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19Functionalization of graphene by substitution of the carbon with nitrogen atoms is a promising way to tailor its
20electronic properties, but a good control over the heteroatomic configuration in the graphene network is most
21often a difficult task. In this paper, the synthesis of N-doped graphene by nitrogen plasma treatment of
22graphene/Ir(111) is presented. The formation of substitutional, pyrrolic and pyridinic nitrogen is analyzed by
23means of X-ray photoelectron spectroscopy (XPS) and X-ray photoelectron diffraction (XPD). The graphene–Ir
24interaction is suggested to control the variation in the relative concentration of the nitrogen species. Annealing
25of the sample also leads tomodifications of the nitrogen species incorporated in the graphene layer. Furthermore,
26the connection of the substitutional nitrogen arrangement with its corresponding spectroscopic fingerprint is
27unequivocally confirmed by XPD measurements which give also a direct insight on the local geometry of the
28nitrogen atoms incorporated in the carbon network.

29 © 2015 Published by Elsevier B.V.
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34 1. Introduction

35 The combination ofmany outstanding properties in a singlematerial
36 makes graphene (GR) really attractive for a number of technological ap-
37 plications. In this regard, the use of graphene single layers into high-
38 performance integrated circuits is one of the most intriguing prospects.
39 However, the absence of a gap in its band structure, sets severe limits on
40 the use of graphene in, e.g., transistors because of the low on–off ratio
41 achievable [1]. This is the reason why the opening and fine tuning of
42 an energy gap in the band structure of graphene has been an issue of
43 fundamental importance since its discovery. Different routes have
44 been followed to tailor the electronic properties of graphene. The first
45 to be explored were methods based on the morphology control over
46 the graphene structure. For instance, by making graphene nanoribbons
47 it is possible to laterally confine the charge carriers. In nanoribbons,
48 different types of edges show either metallic (zigzag edge) or semicon-
49 ducting (armchair edge) character [2]. Furthermore, the possibility of
50 opening a band gap in bilayer graphene by applying a strong electric
51 field [3] or by selectively controlling the carrier density in each layer

52[4] was also explored. However, these approaches resulted in a small
53band gap or in a strong degradation of the carrier mobility [1].
54A promising alternative approach to modify the electronic proper-
55ties of graphene is by chemical doping, which can be achieved by
56patterning the graphene surface with atoms [5] or molecules [6], or by
57introducing heteroatoms in the carbon network [7]. In the latter case,
58the substitution of carbon with nitrogen or boron atoms is of consider-
59able interest not only because the shift of the energy of the Dirac point
60leading to n- or p-doped graphene could be achieved, but also because
61the characteristic features of the graphene electronic band structure
62could bemodified [8]. For sp2 carbon structures, like graphene or carbon
63nanotubes, the incorporation of nitrogen in the lattice has been already
64demonstrated to be a robust and efficientmethod to tune the electronic
65properties with onlyminor structural perturbations, due to the possibil-
66ity to form covalent bonds [9,10].
67Several methods have been developed to synthesize N-doped
68graphene. For instance, direct synthesis of N-doped graphene can be
69achieved by chemical vapor deposition (CVD) [11] or arc discharge
70[12] approaches. On the other hand, post-synthesis methods are also
71widely used, such as thermal annealing [13] in ammonia (NH3) atmo-
72sphere or plasma treatment [14,15]. Although different atomic arrange-
73ments of the nitrogen atoms in the carbon network are possible (some
74of them are displayed in the top panel of Fig. 1), three main configura-
75tions have been characterized namely graphitic, also known as substitu-
76tional, pyridinic and pyrrolic nitrogen. Several characterization tools
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77 based on microscopy and spectroscopy have been used to investigate
78 the N-doped graphene layers (e.g. scanning tunneling microscopy
79 (STM) [16,17], transmission electron microscopy (TEM) [18], X-ray
80 photoelectron spectroscopy (XPS) [9,10] and Raman spectroscopy
81 [11,19]), but the connection between the nitrogen bonding configura-
82 tion and the synthesis method is not always straightforward.
83 Motivated by this lack of information, we exploited the potential
84 offered by XPS and X-ray photoelectron diffraction (XPD) techniques
85 to study the functionalization and to determine the surface structure
86 of a N-doped graphene layer produced upon nitrogen plasma exposure
87 of the GR/Ir(111) interface. In this paper we illustrate how a combined
88 XPS and XPD investigation can provide insight into the correlation be-
89 tween the electronic and structural properties of N-doped graphene.

