UNIVERSITYW

This is a repository copy of Local Plasmon Engineering in Doped Graphene.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/126706/

Version: Accepted Version

Article:
Hage, Fredrik S., Hardcastle, Trevor P., Gjerding, Morten N. et al. (9 more authors) (2018)
Local Plasmon Engineering in Doped Graphene. ACS Nano. ISSN 1936-0851

https://doi.org/10.1021/acsnano.7b08650

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




Local Plasmon Engineering in Doped Graphene

Fredrik S. Hage,*’Jr Trevor P. Hardcastle,”* Morten N. Gjerding,§ Demie M. Kepaptsoglou,f’A

Che R. Seabourne,lk Kirsten T. Winther, 5 Recep Zan,J'JuIian Alexander Amani," Hans C.

Hofsaess," Ursel Bangert", Kristian S. Thygesen§ and Quentin M. Ramasse "*4

7‘SuperSTEM Laboratory, SciTech Daresbury Campus, Daresbury, WA4 4AD, U.K.

*School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, U.K.

SCAMD and Center for Nanostructured Graphene (CNG), Denmark Technical University,

Fysikvej 1, building 307, 2800 Kgs. Lyngby, Denmark.

JA_York NanoCentre, University of York, Heslington, York, YO10 5BR, U.K.
Nanotechnology Application and Research Center, Nigde Omer Halisdemir University,

Nigde 51000, Turkey.

Y11 Physikalisches Institut, Georg-August-Universitit Gottingen, Friedrich-Hund-Platz 1,

37077 Gottingen, Germany.

I Bernal Institute and Department of Physics, University of Limerick, Limerick, Ireland

A5chool of Physics, University of Leeds, Leeds, LS2 9JT, U.K.

Keywords: STEM, EELS, plasmon, boron, nitrogen, graphene, DFT.

ABSTRACT: Single atom B or N substitutional doping in single-layer suspended graphene,

realised by low energy ion implantation, is shown to induce a dampening or enhancement
of the characteristic interband n plasmon of graphene through a high-resolution electron
energy loss spectroscopy study in the scanning transmission electron microscope. A relative
16% decrease or 20% increase in the 1t plasmon quality factor is attributed to the presence
of a single substitutional B or N atom dopant respectively. This modification is in both cases
shown to be relatively localised, with data suggesting the plasmonic response tailoring can
no longer be detected within experimental uncertainties beyond a distance of
approximately 1 nm from the dopant. Ab initio calculations confirm the trends observed
experimentally. Our results directly confirm the possibility of tailoring the plasmonic

properties of graphene in the ultraviolet waveband, at the atomic scale, a crucial step in the



quest for utilising graphene’s properties towards the development of plasmonic and

optoelectronic devices operating at ultraviolet frequencies.

Due to its fascinating properties, graphene is emerging as a highly promising plasmonic
material for implementation in devices aimed at applications such as chemical and
molecular sensing, ultrafast optical modulation, non-linear optics, photo detection, light
sources and quantum optics.® In the terahertz (THz) to mid-infrared (mid-IR) spectral range
graphene plasmons are associated with the collective excitation of free charge carriers and
exhibit a higher degree of tunability and mode confinement, as well as longer propagation
distances than noble metals.” The graphene “charge carrier plasmon” frequency scales as
(Er/D)°%, where E is the Fermi energy and D is the size of the graphene sheet.” * This

means that the plasmon frequency can be tuned by either varying the Fermi level (e.g.

4,5 7 8 2, 4,5

through electrostatic gating or chemical doping ), modifying the size of the

3,59

graphene sheet® (e.g. by making micro to nanoscale graphene ribbons® > or discs )ora

combination of both. Using one or both these “methods” to push the charge carrier

plasmon frequency into the near-IR to visible spectrum is of significant current interest in

1, 3, 4, 10

the community. Existing graphene-based IR plasmonic devices already exhibit

promising properties, such as gate tuneable switching and control of the plasmon
wavelength as well as a 40-60 times reduction in plasmon wavelength (as compared to the

incident IR illumination).” & While these plasmons can propagate a distance on the order of

8, 11

a few times their own wavelength,” & on par with measurements of plasmons in Au,™ =~ this

falls short of that expected for high purity graphene.” ® This has been attributed to

disorder.” Indeed, the graphene charge carrier plasmon mobility is expected to decrease to

12,13

various degrees depending on type and concentration of dopants and other defects,**
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as well as the specific edge structures of nanoscale ribbons and similar nanoscale
geometries.” Possible strategies for realisation of graphene based plasmonics in the near-IR
to visible spectrum, while taking into consideration the above effects (among others), are

discussed in Ref. *

At higher spectral frequencies, in the ultraviolet (UV) range, graphene exhibits interband
plasmons resonances attributed to the collective oscillation of 1 and o valence electrons.
7 These interband plasmons show a remarkable degree of sensitivity to various nano- to
atomic-scale structures and defects in graphene: interband plasmon localisation has been
attributed to confinement induced by edge states of a ~1.3 nm graphene quantum disc*®
and single substitutional Si atoms have been associated with a highly localised enhancement
of the interband plasmon response.” In periodically rippled graphene (on a Ru(0001)
surface) the interband m plasmon is confined to ripple “hills” while being significantly
dampened in ripple ”vaIIeys".20 Admittedly showing a more limited tunability compared to
the charge carrier plasmon,” the interband m plasmon frequency is nonetheless predicted to
progressively red-shift with increasing graphene nanodisc diameter, being the most
sensitive to disc diameters below 20 nm.* However, with the exception of the above
studies, reports on other aspects of the interband plasmon response of graphene are lacking
in the literature. Such knowledge might open up avenues for future implementation of
graphene based plasmonic and optoelectronic devices operating in the UV waveband. With
this goal in mind, the present work investigates the modification of the interband plasmon

response of graphene associated with two key substitutional dopants, namely boron and

nitrogen atoms.



The inclusion of B or N atoms in the graphene lattice is the focus of extensive study in the

scientific community, with the aim to modify the electronic structure of graphene.?%

Substitutional B and N atoms have been predicted to induce a shift of the Fermi level,?® 2% 3

resulting in p or n doping akin to that routinely exploited in current semi-conductor
technology. Indeed a p and n character has recently been verified in suspended graphene

containing single substitutional B and N atom dopants.29 Under certain circumstances,

boron and nitrogen doping is also expected to induce a band gap in graphene.** .

