
This is a repository copy of Electronic Structure Modification of Ion Implanted Graphene: 
The Spectroscopic Signatures of p- and n-Type Doping.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/91426/

Version: Accepted Version

Article:

Kepaptsoglou, D, Hardcastle, TP, Seabourne, CR et al. (8 more authors) (2015) Electronic 
Structure Modification of Ion Implanted Graphene: The Spectroscopic Signatures of p- and
n-Type Doping. ACS Nano, 9 (11). pp. 11398-11407. ISSN 1936-0851 

https://doi.org/10.1021/acsnano.5b05305

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright 
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy 
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The 
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White 
Rose Research Online record for this item. Where records identify the publisher as the copyright holder, 
users can verify any specific terms of use on the publisher’s website. 

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. 

mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/


1 

 

��������	�
���������
��	�	���	��
��
���
���������
���������


���
�����������	�
�	��������
��
��
���
������
���	��


Demie Kepaptsoglou1*, Trevor P. Hardcastle2, Che R. Seabourne2, Ursel Bangert3,4, Recep 

Zan3,5, Julian Alexander Amani6, Hans Hofsäss6, Rebecca J. Nicholls7, Rik Brydson2, 

Andrew J. Scott2 and Quentin M. Ramasse1* 

1
SuperSTEM Laboratory, SciTech Daresbury Campus, Daresbury WA4 4AD, United Kingdom 

2Institute for Materials Research, SCaPE, University of Leeds, Leeds LS2 9JT, United Kingdom 

3
School of Materials, University of Manchester, Manchester, M13 9PL, United Kingdom 

4
current address: Department of Physics and Energy, University of Limerick, Limerick, Ireland 

5current address: Department of Physics, Faculty of Arts and Sciences, Niğde University, Niğde 

51000, Turkey 

6II. Physikalisches Institut, Georg5August5Universität Göttingen, Friedrich5Hund5Platz 1, 37077 

Göttingen, Germany 

7
Deparment of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, United Kingdom 

Address correspondence to  

*dmkepap@superstem.org, *qmramasse@superstem.org 

��������


A combination of scanning transmission electron microscopy, electron energy loss 

spectroscopy, and ab initio calculations is used to describe the electronic structure 

modifications incurred by free6standing graphene through two types of single6atom doping. 

The N K and C K electron energy loss transitions show the presence of π∗ bonding states, 

which are highly localised around the N dopant. In contrast the B K transition of a single B 
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dopant atom shows an unusual broad asymmetric peak which is the result of delocalised π∗ 

states away from the B dopant. The asymmetry of the B K towards higher energies is 

attributed to highly6localised σ* anti6bonding states. These experimental observations are 

then interpreted as direct fingerprints of the expected p6 and n6type behaviour of graphene 

doped in this fashion, through careful comparison with density functional theory calculations. 

���������
graphene, doping, electronic structure, STEM, EELS, ab5initio calculations, DFT 
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Graphene, a material comprised of a single layer of carbon atoms arranged in a honeycomb 

lattice, has in the last few years generated a true research frenzy1,2 including production 

methods,3,4 physical properties5–7 and novel applications.8,9 The attraction lies in graphene’s 

outstanding electronic properties, in particular its high carrier mobility,10 which if harnessed 

efficiently have the potential to revolutionise nano6electronics. However, the application of 

graphene in logic6circuit6based devices such as transistors is so far limited because pure 

graphene is an excellent conductor or a zero6band6gap semiconductor, which effectively 

means such devices cannot be switched off.11,12 Several approaches have been proposed to 

open a band gap in graphene, including the restriction of its physical dimensions into 

ribbons13–15 and the introduction of defects or dopants.15,16More specifically the introduction 

of nitrogen or boron atoms in the graphene lattice is predicted to have a drastic effect on 

graphene's band structure and to lead to the opening of a band gap, thus resulting in n6

type17,18 or p6type doping,19,20 respectively, with carrier concentrations allowing practical 

transistor applications. All the predictions on the exact effect of the incorporated dopant 

