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Atomically localized plasmon enhancement

in monolayer graphene

Wu Zhou'?*, Jaeckwang Lee'?, Jagjit Nanda?, Sokrates T. Pantelides'?, Stephen J. Pennycook'?

and Juan-Carlos Idrobo'2*

Plasmons in graphene'™* can be tuned by using electrostatic
gating or chemical doping>7, and the ability to confine plas-
mons in very small regions could have applications in optoelec-
tronics®?, plasmonics'®" and transformation optics'2. However,
little is known about how atomic-scale defects influence the
plasmonic properties of graphene. Moreover, the smallest loca-
lized plasmon resonance observed in any material to date has
been limited to around 10 nm (refs 13-15). Here, we show
that surface plasmon resonances in graphene can be enhanced
locally at the atomic scale. Using electron energy-loss spectrum
imaging in an aberration-corrected scanning transmission
electron microscope, we find that a single point defect
can act as an atomic antenna in the petahertz (10" Hz)
frequency range, leading to surface plasmon resonances at
the subnanometre scale.

A long-term goal of electronics has been to make devices smaller,
faster, lighter and cheaper. However, after several decades of con-
tinuous development, the size of transistors, the building blocks
for modern electronics, is approaching a limit imposed by nature
and cost. Moreover, with the shrinking size and increasing
packing density, leakage current and heat dissipation have become
major problems'®. One promising solution is to integrate optics
with nanoelectronic devices and use light to transmit data!”!8.
The major drawback, however, is the orders of magnitude mismatch
between the micrometre-sized optical waveguides and the nano-
metre-sized active electronic components. Controlling and manipu-
lating light at scales substantially smaller than its wavelength, with a
view to achieving a seamless integration of optoelectronic devices,
could result in new basic building blocks for future computers!”:'8
and represents the emerging field known as nanoplasmonics!*19-2%,

Surface plasmons, which are collective oscillations of electron
density at the interface between two materials'*!*-2!, hold promise
in bridging the gap in scale. So far, research in nanoplasmonics
has almost exclusively focused on the surface plasmons of metallic
nanostructures on dielectric substrates'*-1>1%21 which unfold on a
characteristic scale of 2-20 nm (ref. 21), with a reported record of
A/40 (ref. 14), where A is the wavelength of the related plasmon exci-
tation. However, the use of three-dimensional objects and the
so-called non-locality length?! limit the length scale for any
noble-metal plasmonic devices to the nanometre scale. This raises
two questions: how can we go smaller, and how small can we go?

In this Letter, we report that the surface plasmon resonance in
graphene can be locally enhanced at the subnanometre scale by
the presence of single point defects, representing a length scale
smaller than A/200. Our results suggest that doped monolayer gra-
phene could be used in the development of atomic-scale nanoplas-
monics and quantum plasmonic devices. We studied the surface
plasmon resonances of graphene using electron energy-loss (EEL)

spectrum imaging®? in an aberration-corrected scanning trans-
mission electron microscope (STEM) (see Methods). The exper-
iments were performed at an accelerating voltage of 60 kV, which
is below the knock-on damage threshold of graphene. Annular
dark-field (ADF) imaging was used to obtain structural and chemi-
cal information®, atom by atom, around point defects in
the graphene.

Figure la presents an ADF image of graphene, with a point
defect located close to the centre of the image, and the edge of a
second layer (lower right corner). A magnified view of the area
enclosed by the white square in Fig. la is provided in Fig. 1b
together with an overlaid structural model of the point
defect derived from the experimental ADF and EEL spectrum
imaging, first-principles calculations and image simulations
(Supplementary Figs S2 and S3). The point defect consists of two
adjoining fivefold rings formed by the exchange of two carbon
atoms for one silicon atom, and a substitutional nitrogen atom
bonded directly with the silicon atom (Fig. 1c-e).

The optical response of monolayer graphene is dominated by two
main absorption peaks at ~4.5 eV and ~15 eV, which are com-
monly referred to as the 77 and 7+ o surface plasmons?*, respect-
ively (Supplementary Fig. S10). To explore how the surface
plasmons (7 and 7+ o) in graphene are affected by the presence
of the point defect, we performed EELS line scans and spectrum
imaging at the point-defect complex. Plasmon maps or intensity
line profiles were obtained by integrating the EEL spectra at different
energy ranges without any data processing (background subtraction
or filtering of any sort).

Figure 2 shows an ADF signal and EELS line scan, simul-
taneously collected over a larger spatial range from the point
defect shown in Fig. 1b. The presence of the double-layer graphene
close to this point defect induced a continuously decaying back-
ground in the integrated 7+ o plasmon intensity line profile.
This continuous decay, as a function of distance from the double-
layer graphene region, can be modelled with an exponential decay
function as shown in Fig. 2b. Importantly, the 74 o plasmon
intensity (integrated over an energy range of 11-18 eV) was found
to be locally enhanced by the presence of the single point defect,
with the maximum measured intensity centred at the silicon atom
(Fig. 2b). The difference between the experimental integrated
plasmon intensity and the exponential fit shows the spatial range
over which the 7+ o plasmon is enhanced by the point defect.
The full-width at half-maximum (FWHM) of this range is
0.43£0.05 nm.