Key to these proof-of-principle studies, electron energy loss spectroscopy (EELS) in
combination with high angle annular dark field (HAADF) imaging in the aberration corrected
scanning transmission electron microscope (STEM) are considered particularly useful
techniques for identifying individual nano to atomic scale defects in a material and the
associated effects on its electronic structure and dielectric response.a'1 Due to the ideal

‘gentle STEM’*? combination of ultra-high vacuum conditions and low acceleration voltage

(which minimises any beam-induced damage to the samples), individual B** % and N?* %> 3%

** atom dopants in graphene can be identified directly in an ADF image. So-called “core” EEL

spectra (EEL >= 50 eV) contain information about the local electronic structure and bonding

28, 29, 33-35

in graphene, while “valence” EEL spectra (EEL <= 50 eV) contain information about

18, 19, 36-41

the graphene dielectric response . In combination with simultaneous (STEM) ADF

imaging, EEL spectra allow for a direct correlation of defect-induced modifications of the

28, 29, 33-35 18, 19

graphene electronic structure and dielectric response with atomic scale
structure. These capabilities mean STEM-EELS is an excellent technique for investigating the

interband plasmon response induced by individual B and N atom dopants in graphene, as



this information can be correlated directly with the atomic structure, all within the same

experiment.

In the valence loss spectrum of graphene the so-called “mt peak” (~ 5eV) is attributed

37, 39-43

primarily to the excitation of the m interband plasmon, superimposed on a sum over

37, 39-42

n-it* interband transitions. A recent controversy concerning the interpretation of the

41, 44
k

Tt pea was addressed in subsequent theoretical studies which show that (for STEM-

EELS) the m loss peak is most appropriately interpreted as predominantly due to the

1318 sraphene. In

excitation of the interband 1 plasmon of both doped®’ and dopant free
following with this, we use STEM-EELS to show that a single B or N substitutional atom
dopant induces dampening or enhancement of the graphene interband m plasmon,
respectively, with an estimated relative 16% decrease (B) or 20% increase (N) in quality
factor, and, a ~¥1 nm localisation in both cases. This effect was observed independently using
two separate STEM-EELS systems (with different yet complementary experimental

parameters) and is significantly more pronounced than that previously reported for single Si

a'[OI"ﬂS.19

Ab initio calculations were carried out on the largest supercells possible whilst keeping the
computational costs tractable to validate the experimental results. While our theoretical
spectra broadly reproduce the trends observed experimentally, it is suggested that the
supercell sizes used in the present work (in practice limited by associated computational
costs) are simply too small to accurately predict the relevant properties of the

experimentally probed systems and faithfully reproduce all the details of the loss function.



Nevertheless, our combination of state-of-the-art experimental and theoretical results
demonstrates that the plasmonic properties of graphene can be tailored at the atomic scale,
using an implantation technique already extensively used in semi-conductor industry.23’ 29
Atomic scale plasmon engineering of graphene might prove valuable in the quest for
utilising graphene’s properties towards the development of plasmonic and optoelectronic
devices operating in the UV waveband. Indeed, recent reports propose utilising the n
interband plasmon response associated with graphene nanopores as a sensing mechanism

for DNA nucleotides.* %

RESULTS

Dopant Induced Response

Figure 1 shows medium angle annular dark field (MAADF: see Methods section for the
corresponding optical parameters) images of patches of B doped (Figure 1a) and N doped
(Figure 1b) graphene acquired simultaneously with the corresponding valence loss spectra

232 the lower (higher) relative image intensity in

shown in Figures 1c and d. Following Refs.,
the honeycomb lattice is attributed to the presence of an individual B (N) atom, indicated by
the red (blue) arrow in Figure 1a (b). Figure S1 in the Supporting Information shows B-K and
N-K ionisation edge maps of the same B and N atoms shown in Figure 1. B (N) doped valence
loss spectra were acquired simultaneously with the images in Figure 1a (b). Each pixel in
Figures 1a, b corresponds to one individual spectrum. Spectra from the B (N) doped patches

shown in Figures 1c, d were integrated over the regions indicated by the red (blue) squares

in Figure 1a (b).



Figure 2a shows a MAADF image of a single layer patch of non-doped graphene, where the
top and bottom higher contrast regions correspond to carbonaceous material superimposed
on the graphene sheet. Spectra in Figures 2b, c were integrated over regions 1-4 indicated in
Figure 2a. Spectra from regions 1 and 3 are compared to those of the B and N doped
samples in Figures 1c and d. Table 1 shows 1 peak energies and FWHMs extracted from the

spectra in Figure 1c (see Methods).

The spectra in Figures 1c, d and Figures 2b, ¢ contain a wealth of information which allows
for an in-depth analysis of the effect of B and N doping on the graphene dielectric response.
Perhaps the most striking result is shown in Figure 1c, where the background-subtracted
normalised m peak of the valence loss spectrum exhibits an apparent significant
modification of the dielectric response as a function of heteroatom doping. When compared
to the non-doped sample, the spectra appear to indicate that the inclusion of a single B
atom results in significant broadening of the m peak. Conversely, the inclusion of a single N

atom appears to results in the it peak becoming significantly narrower.

Before continuing onto a detailed analysis of the spectra in Figure 1c, it is important to take
into consideration any contributions to the spectra that can be attributed to factors other
than the individual dopant atoms. Due to so-called inelastic delocalisat‘ion,a'1 an incident
electron has a finite probability of undergoing inelastic scattering some distance away from
where the highly focused electron beam impacts the sample. The extent of inelastic

delocalisation can be quantified in terms of the so-called localization diameter

3/4

L ~082(E /E)", 47 where E, is the incident electron energy, E is the energy loss and A is

the incident electron wavelength. The localization diameter gives the size of the area within



which 50% of inelastic scattering is expected to occur. For the m peak dSO(zS eV)zS nm,

thus for accurate interpretation of the spectra in Figure 1c one needs to consider the sample

composition several nm away from the electron beam position.

The bright contrast at the top and bottom of the MAADF image in Figure 2a shows the
presence of carbonaceous disordered material covering an un-doped graphene patch. The
same kind of carbonaceous disordered material surrounds all graphene patches (doped or
otherwise) investigated in the present work (see also Figure S4 in the Supporting
Information). Thus, it is crucial to determine any possible contribution of this carbonaceous
material to the recorded valence loss spectra. This was done by serially acquiring individual
spectra over the entire region shown in Figure 2a. These spectra were integrated over four
selected regions (labelled “1”-“4”, Figure 2a) with varying proximity to the carbonaceous
material. Background-subtracted spectra from all four regions are normalised to the ~15 eV

15, 16, 37, 48
n+o peak™ 7"

in Figure 2b. With decreasing distance to the carbonaceous material, the
spectra in Figure 2b exhibit an increased intensity in the high energy shoulder of the n+o
peak. This is attributed to the contribution of the 22-23 eV n+o peak of disordered carbon.*
Figure 2c shows the effect of electron beam proximity to the carbonaceous material on the
normalised m peak from regions 1 and 4. The appearance of a high energy loss ~6 eV
shoulder in the spectrum from region “4” (indicated by the black arrow in Figure 2c) can
clearly be attributed to the ~6.5 eV peak of disordered carbon.*® Having established the

likely spectral contributions of material surrounding the clean patches, the effect of doping

in Figures 1c, d can now be evaluated.