atoms in graphene suggest that the resulting band structure depends on the density and 

periodicity (or not) of the dopant atoms in the graphene lattice,18,20–22 as well as on the 

presence of adjacent defects.23–26 To add to the complexity of the situation, the synthesis 

conditions of doped graphene, which most commonly follow the chemical route, yield 

graphene samples of varying quality,17 often with several types of dopant atom and defect 

configurations within the same specimen.25–27 In a bid to produce uniformly6doped single6

layer graphene specimens, the successful implementation of low6energy ion implantation 

with either N or B was recently demonstrated,28–30 achieving retention levels of the order of 

~1% in good agreement with theoretical predictions.31 This ion6implantation technique, 

commonly used by the modern semiconductor industry for doping Si wafers, for instance, has 

the advantage of allowing the uniform incorporation over a large area of single dopants on a 
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pre6screened, single6layer, suspended graphene sample, and of producing comparatively few 

defects or ad6atom configurations.29  

Recent progress in the application of Scanning Transmission Electron Microscopy (STEM) 

based spectroscopy to the study of 26dimensional materials has demonstrated the technique’s 

ability to fingerprint single dopant atoms in graphene32–35 and to differentiate between 

different electronic structure configurations, such as trivalent and tetravalent single atom Si 

impurities using subtle changes in the near edge fine structure of the Si L2,3 ionisation edge in 

electron energy loss spectroscopy (EELS).33,35 In this type of study ab initio calculations are 

essential tools in rationalising the experimental observations and in providing further insight 

into the nature of bonding around the foreign species; such a combined STEM6EELS and ab 

initio calculations approach was also used recently to probe the bonding of single nitrogen 

atoms in graphene36,37 and N6doped single6walled carbon nanotubes.38 

Building on these early studies, this paper aims to compare the electronic structure 

modifications generated by both single N and B substitutional dopants in single6layer 

graphene samples. The fully atomically6resolved EELS experimental data not only reveals 

the unique bonding signature of the dopants themselves but also their impact on the lattice 

surrounding them, with clear modifications observed in the first and second neighbour C 

atoms. Ab initio calculations are in excellent agreement with the experiment and thus not only 

confirm the nature of the excited states being probed by the EELS experiments but also the 

electronic structure reconfiguration of the doped material around the N or B dopants, in a 

direct verification of the distinct p6 or n6type behaviour of the doped graphene. 
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Figures 1a and 2a show HAADF images of N6 and B6implanted graphene samples, 

respectively. For reading clarity and to remove the effects of probe tails the images have been 

filtered using the double6Gaussian approach described by Krivanek et al.
39 (see also raw 

images in Figure S1 in Supplementary information provided). As described in previous 

work,29 the implanted graphene samples were largely defect6free with dopant atoms found 

mainly in substitutional positions. Contrary to previous reports on a possible preferential 

substitution of dopant N atoms in the same “sub6lattice”40 no such effect was observed in the 

present case, for either the N6, or B6implanted graphene samples.  

The implanted single dopant atoms were stable enough under the electron beam to allow for 

(often multiple consecutive) 26dimensional spectrum images to be acquired, whereby the 

electron probe is moved serially across a defined field of view (dashed rectangle in Figure 

1a), with the EELS signal recorded at each position. The chosen experimental parameters 

provided enough EELS signal to be collected for unambiguous chemical fingerprinting of the 

single atom dopants spatially resolved within a C matrix, clearly identifying them as N and B 

atoms, respectively (see Figures 1c and 2c and Ref. 29). It was also possible to observe the 

near6edge fine structure with an excellent signal6to6noise ratio. An in6depth analysis of this 

fine structure is the focus of the present work.  

