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Scanning tunneling microscopy experiments have been performed to measure the local electron
injection in nitrogen-doped graphene on SiC(0001) and were succefully compared to ab initio calcu-
lations. In graphene, a gap-like feature is measured around the Fermi level due to a phonon-mediated
tunneling channel. At nitrogen sites, this feature vanishes due to an increase of the elastic channel
that is allowed because of symmetry breaking induced by the nitrogen atoms. A large conductance
enhancement by a factor of up to 500 was measured at the Fermi level by comparing local spec-
troscopy at nitrogen sites and at carbon sites. Nitrogen doping can therefore be proposed as a way
to improve tunnel electron injection in graphene.

PACS numbers: 73.22.Pr, 63.22.Rc, 68.37.Ef

The exploitation of the electronic properties of
graphene allows us to envision the development of new
electronics based on carbon materials' 2. Due to the par-
ticular band structure of graphene, low energy electronic
states, driving the current in transport devices, are only
available at the large parallel momentum (k) K and K’
points in graphene. As a consequence, perpendicular tun-
neling of electrons into a graphene sheet is quenched at
low bias voltage due to the competing large k| momen-
tum conservation and the exponentially decaying tun-
neling probability with increasing k. Scanning tunnel-
ing microscopy (STM) experiments on graphene on SiOs
have revealed that above 63 mV an inelastic channel cor-
responding to the excitation of an out-of-plane phonon
is opened, which enhances substantially the tunneling
current?. A gap-like feature in the dI/dV spectroscopy
is therefore observed around the Fermi level Ep* 8. In-
terestingly, the same feature has been measured in spin
devices using magnetic tunnel junctions? where magne-
toresistance measurements were performed at bias volt-
ages larger than the gap feature. Using a large bias in
such devices can be a limitation as the magnetoresistance
signal decreases with the bias voltage. Therefore, enhanc-
ing the electron injection at low energy in graphene turns
out to be a cornerstone for improving the performances
of graphene-based electronic and spintronic devices. As
the quenching of electron injection is due to the momen-
tum conservation of electrons imposed by the symmetry
of the graphene sheet, breaking the symmetry of the sys-
tem can lead to an enhancement of electron injection. In
that respect, introducing atomic defects is a promising
strategy to restore an elastic channel for vertical injection

in graphene. The nitrogen doping of graphene obtained
by substitution of nitrogen atoms for carbon atoms is a
suitable route to achieve well-controlled and well char-
acterized point defects with limited atomic relaxation®3
while preserving the band structure of graphene. At the
atomic level, nitrogen doping induces a redistribution of
the electron density on one sublattice and a localized res-
onance at nitrogen sites® that have been widely stud-
ied theoretically'®. In this Letter, we perform scanning
tunneling spectroscopy (STS) experiments to study the
local electron injection in nitrogen-doped graphene on
SiC(0001). dI/dV and tunneling current decay length
spectra reveal that below the out-of-plane phonon en-
ergy, elastic tunneling is allowed at nitrogen sites leading
to a large enhancement of the electron injection by a fac-
tor of up to 500 close to zero bias. This interpretation
is supported by first principle calculations and well ex-
plained by a simple analytical model. Our finding allows
us to propose nitrogen doping of graphene as an efficient
way to improve electron injection in graphene without
altering its band structure.

The graphene sample was grown by the confinement
control sublimation (CCS) method on SiC(0001)!. It
consists of about 5 non-Bernal stacked layers on top of
SiC. The post-synthesis doping was achieved in an ultra
high vacuum (UHV) chamber by exposing the sample
during 30 mn to a nitrogen radical flux produced by a
remote (~ 30 cm) RF plasma source (MPD21 from Ox-
ford Applied Research!?) fed with No (purity 99.999%)8.
The scanning tunneling experiments were performed
with a UHV Low-Temperature STM (4.2 K) from Omi-
cron GmbH using electrochemically-etched tungsten tips.
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FIG. 1. (a) dI/dV spectra measured above graphene far
from the nitrogen atoms (blue) and above a nitrogen atom
(red). The spectrum in inset is a zoom at low bias voltages
of the spectra. The image in inset is a 2x2 nm? image of
the nitrogen atom where the measurement was performed.
(b) dI/dV spectra around Eg on carbon (blue) and nitrogen
(red) sites measured in constant height mode conditions prior
to the spectroscopy measurement (110 pA at 100 mV above
graphene carbon area).