EEL spectrum images further provide the two-dimensional spatial
distribution of this localized plasmon enhancement effect at the
defect site. As shown in Supplementary Fig. S4, the local enhance-
ment of the 7+ o plasmon can be observed directly from the raw
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Figure 1| Atomic structure of a point defect complex in monolayer graphene. a, ADF image showing the presence of the dopant atoms (and a fraction of
the multilayer graphene at the lower right of the image). b, ADF survey image and overlaid structural model (carbon, silicon and nitrogen atoms shown in
grey, blue and green, respectively) showing the specific area that was used for spectrum imaging. ¢,d, Magnified views of the substitutional silicon and
nitrogen atoms: experimental ADF image taken after spectrum imaging (¢) and simulated ADF image based on the relaxed structural model shown in b (d).
e, Intensity profiles along X-X" and Y-Y" in the experimental (¢) and simulated (d) images, respectively. Experimental images have been low-pass filtered.
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Figure 2 | STEM-EELS line scan across a point defect in monolayer graphene. a, Low-pass filtered ADF survey image. b, Simultaneously collected ADF and
integrated EELS signals from 11-18 eV (raw data) as a function of probe position along the line (Z-Z') indicated in a. ¢, Comparison of the FWHM between
the ADF signal and the enhanced plasmon intensity from the substitutional silicon atom.
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Figure 3 | Plasmon map of monolayer graphene with a single substitutional silicon atom. a, Simultaneous ADF image showing the atomic structure of the
point defect. The blue circle indicates the position of the silicon atom. Subpixel scanning was not applied. b, Plasmon map (11-18 eV, raw data) showing
localized enhancement of the 7+ o plasmon at the silicon atom. ¢, Comparison of the FWHM between the ADF signal and the enhanced plasmon intensity
from the substitutional silicon atom. Line intensity profiles were taken along line X-X" in b. FWHM of the spatial range over which the 7+ o plasmon is

enhanced is 0.414+0.03 nm. Scale bars, 0.2 nm.

Figure 4 | Plasmon map of monolayer graphene with two adjacent substitutional silicon atoms far away from multilayer regions. a, ADF image collected
simultaneously during spectrum imaging showing the presence of two substitutional silicon atoms. Subpixel scanning was applied during data acquisition.
b, Plasmon map obtained from the raw data for the energy range 11-18 eV. Localized enhancement of the 7+ o plasmon was observed over both silicon
atoms, as highlighted by the two blue squares. Note some vertical elongation is present owing to specimen drift and the presence of the multilayer region
4.7 nm below the defect sites (Supplementary Fig. S15), which superimposes a decaying background in the plasmon map. Scale bars, 0.5 nm.

data (Supplementary Fig. S4a) and from the filtered plasmon maps
using principal component analysis (Supplementary Fig. S4b,c),
which removes the decaying background induced by the nearby
double-layered graphene. The enhanced plasmon intensity shows a
maximum at the silicon atom with an extended tail at the nitrogen
atom (Supplementary Fig. S4).

We also obtained an EEL spectrum image at a different point
defect located far away from any multilayer graphene (Fig. 3).
This point defect consists of two adjoining fivefold rings formed
by the exchange of two carbon atoms for one silicon atom
(Fig. 3a and Supplementary Fig. S9). The 7+ o plasmon map
from the raw data (Fig. 3b) clearly shows a symmetric enhancement
localized at the silicon atom, with the FWHM of the spatial range
similar to that obtained from Fig. 2. In comparison, the 7+ ¢
plasmon in defect-free graphene was found to be quite delocalized
in space without any local enhancement (Supplementary Fig. S14d).

It should be mentioned that the two specific point-defect com-
plexes shown in Figs 1 to 3 were highly stable under the electron
beam, and no structural modification was observed during the
acquisition of multiple EEL spectrum imaging data sets. The high

structural stability was further confirmed by density functional
theory calculations (see Supplementary Information).

The localized enhancement of the surface plasmon at the point
defects indicates that the substitutional silicon atoms act like
atomic antennas or plasmonic enhancers in the petahertz range
(11 eV is equivalent to a wavelength of ~113 nm or a frequency
on the order of 1 x 10'° Hz). By atomically engineering or self-
assembling substitutional silicon atoms in graphene, for example
along grain boundaries or into linear arrays at interfaces, high-
frequency signals could be transmitted along these atomically
confined paths, and atomic-scale plasmonic/optoelectronic
devices would be made possible. As a proof-of-concept testing, we
mapped out the surface plasmon resonance of graphene with two
adjacent substitutional silicon atoms (Fig. 4). As shown in Fig. 4b,
the 7+ o surface plasmon intensity of graphene was locally
enhanced over both silicon atoms, clearly coupling them, implying
that a line of silicon atoms could act as a plasmonic waveguide.
Moreover, with a rough estimation (Supplementary Fig. S16), the
signal-to-background ratio is amplified by a factor of 2.3 compared
with the case of a single silicon atom (Fig. 2). If more substitutional
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silicon atoms were to line up in the graphene layer, we expect that
this signal would be further amplified.