The N K edge from a single N atom recorded during one such 2D EELS map acquisition 

(corresponding to Figure 1a6c), is shown in Figure 1d; it consists of two sharp peaks at 

401 eV and 408 eV, clearly resolvable above the noise level. These are generally attributed to 

electronic transitions from 1s states to empty π* and σ* anti6bonding states, respectively (and 

are therefore often denoted π* and σ* peaks). Their clear presence indicates an sp
26like 
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character in the C–N bonding41,42 and is in good agreement with XAS experiments of doped 

graphene23. Interestingly, the shape of the N K edge shown here is different to that recently 

reported by Warner et al.
43 for the same system, or to the spectra reported by Arenal et al.

38 

for single N dopant atoms in single wall carbon nanotubes (SWCNTs); in both cases no 

prominent π* peak was observed. While the discrepancy with N K edges observed in 

SWCNTs could be attributed to curvature44 and geometry effects45 (it should be noted that in 

the modelling studies in this work, non6planar dopant geometries were rejected as less 

thermodynamically favourable structures), it is more difficult to pinpoint the exact reason for 

the discrepancy with the N6doped graphene system. An obvious difference may lie in the fact 

that Warner et al.
33 carried out their observations at elevated temperature. Nevertheless, here, 

the experiments were repeated multiple times, on several distinct N atoms, systematically 

yielding a clearly6discernible π* peak. The repeated fast6scanning approach devised by 

Ramasse et al.
24 to obtain high6signal6to6noise spectra from single atoms was also used and 

yielded again similar results. It should be noted that the experimental possibility of pyridinic 

defect N configurations was also considered (including theoretical calculations discussed in 

more detail in Hardcastle et al., in preparation), such as those discussed by Arenal et al.,
38 or 

defects created by damage or atomic jumps.46,47 Both possibilities can be ruled out, as the 

HAADF signal acquired simultaneously with the spectra (an example of which is shown in 

Figure 2d) unambiguously shows the N dopant in a trivalent, graphitic configuration. 

Moreover, although the temporal resolution of the spectrum imaging experiments would not 

necessarily record an atomic jump, the probability of such an event in the experimental 

conditions is rather low.46,47 The differences with the present results could therefore simply 

be due to noise levels in previous reports, along perhaps with unintentional processing 

artefacts. Warner et al.
43 indeed mention averaging their spectral data over several 

acquisitions and treating them with Principle Component analysis – see Methods section 
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within Ref. 43 (similarly, N K spectra presented in Ref. 38 are smoothed using a second order 

polynomial filter). While this can be an effective way to increase the signal6to6noise6ratio of 

the acquired spectra, it may result in smearing out some of the features that lie close to the 

noise level. 

The C K edges of the first (C1), second (C2) and third (C3) C neighbours of the N (N1) 

dopant (labelled in Figure 1b) are plotted against that of a ‘pristine’ graphene C atom (C4) 

further away in the lattice. For reading clarity the spectra have been normalised to the σ*peak 

(the unprocessed data are presented in Figure S2 of the supplementary material provided). 

The C K ionisation edge in graphite6related materials also typically comprises two marked 

peaks corresponding to transitions from 1s states to empty π* and σ* levels. The π* peak in 

the C K edge of C1 (centred at 285.7 eV) is shifted up by 0.8 eV, compared to that of the 

‘pristine’ C4 atom (centred at 284.9 eV), in good agreement with previous observations43. 

Similarly, in accordance with Refs 36,38,43 some additional intensity is observed as a shoulder 

on the lower energy side of the σ* peak, between 2906292 eV. Moving from the first to the 

second and third neighbours, C2 and C3, respectively, the π* peak gradually shifts to lower 

energies, while the shoulder intensity before the σ* peak is gradually lost and the σ* peak 

becomes sharper.  

For the first time, a similar set of experiments was carried out on a B6implanted sample, 

allowing a direct comparison between the electronic structure modifications resulting from 

the different doping processes. The B K edge of a single substitutional B dopant recorded 

during a 2D EELS map acquisition is shown in Figure 2d (see also the corresponding B map 

in Figure 2c). The main feature of this B K edge profile is a strongly asymmetric intensity 

‘envelope’ beginning at 196 eV, with peaks at 202 eV, 206 eV and a maximum at 212 eV. 