Spectra normalised to the m+o peak height are compared for non-doped (regions 1 and 3)
and doped graphene in Figure 1d. Clearly there is a minor contribution of beam proximity to
carbonaceous material in the B and N doped spectra in Figure 1d. This contribution matches
exactly that of the non-doped graphene spectrum integrated over region 3 in Figure 2a.
There are, however, significant differences between the m peaks of the B/N implanted
samples and that of the non-doped sample. For N doped graphene, the m peak is
significantly narrower than that of both non-doped spectra in Figure 1c. For B doped
graphene, the m peak is significantly broader than that of both the non-doped spectra in
Figure 1c. Moreover, there is broadening on both the high and low energy shoulders of the
1t peak for B doped graphene (Figure 1c), rather than only for the high energy shoulder as
was observed for the non-doped spectra for regions 3 (Figure 1c) and 4 (Figure 2c). Thus the
observed m peak width modification in the N and B doped spectra in Figure 1c is
unambiguously different from the effects induced by the electron beam proximity to
possible surrounding carbonaceous material discussed above, and provides a clear spectral

fingerprint of the tailored plasmonic response of doped graphene.

In order to evaluate possible instrumental factors affecting the spectra (in Figure 1c), B and
N doped, and, non-doped graphene loss spectra were also recorded using a lower energy
resolution microscope (a non-monochromated Nion UltraSTEM100 microscope, see Figure
S3c in the Supporting Information and Methods section) than the instrument on which the
data presented on figures 1 and 2 were acquired (a monochromated Nion UltraSTEM100MC
‘Hermes’, which is capable of <15 meV energy resolution: see Methods section). The
UltraSTEM100MC and UltraSTEM100 mt peak spectra show excellent qualitative agreement

(see the Supporting Information). These additional, independent observations



unambiguously validate the observed nm peak modification for B(N) doped graphene (in

Figure 1c) as experimentally meaningful and unrelated to instrumental factors.

In light of the above analysis, where proximity to surrounding carbonaceous material and
instrumental factors are taken into careful consideration, we therefore conclude that the
increase (decrease) in 1 loss peak width in Figure 1c can be unambiguously attributed to the
incorporation of a single substitutional B (N) atom dopant in the graphene lattice, and a

fingerprint of the tailoring of the doped graphene sheet’s plasmonic response.

Localisation

An interesting aspect of dopant induced modification of the valence loss response of

graphene is the degree to which such an effect is localised. Zhou et al.”

reported a
significant and highly localised increase in m and m+o loss peak intensities upon
incorporation of a single Si atom in a suspended graphene monolayer. This result was later
confirmed by means of a combination of STEM-EELS and theoretical modelling.>® As the
present dopant-induced t peak modifications (shown in Figures 1c and S3c) are significantly
more pronounced than the enhancement reported for a single Si atom,*® one might expect a
comparable degree of localisation to that reported by Zhou et al.’®* A combination of
obfuscation by local variations in the overlapping ZLP tail intensity (due to fluctuations in the
electron probe current) and spectrometer camera noise made it difficult to extract
unambiguous localised information from the experimental data used to generate Figures 1
and S3. However, when optimising the experimental conditions to increase the signal-to-

noise (at the cost of reducing the energy resolution to 450-500 meV, see Methods) the local

variation in the valence loss response can be mapped at the nano-scale. Figure 3 shows

10



MAADF images and EELS maps of patches including a single N or B dopant. The EELS maps
were integrated over energy regions dominated by the n peak (4.0-5.5 eV), the n+o peak
(13-25 eV), and the extended tail of the m+o peak (26-43 eV and 44-60 eV). Both the 4.0-
5.5 eV maps in Figure 3 are again dominated by the ZLP tail intensity due to fluctuations in
the electron probe current and spectrometer camera noise, thus obfuscating any localised
information. In contrast to the case of a single Si dopant,19 no significant localised
enhancement was observed for the n+o peak of B and N doped graphene. However, the
extended m+o tail maps show an apparent atomically resolved contrast corresponding
mostly to the graphene lattice (26-43 eV) and the dopant atoms (44-60 eV), in good general
agreement with recent reports by Kapetanakis et al. on non-doped®’ and Si doped
graphene.50 The densities of states calculated for these two systems by Kepaptsoglou et al®
indeed predict a deficiency (resp. excess) density localised on the B (resp. N) dopant below
the Fermi level, with further localised (or “resonant”, to reprise Kapetenakis et al.’s
terminology™°) states unoccupied at high energy in the m* band, which would lead to the

contrast observed experimentally.

In order to extract localised information about the B and N dopant-induced effects on the it
peak, the datasets shown in Figure 3 were de-noised and the m peaks were fitted with a
Gaussian (see Methods). Figures 4 a and d show extracted line profiles of the m peak FWHM
compared to corresponding MAADF image intensities for N and B doped graphene,
respectively, in the vertical direction (profiles labelled | and Ill, as indicated) and horizontal
direction (profiles labelled Il and IV, as indicated). The MAADF images and FWHM maps
from which these line profiles were extracted are shown in Figures 4b, c (N) and e, f (B).

Overview MAADF images in Figures 4g and h are presented as “duplicate pairs”, where the

11



contrast is enhanced in the leftmost image of each pair in order to increase the visibility of
the dopant atoms and the graphene lattice. The white rectangles in Figures 4 g, h indicate
the confines of the regions from which the data in Figures 4a-c, d-f were acquired. The
white arrows indicate the presence of disordered carbonaceous material superimposed on
the graphene sheets, away from the dopants. The FWHM line profiles in Figure 4 show
either a local minimum (Figure 4a) or maximum (Figure 4d) superimposed on a slowly
increasing (Figure 4a) or decaying (Figure 4d) slope. Due to the limited energy resolution in
these datasets where experimental parameters were adjusted to optimise signal-to-noise
for 2D mapping, an unambiguous distinction between symmetric (i.e. dopant induced) and
asymmetric (i.e. induced by proximity to carbonaceous material) broadening of the nt peak
was not feasible, in contrast to the datasets shown in Figures 1, 2 where, as discussed
above, these effects can be unambiguously distinguished spectrally. Nevertheless, the local
decrease (increase) in m peak FWHM, centred on the position of the respective individual N
(B) atom dopant, clearly reproduces qualitatively the decrease (increase) in m peak FWHM in
Figures 1c and S3c and is attributed to the incorporation of a single dopant. The spatial
extent of the dopant-induced nt peak modification can be estimated to ~1 nm in both cases
from the line profiles in Figures 4a and d (with a larger error in linetraces Il and IV due to the
reduced size of the maps in these directions), and is also indicated on maps in Figures 4c and
f with a dotted white circle as a guide to the eye. The much more slowly varying slopes of
the FWHM line profiles are expected to arise from the contribution of the surrounding
carbonaceous material, rather than the individual dopants. Indeed, these correlate visually
with the presence of some carbonaceous material surrounding the single layer graphene

patches in Figures 4g and h. Note that as de-noising through Principal Component Analysis

12



(PCA, see Methods section) was necessary for producing the maps in Figures 4 c, f, possible
contributions of unintended artefacts induced by this process cannot be excluded
altogether despite the care taken in order to minimise such effects. Moreover, as AE >
200 meV, the absolute t peak FWHM values in Figures 4 a, ¢, d, f are significantly affected
by instrumental broadening (see the Supporting Information). Thus, the present ~1 nm
localisation estimate would likely benefit from confirmation using a spectrometer camera
with significantly better noise characteristics than those used in the present work. Such an
experiment could make it possible to carry out spatially resolved measurements for which
instrumental broadening would be negligible, thus also providing absolute m peak FWHM

values.