90 2. Material and methods

91 The experiments were performed at the SuperESCA beamline of
92 Elettra, the synchrotron radiation facility in Trieste, Italy. The Ir(111)
93 single crystal was cleaned by repeated cycles of Ar+ sputtering and
94 annealing in O2 atmosphere between 600 and 1100 K, followed by

95hydrogen exposure at 800 K to remove the residual oxygen. The
96graphene monolayer was grown on Ir(111) by doing 10 cycles of
97temperature-programmed growth, consisting in dosing ethylene at
98520 K and annealing to 1470 K, followed by a prolonged annealing at
99high temperature with a base ethylene pressure of 1 × 10−7 mbar.
100This procedure ensures the growth of a complete layer of graphene
101that does not leave bare Ir regions. The as-grown graphene layer was
102then exposed to nitrogen plasma at room temperature using a Gen2
103plasma source from Tectra GmbH, configured as atom source without
104ion-trap. Within this mode of operation the beam is mainly composed
105by neutral atoms with a fraction of residual ions with energy of about
10625 eV, defined by the intrinsic plasma potential. Different conditions
107such as N2 pressure, position of the sample surface with respect to
108the source and exposure time were tested. An efficient nitruration
109of graphene was achieved for exposures with N2 base pressure of
1102.5 × 10−5 mbar performed with the Ir surface placed in front of the
111plasma source.
112The high-energy resolution XPS spectra of the Ir 4f7/2, C 1s and N 1s
113core levelsweremeasured in normal emission (in the present setup this
114corresponds to 70° of incidence of the photon beam) using photon

Fig. 1. (color online) (a) Evolution of N 1s and C 1s core levels after subsequent exposures of GR/Ir(111) to N plasma and after annealing to 1040 K and 1400 K. The filled peaks represent
the spectral components as resulting from the deconvolution procedure (see main text for more details). (b) Comparison between the Ir 4f7/2 core level measured for the pristine
GR/Ir(111) (bottom), after 10 min of exposure to N plasma (middle) and after annealing to 1040 K (top). (c) Overview spectrum measured after 10 min of exposure to N plasma.
(d) Coverage of the distinct N species during exposure of GR/Ir(111) to N plasma, as determined from the fitting of the spectra in (a). The top picture shows a schematic representation
of the nitrogen configurations discussed in the paper: 1 and 2 are graphitic-N atoms within an intact graphene region and neighboring a defect site, respectively; 3 and 4 are N atoms in
pyridinic and pyrrolic configuration while 5 is N atoms adsorbed on the graphene basal plane or in interstitial position.
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115 energies of 130, 400 and 500 eV, respectively, with an overall energy
116 resolution ranging from 40 to 100 meV. The core level binding energy
117 scale was referred to the Fermi level of the Ir substrate measured in
118 the same conditions. The spectra were fitted with Doniach-Šunjić func-
119 tions [20] convoluted with a Gaussian, and a linear background. The
120 nitrogen concentration was determined from survey spectra measured
121 at 650 eV by calculating the ratio of the N 1s and C 1s intensities
122 properly normalized for the respective photoemission cross section at
123 this photon energy.
124 The XPD measurements of the N1s core level were performed with
125 photon energy of 500 eV corresponding to an electron kinetic energy
126 of 100 eV. The diffraction patterns were measured over an azimuthal
127 sector of 120°, from normal (θ = 0°) to grazing emission (θ = 80°).
128 The modulation functions were obtained for each polar emission angle
129 θ from the peak intensity I(θ,Φ) as (I(θ,Φ) − I0(θ)) / I0(θ), where I0(θ)
130 is the average value of each azimuthal scan. The simulations were per-
131 formed with the Electron Diffraction in Atomic Cluster (EDAC) package
132 [21] for a free-standing, flat graphene layer with a N atom in graphitic
133 configuration as emitter. The inclusion of the Ir substrate in the simula-
134 tions, does not produce appreciable differences in the XPD patterns, be-
135 cause of the lattice mismatch between graphene and Ir(111). Indeed,
136 any N atom in graphitic configuration within a moiré unit cell does
137 not have a specific local geometry with respect to the Ir atoms thus
138 smearing out the diffraction from the Ir substrate.