Unlike the B K edges recorded from B doped graphene grown epitaxially on B4C,48 bulk 
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B4C,49 or single6layer boron nitride samples,45,49–51 only a suppressed feature is discernible at 

189 eV where one might normally expect a π* peak, complemented on the low6energy side 

by a weak shoulder at 188 eV. To confirm this highly unusual profile, additional high signal6

to6noise6ratio B K spectra were acquired, by accumulating the EELS signal while using a 

small subscan window around the substitutional B atom, similar to the method used by 

Ramasse et al.
33 The corresponding spectra are again entirely similar to those recorded via 

spectrum imaging: see Figure S3 in the supplementary material. The spatially6resolved C K 

edges corresponding to the first (C1), second (C2) and third (C3) C neighbours of the B (B1) 

dopant (labelled in Figure 2b) are plotted against that of a ‘pristine’ graphene C atom (C4) 

further away in the lattice (Figure 2e). Despite the noise level it is possible to discern a 

broadening and loss of definition of the π* and σ* peak shapes of the C1 neighbour 

compared to the ‘pristine’ C4 atom. The definition of the C K π* and σ* peaks is recovered 

when moving towards the second (C2) and third (C3) C neighbours (Figure 2e).  

The experimental results therefore point to N and B doping generating very different bonding 

configurations to the expected C–N and C–B atomic bonds in bulk materials and, 

importantly, resulting in a very different impact on the local carbon environment, which 

could be the clear signature of the expected n6 and p6type behaviour predicted for these doped 

materials and which is still a subject of debate. 

Ab initio calculations were therefore performed in order to understand the experimental 

findings and reveal the bonding between single dopant atoms and graphene. Figures 3 and 4 

show the supercells of single N (Figure 3a inset) and single B (Figure 4a inset) dopant atoms 

in the graphene lattice, respectively; the atomic positions were fully relaxed using density 

functional theory (DFT) calculations prior to the supercells being used as input for ground 

state EELS calculations. The resulting N K, B K and C K theoretical spectra are plotted 
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against the corresponding experimental spectra (shown after subtraction of the decaying 

background using a power6law model) in Figures 3 and 4. The theoretical spectra were 

rigidly translated along the energy axis to fit the experimental spectra for reading clarity, but 

no stretching of the energy axis was applied. The sharp and pronounced π* and σ* peaks 

experimentally observed in the N K edge (Figure 3a) are faithfully reproduced in the 

calculation, supporting the argument that the N K spectrum presented in Ref 43 was perhaps 

affected by data treatment or the high temperature conditions of the experiments described 

therein. The simulated B K edge (Figure 4a) also shows a strong agreement with the 

experiment; both the suppressed π*6like feature as well as the broad asymmetric intensity 

envelope with intermediate peaks are faithfully reproduced (Figure 4a). These simulations are 

also in excellent agreement with previous calculations of substitutional B K edge spectra in 

graphite49. Similarly, the simulated C K edges in both systems are in good agreement with the 

experiments, reproducing the trends observed for the C1, C2 and C3 neighbours respectively 

(Figures 3 and 4). In the case of N6doped graphene (Figure 3b), the calculations agree with 

the experimentally6observed upshift of the π* peak of the C1 neighbour as well as the 

‘shoulder’ observed in the σ* peak, in agreement with previous observations.37 The 

calculations also reproduce the smearing of the σ* peak close to the C1 neighbour in B doped 

graphene as well as the broadening of the π* peak. Some minor disagreement with the 

simulations can nevertheless be observed, and it is anticipated that considering a higher level 

of theory incoporating excitonic effects (such as Bethe6Salpeter approach52) may help 

providing an even closer match.  

To shed light on the nature of the states to which the core 1s states are being promoted during 

the EELS experiments, the angular6momentum6resolved density of states (DOS) was 

calculated for no fewer than 2688 unoccupied bands above the Fermi energy for the two 
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types of substitutional dopant. An important consequence of the small aperture opening angle 

used in the experiments is that the dipole selection rule Rl = ±1 can be assumed to apply to a 

very good approximation, meaning that the experimentally6obtained EEL spectrum primarily 

probes states of p6like character. This also means that the dipole approximation used in the 

theoretical EELS calculations is appropriate. Thus, the p5like DOS is of central importance as 

it is effectively the sole contributor to the theoretical and experimental EEL spectra.  