First-Principles Modelling

For reliable prediction of the graphene loss spectrum it has been shown that at finite

253 it s necessary to invoke

momentum transfer within density functional theory (DFT)
corrections for local field effects (LFEs) to the random phase approximation (RPA) loss
function.”” The inclusion of LFEs is justified by mixing of m-it* transitions (including those of

39-41
d

the Dirac cone), explaining42 why the observe graphene nt peak dispersion deviates

significantly from that of graphite. Moreover, excitonic effects have been predicted to

introduce significant corrections to the graphene optical absorption spectrum,>*°®

shifting
for instance a major absorption peak from 5.1eV to 4.5 eV.”* Thus for a comprehensive
understanding of the above experimental results a theoretical treatment beyond classical
dielectric theory is imperative. It is important to emphasise, however, that building

theoretical models of low-loss excitations which are representative of the excitations being

probed in the microscope is a delicate and difficult matter. For example, the 50%
13



localisation diameter of the excitation at about 5 eV is about seven times larger than the

lattice vector of the 3x3 supercells used in our calculations.

Another consequence of the relatively small supercells is that the lowest dopant
concentration attainable, without any artificial adjustment of the doping level, is 1/18 =
5.6%, ~ 6 times higher than that of the samples studied in the microscope (estimated in
Ref.?). A high carrier concentration leads to the emergence of an intraband plasmon which
obscures the losses (and thus the lifetime) of the interband m-plasmon at large frequencies
thus highlighting the importance of eliminating the intraband response. With these
considerations in mind, theoretical calculations have been performed on supercells of sizes
3x3 containing a single B/N dopant including states up to +15 eV above the Fermi energy.
The doping level was subsequently adjusted to the Dirac point such as to eliminate excess
carriers induced by the B/N dopant and thus remove the intraband dielectric response.
Calculations on 4x4 supercells were attempted but failed due to excessive memory
requirements. Monkhorst-Pack k points grids of 36x36x1 were employed and the EEL
spectrum was calculated by assuming an isotropic dielectric response so that 2D momentum
integration can be reduced to a 1D integral. The validity of this assumption was tested by

comparison to the full momentum integration, with a coarser sampling.

The results are shown in Figure 5. Full lines indicate local EEL spectra averaged over the
entire 3x3 supercell. Dashed lines mark the g = 0 component of the EEL spectrum (where q =
|g|) which by comparison to the full lines give an idea of the importance of non-local effects.
Red and blue lines indicate respectively B and N doping and the grey shaded area shows the
reference pristine graphene spectrum. Generally the effect of including the non-local

response is a blue-shift of the EEL spectral features. We point out that the pure graphene
14



spectra show a strong agreement with the momentum-resolved energy loss spectra found

for freely-suspended single-layer pure graphene by Wachsmuth et al.,*°

exhibiting the same
dispersion characteristics in the energy range considered. The theoretical pure graphene
spectra presented in Figure 5 also show a strong resemblance to previously published

40, 57-59

theoretical studies with a shoulder in the range 1 — 3 eV consistent with single-particle

n—» TU* excitations and a strong excitation at about 5 eV.

For the doped cases, the comparison to experimental data is less straightforward. Relatively
sharp features are observed at energies between 3-3.5 eV on the low energy side of the nt
peak in the simulated loss spectra, whereas such features were never observed
experimentally, regardless of the energy resolution used for the acquisition. The sharp
nature of these features, and the fact that they are not affected by the inclusion of higher
momentum transfers in the calculation, suggest these can likely be attributed to single n—->
1* transitions involving states created as an artefact due to the finite supercell size.
Nonetheless, when comparing Figure 5 to our preliminary calculations in Figure S5 in the
Supporting Information, it is clear that adjusting the doping level to the Dirac point goes a
long way towards minimising artefacts induced by finite supercell size. By contrast, the high
energy shoulder of the t peak at about 5 eV follows the experimental trend: when including
a full summation over g, the calculated B doped (resp. N doped) loss function is marginally
broader (resp. narrower) than the undoped case. Interestingly, the calculations carried out
in the optical limit show a less pronounced trend. This will be discussed in more detail

below.

Considering the excellent match of our calculations of pure graphene with published

theoretical and experimental studies, and the reproducibility of the experimental spectra
15



acquired on two different instruments in Figures 1c and S3c, it stands to reason that the
moderate match to the experimental data in the doped cases in Figure 5 is due to the fact
that calculations using 3x3 super cells are not a fully realistic representation of the single-
dopant systems studied in the microscope(s). Increasing the super cell size to 4x4 is however
not an option in practice since the memory demands increase drastically and would
probably still not be sufficient for a direct comparison with the experimental STEM-EELS
spectrum due to the relatively large localisation diameter. Thus the presented calculations
were as thorough and using as high a level of detail as is currently possibly while keeping the
computational costs tractable. In conclusion, given that the observed trends on the high
energy side of the n peak reproduce those observed experimentally, we surmise that a
calculation using a much larger supercell with a single dopant atom would likely improve
this agreement and provide a more valid experiment/theory comparison. We surmise
further that it is unlikely that a GW®® or BSE®® calculation on the supercells used in this study
(currently computationally impractical) would vyield a significantly different result; it has
been shown that the standard ground state LDA electronic structure has strong overall
similarity to that found using GW>°, albeit with small but important differences at the Dirac
point. Thus, from a methodological point of view, in spite of merely reproducing trends
rather than providing a 1:1 match with experimental results (arguably the ultimate goal of
such calculations), the vast amount of numerical work summarised in Figure 5 could be
thought of as a useful benchmark for further developments. Here, we include local field
effects, compensate for altered carried concentration, and, importantly, include the
convergent probe geometry in the final calculated spectra which has been shown to lead to

exciting insights when comparing to experimental data.®?

