispersion relation in graphene,
which leads to a very large mismatch between the plasmonic
(λp) and free-space wavelengths (λ0).

3 For the mid-infrared
(MIR), this mismatch, or confinement factor (λ0/λp), is
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typically around 50−100. Therefore, to achieve a plasmonic
resonance at λ0 = 5 μm, graphene nanostructures with 30 nm
length scales are needed (the nanostructure width approx-
imately defines λp/2).

16 In the SWIR, however, the confine-
ment factor has been predicted to increase to 100−200,20 such
that achieving resonance at λ0 = 2 μm would require patterning
the graphene to feature sizes of 8 nm. Creating periodic
patterns with these length scales over large (>100 μm2) areas is
difficult for top-down lithography methods such as electron-
beam lithography (EBL)which was previously used to create
plasmonic resonators down to 15 nm16due to proximity-
effect distortions. Thus, to explore the SWIR regime, new
lithographic methods must be developed that are capable of
creating graphene nanostructures at sub-15 nm length scales
over centimeter-scale areas. A promising alternative to EBL is
block copolymer (BCP) lithography, a bottom-up method that
creates etch masks with dense nanoscale features over wafer-
scale areas. BCP lithography has been shown to be effective at
patterning graphene into nanostructures, including graphene
nanoribbons (GNR)30,31 and nanoperforated graphene
(NPG).4,32,33

In this paper, we show that graphene nanostructures
fabricated using BCP lithography down to 12 nm length scales
can act as resonant plasmonic cavities with tunable resonant
free-space wavelengths down to 2.2 μm, substantially shorter
than the previous record of 3.5 μm.16 Additionally, the

confinement factors of our devices reach approximately 137,
matching the highest experimentally demonstrated value of an
optical cavity in a 2D material.16,34 Our ability to create
resonators well into the SWIR is aided by a larger-than-
expected blue-shift in the measured resonant frequency of our
smallest resonators in comparison to what is predicted by a
local electrodynamic model. We attribute this blue-shift to
both nonlocal and electron-quantization effects in the
GNRs,35−37 which alter the characteristic scaling laws of
plasmonic resonances in sub-15 nm graphene structures.

■ RESULTS

Graphene Nanostructure Fabrication. We fabricated
resonant graphene plasmonic devices using a BCP lithographic
process outlined in Figure 1a, where a self-assembled pattern in
a BCP film acts as an etch mask for creating graphene
nanostructures. Graphene’s surface, however, is not energeti-
cally favorable for thin film assembly, making it incompatible
with standard BCP techniques (see SI, section S1). Two
previous approaches to overcoming this challenge involve
preassembling the BCP film on a sacrificial substrate and then
transferring the preassembled film onto graphene38, or
depositing BCP on a wetting layer of a thin oxide32 or
poly(dopamine)39 layer on the graphene. While functional,
these methods lead to either significant film loss during the
transfer process or an oxide layer on the graphene that can

Figure 1. (a) Overview of the block copolymer (BCP) procedure for fabricating graphene nanoribbons (GNRs), illustrating (top) the sample after
BCP deposition, (middle) during RIE etch, and (bottom) after BCP removal. (b) Schematic of experimental device with gold finger contacts and
an ionic gel gate placed atop the GNR “zen-garden” (shown as an embedded SEM image). The circuit illustrates the electrical setup where a gate
voltage (VG) is applied between the separated areas of graphene and the resistance across the graphene is measured by applying a source/drain bias
(VSD) across the active area. Insets in (b) illustrate the exaggerated charge density distribution of graphene plasmonic resonances for local and
nonlocal, for widths of ribbons 10 and 20 nm.
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perturb the optical properties. We developed a new approach
by using a molecular monolayer of pyrene butyric acid (PBA)
to alter the surface energy of the graphene (see SI, section S1).
This approach leads to large patterned areas with minimal (<2
nm) residue on the patterned graphene surface (see SI,
sections S2 and S3), enabling the optical properties of the
graphene nanostructures to be unaffected by adventitious
surface phonons.
Using this new PBA-based BCP methodology, we fabricated

GNRs from CVD-grown graphene40 on a 525 μm Si wafer
with 285 nm of thermal oxide. The GNRs were etched in a
“zen-garden” pattern with widths ranging from 29 ± 3 nm
down to 12 ± 2 nm, as measured using both scanning electron
microscopy (SEM) and atomic force microscopy (AFM, see
Figure 2a and SI, section S2). The shape and size of the
polymer microdomains (and the resultant ribbon dimensions)
can be controlled by the molecular weights and relative volume
fractions of each block.41,42 The minimum ribbon width of 12
nm represents the thermodynamic limit of self-assembly for the
BCP used in this study, poly(styrene-b-methyl methacrylate),
but smaller features are theoretically achievable using more
complex BCP compositions.41,43 In addition to GNRs, we also
applied our technique to fabricate nanoperforated graphene,
which exhibited optical properties similar to the GNRs (see SI,
section S4).
After GNR fabrication, EBL was used to create gold-finger

electrical contacts to the sample, and an ionic gel was used to
vary the carrier density of the GNRs,44 as shown in Figure 1b.
As-prepared, CVD graphene sheets were hole-doped due to
the iron chloride transfer process, with the background Fermi
level (EF) ranging from 0.4−0.5 eV (see SI, section S6).45 The
ionic gel gate allowed EF to be varied continuously from 0−
0.74 eV on ribbons as small as 13 nm.46 Measurements were
also performed using an electrostatic backgate rather than the

ionic gel, including on 12 nm GNRs. Those measurements
produced results similar to the ionic gel gate data, however, the
EF could only be varied from 0−0.59 eV, giving a less dynamic
range (see SI, section S5). The Fermi level in these
experiments was determined through measurements of the
interband-transition spectrum of the sample (see SI, section
S6).47 The width and doping-dependent infrared transmission
spectra of the GNRs were obtained using a Fourier transform
infrared (FTIR) spectroscopy microscope. Doping-dependent
transmittance spectra for each sample were normalized to
spectra obtained at a Fermi level of 0 eV, the charge neutral
point, taken from the same area of the sample.