139 3. Results and discussion

140 As a first step, we followed the evolution of the N 1s, C 1s and Ir 4f7/2
141 core level spectra as a function of the nitrogen plasma exposure on
142 GR/Ir(111). We performed 5 cycles for a total dosing time of 10 min,
143 as shown in Fig. 1. The final nitrogen concentration was estimated to
144 be 0.14 ML with respect to graphene, as determined from the overview
145 spectrum of Fig. 1c. From the beginning of nitrogen exposure (Fig. 1a),
146 the N 1s core level region exhibits a broad spectrum, where six different
147 components have to be set in order to fit the uptake series. These com-
148 ponents arise from nitrogen atoms in different chemical environments:
149 N1 (397.4 eV), N2 (398.3 eV), N3 (399.0 eV), N4 (400.0 eV), N5
150 (400.9 eV) and N6 (401.9 eV). Fig. 1d shows the evolution of the N 1s
151 components as a function of dosing time. It appears quite clear that
152 N5 and N6 display the same behavior approaching almost saturation
153 after a dosing time of 10 min, while the other components keep on
154 increasing almost linearly. The N2–N6 components fall in the binding
155 energy range of the graphitic (N5, N6), pyrrolic (N4) and pyridinic
156 (N2, N3) nitrogen, as previously reported [9,11,13,15,19,22–26], but
157 their assignment to specific nitrogen species is not straightforward. In-
158 deed, other configurationsmay be possible, including nitrogen adatoms
159 or interstitial nitrogen as most of the nitrogen plasma impinging on the
160 surface is composed by N atoms that could adsorb on GR. The Ir sub-
161 strate may also play an important role in GR functionalization [5,27],
162 even if GR/Ir(111) is a weakly interacting system [28,29]. Based on the
163 XPD investigation described below and according to Refs. [15] and
164 [30], we attribute N5 and N6 to graphitic-like N atoms, placed within
165 an intact graphene region and neighboring a defect site, respectively
166 (denoted as graphitic1 and graphitic2 in the top part of Fig. 1). The po-
167 sition of N1 is in the range of the binding energiesmeasured for nitrogen
168 atoms adsorbed on the Ir(111) surface dosed with NH3 [31]. Also in the
169 present study we observed a single N 1s peak centered at 397.4 eV after
170 nitrogen plasma dose on the clean Ir(111) surface (top curve of Fig. 2c).
171 Therefore, we assign N1 to nitrogen atoms that intercalate below
172 graphene and chemisorb on the Ir substrate. As illustrated in Fig. 1a,
173 the relatively high intensity of N1 indicates that a sizeable amount of
174 N atoms intercalate underneath the graphene layer. The intercalation
175 process may take place at pre-existing graphene defects or wrinkles,
176 as already suggested for O2 intercalation on GR/Ir(111) [32]. However,
177 in the present case it is more likely that the nitrogen ions from the
178 plasma source introduce defects in graphene: the carbon network is