For each dopant, the theoretical DOS and EELS curves were extracted from the fully6

optimised ground state electronic structures using the OptaDOS package,53,54 with the Fermi 

energy located at zero. No core holes were included in the calculations, so the theoretical 

EEL spectra result from transition probabilities associated with the occupied and unoccupied 

states all found from ground state DFT calculations. In order to confirm that the calculations 

are producing physically6reasonable results, the electronic band structures were also plotted, 

and it was checked that the ground state electron densities showed the expected 

characteristics of covalent bonding (Figure S4 of the Supplementary Information provided). It 

was then confirmed that the ground state densities can each be partitioned into two main 

components; the low6energy states whose density lies primarily in6plane between the nuclei 

and whose appearance is consistent with σ bonds of sp
2 character, and the higher6energy 

states lying just below the Fermi energy, consistent with π bonds of pz (out6of6plane) 

character, as expected (Figure 5c(i)5(ii)). The band structures for the 4x4 supercells in both 

cases show a very small energy gap at the Dirac point (K4x4) between the π and π* bands in 

excellent agreement with the rules identified by Casolo et al.
21

 for substitutional N and B 

dopants. Furthermore, the Fermi energy shows a shift up into the π* band (N dopant in Figure 

S4a) and down into the π band (B dopant in Figure S4b), revealing the presence of a negative 

charge carrier (n6type) in the N supercell and of a hole charge carrier (p6type) in the B 
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supercell. The ground state density slices suggest that the negative charge carrier can be 

identified as the excess density localised on the N nucleus (Figure 5c(i)), and the hole, 

similarly, as the deficit of density localised on the B nucleus (Figure 6c(i)). It should be noted 

that an excited6state formalism beyond DFT would be necessary to model the migration of 

these charge carriers to neighbouring nuclei, because such configurations involve electron 

densities other than the ground state. 

The insight gained from these theoretical calculations, their consistency with earlier reports in 

the literature which predict the creation of charge carriers under these doping conditions, and 

the excellent agreement with experimental data of the simulated spectra derived from them, 

can now be used to demonstrate how the experimental EEL spectra in this work are the 

spectroscopic signatures of p6type (B) and n6type (N) doping in graphene. To be a dopant, an 

impurity must provide a mobile charge carrier and leave the material neutral. An n6type 

dopant provides a negative charge carrier which is balanced by the extra proton in the dopant 

nucleus compared to its neighbours. Conversely, a p6type dopant provides a hole charge 

carrier which is balanced by the deficit of a proton compared to its neighbours. 

In order to reveal the physical picture behind the EELS spectra, the plots of Figures 5a,b and 

6a,b (for the N and B case, respectively) are used to select energy windows of interest, in 

order to attribute particular features on the spectra to particular sets of high6energy states.  

For each set of states that lie entirely within the energy window of interest, the corresponding 

electron density was constructed and plotted in Figures 5c(iii)–(v) and 6b(ii)–(vi), 

respectively. Figures 5c(ii)–(v) show the electron density in the N supercell lying in 

progressively higher energy windows above the Fermi energy. The density in Figure 5c(iii) in 

the energy range 0–1.2 eV has an appearance consistent with pz orbitals, in which the charge 

accumulates in opposing out6of6plane lobes about each nucleus. This suggests an 
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interpretation of this density as corresponding to π* anti6bonding states, and it is clear that 

these states are highly localised around the N nucleus and its nearest neighbours in preference 

to the C nuclei further away in the lattice. Thus the first theoretical N EELS peak can be 

readily labelled as the π* peak – as is customary. The density in the next energy window, 

Figure 5c(iv), has an appearance consistent with that of sp
2 orbitals, or σ bonds, subjected to 