Optical Properties of BCP-Fabricated Graphene
Nanoresonators. Infrared spectroscopy measurements of
BCP-fabricated GNR devices revealed sharp absorption peaks
associated with plasmonic resonances in the GNRs. Figure 2b
shows the width-dependent spectra of plasmonic resonances in
the GNRs for a constant Fermi level of ∼0.6 eV. The
wavelength of these resonances shows a distinct blue-shift as
the width of GNR dimensions are systematically decreased,
which is consistent with previously reported plasmonic
resonances in graphene nanostructures.6,16,19 Variance in the
GNR width, as determined by SEM images, is measured to be
approximately 2−3 nm, which creates a large fractional change
in the width of the smallest features. This effect leads to
substantial inhomogeneous broadening in plasmonic reso-
nances for smaller GNRs. Other sources of inhomogeneous
broadening may include regions with poor electronic contact
and uneven background doping.
Next, we measured the carrier-density dependence of these

samples, as shown in Figure 2c for a representative sample with
13 nm wide GNRs. These measurements show that increased
doping leads to a blue-shift in the plasmonic resonant
frequency and an increase in the intensity of the spectral

Figure 2. (a) Schematic of graphene nanoribbons (GNRs) and SEM images containing GNRs with 29 ± 3, 15 ± 2, and 13 ± 2 nm widths. (b)
Differential transmittance through GNRs at a fixed doping level of approximately 0.6 eV normalized to transmittance at the charge neutral point
(CNP). (c) Differential transmittance through 13 ± 2 nm wide GNRs as a function of doping level, normalized to transmittance at the CNP.
Dashed colored lines indicate regions where the signal strength was small due to absorption in the ionic gel.
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features. For the largest achievable doping levels, the resonant
energies of the GNRs were observed to occur at SWIR
frequencies, well beyond the mid-infrared energies that have
been observed in previous experiments. The highest resonant
energies that we observed were for 13 nm GNRs with EF =
−0.73 eV, where the resonance frequency was tuned to 4500
cm−1 (2.2 μm).
The plasmonic resonances we observe display doping- and

width-dependencies that, for large GNR widths, are
qualitatively similar to theoretical predictions and experimental
measurements.16,23 However, for narrow (<15 nm) widths, we
observe behavior that deviates from theoretical expectations.
These behaviors can be observed in Figure 3a, where we plot
the resonant frequencies of three representative GNR devices
as a function of width for different Fermi levels. For
comparison, we also plot the theoretical width-dependent
resonant frequencies simulated using a first-order random-
phase approximation (RPA) model for the conductivity of
graphene48 and a finite-difference time-domain solver (solid
lines). For the widest resonators (purple triangles) there is
good agreement between our experiment and theoretical
predictions, namely, that the resonances occur at the expected
Fermi levels given our uncertainties. However, our measure-
ments reveal that, when the GNR width is decreased below 15
nm, the plasmonic resonances are blue-shifted from first order
RPA-based calculations.48 For example, Figure 3a shows that
13 nm wide GNRs with an EF of 0.71 eV display a resonance
near 4500 cm−1, while first-order RPA predicts the resonance
to occur near 3600 cm−1, an offset of more than 20%. In order
to match the theoretical curves of the first-order RPA model,
the widths of the GNRs would need to be nearly half the
widths measured using SEM (see SI, section S2), or the carrier
density would need to be at least 30% more than what we

estimate based on the experimentally measured interband
transition cutoff (see SI, section S6). Both scenarios are
unlikely based on our experimental uncertainty.
We can further analyze the properties of these plasmonic

modes by calculating their confinement factors, the ratio of the
free-space wavelength to the plasmon wavelength. (λ0/λp). We
extracted the plasmonic wavelength through our simulations,
where the plasmonic resonators behave as Fabry−Perot
oscillators with a nontrivial edge scattering phase.16 The
resulting confinement factors are shown in Figure 3b for
different ribbon widths and doping levels. We found that our
smallest ribbons, 13 nm wide GNRs, featured confinement
factors as large as 137 ± 25. This value is 25% higher than
what has previously been achieved in 20 nm wide GNRs,16 and
within a margin of error of the largest observed confinement
factor in an optical cavity of a 2D material, which was
demonstrated using vertically confined acoustic graphene
plasmons.34

■ DISCUSSION

Our results reveal that the behavior of graphene plasmons
strongly deviates from first-order optical models at SWIR
frequencies, and that this deviation manifests as a blue-shift in
the characteristic frequency of graphene plasmonic resonances.
We believe that the large blue-shifts that we observe in narrow
GNRs are not due to potential experimental errors, but rather
can be understood as nonlocal and electron-quantization
effects perturbing the graphene plasmons,35−37,49 as described
below.
Optical nonlocality describes the effect of an electric field in

one location producing a polarization in the nearby vicinity.
Such perturbations are known to occur most strongly in
regions of high optical field enhancement, as in metallic

Figure 3. (a) Theoretical dispersion (lines) of GNR plasmons as a function of ribbon width for various Fermi levels with experimental
measurements (symbols) of the resonance energy at specific ribbon widths and Fermi levels. (b) Theoretical (lines) and experimental (symbols)
confinement factors of resonant graphene plasmons in GNRs of varying width, plotted for different Fermi energies denoted on the graph. For both
(a) and (b), solid lines indicate the local approximation model of graphene, while dashed lines include a nonlocal term. The experimental points are
the same measurements across both plots.
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nanostructures with small (<10 nm) geometric features.50,51

These effects can be described mathematically as a
modification to Ohm’s Law, by connecting the in-plane
currents J and electric fields E as follows: J = σ(ω)E −

