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Nitrogen-Doped Graphitic Nanoribbons: Synthesis,

Characterization, and Transport

Josue Ortiz-Medina, M. Luisa Garcia-Betancourt, Xiaoting Jia, Rafael Martinez-Gordillo,
Miguel A. Pelagio-Flores, David Swanson, Ana Laura Elias, Humberto R. Gutiérrez,

Eduardo Gracia-Espino, Vincent Meunier, Jonathan Owens, Bobby G. Sumpter,

Eduardo Cruz-Silva, Fernando J. Rodriguez-Macias, Florentino Ldpez-Urias,

Emilio Mufioz-Sandoval, Mildred S. Dresselhaus, Humberto Terrones, and Mauricio Terrones*

Nitrogen-doped graphitic nanoribbons (N,-GNRs), synthesized by chemical vapor
deposition (CVD) using pyrazine as a nitrogen precursor, are reported for the first

time. Scanning electron microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM) reveal that the synthesized materials are formed by multilayered
corrugated GNRs, which in most cases exhibit the formation of curved graphene edges
(loops). This suggests that during growth, nitrogen atoms promote loop formation;
undoped GNRs do not form loops at their edges. Transport measurements on indi-
vidual pure GNRs exhibit a linear I-V (current-voltage) behavior, whereas N,-GNRs
show reduced current responses following a semiconducting-like behavior, which
becomes more prominent for high nitrogen concentrations. To better understand the
experimental findings, electron density of states (DOS), quantum conductance for
nitrogen-doped zigzag and armchair single-layer GNRs are calculated for different

N doping concentrations using density functional theory (DFT) and non-equilibrium
Green functions. These calculations confirm the crucial role of nitrogen atoms in the
transport properties, confirming that the nonlinear I-V curves are due to the presence
of nitrogen atoms within the N,-GNRs lattice that act as scattering sites. These char-
acteristic N,-GNRs transport properties could be advantageous in the fabrication of
electronic devices including sensors in which metal-like undoped GNRs are unsuitable.

1. Introduction

The rise of graphene, a unique one
atom-thick carbon nanomaterial, has
led to extensive efforts aimed at devel-
oping applications based on their excep-
tional electronic properties: zero-gap
semiconducting band structure, a high
charge carrier mobility and quantum
Hall effect.’) However, for finite gra-
phene sheets, the electronic behavior
becomes more complex due to the pres-
ence of edge effects. This becomes evi-
dent in semi-infinite sheets that extend
continuously in one direction but are
restricted to a finite width along the
other, also known as graphene-nanor-
ibbons (graphene-NRs). Fujita et al.l¥
were the first using tight binding calcula-
tions to predict the electronic properties
of graphene-NRs; more recently, detailed
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theoretical models have been constructed
and explored.*% These calculations estab-
lished that for graphene-NRs with armchair
edges, the system could be a semimetal or
a semiconductor, whereas zigzag edges pro-
duce a metallic-like behavior due to the pres-
ence of localized states at the Fermi level.”8]
When considering spin polarization both sys-
tems become semiconductors.!