16



DISCUSSION

As discussed briefly above, the interpretation of the graphene valence loss m peak has
recently been the matter of some controversy in the scientific community: while Liou et al.**
reported a significant “2D plasmon character” for the 1 peak, Nelson et al.** attributed the 1t
peak solely to the excitation of a single-particle interband transition.** The conflict between
the apparently differing reports was resolved by Novko et al.'*> and Nazarov'® for non-doped
graphene by means of comprehensive theoretical modelling: for STEM-EELS the m peak can
be attributed primarily to the excitation of the interband mt plasmon of graphene. Kupci¢ et

al.” showed that this also is the case for doped graphene.

In general, the degree to which the mt peak can be attributed to a collective excitation is
dependent on the magnitude of momentum transfer allowed to contribute to the

1517 According to Novko et al.”® this can be understood as follows (for the sake of

spectrum.
simplicity only the 1t peak is first considered): for very small wave vectors (q) approaching
the long wavelength limit (§—>0), the effect of dynamic screening is negligible, which means
that the mt peak can be attributed to m—->m* interband transitions around the M point of the
Brillouin zone. The m peak therefore follows a ¢ dispersion given by band structure

topology. With increasing g the efficiency of dynamic screening increases, which means that

the mt peak shifts to higher energies than those characteristic of a peak purely due to single

particle m->1* excitations. For finite, intermediate, q values the m peak follows a \/5
dispersion characteristic of a 2D electron gas plasmon, and thus can be understood as being
due to the excitation of a 2D collective mode. When LFEs were included in the calculations

by Novko et al.™>, the real part of the dielectric function for the rt peak approached, but did

17



not cross, zero. This and a predicted broad 1 peak shape in the “finite q regime” are both
attributed to strong Landau dampening of the collective response. With increasing g, the it
peak dispersion slowly approaches that of an unscreened n—>mn* transition, while retaining
the broad peak shape of the Landau damped plasmon region. Thus for large g values, the it
peak again exhibits a significant single particle m->mn* character.” This model is in good
general agreement with the work of Nazarov.'® For the ri+o peak the same basic description
applies as that for the m peak above, albeit with the caveat that the n+o peak comprises
contributions from two separate c->c* transitions/ plasmons, thus somewhat complicating
the situation.” Regardless, as all loss spectra in the present work were acquired by
accepting spectral contributions over a large g-range (i.e. from the long wavelength limit to
beyond the first Brillouin zone), the present m and n+o loss spectrum peaks are most
appropriately interpreted as predominantly due to the excitation of Landau dampened

interband plasmons in graphene.

Thus the observed modification of m peak width above (see Figures 1c, S3c and Tables 1, S1)
can confidently be attributed to a significant dopant-induced modification of the interband
1t plasmon excitation lifetime.>* Or in other words: the observed effects can be understood
in terms of dampening or enhancement of the interband m plasmon of graphene. Despite
having a predominantly collective character, the results presented above (see Figure 4)
clearly show that the B (N) dopant induced m plasmon dampening (enhancement) is
remarkably localised; the measured response is confined to a ~1 nm region centred on the
single B (N) dopant atom. This degree of localisation is consistent with that reported for

single Si atoms.*®
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Concerning the m+o (EEL: 12- 25eV) peak maps in Figure 3, the lack of a localised
enhancement indicates that the associated interband o plasmon(s) are largely unaffected by

1930 A5 discussed

B or N doping, in stark contrast to the case of a substitutional Si atom.
above, the highly localised response associated with energy losses comprising the extended
tail of m+o peak (in Figure 3) are attributed to single particle interband transitions, rather
than the collective response. Thus, from the present results and above discussion it is
concluded that in terms of collective valence electron response, single substitutional B and
N dopants primarily affect the m valence electrons of suspended single layer graphene.
Along the same lines, the presence of another type of substitutional defect (non-hexagonal

rings) was recently shown to predominantly affect the interband m plasmon of single wall

carbon nanotubes.®®

A useful parameter for a more quantitative interpretation of plasmon dampening and

enhancement is the dimensionless quality factor @ ~ g /FwaM, Where Ep is the plasmon

energy.®® The lower the value of the Q factor, the higher the degree of collective mode
dampening within a system. In order to minimize any error in the estimation of Q
introduced by variations in spectral contribution from the carbonaceous material
surrounding all investigated graphene patches, (using Table 1) B and N doped m plasmon
quality factors were compared to that of the non-doped spectrum integrated over region 3
(see Figures 1, 2). While all three systems exhibit a it plasmon quality factor of ~ 3, absolute
Q values are problematic to determine directly due to the contributions of superimposed
n—>1* interband transitions, among other factors. However, relative changes in Q can be
estimated assuming the contribution of m->m* interband transitions remain largely

unchanged upon B and N doping. Calculated band structures shown in Ref.?° predict only
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very minor modifications of the graphene m and n* band structure topology upon B and N
doping. By extension, it is therefore suggested that the corresponding loss spectrum n->m*
contribution will remain largely unaffected by B and N doping. From the values in Table 1, it
is estimated that a single B dopant induces a 16% relative decrease in Q while a single N
dopant induces a relative 20% increase in Q. As shown in, at an energy resolution of
200 meV or better the it peak width appears to be determined by excitation lifetime rather
than instrumental broadening. Thus the contribution of instrumental broadening to the

measured 1t plasmon quality factors is expected to be negligible in the present case.

From an intuitive, if simplistic, picture of the dopant-induced valence electron structure
rearrangement, the observed effect for the t plasmon could be attributed to a reduction
(increase) in the net m valence electron density induced by the incorporation of a single B
(N) atom in the graphene lattice, within the framework of classical dielectric theory.™"
However, as induced microscopic components of the dielectric response contribute

significantly to the EEL m peak of graphene,*

such an interpretation could be highly
problematic. The microscopic response was taken into account by including LFEs in our ab
initio calculations presented above (see Figure 5). While the theoretical spectra in Figure 5
broadly reproduce the experimental trends for the mt plasmon peaks for the doped cases in
Figures 1c and S3c, there are also significant discrepancies. Thus, a detailed analysis of the

exact mechanism resulting in experimentally observed m plasmon dampening and

enhancement is problematic, based on the present results alone.

In Figure 5, our calculations carried out in the optical limit show a less pronounced trend as
compared to our calculations including a full summation over g. This might, at least in part,

provide an explanation for the discrepancy between the EELS results shown here and the
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optical conductivity results of Mak et al.>®, who, in a combined experimental and theoretical
study, showed simultaneous broadening and red-shift of the m peak upon both p and n
doping. Similarly, a red-shift for the optical absorption spectrum n peak of graphene upon n
doping has been predicted by Yang et al.>> Conventional optical absorption measurements
probe the single particle m->m*character of the m peak (se e.g. Ref. *), while STEM-EELS
probes predominantly the collective (finite q) response of the 1t valence electrons.”*’ Thus

the discrepancies between the present data and that of Ref. °°

could be rationalised by the
present results reflecting primarily the induced collective response, rather than solely the
response associated with dopant induced single particle transitions. As doping of graphene

in a field effect transistor setup (Mak et al.®) and by B/N implantationzs’ 29

(present work)
both primarily result in Fermi level shifts, differences in sample composition are expected to

contribute to a lesser degree.