J( )
2

2∇ ∇·β
ω

, where σ(ω) is the conductivity of graphene and the

β2 term accounts for the pressure of an inhomogeneous
electron fluid, representing the approximation of the nonlocal
effects in a semiclassical approach.35 In order to determine the
magnitude of the shift of the plasmonic resonances in our
GNR devices due to nonlocality, we included this modification
to Ohm’s law to our finite element Maxwell equation solver
(COMSOL) simulations of the GNRs.35,51 The plasmonic
behavior was modeled by electromagnetic waves scattering off
the GNRs, which created resonances in the transmission
spectra. The results of those calculations (shown in Figure 3a,b
as dashed lines) indicate that nonlocal effects blue-shift the
resonant plasmon energies in GNRs and that this effect is more
dramatic as the ribbon width is decreased and for lower doping
levels. For example, for 29 nm GNRs at EF = 0.73 eV, nonlocal
effects shift the resonant frequency by 2%, while for 13 nm
wide GNRs at EF = 0.71 eV, the resonant frequency is shifted
by 12%. While these corrections bring the theoretical
predictions closer to the 20% shift we observed in our
experiment, they do not fully account for the total blue-shift.
A second possible contribution we consider is electron

quantization in the GNRs, where the continuum model for
graphene quasiparticles breaks down, forming low-energy band
gaps and exotic edge states that depend on the exact edge
termination of the GNRs.52−57 Such effects become stronger
for more narrow GNRs, and calculations from ref 37 indicate
that quantum effects should blue-shift the plasmonic resonance
of 13 nm wide GNRs by approximately 5%.36,37 The prospect
of electron quantization occurring in these devices is supported
by transport measurements performed on similarly prepared
NPG samples with characteristic widths of 18 ± 2 nm.32 Those
measurements revealed an effective electronic bandgap of 100
meV, which could strongly perturb the infrared graphene
dielectric properties and drive changes in the resonant
plasmonic response.
The combined effects of optical nonlocality and electron

quantization, evaluated independently, account for the
majority of the experimentally observed blue shifts in our
measurements, but they do not completely describe the offsets
that we observe. The remaining discrepancies could potentially
be due to GNRs that have effective widths that are slightly
thinner than what we observed in SEM/AFM measurements
caused by, for example, damaged graphene edges due to RIE
undercutting (see SI, section S2). We also note that a complete
theoretical model should consider both optical nonlocality and
electron quantization effects concurrently and should include
additional effects such as band renormalization and Landau
damping.58 Such a model is beyond the scope of this work and
left to future investigation.
The blue-shift in the resonance frequency that we observe

has broad implications for the limits of future optoelectronic
devices based on graphene plasmons. Most importantly, our
results reveal that graphene nanostructures can exhibit a
strong, tunable optical response in the SWIR. Moreover, the
length scales needed to realize such behavior are larger than
previously predicted and directly accessible to BCP lithog-
raphy. For example, our first-order RPA calculations indicated
that to show plasmonic activity at telecommunication

frequencies (1.55 μm), GNR widths of 4.5 nm at a carrier
density of 1 eV would be necessary, requiring significant
advances in large-scale fabrication techniques. However,
because nonlocal and quantum perturbations increase in
magnitude as GNR width is decreased, it may be possible to
reach telecommunication frequencies in GNRs with widths of
7−10 nm, requiring only modest improvements over the
fabrication methods described in this work. Another important
consequence of the blue-shift that we observe is that the
confinement factors of graphene plasmons with short wave-
lengths are smaller than previously predicted, as illustrated in
Figure 3b.20 This decrease in confinement indicates that
several predicted phenomena that leverage graphene plasmon-
driven light−matter interactions, including SPASing,59 en-
hanced spontaneous emission of forbidden transitions,25 and
enhanced sensing,5 may occur at lower rates than previously
anticipated. For example, 13 nm GNRs were previously
calculated20 to exhibit a confinement factor of ∼120 with an EF
of 0.64 eV in comparison to the 84 ± 13 confinement factor
we observed in this work for an EF of 0.63 eV. Since two-
plasmon spontaneous emission rates scale as (λ0/λp)

6,25 our
results indicate emitters coupled to such GNRs will undergo
two-plasmon spontaneous emission at a rate 1 order of
magnitude lower than previously thought.

■ CONCLUSION

In conclusion, we developed a fabrication technique based on
block copolymer (BCP) lithography that allowed us to probe
new regimes of graphene plasmonics and enabled the first
measurement of resonant graphene plasmons in the short-
wavelength infrared (SWIR). Our results provide direct
evidence that scaling laws of graphene plasmons change at
sub-15 nm length scales. These changes correlate with the
modeled predictions of both nonlocal and electron quantiza-
tion effects. Consequently, reaching the SWIR wavelengths,
and even shorter, can be achieved in larger structures than
previously thought, facilitating a new avenue of research for
graphene-based devices. The graphene nanostructures we
fabricated also exhibit, to the best of our knowledge, among
the largest lateral confinement factors as 2D optical cavities in
the literature.34,60−63 However, these results demonstrate that
confinement is actually smaller than previously predicted,20

limiting the anticipated ability of graphene to enhance light−
matter interactions. Our findings show that graphene
plasmonic devices created using BCP lithography represent
an exciting platform to expand the tunable working range of
graphene plasmonics, enhance light−matter interactions,
explore quantum effects, and create new types of graphene
devices.

■ METHODS

Graphene Chemical Vapor Deposition (CVD) Growth.
Graphene was grown by CVD methods on low purity Cu foil
(15465015, Alfa Aesar). Cu foil was precleaned with a 30 s 3:1
deionized water/ammonium persulfate dip (APS − 100,
Transene). Graphene was grown at 1035 °C for 90 min,
while 42 sccm H2 and 0.2 sccm CH4 (both Air Gas Research
6.0 grade) flowed in the quartz growth tube (260 mTorr). To
transfer the graphene after growth, graphene was first coated
with a protective layer of PMMA (950k A4, MicroChem
Corp.), and the Cu foil was etched away with FeCl3 (CE −
100, Transene). The graphene/PMMA stack was then rinsed
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in a series of deionized water baths. Si/SiO2 substrates (double
side polished, 285 nm dry thermal oxide, prime grade Si wafers
from WaferPro) were piranha-treated using 3:1 H2SO4/H2O2
at 85 °C for 30 min immediately prior to graphene/PMMA
transfer. Once transferred, the PMMA was removed by soaking
in 60 °C acetone for 1 h, and the graphene/SiO2 was annealed
for 1 h at 400 °C under 10−6 Torr vacuum.
Nanoribbon and Nanoperforated Graphene Fabrica-