Efforts in tailoring the physico-chemical
properties of GNRs, which comprise sev-
eral layers of graphene, have led to different
approaches including the introduction of dif-
ferent types of defects in the graphene lattice
in order to alter significantly its electronic
structure. In this context, the introduction
of foreign atoms within the carbon lattice of
graphene-NRs!!% directly impacts their electronic properties;
the excess or lack of charge carriers would result in either n-
or p-type transport. It is noteworthy that changes in the elec-
tronic properties of carbon nanotubes (CNTs) by doping with
either nitrogen or boron have been demonstrated previously.®!!
However, experimental research related to doped graphene
and graphitic nanoribbons remains under intense investiga-
tion. From the experimental standpoint, various groups have
reported the synthesis of undoped graphene and graphene-
NRs using: 1) chemical coupling,!Z 2) CVD,[** 3) graphene
nanocutting,>1 4) CNTs exfoliation,'”] and 5) unzipping.['-2%
Other groups have recently developed successful approaches
to dope flat and extended sheets of graphene.?!l For instance,
a CVD method for growing few-layer graphene on Cu films
was reported by Wei and collaborators, demonstrating effective
nitrogen doping of flat sheets.?2l More recently, Brenner and
Murali proposed an in situ doping method driven by graphite
exfoliation under N2}l whereby nitrogen passivates the dan-
gling bonds that form at the edges as the ribbon exfoliates
from graphene sheets. Wang et al. reported the introduction of
nitrogen atoms at the graphene-NRs edges by Joule heating in
the presence of gaseous ammonia,?¥ resulting in nitrogen func-
tionalization at the edges, achieving an n-type electronic doping.

Changes in electron transport are clearly among the most
direct consequences of doping carbon nanostructures, and
doping has been mainly explored theoretically for CNTs2>26]
and graphene. 6102122 Nitrogen doping could result in either n-
or p-type semiconducting behavior, depending on the type and
position of the nitrogenated sites (i.e., substitutional, pyridine-
like or pyrrolic nitrogen).[?”28] The doping of graphene-NRs, in
conjunction with approaches such as band gap tuning by elec-
tric fields in bilayer graphenel?>3% and graphene nanoribbon
edges design*'3? are commonly explored as alternatives for
graphene band gap engineering. However, practical approaches
for bulk synthesis of graphene and GNRs ribbons with semi-
conducting characteristics are still troublesome.

In this work, we report the successful synthesis of large
quantities of N,-GNRs by aerosol assisted chemical vapor
deposition (AA-CVD). The nitrogen doping in the ribbon sam-
ples is controlled by modifying pyrazine concentration in the
precursor solution used as feedstock during the CVD pro-
cess. Characterization techniques such as scanning electron

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) SEM and b) TEM images of undoped graphitic nanoribbons. The morphological
characteristics observed by SEM reveal a rippled surface and high aspect ratio.

microscopy (SEM), high-resolution transmission electron
microscopy (HRTEM), Raman and X-ray photoelectron (XPS)
spectroscopies, thermogravimetric analysis (TGA), and elec-
trical measurements are reported. In addition, density func-
tional theory (DFT) calculations are performed in order to
compare, and understand better, the experimental transport
found in the samples. We note that the N,-GNRs exhibit loop
formations at the ribbon edges, an increased chemical reac-
tivity and a novel semiconducting-like behavior, all caused by
the nitrogen doping. To the best of our knowledge, this is the
first single-step synthesis method for producing N,-GNRs with
such advantageous characteristics.

2. Results and Discussion

Figure 1 depicts SEM and HRTEM images of pristine (and
undoped) GNRs. The ribbons exhibit several layers and rippled
(corrugated) surfaces, same as those previously synthetized by
Campos-Delgado et al.'3l SEM images of the N-doped synthe-
sized samples are shown in Figure 2. The latter correspond to N, -
GNRs produced using different pyrazine concentrations. For all
concentrations used, N,-GNRs show high aspect ratio (lengths
of few microns against widths going from 50 to 500 nm),
and overall shapes similar to undoped GNRs.['¥l The main dif
ference observed is that thicker and less rippled N,-GNRs are
seen when adding more pyrazine to the precursor solution.
Figure 3 depicts HRTEM images, showing the ribbons’ multi-
layered nature. TEM shows average thicknesses of 30—40 nm,
indicating that N,-GNR have <100 graphene sheets, a value
much larger when compared to undoped GNRs. Interestingly,
the edges of N,-GNRs exhibit loops (coalesced adjacent gra-
phene sheets, see Figure 3f). From all the observed loop con-
figurations in the N,-GNRs, it is possible to identify three types
of edge morphologies: a) “multilayered” loops, where several
layers “fold” in a concentric fashion (see Figure 3b,h); b) indi-
vidual or “single-layered” loops, which join two adjacent gra-
phene edges (see Figure 3f); and c) quasi-closed or “open” loops
in which various layers bend together (see Figure 3g,h). All loop
types appears for all doped N,-GNRs, but the multilayered and
“opent” loops are found more frequently for the high pyrazine
concentrations.