60° rotations about the nuclei. Once again, the states are highly localised on the dopant. This 

resemblance to rotated sp
2 orbitals can be interpreted as core excitations to anti6bonding σ 

states, or σ* bonds, and for this reason the second intense peak in the N EEL spectrum is 

named as the σ* peak. In contrast to these two cases, the charge density in the much broader 

and higher6energy range (9.5–23.5 eV) in Figure 5c(v) is highly localised on the 

neighbouring C nuclei, and not on the N nucleus. The N nucleus has one extra positive charge 

compared to its C neighbours, and so it is more electronegative. It is therefore easy to 

rationalise the overall trend observed through Figures 5c(iii)–(v): in summary, for the case of 

N, the energy states probed during an EELS scattering event correspond to the characteristic 

π* and σ* peaks which are relatively low in energy due to the greater attraction to the N 

nucleus, which is more electronegative than its neighbours; the direct consequence of N being 

an n6type donor. 

Figures 6c(ii)–(vi) show the electron densities for the case of B doping, also in order of 

increasing energy. The density in Figure 6c(ii) coinciding with the small B K edge EELS 

peak immediately above the Fermi energy shows the p6type hole being populated with a 

single pz6like state: the hole is thus localised in the pz orbitals. Indeed, the band structure in 

Figure S4b of the Supplementary information provided confirms that this empty state lies in 

the π band, and so this first small peak is labelled as the π peak, the signature of the p6type 

charge carrier. This signal is observed experimentally as the weak but consistently6recorded 
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shoulder at 189 eV in all datasets. It should be noted that an equivalent signal is, of course, 

absent in for the N6doped case because there the negative charge carrier constitutes an 

occupied state. Following a similar style of analysis to that of the states in the N supercell, it 

can be seen in Figure 6c(iii) that pz6like states are clearly identifiable, constituting π* anti6

bonding states. Figure 6c(iv) shows rotated sp
26like states, constituting σ* anti6bonding states, 

and Figure 6c(v) shows states of slightly different appearance which can nevertheless be 

labelled as σ* due to their in6plane character (cf. Figure 6c(iv)). These π* and σ* states in the 

B supercell from Figures 6c(iii), (iv) and (v) are all highly6localised around the C nuclei and 

not the B dopant nucleus, in a complete inversion of the behaviour observed for the N6doped 

case. This means that the probability of a B 1s core electron being promoted to a state 

localised on the B nucleus is comparatively low in these energy ranges, resulting in the 

suppression of the π* and σ* regions of the B K edge compared to the N case. This inversion 

in the behaviour of the electron density distribution when compared to the N nucleus, which 

is more electronegative than its neighbours (due to the excess proton), alludes to the lesser 

electronegativity of the B nucleus (due to its missing proton) relative to its C counterparts. It 

can be seen that EELS6active states localised on the B nucleus do exist as revealed by the 

clear peak in the B p DOS indicated in Figure 6c(vi), but that a substantially higher6energy 

transition of 26 eV above the Fermi energy is required to probe these states. Due to the in6

plane character of these states, the corresponding B EELS peak is labelled as the σ* peak.  

Thus, in summary, the lesser positive charge of the B nucleus in comparison to its C 

neighbours has the effect of extending the B EEL spectrum over a broad energy range, 

culminating in the σ* peak at high energy, the spectroscopic signature of a p6type acceptor. 
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In summary, the fine structure of electron energy loss the N K edge, and for the first time, the 

B K edge were successfully recorded from single N and B fully6substitutional atoms 

introduced into free6standing single6layer graphene by low6energy ion implantation. The 

experimental results clearly show the presence of strong peaks at 401 eV and 409 eV in the N 

