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The recent years have seen a significant increase in research effort directed at all aspects of graphene
science and technology. Despite its excellent properties, a lack of a controllable method for electronic
structure modification has severely impeded any successful application of graphene in novel electronic
devices. With the aim to overcome this limitation, functionalization through substitutional doping with
boron and nitrogen atoms has been of particular interest (predicted to result in an effect akin to p and n
doping in semiconductors, respectively) [1]. Successful doping of graphene by single boron and nitrogen
atoms was recently demonstrated by means of low energy ion implantation [2, 3]. Low energy ion
implantation does not only allow for controllable graphene functionalization, but is also compatible with
modern semiconductor technology.
The present work is concerned with measuring the effect of single atom substitutions on the valence
electrons of graphene. This is done by means of simultaneous Valence Electron Energy Loss
Spectroscopy (VEELS) and Annular Dark Field (ADF) imagining in the Scanning Transmission
Electron Microscope (STEM). Two Medium Angle ADF (MAADF) images of single layer graphene
patches are shown in Figs. 1a and b. In following with Bangert et al. [2], the increase (Fig. 1a) or
decrease (Fig. 1b) in image contrast unambiguously identifies a single atom nitrogen (Fig. 1b) or boron
(Fig. 1c) substitution in the respective graphene lattices. Corresponding loss spectra in Fig. 1c shows a
clear increase (N) or decrease (B) in the graphene π plasmon peak intensity, as compared to a spectrum
from a pure graphene sheet. To a first approximation, the results indicate that the introduction of a single
atom dopant results in a significant enhancement (N) or dampening (B) of the graphene π electron
plasmonic response. This interpretation is supported by a relative reduction (N) or increase (B) in π peak
width in the Zero Loss Peak (ZLP) subtracted spectra in the inset in Fig. 1c. As the substitutional boron
atom is expected to induce a net π valence electron deficit, these results seem in perfect agreement with
an intuitive picture of the electronic structure rearrangement. Thus, dampening might be rationalized in
terms of boron effectively disrupting the delocalized character of graphene valence π states.
In a broader context, the demonstrated modification of the graphene π plasmon resonance hints at the
possibility of tailoring future graphene based plasmonic devices down to the atomic scale. Further
implications of the presented results will be discussed on the basis of theoretical modelling. The images
in Figs. 1a and b were processed with a Double Gaussian image filter as described by Krivanek et al.
[4, 5]. All measurements were carried out on a Nion UltraSTEM100 microscope operated at 60 kV. [6]
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Figure 1. (a) Double Gaussian filtered [4, 5] MAADF images of substitutional single nitrogen (a) and
boron (b) atoms in graphene. (c) VEEL spectra of nitrogen and boron implanted single layer graphene,
compared to that of pure graphene. The inset shows the corresponding ZLP subtracted spectra
normalized to the π plasmon peak height.
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