Adv. Funct. Mater. 2013, 23, 3755-3762
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Figure 2. SEM images of nitrogen-doped graphitic nanoribons (N,-GNRs) synthesized using
aerosol-assisted chemical vapor deposition (AA-CVD) method; with different concentrations of
the nitrogen containing precursor, pyrazine (C4H4N,): a) 0.2 wt%, b) 1.0 wt%, c) 2.0 wt%, and
d) 3.0 wt% The ripples are less pronounced and wider nanoribbons are obtained with higher

pyrazine concentrations.

It is important to note that as-synthesized undoped GNRs do
not show these loops, and they could only be observed after a
subsequent high temperature (above 2000 °C) treatment in an Ar
atmosphere.?*34 Therefore, the loops observed in N,-GNRs might
be different in nature, since they are produced during the CVD at
lower temperatures (950 °C). We believe these loops are stabilized
by the presence of nitrogen atoms at highly curved regions.

1% pyrazine

www.afm-journal.de

Raman spectroscopy data reveal impor-
tant changes associated with the nitrogen
doping of the N,-GNRs. Figure 4a,b depict
the Raman spectra showing the D-, G-, D’
and G’-bands, corresponding to N,-GNRs
and undoped GNRs. The D- and G-bands
for pristine GNRs are localized around 1351
cm! and 1581 cm™!, respectively, and the D-
and G-band intensity ratio (Ip/Ig) of 1.07 (see
Figure 4e) is similar to previously reported
work.[3] For N,-GNRs, the observed spectra
suggest changes caused by charge transfer
effects of nitrogen atoms and the presence
of “disordered” or non sp? hybridized carbon
atoms. Figure 4c,d show N,-GNRs' D-, G-,
D’- and G’ (2D)-band shifts caused by the
introduction of nitrogen within the carbon
system. It is noticeable that even though
the shifts’ magnitude is relatively small, the
trend, especially for the D’- and G’-bands, is
consistent with an increase in the nitrogen
concentration. Figure 4e reveals the peak
intensity ratios associated with the presence
of non sp? hybridized carbon, displaying
the contribution of nitrogen doping regions.
However, it is difficult to attribute increases
of D-band intensities only to the presence of nitrogen, since
the undoped GNRs exhibit similar ratios due to the presence
of bare edges and rippled morphologies.'¥! Interestingly, a
clear decrease in the intensity ratio could be observed for the
G’-band (see Figure 4f) as the nitrogen precursor concentra-
tion increases. This observation is in agreement with previous
reported phenomena on electrically and chemically doped

Figure 3. TEM images of N,-GNRs synthesized by AA-CVD. Each consecutive pair corresponds to a different pyrazine concentration as nitrogen pre-
cursor: a,b) 0.2 wt%, c,d) 1.0 wt%, e,f) 2.0 wt%, and g,h) 3.0 wt%. The higher magnification images show different loop configurations for the edges.

Adv. Funct. Mater. 2013, 23,3755-3762
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Figure 4. Raman spectra for N,-GNRs, including the undoped or pristine case (labeled as P) for comparison. a) shows the region of the D, G and D’
Raman modes, where the doping causes changes in the shape of the G-D” peaks and b) the regions of G’ Raman mode where changes in the intensity
in the G’ peaks are observed. The arrows in (a,b) indicate the average peak positions associated with each Raman mode. ¢,d) Raman shifts for the four
modes, showing a weak downshifting trend for high nitrogen concentrations. e,f) Raman intensity ratios. The Ip/I ratio is associated with non-sp?
bonding points. The I /I ratio shows a correlation to the pyrazine concentration. The error bars on (c—f) denote one standard deviation.

graphene,>37] where thely /I ratio changes are correlated
with the doping level.