tion. The monolayer graphene-coated SiO2 substrates were
placed in a 1-pyrenebutyric acid (PBA; 257354, Sigma-
Aldrich) solution in THF for 24 h based on a previously
developed procedure.64 A random copolymer (RCP) of
glycidyl methacrylate (GMA), styrene (S), and methyl
methacrylate (MMA), P(S-r-MMA-r-GMA), was synthesized
as reported earlier.65 For this study, the RCP contained 62.5%
S, 4% GMA, and balance PMMA (as confirmed by NMR) for
lamellar forming BCPs. For cylindrical BCPs, the RCP
contained 72% S, 4% GMA, and balance PMMA. The RCP
was dissolved in toluene (320552, Sigma-Aldrich) and spin
coated on the PBA-coated graphene/SiO2 substrate. These
samples were annealed at 160 °C for 3 h under vacuum to
cross-link the GMA unit and soaked in toluene for 15 min to
remove any unreacted RCP. We used BCP P(S-b-MMA) with
various molecular weights (MWs) all from Polymer Source,
Inc., specifically 17k−17k and 53k−54k MWs for lamellar-
forming PS-b-PMMA and 21.5k−10k MW for cylindrical-
forming PS-b-PMMA. These BCPs were prepared in toluene
and spin coated onto the random copolymer covered samples.
Films were thermally annealed under vacuum for BCP self-
assembly. Pattern transfer from the BCP to the underneath
graphene was performed using a reactive ion etcher (Plasma-
Therm 790) with oxygen plasma. Scanning electron micro-
scope (SEM) images were taken with a Zeiss LEO 1550VP
SEM for nanopatterned graphene visualization. Back-gated-
only NPG samples were fabricated with a slightly modified
fabrication procedure described in detail in SI, section 4.
Additional samples were prepared using these procedures that
exhibited optical behavior similar to what was reported in the
main text.
Fabrication of Gold Contacts. For the GNR-coated

SiO2/Si substrates, they were first coated with a bilayer PMMA
(950 A4 at 200 nm and 495 C2 at 300 nm). These samples
were then exposed and patterned using the Elionix ELS G-100,
an electron-beam lithography tool. After exposure, the
substrates were developed in a 3:1 IPA/DI water mixture for
20 s with a 10 s rinse of IPA. Metal deposition consisted of a
2.5 nm chromium adhesion layer and 80 nm of gold. After
deposition, the PMMA was removed via a 15 h chloroform
bath, a 1 h acetone bath, and then a 5 min IPA bath with a 5 s
IPA rinse. The contacts for the GNRs were a gold-electrode
mesh of interlocking branches that are 80 nm wide and spaced
by 3 μm. This pattern ensures reliable contact to the graphene
nanoribbons in the “zen-garden” pattern without significantly
reducing the optical signal or introducing additional
resonances in the wavelength range of interest (2−6 μm).
For NPGs, the graphene remained a continuous sheet, so large
gold contacts were applied via metal deposition through a
mask.
Ionic Gel Preparation. Ionic gel preparation based on

previously established procedure in literature.46 Diethylmethyl-
(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)-
imide ([DEME][TFSI]) was purchased from Sigma-Aldrich
Chemicals. Initially, the ionic liquid was dried at 105 °C under

vacuum for 3 days. Polystyrene-b-poly(ethylene oxide)-b-
polystyrene (PS-b-PEO-b-PS) triblock copolymer was pur-
chased from Polymer Source, Inc. The molecular weight of the
block copolymer was PS 10 kg/mol, PEO 44 kg/mol, and PS
10 kg/mol, which corresponds to a PEO volume fraction of
0.67. A total of 0.55 g of [EMIM][TFSI] was dissolved with 21
mg of PS-b-PEO-b-PS in 2 mL of anhydrous dichloromethane.
The solution was stirred overnight at room temperature. The
ionic gel was spin-coated on the graphene sample and stored
under N2 until ready for use.

FTIR Measurements. The transmission measurements
were performed using a Bruker Vertex 70 FTIR attached to
a Hyperion 2000 microscope in a nitrogen-purged environ-
ment. We used a liquid-nitrogen-cooled mercury−cadmium−
telluride (MCT) detector. For our plasmonic resonance
measurements, we used a potassium-bromide (KBr) beam
splitter with a silicon carbide glow bar as our MIR source. For
the measurements of the Drude peaks (see SI, section S6), we
used a quartz beam splitter with a halogen bulb as our source.

Electromagnetic Simulations. We rigorously solved
Maxwell’s equations using both a finite-difference time-domain
(FDTD) method and a finite-element method (FEM). While
these methods give the same result for the local calculations,
the FDTD solver could not incorporate nonlocal corrections,
so we used the FEM solver for the nonlocal calculations.
Graphene was modeled as a thin material of thickness δ with

permittivity i
G r

( )

0
ϵ = ϵ + σ ω

ωδϵ is the complex optical conductiv-

ity of graphene evaluated within the local random phase
approximation.48 δ was chosen as 0.3 nm which showed good
convergence with respect to the δ → 0 limit and ϵr is the
background relative permittivity. For the FDTD simulations,
we used the commercial solver Lumerical FDTD. The
graphene nanostructures were simulated on an SiO2 layer
with a thickness of 285 nm, on top of a Si substrate. Material
properties from Palik66 were used for both materials. To model
the structure accurately, we included a polymer layer of
thickness 1.2 nm, with dielectric properties taken as average of
PMMA67 and PS.68 Our simulations of the nonlocal effect
made use of the FEM solver COMSOL Multiphysics. We
made use of the NanoPL RF module,51 an extension designed
for calculating nonlocal effects of 2D nanostructures. Graphene
was modeled identically to the FDTD approach and an average
background dielectric of 2.5 was used to represent the
contributions of the dielectrics surrounding the graphene to
estimate the shift caused by the nonlocal effects.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00149.