Controllable doping of our graphene samples was achieved by means of low energy ion

implantation.zs’ 29

Compared to earlier demonstrations of N or B doping via chemical
routes,® ion implantation of graphene shows great promise for modifying its electronic
properties at the industrial scale due to the possibility of incorporating this processing step
directly in existing flexible small-depth channel doping apparatus, already used extensively

2329 Thys our results not only demonstrate that single atom

in the semi-conductor industry.
B or N dopants in graphene induce a highly localised dampening or enhancement of the
interband m plasmon, but also that these modifications of the dielectric response can be
achieved using a process compatible with current industry. By extension, carefully

controlling the position and number of single B or N atoms, or both, could open the door to

atomic scale plasmonic engineering: forming conduits and more complex functional
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geometries in graphene-based devices for plasmonic and optoelectronic applications
operating at UV frequencies. As a relevant example, the local response of the interband mt
plasmons associated with graphene nanopores has been proposed as the basis for a device

for sensing mechanism for DNA nucleotides.? *°

CONCLUSION

Using two separate dedicated STEM-EELS systems, it is demonstrated that a single atom B or
N substitutional dopant respectively induces a quantifiable dampening or enhancement of
the interband m plasmon of suspended graphene. A 16% decrease in 1 plasmon quality
factor was measured for a single B atom dopant, while a 20% increase in t plasmon quality
factor was measured for a single N atom dopant. The localisation of the dopant induced
effect is estimated to ~1 nm, in both cases. For analysis of the loss spectrum 1t plasmon peak
of graphene, instrumental broadening was deemed negligible for an energy resolution of
200 meV or better. Although trends are broadly reproduced by theory, the relative
mismatch between experimental spectra and modelled ab initio spectra of the doped
systems is attributed to practical computational limitations; larger supercell sizes (currently
computationally impractical) are needed in simulations for an accurate comparison with
experiments. Nonetheless, the present experimental data clearly demonstrate atomic scale
modification of the plasmonic response of graphene, using an implantation technique
compatible with current semi-conductor industry. Such atomic scale plasmonic engineering
might prove valuable for developing graphene based plasmonic and optoelectronic devices

operating in the UV waveband.
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METHODS

Materials and Sample Preparation

Boron and nitrogen ion implantation was carried out using the Gottingen mass-selected ion
beam deposition system (25 eV implantation energy). Graphene films placed on TEM grids
were irradiated at room temperature in vacuum (2 x 10°Pa). Further details of the
procedure are given by Bangert et al.?®> and references therein. A commercially available

non-doped reference sample (Graphenea®) was investigated as a control experiment.

Scanning Transmission Electron Microscopy

All EEL spectra and images were acquired using one of two dedicated aberration corrected
STEMs: either a Nion UltraSTEM100 equipped with a Gatan Enfina EEL spectrometer or a
Nion UltraSTEM100MC equipped with a Gatan Enfinium ERS spectrometer optimised for
high energy resolution using ultra-stable electronics. The microscopes are referred to as
either “NUS100” or “NUS100MC” in the text. Both microscopes were operated at an
acceleration voltage of 60 kV, which is below the knock-on damage threshold for graphene
and is known to minimise any risk of electron-beam damage to the specimens, even after
long, repeated exposure, and thus to provide ideal conditions for single atom
spectroscopy.®? For the NUS100 measurements, the electron probe convergence semi-angle
(a) was 31 mrad and the spectrometer collection semi-angle (B) was 3 mrad, with an
estimated probe size of 1.1 A. For the NUS100MC a = 31 mrad, resulting in an estimated
probe size of 1.0 A, and B = 44 mrad (valence loss spectra) or B = 60 mrad (core loss
spectra). The energy resolution (AE) in EELS is commonly given by the full-width at half-

maximum (FWHM) of the quasi-elastic “Zero Loss Peak” (ZLP). For the NUS100 AE is given by
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the native cold field emission source energy spread, and provided it is not limited by the
spectrometer camera binning and point spread function, results in an effective resolution AE
= 350 meV. While the source monochromator of the NUS100MC allows for reducing AE
down to 13 meV while retaining atomic resolution (at an acceleration voltage of 60 kv)®” ©
an energy resolution of 200 meV was found to be sufficient for making the contribution of
instrumental broadening negligible for the NUS100MC mt peak loss spectra (see Figure S2 in
the Supporting Information). For the present work AE = 200 meV in Figures 1, 2, AE =
400 meV (N-K map) and AE = 200 meV (B-K map) in Figure S1, AE = 400 meV, 200 meV and

80 meV in Figure S2, and, AE = 450 meV (B doped) and AE = 500 meV (N doped) in Figures 3,

4.

All HAADF and medium angle annular dark field (MAADF) images presented are raw data,
for which only contrast, brightness and field of view have been adjusted. Image detector
semi-angles are: NUS100: 89-195 mrad (HAADF) and 54-85 mrad (MAADF), and, NUS100MC:
82-195 mrad (HAADF) and 59-82 mrad (MAADF). All ZLP subtraction was done using a power
law fitted to the ZLP tail in the regions 1.80-2.05 eV for all the NUS100 valence loss spectra
(Figure 3), 2.00-2.25 eV for the NUS100MC AE = 200 meV valence loss spectra (Figures 1, 3),

3.05-3.55 eV (B doped) and 3.6-4.1 eV (N doped) in Figure 4.

The spectra in Figures 1c, S3c were fitted using two Gaussians: one fitting the main m
plasmon peak and one fitting the low energy tail attributed to m-r* interband transitions.*?
Results from respective peak fits are shown in Tables 1 and S1. The issue of ZLP extraction

31, 69,70
all

error was minimised by means of comprehensively testing a multitude of methods,
providing similar results. As reported for multilayer graphene cones,’® subtracting the ZLP

tail by a fitted power law background was in the present case deemed optimal, yielding the
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best compromise between accuracy of subtraction and spectral noise. The uncertainties of
the fitted peak values in Tables 1, S1 are primarily attributed to choice of fitting function and
parameters. Precisely determining the errors associated with choice of fitting parameters is
problematic; however estimated non-standard errors determined by measuring peak values

from the extremes of acceptable fits are given in Tables 1 and S1.