X-ray photoelectron spectroscopy (XPS) confirms the pres-
ence of nitrogen within our N,-GNRs. N1s line scans of the
samples synthesized with the three higher pyrazine concen-
trations are shown in Figure 5a; for lower nitrogen precursor
concentrations the N1s signal was below the detection limit
of the XPS instrument. These XPS analysis revealed nitrogen
doping levels of 0.08 at%, 0.30 at% and 0.28 at% (with +30%

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

error), for samples synthesized using 1%, 2% and 3% of pyra-
zine, respectively. These values are lower than the concentra-
tions reported for other N-doped carbon nanomaterials syn-
thesized by CVD.[?3839 It is important to note that the final
dopant concentration has a strong dependence on the synthesis
method and parameters used, such as temperature, synthesis
times, and type of precursors. The XPS results also reveal
that the preponderance of N doping is substitutional and in
adequate quantity to produce electronic scattering events but

Adv. Funct. Mater. 2013, 23, 3755-3762
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Figure 5. a) XPS N(1s) spectra for N,-GNRs synthesized with 1.0%, 2.0% and 3.0% of pyrazine
in the precursor mixture. b) TGA plots for all the N,-GNRs samples, and undoped GNRs. The
inset plots the first derivative of weight loss, and shows the respective thermal degradation crit-
ical temperature. Note the reduced thermal stability for N,-GNRs with high N concentrations.

insufficient to yield a clear n-type doping. Although the amount
of nitrogen atoms was close to the equipment's detection limit,
broad peaks around 401.4 eV are clearly observed. These are
associated with substitutional nitrogen doping (three coordi-
nated nitrogen atoms within the graphene lattice).??l For the
2.0% and 3.0% pyrazine samples, there is no significant dif-
ference in the measured doping level, possibly indicating a
nitrogen saturation within the graphene sheets. A similar trend
has been found in the N-doped single-walled carbon nanotubes
(SWNT5), in which the nitrogen precursor (e.g., benzylamine)
reveals a saturation effect at a given concentration within the
precursor solution.*"!

Thermogravimetric analysis (TGA) curves and their first
derivatives for pristine and N,-GNRs are shown in figure 5b.
These results indicate that there is a maximum level of doping
within N,-GNRs, which is reached when using 2% pyrazine.
For both 2% and 3% pyrazine N,-GNRs, the onset of combus-
tion is 30 °C lower than the pristine counterparts, and with a
higher burning rate (1.7 and 1.6 times faster, respectively). For
1% pyrazine, the N,-GNRs decompose 23 °C earlier than the
pristine GNRs, and reveal a similar burning rate. The samples

Temperature (°C)

sites (mainly induced by nitrogen atoms).[*

Figure 6b shows that successive -V meas-
urements on a single N,-GNR (shown in the
inset), induce a slight curve linearization.
This could be attributed to the annealing
(induced by Joule heating) of edges and
defects, in which substitutional nitrogen
atoms are being removed from the carbon network. For pris-
tine GNRs, the [-V curve is always linear, and the conductivity
enhances after annealing; defect removal due to Joule heating
has been reported in the literature.*?!