Discussion of the following: Block copolymer choice and
pyrenebutryic acid interfacial layer; Calculating width of
graphene nanoribbons; Removing polymer mask;
Fabrication and measurement of nanoperforated gra-
phene; Electrostatic gating to tune the Fermi level of
samples; Measuring Fermi levels; Modeling reduced
plasmon dispersion; Comparison of simulated spectra to
measured spectra (PDF)

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://doi.org/10.1021/acsphotonics.1c00149
ACS Photonics 2021, 8, 1277−1285

1282

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00149/suppl_file/ph1c00149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00149/suppl_file/ph1c00149_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00149?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00149/suppl_file/ph1c00149_si_001.pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00149?rel=cite-as&ref=PDF&jav=VoR


■ AUTHOR INFORMATION
Corresponding Author
Victor W. Brar − Department of Physics, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States; Email: vbrar@wisc.edu

Authors
Joel. F. Siegel − Department of Physics, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States; orcid.org/0000-0002-7344-4839

Jonathan H. Dwyer − Department of Chemical and Biological
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Anjali Suresh − Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Nathaniel S. Safron − Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Margaret A. Fortman − Department of Physics, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States

Chenghao Wan − Department of Materials Science and
Engineering and Department of Electrical and Computer
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States; orcid.org/0000-0002-
4132-4779

Jonathan W. Choi − Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Wei Wei − Department of Materials Science and Engineering,
University of Wisconsin−Madison, Madison, Wisconsin
53706, United States

Vivek Saraswat − Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Wyatt Behn − Department of Physics, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States; orcid.org/0000-0003-1377-5502

Mikhail A. Kats − Department of Physics, Department of
Materials Science and Engineering, and Department of
Electrical and Computer Engineering, University of
Wisconsin−Madison, Madison, Wisconsin 53706, United
States; orcid.org/0000-0003-4897-4720

Michael S. Arnold − Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States

Padma Gopalan − Department of Chemical and Biological
Engineering and Department of Materials Science and
Engineering, University of Wisconsin−Madison, Madison,
Wisconsin 53706, United States; orcid.org/0000-0002-
1955-640X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.1c00149

Author Contributions
#J.F.S. and J.H.D. contributed equally to this work. M.F.,
N.S.S., and V.S. grew graphene. J.H.D., A.S., J.W.C., and W.W.
fabricated graphene nanostructures with block copolymer
lithography procedures. J.H.D., J.W.C., and N.S.S. performed
SEM imaging. J.H.D. and A.S. characterized graphene
nanostructure size with SEM images. W.A.B. performed
AFM imaging and graphene nanostructure size analysis with

AFM images. J.F.S. fabricated electrical leads on graphene
nanostructures. J.F.S. and C.W. performed FTIR measure-
ments and analysis. J.F.S. performed electromagnetic simu-
lations. J.F.S. and J.H.D. lead manuscript preparation, with
contributions from all authors. V.W.B., P.G., M.A.K., and
M.S.A. supervised this research project.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
J.F.S., W.W., P.G., and V.W.B. were supported by a Defense
Advanced Research Projects Agency Young Faculty Award
(YFA D18AP00043). P.G. and J.H.D. received partial support
from SNM-IS Award No. 1727523. J.H.D. acknowledges
support from PPG Industries, Inc. through a fellowship
program at University of Wisconsin−Madison. N.S.S. and
M.S.A. were supported by the U.S. Army Research Office,
W911NF-12-1-0025 and then W911NF-18-1-0149. V.S. and
M.S.A. were supported by the U.S. Department of Energy,
Office of Science, Basic Energy Sciences, under Award No. DE-
SC0016007. M.F. was supported by the Gordon and Betty
Moore Foundation through a Moore Inventors Fellowship.
W.A.B. is supported by the National Science Foundation under
Grant No. DMR-1839199. C.W. and M.A.K. are supported by
the Air Force Office of Research under Grant No. FA9550-18-
1-0146. The authors gratefully acknowledge the use of facilities
and instrumentation at the University of Wisconsin−Madison
Wisconsin Centers for Nanoscale Technology, partially
supported by the NSF through the University of Wisconsin
Materials Research Science and Engineering Center (DMR-
1720415). Portions of this work were done using an electron-
beam lithography tool at the University of Wisconsin
Nanoscale Fabrication Center. We acknowledge support
from the NSF (DMR-1625348) for the acquisition of this tool.

■ REFERENCES
(1) Low, T.; Avouris, P. Graphene Plasmonics for Terahertz to Mid-
Infrared Applications. ACS Nano 2014, 8 (2), 1086−1101.
(2) Grigorenko, A. N.; Polini, M.; Novoselov, K. S. Graphene
plasmonics. Nat. Photonics 2012, 6 (11), 749−758.
(3) Jablan, M.; Soljacic, M.; Buljan, H. Plasmons in Graphene:
Fundamental Properties and Potential Applications. Proc. IEEE 2013,
101 (7), 1689−1704.
(4) Cagliani, A.; Mackenzie, D. M. A.; Tschammer, L. K.;
Pizzocchero, F.; Almdal, K.; Bøggild, P. Large-area nanopatterned
graphene for ultrasensitive gas sensing. Nano Res. 2014, 7 (5), 743−
754.
(5) Rodrigo, D.; Limaj, O.; Janner, D.; Etezadi, D.; García de Abajo,
F. J.; Pruneri, V.; Altug, H. Mid-infrared plasmonic biosensing with
graphene. Science 2015, 349 (6244), 165.
(6) Li, Y.; Yan, H.; Farmer, D. B.; Meng, X.; Zhu, W.; Osgood, R.
M.; Heinz, T. F.; Avouris, P. Graphene plasmon enhanced vibrational
sensing of surface-adsorbed layers. Nano Lett. 2014, 14 (3), 1573−7.
(7) Kim, S.; Jang, M. S.; Brar, V. W.; Mauser, K. W.; Kim, L.;
Atwater, H. A. Electronically Tunable Perfect Absorption in
Graphene. Nano Lett. 2018, 18 (2), 971−979.
(8) Andryieuski, A.; Lavrinenko, A. V. Graphene metamaterials
based tunable terahertz absorber: effective surface conductivity
approach. Opt. Express 2013, 21 (7), 9144−55.
(9) Xia, F.; Mueller, T.; Lin, Y.-m.; Valdes-Garcia, A.; Avouris, P.
Ultrafast graphene photodetector. Nat. Nanotechnol. 2009, 4 (12),
839−843.
(10) Mueller, T.; Xia, F.; Avouris, P. Graphene photodetectors for
high-speed optical communications. Nat. Photonics 2010, 4 (5), 297−
301.