K ELNES. Theoretical calculations confirm these peaks correspond to π∗ anti6bonding states 

and σ* anti6bonding states, respectively, lying at relatively low energies of 1 eV and 8 eV 

above the Fermi energy. In contrast the experimentally6obtained B K ELNES shows a broad 

and unusual asymmetric shape over the 195 eV to 215 eV range, along with suppressed 

features at the 189 eV edge onset. Theoretical calculations reveal that this is the result of the 

energetic unfavourability of π∗ and σ* states localised on the B dopant at low6to6intermediate 

energies. Instead, a high6energy transition at 26 eV above the Fermi is required to probe anti6

bonding σ* states. A small signal resulting from populating the p6type hole was also 

predicted and observed experimentally as a weak shoulder at the immediate onset of the B K 

edge. This careful direct comparison of simulations carried out using density functional 

theory with experimentally6observed edge fine structure suggests the recorded EEL spectra 

exhibit the direct fingerprints of changes in the local bonding environment (and the 

corresponding anti6bonding environment) characteristic of p6type and n6type dopant 

impurities. These results thus provide direct experimental confirmation of p6doping and n6

doping in suspended single6layer graphene, and of the effectiveness of ion implantation as a 

controlled means of achieving this doping, thus paving the way to practical implementations 

of intrinsic graphene6based FETs.  
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Nitrogen and boron doping of free standing graphene was performed by low energy ion 

implantation at the Göttingen mass selected ion beam deposition system. The ion 

implantation was carried out directly on single layer free standing CVD graphene specimens, 

suspended on Quantifoil TEM grids. A detailed account of the synthesis conditions can be 

found in Refs.28,29 

�����	��
"�����	��	��
��������
�	��������



High Angle Annular Dark Field imaging and atomically6resolved electron energy loss 

spectroscopy were performed in a Nion UltraSTEM100 aberration6corrected dedicated 

STEM instrument operated at 60 kV, equipped with a Gatan Enfina Spectrometer. The beam 

convergence was 30 mrad, with a beam current of 60 pA at the sample. In these operating 

conditions the estimated probe size (full6width at half6maximum – FWHM) is 1.2 Å. The 

semi6angular ranges of the high6angle annular6dark6field detector and medium6angle annular6

dark6field detector were 866190 and 40686 mrad, respectively. In these conditions, the 

HAADF intensity recorded with the probe positioned on an atomic site is approximately 

proportional to the average atomic number Z of this site as Zn (n~1.7).39 HAADF images 

were processed using a double6Gaussian6filtering routine implemented in Digital 

Micrograph55 according to the guidelines described by Krivanek et al.
56 The native energy 

spread of the electron emitter was 0.3 eV and EEL spectra were recorded at a dispersion of 

0.2 eV/channel, leading to an effective energy resolution of 0.6 eV (as measured by the full6

width at half6maximum of the zero6loss peak in vacuum). The collection angle for the EELS 

measurements was calibrated at 33 mrad. The EEL spectrum images were acquired using a 
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0.07 s/pixel dwell time and full (x100) vertical binning of the spectrometer CCD. The N K, B 

K and C K edge spectra were obtained by integrating the signal over an area of 10x12 pixels 

of the spectrum images, centred on the corresponding atom, the size of the averaging region 

corresponding approximately to the atomic radius of these species. The cumulative B K 

spectrum was acquired by defining a 5 Å × 5 Å window around the substitutional atom of 

interest. The EEL spectrum was acquired by accumulating 0.4 s exposures while scanning 

repeatedly the subscan window over a 500 s total acquisition time. 

����	��
#����	����
"�����
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The plane6wave density functional theory (DFT) code CASTEP was used to predict the 

theoretical core6loss EEL spectra for the substitutional configurations of the N and B dopants 

and surrounding C atoms. Firstly, the graphene lattice parameter a = 2.459 Å was evaluated 

by relaxing the unit cell using the TS6corrected57 PBE58 exchange correlation functional with 

a plane6wave energy cut off of 550 eV and k6point spacings not exceeding 0.035 Å61 as 

described in Hardcastle et al.
59 4×4 supercells were then constructed with the two 

substitutional dopant configurations of interest, and these systems were fully relaxed to 

within a forces tolerance of 0.01 eVÅ61 using BFGS60–63 minimisation with P1 symmetry and 