In order to understand the role of the nitrogen doping in
carbon nanoribbons, DFT calculations were performed on
zigzag and armchair nanoribbons. Figure 7 depicts spin-up and
spin-down density of states (DOS) and quantum conductance
for zigzag (18-zGNRs) nanoribbons and the corresponding
molecular models, with the doping level expressed as a per-
centage of substitutional nitrogen atoms with respect to carbon.
For zGNRs systems (see Figure 7), increasing nitrogen con-
centration has a visible effect in the nanoribbons’ conduction
band, introducing localized states (seen as sharp peaks in DOS
plots) that act as electronic scattering points. For the aGNRs
the calculations reveal similar effects to those seen for zGNRs
(see Supporting Information, Figure S1); a clear reduction in
the number of states above the Fermi level. These results agree
with previous theoretical studies of quantum conductivity of
nitrogen-doped nanocarbons,>!%1! in which the conductivity
drop is rationalized as being due to donor- or acceptor-like

tion have the same critical degradation tem-
perature when compared to pristine GNRs, 15
but show a higher burning rate (1.3 times). 10
Such results are explained by increasing the
nitrogen concentrations within N,-GNRs;
nitrogen atoms promote reactions with
oxygen. This effect is not only qualitatively
similar to N-doped multiwalled carbon nano-

obtained using 0.2 wt% pyrazine in the solu-
ZOE

Current (UA)
o

Current (uA)
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-=-3.0% Nx-GNR
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[ ]

tubes (CN, -MWNTs), but CN,-MWN'Ts and -10
N,-GNRs critical degradation temperatures -15
match, according to results found in the 20
literature.[*1] 1 05

Electrical measurements performed on
individual N,-GNRs revealed clear differ-
ences when compared to pristine GNRs.
Figure 6a shows that the current—voltage (I-
V) curves for individual undoped GNRs have
a purely ohmic behavior (with a resistance of
25 KQ); whereas for 0.2% pyrazine N,-GNR,

Adv. Funct. Mater. 2013, 23,3755-3762
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Figure 6. Measured electrical transport results for individual N,-GNRs. a) /-V measurement
curves for pristine (GNR) and for 0.2% and 3.0% pyrazine N,-GNRs. Note that the doped
nanoribbons exhibit a semiconducting-like behavior. b) Resistance linearization produced by
the Joule heating effect, after consecutive I-V measurements (labeled M1, M2, ..., M5) on a
single N,-GNR (3.0% pyrazine, see TEM image in the inset). Even when the resistance is lower,
the semiconducting-like behavior remains.
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of 18-zGNRs doped with a) one, b) three, c) four, and d) five nitrogen atoms.

The solid line represents the DOS and conductance for a pristine (undoped) 18-zGNR for comparison, as explained in the text the spin-up and spin-
down DOS are the same for undoped GNR and only one curve is shown. The percentages represent the number of nitrogen atoms divided by the total

atoms (excluding the passivating hydrogens on the edges). The quantum

localized states (seen as flat bands on the nanoribbons’ band
structure), induced by the extra electron carried by the nitrogen.
Most importantly, these results are in good agreement with our
experimental results, in which N,-GNRs have lower conduc-
tivity values when compared to undoped GNRs.

It is noteworthy that our calculations were

conductance is given in G units (Go = 2¢?/h

=

important role in the transport properties of these graphitic
carbon nanoribbons. Figure 8 depicts the calculated I-V curves
between the electrodes (non-polarized calculations), where the
linear [-V curve exhibited by undoped nanoribbons qualita-
tively agrees with our experimental measurements (Figure 6a).

carri'ed out using spin-polar.iz.ation, which 140 ["o—e Prisine (undopad) Pristine
provide the most stable (minimal energy) m—m N-doped (1-nitrogen atom)

magnetic ordering structure for undoped N-doped (5-nitrogen atoms) S >R
zigzag nanoribbons and were also used for 1201 4 4 N-doped (pyridine) m
N-doped nanoribbons. The undoped ribbons »—> N-doped (pyrrole) T-nitrogen
exhibit localized magnetic moments along 100}

the edges, with both edges exhibiting a fer-
romagnetic order (aligned spins along the
edges) with opposite spin direction between
edges resulting in a zero total magnetization,
thus in the DOS figures there is no notice-
able effect of spin-polarization and only one
line is shown. Given that there is an elec-
tronic band gap in both zigzag and armchair
nanoribbons (see Figure 7 and Supporting
Information Figure S1), the corresponding
spin-resolved I-V curves (shown in Sup-
porting Information Figure S2) exhibit a
turn-on voltage of =0.3 V for the undoped