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://doi.org/10.1021/acsphotonics.1c00149
ACS Photonics 2021, 8, 1277−1285

1283

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Victor+W.+Brar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:vbrar@wisc.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joel.+F.+Siegel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7344-4839
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+H.+Dwyer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anjali+Suresh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathaniel+S.+Safron"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Margaret+A.+Fortman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenghao+Wan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4132-4779
http://orcid.org/0000-0002-4132-4779
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+W.+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vivek+Saraswat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wyatt+Behn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1377-5502
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikhail+A.+Kats"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4897-4720
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+S.+Arnold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Padma+Gopalan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1955-640X
http://orcid.org/0000-0002-1955-640X
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00149?ref=pdf
https://doi.org/10.1021/nn406627u
https://doi.org/10.1021/nn406627u
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1038/nphoton.2012.262
https://doi.org/10.1109/JPROC.2013.2260115
https://doi.org/10.1109/JPROC.2013.2260115
https://doi.org/10.1007/s12274-014-0435-x
https://doi.org/10.1007/s12274-014-0435-x
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1126/science.aab2051
https://doi.org/10.1021/nl404824w
https://doi.org/10.1021/nl404824w
https://doi.org/10.1021/acs.nanolett.7b04393
https://doi.org/10.1021/acs.nanolett.7b04393
https://doi.org/10.1364/OE.21.009144
https://doi.org/10.1364/OE.21.009144
https://doi.org/10.1364/OE.21.009144
https://doi.org/10.1038/nnano.2009.292
https://doi.org/10.1038/nphoton.2010.40
https://doi.org/10.1038/nphoton.2010.40
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00149?rel=cite-as&ref=PDF&jav=VoR


(11) Freitag, M.; Low, T.; Zhu, W.; Yan, H.; Xia, F.; Avouris, P.
Photocurrent in graphene harnessed by tunable intrinsic plasmons.
Nat. Commun. 2013, 4 (1), 1951.
(12) Guo, Q.; Yu, R.; Li, C.; Yuan, S.; Deng, B.; García de Abajo, F.
J.; Xia, F. Efficient electrical detection of mid-infrared graphene
plasmons at room temperature. Nat. Mater. 2018, 17 (11), 986−992.
(13) Yan, H.; Li, X.; Chandra, B.; Tulevski, G.; Wu, Y.; Freitag, M.;
Zhu, W.; Avouris, P.; Xia, F. Tunable infrared plasmonic devices using
graphene/insulator stacks. Nat. Nanotechnol. 2012, 7 (5), 330−4.
(14) Li, Z.; Yao, K.; Xia, F.; Shen, S.; Tian, J.; Liu, Y. Graphene
Plasmonic Metasurfaces to Steer Infrared Light. Sci. Rep. 2015, 5,
12423.
(15) Li, Z.; Yu, N. Modulation of mid-infrared light using graphene-
metal plasmonic antennas. Appl. Phys. Lett. 2013, 102 (13), 131108.
(16) Brar, V. W.; Jang, M. S.; Sherrott, M.; Lopez, J. J.; Atwater, H.
A. Highly confined tunable mid-infrared plasmonics in graphene
nanoresonators. Nano Lett. 2013, 13 (6), 2541−7.
(17) Fan, Y.; Shen, N.-H.; Koschny, T.; Soukoulis, C. M. Tunable
Terahertz Meta-Surface with Graphene Cut-Wires. ACS Photonics
2015, 2 (1), 151−156.
(18) Zhu, X.; Wang, W.; Yan, W.; Larsen, M. B.; Boggild, P.;
Pedersen, T. G.; Xiao, S.; Zi, J.; Mortensen, N. A. Plasmon-phonon
coupling in large-area graphene dot and antidot arrays fabricated by
nanosphere lithography. Nano Lett. 2014, 14 (5), 2907−13.
(19) Gopalan, K. K.; Paulillo, B.; Mackenzie, D. M. A.; Rodrigo, D.;
Bareza, N.; Whelan, P. R.; Shivayogimath, A.; Pruneri, V. Scalable and
Tunable Periodic Graphene Nanohole Arrays for Mid-Infrared
Plasmonics. Nano Lett. 2018, 18 (9), 5913−5918.
(20) Jablan, M.; Buljan, H.; Soljac  ic,́ M. Plasmonics in graphene at
infrared frequencies. Phys. Rev. B: Condens. Matter Mater. Phys. 2009,
80 (24), 245435.
(21) Yan, H.; Low, T.; Zhu, W.; Wu, Y.; Freitag, M.; Li, X.; Guinea,
F.; Avouris, P.; Xia, F. Damping pathways of mid-infrared plasmons in
graphene nanostructures. Nat. Photonics 2013, 7 (5), 394−399.
(22) Fang, Z.; Thongrattanasiri, S.; Schlather, A.; Liu, Z.; Ma, L.;
Wang, Y.; Ajayan, P. M.; Nordlander, P.; Halas, N. J.; García de
Abajo, F. J. Gated Tunability and Hybridization of Localized
Plasmons in Nanostructured Graphene. ACS Nano 2013, 7 (3),
2388−2395.
(23) Koppens, F. H.; Chang, D. E.; Garcia de Abajo, F. J. Graphene
plasmonics: a platform for strong light-matter interactions. Nano Lett.
2011, 11 (8), 3370−7.
(24) Tielrooij, K. J.; Orona, L.; Ferrier, A.; Badioli, M.; Navickaite,
G.; Coop, S.; Nanot, S.; Kalinic, B.; Cesca, T.; Gaudreau, L.; Ma, Q.;
Centeno, A.; Pesquera, A.; Zurutuza, A.; de Riedmatten, H.; Goldner,
P.; García de Abajo, F. J.; Jarillo-Herrero, P.; Koppens, F. H. L.
Electrical control of optical emitter relaxation pathways enabled by
graphene. Nat. Phys. 2015, 11 (3), 281−287.
(25) Rivera, N.; Kaminer, I.; Zhen, B.; Joannopoulos, J. D.; Soljac  ic,́
M. Shrinking light to allow forbidden transitions on the atomic scale.
Science 2016, 353 (6296), 263.
(26) Zhang, J.; Crisp, R. W.; Gao, J.; Kroupa, D. M.; Beard, M. C.;
Luther, J. M. Synthetic Conditions for High-Accuracy Size Control of
PbS Quantum Dots. J. Phys. Chem. Lett. 2015, 6 (10), 1830−1833.
(27) Moreels, I.; Justo, Y.; De Geyter, B.; Haustraete, K.; Martins, J.
C.; Hens, Z. Size-Tunable, Bright, and Stable PbS Quantum Dots: A
Surface Chemistry Study. ACS Nano 2011, 5 (3), 2004−2012.
(28) Dejneka, M. J.; Streltsov, A.; Pal, S.; Frutos, A. G.; Powell, C.
L.; Yost, K.; Yuen, P. K.; Müller, U.; Lahiri, J. Rare earth-doped glass
microbarcodes. Proc. Natl. Acad. Sci. U. S. A. 2003, 100 (2), 389.
(29) Renk, K. F. Quantum Well Lasers from the UV to the Infrared.
In Basics of Laser Physics: For Students of Science and Engineering; Renk,
K. F., Ed.; Springer International Publishing: Cham, 2017; pp 485−
490.
(30) Chang, T. H.; Xiong, S.; Jacobberger, R. M.; Mikael, S.; Suh, H.
S.; Liu, C. C.; Geng, D.; Wang, X.; Arnold, M. S.; Ma, Z.; Nealey, P. F.
Directed self-assembly of block copolymer films on atomically-thin
graphene chemical patterns. Sci. Rep. 2016, 6, 31407.