179damaged upon nitrogen plasma exposure, thus fostering further
180intercalation.
181The growth of the different components in the N 1s core level region
182is paralleled by a broadening of the C 1s spectrum (Fig. 1a) reflecting the
183changes of the graphene lattice induced by the nitrogen plasma treat-
184ment which eventually causes also the incorporation of nitrogen
185atoms in the graphene network. As a result, the main C 1s peak (C1) re-
186lated to sp2 bondedC–C atoms broadens and shifts towards higher bind-
187ing energy with respect to the value measured for the clean graphene
188(284.14 eV), and several other components appear at higher and
189lower binding energy: C2 (284.54 eV), C3 (285.26 eV), C4 (286.20 eV),
190C5 (287.10 eV), C6 (283.65 eV) and C7 (283.35 eV). It has to be noted
191that the total intensity in the C 1s region keeps constant during
192nitruration. While C6 and C7 could be attributed to carbon vacancies
193[33] and to C atoms at the Ir steps [28], respectively, the interpretation
194of the C2–C5 components is not straightforward. Indeed, their large
195width indicates that they can include contributions from different con-
196figurations of the carbon atoms. We tentatively assign C3–C5 peaks to
197sp2 and sp3 C–N bonds [34] while C2 may be attributed to the carbon
198atoms second-nearest neighbors to a graphitic-N, similarly to the case
199of a planar 3-fold C–O configuration resulting from the inclusion of an
200oxygen atom in a carbon vacancy [33]. However, calculations similar
201to those performed in Ref. [33] would be required in order to clarify
202this issue.
203The variations in the chemical composition of the graphene layer
204lead to noticeable changes also in the Ir 4f7/2 spectra (Fig. 1b). The Ir
2054f7/2 spectrum of pristine GR/Ir(111) consists of two components,
206representing bulk (IrB at 60.84 eV) and surface (IrS at 60.31 eV)
207atoms, and it is comparable to that of clean Ir(111) [35] because of the
208low interaction between the graphene layer and the substrate [28].
209Upon nitrogen plasma treatment, a new component IrSn appears
210between the surface and the bulk peaks at 60.70 eV, which grows at
211the expense of the surface component IrS, due to the adsorption of the
212intercalated nitrogen and to the interaction of the N-doped graphene
213with the iridium substrate.
214With the aim of determining the role of the Ir substrate in nitrogen
215functionalization of GR/Ir(111), we performed identical nitrogen
216plasma treatments on a quasi free-standing graphene layer obtained
217by intercalating oxygen under graphene [32]. Fig. 2 shows the N 1s
218core levels of the GR/O/Ir(111) system during nitrogen plasma treat-
219ment. The comparison between the spectra measured after 10 min
220plasma exposure on GR/Ir(111) and GR/O/Ir(111) shows that the over-
221all N coverage decreases to 0.1 ML in the latter case. On the other hand
222big differences in the relative concentration of the nitrogen species are
223quite evident from the comparison of Fig. 2b with Fig. 1d. More precise-
224ly, the N1 intensity, i.e. the amount of nitrogen adsorbed on the Ir
225substrate, is practically unchanged, N5 and N6 increase, N2 slightly
226decreases while N3 and N4 drop to half of their respective intensity for
227the Gr/Ir(111) system. As a result, the absolute coverage of graphitic-N
228species (N5+N6) goes from 0.028ML to 0.036ML and their concentra-
229tion with respect to the other nitrogen species bound to graphene
230(N2 + N3 + N4) increases from 28% to 60%.
231The comparison between the two experiments described above
232clearly highlights the influence of the substrate on the functionalization
233of the graphene layer. TheGR–Ir interaction, albeit weak, fosters the for-
234mation of the pyridinic and pyrrolic nitrogen species. In addition, the
235formation of graphitic-N can be hindered in the valleys of themoiré cor-
236rugation of GR/Ir(111) [28], where the bonding between C and Ir atoms
237is stronger. It is worth noting that a number of studies have previously
238demonstrated the crucial role of the weak interaction of graphene
239with the underlying Ir(111) substrate and, in particular, of the template
240structure of this interface. For instance, the coupling to the substrate
241controls the patterned adsorption of hydrogen on GR/Ir(111) [5,27],
242drives the (de)oxidation processes during thermal reduction of
243graphene oxide [36], allows to fine tune themorphology of nanoclusters
244[37,38] an can even affect charge transfer processes of photo-excited
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245 electrons [39]. On the other hand, the suppression of the GR–Ir interac-
246 tion upon oxygen intercalation leads to significant reduction of the
247 pyridinic and pyrrolic-N content, suggesting that these configurations
248 are stabilized by the presence of the Ir surface.
249 In order to highlight the contribution of the N atoms we dosed for
250 30 min the sample rotated with respect to the emission cone of the
251 source in order to avoid hitting the surface with nitrogen ions. The bot-
252 tom spectrum in Fig. 2c shows the resulting N1s spectrum. As the car-
253 bon network should be less damaged by this treatment with respect
254 to the standard exposure geometry (Figs. 1 and 2), it is reasonable to
255 assume that most of the nitrogen atoms are now adsorbed on graphene
256 or in interstitial positions and do not form pyridinic species which need
257 the formation of a defect. Indeed, the resulting N1s spectrum is com-
258 posed mainly by one peak, which coincides with N3. This gives a strong
259 indication that the adatoms contribute to the N3 component. Moreover,
260 this finding suggests that in order to formgraphitic, pyridinic and pyrro-
261 lic species, energetic nitrogen ions are required to break the C–C bonds.
262 The chemical doping of graphene is therefore achieved only if defects
263 are introduced in the carbon network by kinetic impact with the
264 energetic ions.
265 In order to shed light on the thermal stability of the N-doped
266 graphene we performed a thermal desorption experiment while