Current (uA)

40

20

0.0 O.

GNR, which contradicts the experimental evi-
dence (Figure 6a). When non-spin polarized
calculations are performed, zigzag graphene-
NRs exhibit a zero electronic band gap. The
energy differences between spin-polarized
and non-spin polarized calculations are of
the order of meV, and decrease with nano-
ribbon's width. Therefore, we expect that at
room temperature, the spins do not play an

atoms around the

3760 wileyonlinelibrary.com
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Figure 8. Electrical current as a function of the applied voltage for nitrogen-doped and
undoped (pristine) zigzag graphene nanoribbons (18-zGNRs). The calculations were carried
out with non-spin polarized local density approximation. The nanoribbons were doped in a
substitutional, pyridine or pyrrole fashion. In the pyridine and pyrrole doping, one carbon atom
is removed (in our case, it was removed for the central part of nanoribbon) and the carbon

vacancy are replaced by nitrogen atoms. The corresponding structures of the

considered cases are shown in the right side of the figure.
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At any of the nitrogen doping cases considered, both substitu-
tional and pyridine-type, the [-V behavior of N-doped graphene
nanoribbons is non-linear, and it shows a semiconducting-like
behavior. Similarly to the experimental results, the calculations
also show that increased doping levels increase the resistivity.
We therefore believe that nitrogen atoms embedded within our
N,-GNRs enables attractive semiconducting properties, which
could be useful for graphene-based nanoelectronic devices.

3. Conclusions

In summary, we have successfully synthesized bulk quantities
(hundreds of milligrams) of N,-GNRs by AA-CVD. The novel
morphological features observed in these structures consist of
loops located at the nanoribbons edges, induced by the pres-
ence of nitrogen atoms during synthesis; the N,-GNRs also
possess increased reactivity at high temperatures (as verified by
the lower decomposition temperatures in TGA). Therefore, the
N,-GNRs might be easily functionalized, thus enabling applica-
tions related to the fabrication of composite materials, molec-
ular sensors, field emitters, etc. Both TGA and XPS suggest
that there is a threshold limit value of nitrogen atoms capable
of being incorporated in doped GNRs. Detailed characterization
studies of the N,-GNRs by Raman spectroscopy indicate that
the intensity ratio between the G” and G peaks (Ig/I¢) is cor-
related to the nitrogen doping concentration. Electrical meas-
urements on individual GNRs showed electronic transport
differences between the N,-GNRs and undoped nanoribbons.
Theoretical calculations suggest that the nitrogen doping intro-
duces electron scattering and that is largely responsible for the
semiconducting-like features observed in N,-GNRs. Further
theoretical calculations considering the effect of loop formation
and the stacking of different layers in the graphitic nanoribbons
are still under investigation in order to better understand these
doped nanocarbons. These new types of doped GNRs possess
different properties when compared to pristine GNRs, thus
making this material attractive for the fabrication of electronic
nanodevices.

4. Experimental Section and Theoretical Details

N,-GNRs Synthesis: The N-doped nanoribbons were synthesized by
AA-CVD as reported elsewhere.['¥! This approach involved the pyrolysis
of an ethanol (C,HsOH) solution of thiophene (C4H,S, 0.097%v/v),
ferrocene (CyoHqoFe, 1% wt/vol), and pyrazine (C4H;N;). Different
pyrazine concentrations in the solution were used (0.0%, 0.2%, 1.0%,
2.0% and 3.0% wt/vol, for further reference). The AA-CVD experiments
were carried out at 950 °C for 30 min under an inert atmosphere
(Ar 0.8 L min7'). The resulting material was collected from the reaction
quartz tube by scraping its inner walls in the region corresponding to the
center of the tubular furnace.