NUS100MC core loss spectra were de-noised using principal component analysis (PCA) as
implemented in the MSA plug-in for Gatan’s Digital Micrograph software suite.”* For the
valence loss EELS data, PCA de-nosing was only carried out on the loss spectrum images
from which extracted data is shown in Figure 4. Great care was taken to minimise possible
artefacts induced by the de-nosing process; the raw, reconstructed and residual spectral
image datasets were compared in detail. For Figures 3, 4, EELS data was acquired using
Gatan’s “DualEELS” feature: two spectra were acquired in rapid succession for each beam
position (represented by the individual pixels in the maps in Figures 3 and 4c, f): in one
spectrum the signal-to-noise ratio was optimised by shifting the ZLP off the camera and by
increasing the acquisition time so as to reach the camera saturation limit, while the
accompanying spectrum included the full ZLP peak and was acquired at a much shorter
exposure time so that the camera was far from saturation, thus minimising afterglow
effects. The EELS maps in Figure 3 were produced by simple integration over the energy loss
regions of the raw data indicated in Figure 3. In order to map the local variations in the nt
peak response in Figure 4, the ZLP tail was subtracted by fitting of a power-law function
(after de-nosing) and the it peaks of the resulting spectra were fitted with a single Gaussian
function throughout the datasets, using an automated procedure in Digital Micrograph.
Fitting the m peaks with more than one Gaussian resulted in less reliable fits, which is
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attributed to a relative increase in ZLP tail contribution as compared to the valence loss

spectra in Figures 1, 2, S2 and S3.
First-Principles Calculations

The local density approximation (LDA)>? exchange-correlation functional was used to
optimise the graphene unit cell with a kinetic energy cut-off of 380 eV, a Monkhorst-Pack’?
k-points grid of 36x36x1 with in-plane spacings of 0.013 A™* and a 20 A vacuum. The lattice
parameter was found to converge to 2.44 A and then used to construct the hexagonal
supercells. The lattice vectors of all such supercells were then fixed, and the structures fully

377 optimisation. The electron energy loss spectra of the relaxed

relaxed using BFGS
structures were then found using the electronic structure code GPAW’® which substitutes

the Kohn-Sham wave functions, energy eigenvalues and occupations into the Adler-Wiser?”

%8 formula to calculate the Fourier coefficients of the non-interacting density response
function, )(gé,(ci, w), where G is a given reciprocal lattice vector, q is the scattering

wavevector, w is frequency, and the zero in superscript signifies the non-interacting nature

of the Kohn-Sham wavefunctions used to construct y. Within the RPA, the dielectric matrix

is then obtained by writing € as:

4
RPA (- e 0 (-

where

’

. . 0 . . . .
e is the Coulomb potential, and )(éé'ls the non-interacting density response
q

function. The dielectric matrix is then inverted to produce the EEL spectrum, including local

field effects (LFEs). A local EEL spectrum can be obtained by calculating the response of a
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material to a fast travelling electron as described by Nerl et al.®? in their work probing the
local nature of excitons and plasmons in few-layer MoS,. Further details of the method have

been described by Yan et al.”
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Supporting Information

NUS100MC: STEM-EEL core loss maps of the B and N dopants shown in Figure 1 (Figure S1),
valence loss spectra of non-doped graphene acquired at energy resolutions of 400-80 meV
(Figure S2). NUS100: HAADF images and valence EEL spectra of B/N doped and non-doped

graphene (Figures S3-4), and, estimated m peak energies and FWHMs (Table S1).
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Figure 1. MAADF images of (a) B and (b) N implanted graphene acquired simultaneously
with the EEL spectra comprising the integrated spectra in (c, d), showing the position of
single substitutional B (a) and N (b) atoms (arrows). Each pixel in (a) and (b) corresponds to
an individual spectrum. The hetero-atoms are identified by a characteristic decrease (B) or
increase (N) in MAADF image intensity. (c, d) background-subtracted loss spectra of B and N
doped graphene compared to those of the non-doped graphene patch shown in Figure 2.
The B-implanted patch spectrum was averaged over the region indicated by the red box in
(a), while the spectrum of the N-implanted patch was averaged over the region indicated by
the blue box in (b). Both regions encompass approximately the same number of atoms. The
non-doped graphene spectra were integrated over the regions “1” and “3”, indicated in the

MAADF image in Figure 2a.
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Figure 2. (a) MAADF image of a non-doped single layer graphene patch. (b) background-
subtracted loss spectra integrated over regions 1-4 indicated in (a), normalised to the n+o
peak height. (c) Loss spectra integrated over regions 1 and 4 indicated in (a), normalised to

the rt peak height.

Table 1. Estimated n peak energies and FWHMs, measured using the monochromated Nion
UltraSTEM100MC (AE = 200 eV). The “non-doped” peak values are measured from spectra

integrated over regions “1” and “3” in Figure 2a.

Tt peak Tt peak n-re* “tail” n-re* “tail”
Dopant FWHM (eV) Ex(eV) FWHM (eV) Ex(eV)

N 1.50+0.09 5.00+0.01 1.40£0.13 3.4710.08
None “1” 1.75%0.09 5.07+0.01 1.33+0.07 3.40+£.0.07
None “3” 1.80+0.10 5.04+0.01 1.2040.06 3.40+.0.05

B 2.17+0.09 5.08+0.01 1.23+0.04 3.29+.0.03
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Figure 3. MAADF images and EELS maps integrated from the raw data over the energy

regions indicated for (a) N doped (b) B doped graphene.
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Figure 4. MAADF integrated intensity line profiles compared to the local change in n
plasmon peak width (FWHM) for N (a) and B (d) doped graphene. Smoothed FWHM line
profiles are superimposed as guides to the eye. The corresponding MAADF images and it
plasmon peak FWHM maps are shown in b, c (N) and e, f (B), respectively. The regions from
which the line profiles were extracted are indicated. The localisation of the observed n

plasmon enhancement (N) and dampening (B) is estimated to be ~1 nm, as indicated in a, ¢
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and d, f, respectively. False colour intensity scales were used for the MAADF images in b, e
in order to optimise legibility. Overview MAADF images of the region analysed in a-c and d-f
are shown in (g) and (h), respectively. The white rectangles indicate the regions from which
the EELS maps were acquired. The contrast is enhanced in the leftmost panels of g and h to

optimise the legibility of the individual dopant atoms.
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Figure 5. Simulated low-loss EEL spectra comparing B-doped (red), N-doped (blue) and pure
graphene (grey). The doped response was calculated in 3x3 supercells with a single dopant
atom. The electronic doping has been adjusted to the Dirac point (for the B/N-doped
systems) to reflect the low doping level in the experimental system. Full lines show the full
G-summed EEL spectrum while the dashed lines show the q = |g| = 0 response, i.e. in the
optical limit without local field effects. The shaded region shows the simulated EEL spectrum

for un-doped graphene.
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CORE LOSS EELS MAPS OF DOPANTS (NUS100MC)

In following with Bangert et al.” the B and N dopants shown in Figure 1a, b were mapped
using the EELS B-K and N-K ionisation edges. The resulting maps are shown in Figure S1 and

independently verify the presence of substitutional B and N atoms in the graphene lattice.