267monitoring the N 1s core level region. The central panel in Fig. 3a
268shows the intensity plot derived from the Temperature Programmed
269XPS (TP-XPS) [40] N 1s spectra acquired while annealing the sample up
270to 1040 K. The N 1s spectra measured at room temperature before and
271after the annealing are reported at the bottom and top of Fig. 3a, respec-
272tively,while the quantitative analysis of the TP-XPS spectra is displayed in
273Fig. 3b. In Fig. 1a the corresponding C 1s spectra are shown. Upon anneal-
274ing, the total amount of nitrogen goes from 0.14 ML to 0.06 ML, the rela-
275tive concentration of the nitrogen species changes and the C 1s peak
276narrows losing about 5%of its initial intensity. Themost interesting aspect
277of the annealing process is the conversion of part of the nitrogen species
278into graphitic-N between 400 and 900 K, as indicated by the significant
279increase of N5 andN6 at the expense of all other components in this tem-
280perature range. It should be noted that the rearrangement of nitrogen
281species upon annealing has been already observed for similar interfaces
282[9,23,41]. The behavior of the atomic nitrogen component N1, which
283disappears above 800 K, resembles that observed on the pristine
284Ir(111) surface, where the nitrogen atoms desorb as N2 between 400
285and 700 K [31]. The intensity of theN2, N3 andN4 components decreases
286with temperature: above 800 K N2 is completely suppressed, N3 reaches
287an almost constant value that is about a third of its initial value while N4
288decreases almost linearly in the whole temperature range.

Fig. 2. (color online) (a) Evolution of the N 1s core level after subsequent exposures of GR/O/Ir(111) to nitrogen plasma. The filled peaks represent the spectral components as resulting
from the deconvolution procedure. (b) Coverage of the distinct N species during exposure of GR/O/Ir(111) to N plasma as determined from thefitting of the spectra in (a). (c) Bottom: N 1s
spectrummeasured after 30 min of exposure of GR/Ir(111) to N plasma, with the sample placed outside the emission cone of the plasma source in order to avoid N ions dosing. Top: N 1s
spectrum measured after saturation of the bare Ir(111) surface with atomic N from the plasma source.
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289 As graphitic- and pyridinic-N are expected to be themost stable spe-
290 cies at high temperature [15,42], a large fraction of N3 has to be assigned
291 to nitrogen atoms in pyridinic configuration. The correlation between
292 the intensity of graphitic and pyridinic components in Fig. 3b suggests
293 that the main conversion process is from the pyridinic to the graphitic
294 configuration. This behavior might be interpreted in terms of a
295 thermally activated mobility of the vacancies in the graphene network
296 facilitating their diffusion far away from the pyridinic-N configuration,
297 which therefore converts into graphitic-N. It has been previously
298 reported that the N1s peak of pyridinic-N on GR/Ni(111) shifts to
299 smaller binding energy after gold intercalation, because of the
300 suppressed substrate interaction of pyridinic-N [25]. In our case, two
301 pyridinic species can coexist as the result of a relatively strong (weak)
302 interaction of the Ir surface at the valley (hill) regions of the
303 GR/Ir(111) moiré structure. The conversion of pyridinic- to graphitic-
304 N could then take place only on the hills of the moiré, where the defect
305 diffusion is larger [43]. Given this considerationwe hypothesize that N2
306 andN3 are associated to pyridinic nitrogen atoms in the valleys andhills
307 of the moiré superstructure, respectively, with N3 containing a contri-
308 bution also from interstitial/adatom N (see above). This is in line with
309 the observed residual intensity of N3, i.e. the strongly interacting
310 pyridinic component, and quenching of N2, theweakly interacting com-
311 ponent, after sample annealing as illustrated in Fig. 3b. The interaction
312 with the substrate can even prevent the conversion of part of the pyrro-
313 lic into substitutional N, thus justifying the high intensity of the N4
314 component after annealing, especially when compared to the pyridinic