(31) Choi, J. W.; Kim, M.; Safron, N. S.; Han, E.; Arnold, M. S.;
Gopalan, P. A facile route for fabricating graphene nanoribbon array
transistors using graphoepitaxy of a symmetric block copolymer:
Advanced Etch Technology for Nanopatterning IV. Proc. SPIE,
2015.942894280T
(32) Kim, M.; Safron, N. S.; Han, E.; Arnold, M. S.; Gopalan, P.
Fabrication and characterization of large-area, semiconducting
nanoperforated graphene materials. Nano Lett. 2010, 10 (4), 1125−
31.
(33) Lee, D. S.; Park, S.; Han, Y. D.; Lee, J. E.; Jeong, H. Y.; Yoon,
H. C.; Jung, M. Y.; Kim, S. O.; Choi, S. Y. Selective protein transport
through ultra-thin suspended reduced graphene oxide nanopores.
Nanoscale 2017, 9 (36), 13457−13464.
(34) Alcaraz Iranzo, D.; Nanot, S.; Dias, E. J. C.; Epstein, I.; Peng,
C.; Efetov, D. K.; Lundeberg, M. B.; Parret, R.; Osmond, J.; Hong, J.-
Y.; Kong, J.; Englund, D. R.; Peres, N. M. R.; Koppens, F. H. L.
Probing the ultimate plasmon confinement limits with a van der
Waals heterostructure. Science 2018, 360 (6386), 291.
(35) Wang, W.; Kinaret, J. M. Plasmons in graphene nanoribbons:
Interband transitions and nonlocal effects. Phys. Rev. B: Condens.
Matter Mater. Phys. 2013, 87 (19), na.
(36) Silveiro, I.; Ortega, J. M. P.; de Abajo, F. J. G. Quantum
nonlocal effects in individual and interacting graphene nanoribbons.
Light: Sci. Appl. 2015, 4 (1), No. e241.
(37) Thongrattanasiri, S.; Manjavacas, A.; García de Abajo, F. J.
Quantum Finite-Size Effects in Graphene Plasmons. ACS Nano 2012,
6 (2), 1766−1775.
(38) Choi, J. W.; Kim, M.; Safron, N. S.; Arnold, M. S.; Gopalan, P.
Transfer of pre-assembled block copolymer thin film to nanopattern
unconventional substrates. ACS Appl. Mater. Interfaces 2014, 6 (12),
9442−8.
(39) Kim, B. H.; Lee, D. H.; Kim, J. Y.; Shin, D. O.; Jeong, H. Y.;
Hong, S.; Yun, J. M.; Koo, C. M.; Lee, H.; Kim, S. O. Mussel-Inspired
Block Copolymer Lithography for Low Surface Energy Materials of
Teflon, Graphene, and Gold. Adv. Mater. 2011, 23 (47), 5618.
(40) Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.;
Velamakanni, A.; Jung, I.; Tutuc, E.; Banerjee, S. K.; Colombo, L.;
Ruoff, R. S. Large-Area Synthesis of High-Quality and Uniform
Graphene Films on Copper Foils. Science 2009, 324 (5932), 1312.
(41) Bates, F. S.; Fredrickson, G. H. Block Copolymer
Thermodynamics: Theory and Experiment. Annu. Rev. Phys. Chem.
1990, 41 (1), 525−557.
(42) Leibler, L. Theory of Microphase Separation in Block
Copolymers. Macromolecules 1980, 13 (6), 1602−1617.
(43) Azuma, K.; Sun, J.; Choo, Y.; Rokhlenko, Y.; Dwyer, J. H.;
Schweitzer, B.; Hayakawa, T.; Osuji, C. O.; Gopalan, P. Self-Assembly
of an Ultrahigh-χ Block Copolymer with Versatile Etch Selectivity.
Macromolecules 2018, 51 (16), 6460−6467.
(44) Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.;
Bechtel, H. A.; Liang, X.; Zettl, A.; Shen, Y. R.; Wang, F. Graphene
plasmonics for tunable terahertz metamaterials. Nat. Nanotechnol.
2011, 6 (10), 630−4.
(45) Wu, Z. T.; Zhao, W. W.; Chen, W. Y.; Jiang, J.; Nan, H. Y.;
Guo, X. T.; Liang, Z.; Chen, Y. M.; Chen, Y. F.; Ni, Z. H. The
influence of chemical solvents on the properties of CVD graphene. J.
Raman Spectrosc. 2015, 46 (1), 21−24.
(46) Chen, C. F.; Park, C. H.; Boudouris, B. W.; Horng, J.; Geng, B.;
Girit, C.; Zettl, A.; Crommie, M. F.; Segalman, R. A.; Louie, S. G.;
Wang, F. Controlling inelastic light scattering quantum pathways in
graphene. Nature 2011, 471 (7340), 617−20.
(47) Horng, J.; Chen, C.-F.; Geng, B.; Girit, C.; Zhang, Y.; Hao, Z.;
Bechtel, H. A.; Martin, M.; Zettl, A.; Crommie, M. F.; Shen, Y. R.;
Wang, F. Drude conductivity of Dirac fermions in graphene. Phys. Rev.
B: Condens. Matter Mater. Phys. 2011, 83 (16), 165113.
(48) Falkovsky, L. A.; Varlamov, A. A. Space-time dispersion of
graphene conductivity. Eur. Phys. J. B 2007, 56 (4), 281−284.
(49) Christensen, T.; Wang, W.; Jauho, A.-P.; Wubs, M.; Mortensen,
N. A. Classical and quantum plasmonics in graphene nanodisks: Role