Similar to the 7+ o surface plasmon, localized enhancement
was also observed for the = surface plasmon at the defect sites
(Supplementary Figs S8b, S12d). However, it is difficult to quantify
the enhancement on the 77 plasmon because of the proximity to the
tail of the zero loss peak (ZLP), as shown in Supplementary Figs S11
and S12. A quantitative measurement of the localized plasmon
enhancement effect, especially for the 7 plasmon, would require
recording the ZLP and removal of the ZLP tail from the plasmon
spectra, an experiment that is not yet possible with our current
EEL spectrometer.

Several effects could be responsible for the atomically localized
plasmon enhancement we observed experimentally. Excitonic
effects, that is, electron-hole interactions, have been proposed to
play an important role in the optical response of graphene?2¢, It
was recently suggested, using first-principles calculations, that a res-
onant weakly bound exciton, spatially localized, can exist in graphene
with optical excitations at 4.5eV and 12.54 eV (refs 25,26).
Additionally, theoretical calculations based on a non-local
quantum-mechanical model also suggest that impurities in graphene
could induce localized plasmonic modes?. It has also been reported
that dopants can modify the band structure of graphene near the
Dirac point by coupling between electrons and plasmons?. We
speculate that the point defects, with impurities, might behave like
a spatially localized bound exciton that can be used to control the
optical response of graphene at the subnanometre scale. Moreover,
the much stronger field confinement and enhanced light-matter
interactions for graphene plasmons® may also help localize the
plasmon enhancement at the defect sites. Further theoretical and
experimental efforts are needed to fully understand the mechanism
of this atomically localized plasmon enhancement effect.

The atomically localized surface plasmon resonances observed at
point defects in monolayer graphene represent a length scale smaller
than A/200, and suggest that the physical limit for the size of plas-
monic and optoelectronic devices can be down to the single atom
level. Our observations also open up exciting possibilities for design-
ing atomic-scale optoelectronic and plasmonic devices by assem-
bling single atoms on monolayer graphene sheets. By using
different dopant atoms, such as boron, nitrogen, iron, silver or
gold, it may also be possible to tune the enhancement of the
plasmon resonance to different energy (frequency) ranges”’. From
a fundamental perspective, it would also be interesting to explore
the scattering and absorption of surface plasmons in graphene
when the substitutional atoms are assembled into different geo-
metrical shapes, such as quantum corrals®. Aberration-corrected
STEM, as demonstrated in this study, provides an ideal means to
characterize such devices and explore the optical response of
materials at the single atom level.

Methods

Sample preparation. The graphene sample for STEM analysis was obtained from
Graphene-Supermarket. The graphene material was grown on a nickel film on a
silicon wafer using a chemical vapour deposition (CVD) method. The graphene
layers were then extracted from the nickel film via chemical etching using
concentrated nitric acid, and deposited onto a 2,000-mesh copper grid. The sample
contained both monolayer and multilayer graphene.

STEM-EEL spectrum imaging experiments. The experiments were performed with
a Nion UltraSTEM, equipped with a cold field-emission electron source and a
corrector of third- and fifth-order aberrations, operating with a probe current of
~110 pA at an accelerating voltage of 60 kV. EEL spectra were collected using a
Gatan Enfina spectrometer, with an energy resolution of 1 eV for 0.5 eV per channel
dispersion, 0.6 eV for 0.3 eV per channel dispersion and 0.4 eV for 0.05 eV per
channel dispersion. The convergence semi-angle for the incident probe was

31 mrad, with an EELS collection semi-angle of 48 mrad. Different energy
dispersion and offset settings were used to collect the data shown in this Letter.
Long dwell times, 0.05 s per pixel and 0.1 s per pixel, were adopted to increase the
signal-to-noise ratio in the spectrum images. As limited by the dynamic range of the

charge-coupled device camera in our EEL spectrometer, the extremely intense ZLP
could not be recorded into the spectrum image under the long dwell-time settings.
The pixel size for spectrum imaging ranged from 0.2 A to ~1 A. ADF images were
collected for a half-angle range of ~86-200 mrad.

Image simulation, first-principles calculations and data processing. STEM-ADF
image simulation was performed using the QSTEM simulation package with the
atomic structural model of graphene defect shown in Fig. 1b, which was derived
from experimental STEM-ADF imaging and EELS analysis and relaxed using first-
principles methods. The first-principles calculations and the principal component
analysis of the EEL spectrum imaging are described in more detail in the
Supplementary Information.
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