315part. Regarding this point, however, one has also to take into account
316their different concentrations before the thermal treatment, with the
317intensity of the pyrrolic nitrogen component being almost two times
318larger than the pyridinic-N species (Fig. 3b).
319After the annealing to 1040 K the sample contains nitrogen atoms
320mostly in graphitic configuration with a coverage of 0.04 ML. Further
321annealing to 1400 K leads to a reduction of the graphitic part to
3220.014 ML (top spectrum of Fig. 1a). Remarkably, in both cases the Ir
3234f7/2 spectrum (Fig. 1b, top) is almost indistinguishable from that of
324the pristine GR/Ir(111) (Fig. 1b, bottom). Indeed, upon annealing the
325IrSn component is completely depleted, while the IrS intensity is fully
326restored. This suggests that the interaction between the graphene
327layer doped mainly with graphitic-N and the Ir surface is weak and re-
328sembles that of the as-grown graphene on Ir(111). This result indicates
329that the graphene layer is not significantly deformed upon inclusion of
330substitutional nitrogen.
331Fig. 4 shows the binding energy shift of the main graphene peak
332C1 as a function of the coverage of graphitic and pyridinic-N
333(N2 + N3 + N5 + N6) during the nitrogen plasma exposure (blue
334markers) and after annealing to high temperature (red markers)
335together with the N coverage behavior upon annealing shown in
336the inset. Upon plasma exposure the nitrogen doping of graphene in-
337duces a progressive shift of C1 towards higher binding energy up to
338~100 meV. After annealing to 1040 K, when the largest fraction of the
339nitrogen atoms is in graphitic configuration, the shift of C1 further
340increases by ~200 meV. The additional annealing to 1400 K induces a

Fig. 3. (color online) (a)N 1s thermal evolutionmeasured onGR/Ir(111) exposed toNplasma for 10min,while ramping the temperature from300 to 1040K at a rate of 0.5 K/s. The bottom
and top spectra were measured at room temperature before and after the annealing, respectively, while the central panel represents the N 1s intensity plot during sample heating.
(b) Evolution of the N 1s total intensity (top) and of the different spectral components (bottom) during annealing, as determined from the fitting of the series of spectra of the intensity
plot of the central panel in (a).
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341desorption backshift of ~180 meV. This behavior is consistent with an
342n-type doping induced by the incorporation of graphitic nitrogen in
343the carbon network which shifts the Dirac cone [44] as well as the
344core levels towards higher binding energy. In a recent investigation of
345GR/Ir(111) [32], we observed a shift towards lower binding energy of
346the C 1s peak of graphene upon oxygen intercalation, accompanied by
347a comparable shift of the Dirac point above the Fermi level, due to
348hole-doping effects caused by charge transfer from carbon to the
349oxygen covered Ir substrate. A similar argument can beused to interpret
350the shift of the main graphene peak reported in Fig. 4, the only differ-
351ence being the sign of the shift due to the n-type doping of graphitic
352nitrogen. It is important to stress here that not only the nitrogen con-
353centration but also its configuration affects the position of the Dirac
354point. Previous investigations on graphene as well as carbon nanotubes
355have shown that while graphitic nitrogen induces an n-type doping, the
356pyridinic, pyrrolic and adatom or interstitial configurations cause a
357p-type doping [25,45–47]. The largest effect is given by pyridinic nitro-
358gen which, however, shifts the Dirac cone to lower binding energy by
359about a third of the energy shift of graphitic-N [25]. This explains the ad-
360ditional positive shift of the C 1s observed upon the first annealing to
3611040 K. Indeed, this determines an increase of the graphitic-N that
362gives an n-type doping and, at the same time, a reduction of the
363pyridinic/pyrrolic components leading to a p-type doping. The subse-
364quent annealing to 1400 K results in a large, general loss of the nitrogen
365atoms and, thus, the graphene peak moves back towards the undoped
366energy position. This picture is further confirmed by a back-of-the-
367envelope calculation of the C 1s shift as a function of the graphitic and
368pyridinic coverage illustrated by the black open circles in Fig. 4. The
369shift was calculated using a contribution of +80 and −25 meV/% ML
370of graphitic and pyridinic nitrogen, respectively, assuming that only