Electron Microscopy: SEM (Leo 1530 FE-SEM, 2 KV) and HRTEM (Jeol
2010, 200 KV) were used for morphological characterization of N,-GNRs.
For SEM, small amounts of as-synthesized material were deposited on
carbon tape over Al pins. For HRTEM, small amounts of the powder
samples were ultrasonicated in isopropyl alcohol and deposited on Cu
holey carbon TEM grids.

Spectroscopy: As synthesized samples were analyzed with a Renishaw
microRaman spectrometer, with a 514 nm excitation laser wavelength.
The nitrogen content in the N,-GNRs samples was measured by XPS
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(Kratos Axis Ultra XPS). Survey scans (not shown here) were obtained
only for the three samples with the largest nitrogen concentrations
(1.0 wt%, 2.0 wt%, and 3.0 wt% pyrazine in the precursor solution),
including the N1s and C1s high-resolution spectra.

Thermogravimetric Analysis: Approximately 2.5 mg of each analyzed
sample were heated at 10 °C min', in a TA-Q5000IR, with a 2.5 L min~!
dry air flux.

Electrical Measurements: In order to experimentally assess the
electronic transport, room temperature (T = 300 K) |-V measurements
were performed on individual N,-GNRs, and undoped GNRs for
comparison. Individual nanoribbons were connected between metallic
electrodes inside a transmission electron microscope, a sweeping
DC voltage (-1.0 to 1.0 V) was applied, and the resulting current was
measured.

DFT Calculation Details: Electronic calculations were performed
using DFT as implemented in the SIESTA code.*Yl Generalized gradient
approximation (GGA) functionals using the Perdew-Burke-Ernzerhof
implementation were used for all calculations.*’] The basis set was
made up of double-& with single polarization orbitals, with an energy
shift of 50 meV. A zigzag graphene-NR with 18 atoms along the width
(18-zGNR, width w = 1.99 nm, length | = 2.84 nm) and an armchair
GNR (14-aGNR, w = 1.79 nm, | = 2.42 nm) with different amounts and
configurations of dopant nitrogen atoms was used to investigate the
electron transport as a function of the nitrogen doping. Twelve and six
unit cells were considered in the calculations for zGNRs and aGNRs,
respectively. A real-space mesh equivalent to a plane-wave cutoff energy
of 250 Ry for real-space integrals was used. The Brillouin zone was
sampled using a Monkhorst-Pack grid corresponding to four and one
k-points, for zGNR and aGNR, respectively, in the transport direction.
Vacuum distances of 18 A were kept between the graphene nanoribbons
in the finite directions. All graphene-NRs were passivated with hydrogen
on the edges in order to increase thermodynamic stability!*®l and
the coordinates of all systems were relaxed using conjugate gradient
minimization until the maximum force was less than 0.05 eV A~".

For zGNR doping C atoms in the nanoribbon center were replaced
with 1, 3, and 5 (in two different configurations) nitrogen atoms. The
aGNR were doped by the substitution of one (both on the center or
edge) and five nitrogen atoms. Starting with the relaxed atomic structure
and the converged Hamiltonian and overlap matrices, all obtained from
SIESTA conductance and DOS calculations were performed using
our in-house transport code based on the Landauer-Buttiker formalism
outlined by Dattal*’l and used in previous similar studies.**=>1l In all
three doping schemes, the electrodes used were those obtained from
the pristine SIESTA calculation. An electrode consists of one aGNR or
two zGNR unit cells on each end of the system. Results were obtained
for both spin-up and spin-down electrons in the doped cases; for the
pristine (undoped) structure the electron conductance was invariant
between spin-up and spin-down. For energy stability, the nanoribbons
are studied in the antiferromagnetic configuration.’d The -V curves
were obtained using simple £ orbitals and TRANSIESTA calculations.3]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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