ACS Photonics pubs.acs.org/journal/apchd5 Letter

https://doi.org/10.1021/acsphotonics.1c00149
ACS Photonics 2021, 8, 1277−1285

1284

https://doi.org/10.1038/ncomms2951
https://doi.org/10.1038/s41563-018-0157-7
https://doi.org/10.1038/s41563-018-0157-7
https://doi.org/10.1038/nnano.2012.59
https://doi.org/10.1038/nnano.2012.59
https://doi.org/10.1038/srep12423
https://doi.org/10.1038/srep12423
https://doi.org/10.1063/1.4800931
https://doi.org/10.1063/1.4800931
https://doi.org/10.1021/nl400601c
https://doi.org/10.1021/nl400601c
https://doi.org/10.1021/ph500366z
https://doi.org/10.1021/ph500366z
https://doi.org/10.1021/nl500948p
https://doi.org/10.1021/nl500948p
https://doi.org/10.1021/nl500948p
https://doi.org/10.1021/acs.nanolett.8b02613
https://doi.org/10.1021/acs.nanolett.8b02613
https://doi.org/10.1021/acs.nanolett.8b02613
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1103/PhysRevB.80.245435
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1038/nphoton.2013.57
https://doi.org/10.1021/nn3055835
https://doi.org/10.1021/nn3055835
https://doi.org/10.1021/nl201771h
https://doi.org/10.1021/nl201771h
https://doi.org/10.1038/nphys3204
https://doi.org/10.1038/nphys3204
https://doi.org/10.1126/science.aaf6308
https://doi.org/10.1021/acs.jpclett.5b00689
https://doi.org/10.1021/acs.jpclett.5b00689
https://doi.org/10.1021/nn103050w
https://doi.org/10.1021/nn103050w
https://doi.org/10.1073/pnas.0236044100
https://doi.org/10.1073/pnas.0236044100
https://doi.org/10.1038/srep31407
https://doi.org/10.1038/srep31407
https://doi.org/10.1117/12.2085836
https://doi.org/10.1117/12.2085836
https://doi.org/10.1117/12.2085836
https://doi.org/10.1021/nl9032318
https://doi.org/10.1021/nl9032318
https://doi.org/10.1039/C7NR01889D
https://doi.org/10.1039/C7NR01889D
https://doi.org/10.1126/science.aar8438
https://doi.org/10.1126/science.aar8438
https://doi.org/10.1103/PhysRevB.87.195424
https://doi.org/10.1103/PhysRevB.87.195424
https://doi.org/10.1038/lsa.2015.14
https://doi.org/10.1038/lsa.2015.14
https://doi.org/10.1021/nn204780e
https://doi.org/10.1021/am501816n
https://doi.org/10.1021/am501816n
https://doi.org/10.1002/adma.201103650
https://doi.org/10.1002/adma.201103650
https://doi.org/10.1002/adma.201103650
https://doi.org/10.1126/science.1171245
https://doi.org/10.1126/science.1171245
https://doi.org/10.1146/annurev.pc.41.100190.002521
https://doi.org/10.1146/annurev.pc.41.100190.002521
https://doi.org/10.1021/ma60078a047
https://doi.org/10.1021/ma60078a047
https://doi.org/10.1021/acs.macromol.8b01409
https://doi.org/10.1021/acs.macromol.8b01409
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1038/nnano.2011.146
https://doi.org/10.1002/jrs.4582
https://doi.org/10.1002/jrs.4582
https://doi.org/10.1038/nature09866
https://doi.org/10.1038/nature09866
https://doi.org/10.1103/PhysRevB.83.165113
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1140/epjb/e2007-00142-3
https://doi.org/10.1103/PhysRevB.90.241414
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00149?rel=cite-as&ref=PDF&jav=VoR


of edge states. Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 90
(24), na.
(50) Mortensen, N. A.; Raza, S.; Wubs, M.; Sondergaard, T.;
Bozhevolnyi, S. I. A generalized non-local optical response theory for
plasmonic nanostructures. Nat. Commun. 2014, 5, 3809.
(51) Toscano, G.; Raza, S.; Jauho, A.-P.; Mortensen, N. A.; Wubs,
M. Modified field enhancement and extinction by plasmonic nanowire
dimers due to nonlocal response. Opt. Express 2012, 20 (4), 4176−
4188.
(52) Li, X.; Wang, X.; Zhang, L.; Lee, S.; Dai, H. Chemically
Derived, Ultrasmooth Graphene Nanoribbon Semiconductors. Science
2008, 319 (5867), 1229.
(53) Wang, X.; Ouyang, Y.; Li, X.; Wang, H.; Guo, J.; Dai, H. Room-
Temperature All-Semiconducting Sub-10-nm Graphene Nanoribbon
Field-Effect Transistors. Phys. Rev. Lett. 2008, 100 (20), 206803.
(54) Evaldsson, M.; Zozoulenko, I. V.; Xu, H.; Heinzel, T. Edge-
disorder-induced Anderson localization and conduction gap in
graphene nanoribbons. Phys. Rev. B: Condens. Matter Mater. Phys.
2008, 78 (16), 161407.
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