Fig. 5. (color online) Top: (left) schematic representation of the graphene latticewith theN atom in red and of the experimental geometry; (right) N1s photoemission spectrum at normal
emission; bottom: stereographic projection of the integrated photoemission intensity modulation I(θ,ϕ) as a function of the emission angle for the N 1s spectral components measured at
hν = 500 eV, corresponding to a photoelectron kinetic energy of 100 eV (color scale) together with multiple scattering simulations calculated for a free-standing graphene layer with a
graphitic nitrogen atom as emitter (gray scale). The XPD patterns of N3 and N4 are very similar and do not show any appreciable modulation. For convenience only the N3 XPD pattern is
displayed on the right. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (color online) Binding energy shift of the sp2 component (C1 in Fig. 1) in the C 1s
spectra as a function of graphitic and pyridinic-N coverage during exposure to N plasma
and after annealing. (filled circles) experimental results; (open circles) C1s shift calculated
as explained in the text. The inset shows how the coverageof pyridinic (N2+N3), pyrrolic
(N4) and graphitic-N (N5 + N6) evolve upon annealing to 1040 and 1400 K.
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371 these nitrogen species contribute to the doping of the graphene layer
372 (then excluding the pyrrolic-N contribution, which was found to be
373 negligible [48], that of adsorbed and interstitial N, which coverage is ex-
374 pected to be small, and the contribution of the nitrogen atoms adsorbed
375 on the Ir surface). The good agreement between the experimental C 1s
376 shift and the calculated one in the different situations further confirms
377 the validity of this assumption. The graphitic-to-pyridinic contribution
378 ratio to the C 1s shift of −3.2 of our work is in perfect agreement with
379 that found in the same coverage range by Koch et al. [25], who calculat-
380 ed the shift of the Dirac point for the graphitic and pyridinic-N species
381 for the GR/Au/Ni(111) system. This result indicates that the graphitic
382 n-doping contribution ismore than three times larger than thep-doping
383 of the pyridinic species.
384 To gain further insight into the local environment of theN atoms, we
385 performed XPD measurements by collecting N 1s photoemission spec-
386 tra at fixed photon energy of 500 eV and different emission angles, sim-
387 ilarly to the experiments reported in Refs. [49,50]. The measurements
388 were carried out on a graphene layer exposed to N2 plasma for
389 15 min, and subsequently annealed to 900 K in order to allow the con-
390 version of the nitrogen species, with the maximum concentration of
391 graphitic-N (see Fig. 3). However, it should be noted that in the present
392 case the relative coverage of the N3 component due to pyridinic-N
393 (Fig. 5) is higher than that of the sample discussed so far. This is most
394 probably due to the more prolonged N plasma dose (15 min instead of
395 10 min) which allows the formation of more pyridinic-N, as can be ex-
396 trapolated from Fig. 1d. The presence of all these components allowed
397 us to get insight into the structure of graphitic, pyrrolic and pyridinic-
398 N species. The bottom part of Fig. 5 shows the N 1s XPD patterns of
399 the N3–N6 components. In color scale are shown the experimental re-
400 sults while in gray scale is displayed the multiple scattering simulation
401 calculated for a free-standing graphene layer with a graphitic nitrogen
402 atom as the emitter. The striking similarity between the simulation
403 and the measured diffraction patterns of N5 and N6 further confirms
404 the assignment of these components to nitrogen in substitutional
405 configuration. Moreover, these results confirm that the inclusion of
406 graphitic nitrogen does not affect the local structural geometry of the
407 carbon network. As to pyridinic and pyrrolic-N species, the absence of
408 anymeasurable modulation in their XPD pattern shows that the config-
409 uration of these species does not preserve a locally ordered structure.

410 4. Conclusions

411 In this paper we report on the functionalization of a graphene layer
412 grown on the Ir(111) surface by nitrogen plasma treatment. Different
413 types of bonding configurations, namely, graphitic, pyridinic and pyrro-
414 lic nitrogen were identified by means of XPS and XPD techniques. Our
415 results indicate that the GR–Ir interaction modulates the relative con-
416 centration of these nitrogen species, as it promotes the formation of
417 pyrrolic- and pyridinic-N. Decoupling of GR from its Ir substrate by ox-
418 ygen intercalation results in the depletion of the pyrrolic and pyridinic
419 content accompanied by the enhancement of the substitutional compo-
420 nent. The increase of the graphitic nitrogen concentration is obtained
421 also by annealing the sample because of the higher thermal stability of
422 this atomic configuration and of the selective conversion of the other ni-
423 trogen species. When the substitutional nitrogen is the most abundant
424 configuration, a weak interaction between the Ir substrate and the
425 nitrogen-doped graphene layer is re-established, which is similar to
426 the undoped GR/Ir(111) interface. Finally, the XPD measurements
427 gave a direct insight on the local geometry of the graphitic nitrogen
428 atoms embedded in the carbon network. Graphitic-N was found to lie
429 in the graphene plane while pyridinic and pyrrolic-N species do not
430 show any modulation due to the lack of local order. The possibility to
431 vary the concentration of nitrogen species by thermal annealing and
432 by tuning the GR-substrate interaction is of importance for tailoring
433 the electronic properties of monolayer graphene.
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