Figure S1. MAADF images (left) and core loss EELS maps (right) identifying a single
substitutional B or N heteroatom dopant in single layer sheets of graphene. The data were

acquired using the NUS100MC microscope.

ENERGY RESOLUTION AND INSTRUMENTAL BROADENING (NUS100MC)

The NUS100MC microscope allows for varying the energy resolution from 400 meV to
13 meV, while maintaining atomic image resolution.” * Figure S2 shows the effect of
increasing energy resolution from 400 meV to 80 meV on spectra acquired from a non-

doped graphene patch. Spectra normalised to the ZLP height are shown in Figure S2a, while



spectra normalised to the m peak are shown in Figure S2b. Upon increasing the energy
resolution from 400 meV to 200 meV, there is a significant reduction in m peak width and
ZLP tail contribution. Increasing the resolution from 200 meV to 80 meV results in a minor
reduction in the ZLP tail contribution but in no significant decrease in 1t peak width. Thus it is
suggested that for AE < 200 meV, the n peak width reflects primarily the associated
excitation lifetime,” meaning the effect of instrumental broadening is deemed negligible. As
increasing the energy resolution results in an accompanying reduction of available beam
current (i.e. if keeping other microscope parameters unchanged),5 the NUS100MC spectra in

Figures 1, 2 were acquired at AE = 200 meV in order to optimise the signal-to-noise ratio.

> >
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Figure S2. (a) Zero loss peaks and (b) loss spectra normalised to the mt peak height of a non-
doped single layer graphene patch at three different energy resolutions (400 meV, 200 meV
and 80 meV). No decrease in it peak width can be observed in (b) when increasing the
energy resolution from 200 meV to 80 meV. The data were acquired using the NUS100MC

microscope.



VALENCE LOSS SPECTRA (NUS100)

Figure S3c shows background subtracted normalised valence loss spectra, acquired using
the NUS100 microscope, while Figure S3a (b) shows HAADF images and accompanying
intensity line profiles confirming the presence of an individual B (N) dopant.* As discussed
above, instrumental broadening is deemed negligible for the m peak width measurements
using the NUS100MC (AE = 200 meV), so the measured differences in t peak width in Table
1 correspond directly to dopant-induced changes in excitation lifetime. For the NUS100
microscope measurements, instrumental broadening contributes to absolute nt peak widths
due to a comparatively poorer energy resolution (AE = 350 meV). However, 1t peak width
changes induced by doping measured with the NUS100 microscope (see Table S1) are
clearly in good qualitative agreement with those measured with the NUS100MC (see Table
1). As we observe the same trend in dopant induced 1t peak modification in Figure 1c and
Figure S3 on two different microscope systems (at different energy resolutions and
spectrometer collection angles, see Methods) instrumental factors are highly unlikely to be

the origin of this effect.

Note that while the dopant-free NUS100MC spectra (Figures 1c, d, and 2 c, d) were acquired
from a non-doped reference sample (see Methods), the corresponding NUS100 spectrum
(Figure S3c) was acquired from a patch of the otherwise B-doped sample that was deemed
devoid of dopants upon inspection of the relative HAADF image intensities of each carbon
atom of the patch (shown in Figure S4). The good qualitative agreement between non-
doped NUS100MC (Figure 1c) and NUS100 (Figure S3c) it peak loss spectra, with respect to
the effect of doping, indicates that any possible contribution from any B dopants present

beyond the confines of the dopant free single layer patch in Figure S4 is negligible for the



non-doped spectrum in Figure S3c. This agrees well with the ~1 nm localisation estimate in

Figure 4.
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Figure S3. HAADF images of (a) B and (c) N implanted graphene acquired simultaneously
with the EEL spectra in (c), showing the position of single substitutional B (a) and N (b)
atoms (arrows). The hetero-atoms are identified by a characteristic dip (B) or increase (N) in
the HAADF intensity profiles integrated over the area indicated by the dashed rectangles
superimposed on the images. (c) background-subtracted loss spectra of B and N doped
graphene compared to that of a non-doped graphene patch. The B-implanted spectrum was
averaged over the region indicated by the rectangular box in (a), while the N-implanted
spectrum was averaged over the entire region shown in (b), both regions encompass
approximately the same number of atoms. All data were acquired using the NUS100

microscope.



2.am.

|

| &

Figure S4. HAADF image of the patch from which the dopant-free graphene spectrum in
Figure S3c was acquired. The larger white square shows the superimposed HAADF image
acquired simultaneously with the full valence EEL spectrum image. The smaller white square
indicates the region over which the dopant-free graphene spectrum in Figure S3c was

integrated. Data were acquired using the NUS100 microscope.

Table S1 Estimated 1t peak energies and FWHMs, measured using the NUS100 (AE =

350 meV).
Tt peak Tt peak n-nt* “tail” n-nt* “tail”
Dopant FWHM (eV) Ex(eV) FWHM (eV) Ex(eV)
N 1.96+0.03 5.22+0.01 1.54+0.03 3.44+0.03
None 2.21+0.04 5.30+0.03 1.54+0.02 3.38+.0.05
B 2.92+0.06 5.33+0.02 1.1240.1 3.24+.0.03




ADDITIONAL AB INITIO EELS CALCULATIONS

Extensive preliminary calculations of the valence response of B- and N-doped graphene
were carried out with a number of supercells. As with the calculations in the main text,
these were carried out within density functional theory (DFT) and invoke invoke corrections
for Local Field Effects (LFEs) to the Random Phase Approximation (RPA) loss function, on
supercells of sizes 2x2 and 3x3, with hexagonal and honeycomb superlattices of B and N
dopants up to +15 eV above the Fermi energy. Calculations on 4x4 supercells were
attempted but failed due to excessive memory requirements. Monkhorst-Pack k point grids
of 18x18x1 and 12x12x1 were used for the 2x2 and 3x3 reciprocal cells, chosen
systematically to allow for the exact same g vectors to be compared across the cells of
different size. Unlike the final spectra presented in the main manuscript, these did not
include a correction for the modified carrier concentration induced in the ground state by
the presence of the dopant. This more simple approach led to the appearance at low energy
(approximately 1 eV) of a sharp peak in the doped graphene spectra, which is most intense
at g = 0. As discussed in the main text, the sharp nature of these features, and the fact that
they are not affected by the inclusion of higher momentum transfers in the calculation,
suggest these can likely be attributed to single m—> n* transitions involving states created as

an artefact due to the finite supercell size for the doped systems.

This series of initial calculations is reproduced below in Figure S5 for completeness and to
provide a benchmark for further improvement of DFT-based calculations of doped graphene

systems.
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Figure S5. Series of calculations (a-h) of the valence response of pure graphene (grey lines),

N-doped graphene (blue lines) and B-doped graphene (orange lines), carried out at different

momentum transfer g as indicated on the individual panels. The various supercell

geometries used for the calculations are also summarised in the models (i-k).
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