vacuum spacings in the z direction of 20 Å. Initial out6of6plane displacements of 0.01 Å on 

each dopant were used in these relaxations, and it was found in all cases that the dopants 

settled into the graphene plane, in contrast to previous instances reported by a number of 

groups of a Si dopant buckling out of the graphene plane.33,35 These two fully6relaxed 

structures were then prepared as the input files for the EELS stages of the calculations. Each 

atom6specific core6loss spectrum was then obtained by determining the 1s core and 

calculating the matrix elements for transitions to higher6energy unoccupied pseudo6

wavefunction states, where the effects of the external perturbation were treated to the level of 
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the dipole approximation. This was achieved by use of the CASTEP implementation64 of 

Blöchl's projector6augmented wave65 (PAW) formalism as developed by Pickard et al.
66 and 

Rez et al.
67 for plane6wave pseudopotentials. The effect of including a core hole in the 

calculation was deemed to be unrepresentative of the real system  (Hardcastle et al. in 

preparation), consistent with previous works.33,68 Ground state EELS calculations were 

performed with an energy cut6off of 800 eV and k point spacings no greater than 0.020 Å61on 

a 6×6×1 Monkhorst6Pack grid69 as used in Ref. 33 The pseudopotential approach to core6level 

spectroscopy works by virtue of the fact that the pseudo6wavefunctions can be subjected to a 

simple linear transformation to recover the all6electron wavefunctions, thereby allowing for 

direct substitution of the transformed final states into the transition matrix, as explained by 

Gao et al.
64 Instrumental energy broadening effects were accounted for by applying energy6

independent FWHM Gaussian broadening of 0.3 eV to the raw calculated spectra. For the 

energy broadening originating from the finite lifetime of the final state, Lorentzian functions 

were used for the convolution with FWHM of 0.16 eV, 0.17 eV and 0.18 eV, taken from 

published values,70 for B, C and N, respectively. The excited state lifetime broadening was 

accounted for by using a Lorentzian whose FWHM was linearly dependent on the energy, 

according to the convention of Fuggle and Inglesfield.71  
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Unprocessed HAADF STEM images corresponding to 

Figure1a,b. Raw C K edge EELS spectra from neighbouring C in atoms of N dopant – 

corresponding to Figure 1b in the main text. Band structure calculations of N and B graphene. 

This material is available free of charge via the Internet at http://pubs.acs.org. 
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�������5. Calculated electronic states for single substitutional N dopants in graphene. a) overlaid � DOS, � 
DOS and calculated N � EELS spectrum; b) total DOS: all states lying within a chosen energy window are 

highlighted in the shaded areas. The states that lie within that energy window are populated and the density 
is plotted and displayed as 2D slices from above the lattice: c)(i)((ii) excess density on the N dopant and 

density slice showing the single state constituting the negative charge carrier which has the appearance of a 
pz(like orbital and is occupied in the ground state; (iii)((v) unoccupied states attributable to EELS peaks of 

interest in (a). Specifically: (iii) π*(like states, (iv) σ*(like states both highly localised on the dopant and (v) 
high(energy states localised on the C nuclei  
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�������6. Calculated electronic states for single substitutional B dopants in graphene. a) overlaid � DOS, � 
DOS and calculated B � EELS spectrum. b) total DOS: all states lying within a chosen energy window are 

highlighted in the shaded areas. The states that lie within that energy window are populated and the density 
is plotted and displayed as 2D slices from above the lattice in c) (i) ground states, showing the missing 

charge density on the dopant causing the Fermi energy to sink into the π band, constituting the hole (see 
also Figure S4b of the supplementary information provided. Panels (ii)+(vi) correspond to unoccupied states 
attributable to EELS peaks of interest in (a); (ii) the π state occupying the charge carrier hole, (iii) π*+like 

states and (iv) σ*+like states both mostly localised around the C nuclei with a noticeably lower accumulation 

of charge around the dopant; (v) high energy σ*+like states localised on the C nuclei and (vi) high energy 
σ*+like states localised on the dopant.  
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