dI/dV spectra were acquired with a lock-in detector at
710 Hz and a modulation amplitude of 24 mV. Prior
to spectroscopic measurement on graphene the STM tip
was calibrated on a Au(111) substrate by applying volt-
age pulses until the dI/dV spectrum shows the onset
of the Shockley surface state. This procedure is nec-
essary to obtain reliable spectra as it was mentioned by
Y. Zhang et al.*. After synthesis and doping, the sam-
ple was transported in the atmosphere and outgassed in
UHV at ~ 800°C before the STM measurements.

Nitrogen atoms substituted to carbon atoms (graphitic
nitrogen) in graphene on SiC(0001) appear in the STM
images as bright spots with a triangular shape (right
bottom inset in Fig. 1(a)). This can be attributed to
a combination of charge transfer between the nitrogen
and the three neighbouring carbon atoms® and the open-
ing of the elastic channel as shown in the following. The
dI/dV spectrum in Fig. 1(a) measured on graphene far
from the nitrogen atoms reveals a gap-like feature of
130 mV around Er. This feature has been attributed to
the inelastic excitation of an out-of-plane phonon?. In-
deed, momentum conservation in the tunneling process
imposes a large in-plane momentum k; for electrons tun-
neling to graphene where the only available states are
at the K points. However, above a threshold voltage
corresponding to the energy of an out-of-plane graphene
phonon, an inelastic tunneling channel is opened which
leads to a large increase of the tunneling current. In the
dI/dV spectrum this inelastic excitation appears as two
onsets symmetric with respect to Er at the energy of the
phonon. The spectrum measured above a nitrogen atom
is totally different (Fig. 1(a)). The inelastic signal almost
disappears, only fainted onsets can be seen (top inset in
Fig. 1(a)). This is indicative of a strong decrease of the
inelastic/elastic transmission ratio. A quantitative com-
parison of the conductance at nitrogen and carbon sites
cannot be obtained from the curve in Fig. 1(a) as these
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FIG. 2. (a) Current image measured at 1.3 mV in constant
height mode (4x2.4 nm?, 12 pA at 100 mV above graphene
carbon area) on which STS measurements have been per-
formed at each point. (b) 2D map representing the spectra
measured along the line shown in (a). (¢) Conductance map
measured in constant current mode at 2.5 mV (12x6 nm?).
The marks N and N;_3 indicate one single substitutional ni-
trogen atom, and a nitrogen pair with two nitrogens in second
neighbour position. (d) Spectra measured on a pair of nitro-
gen atoms in second neighbour positions. The black curve
was measured on the graphene area far from nitrogen atoms,
the color curves were measured at the positions marked by
the cross in the inset that is a zoom of (c) corresponding to
the nitrogen pair.

spectra were measured with a constant current condition
before measurement (U = 1 V,I = 500 pA). In-
deed the nitrogen atoms lie in the graphene plane as it
was suggested by voltage dependent STM measurements®
and confirmed by ab-initio calculations on monolayer!3
and bilayer'415 graphene. Electronic effects lead to an
apparent height of about 1 A | the tip-sample distance is
larger above the nitrogen atom than above graphene. In
order to quantitatively compare the conductance at car-
bon and nitrogen sites, spectra have to be measured with
the same tip-sample distance (constant height mode).
Such data are displayed in Fig. 1(b). The measurements
obtained with the same tip-sample separation reveal a
huge increase of dI/dV above nitrogen. At Er the con-
ductance at the Fermi level above a nitrogen atom is 70
times larger than on the graphene sheet revealing a very
large enhancement of electron injection at nitrogen sites.

The increase of conductance above nitrogen atoms was
systematically observed as shown in Fig. 2. Figure 2(a)
displays the current image measured in constant height
mode on an area with two nitrogen atoms. Figure 2(b)
shows the evolution of the spectra along a line crossing
a nitrogen atom (cf. dotted line of Fig. 2(a)) revealing
the increase of the dI/dV signal above nitrogen over a
distance characterized by a full width at half maximum
of 5 A. This extent corresponds to the typical size of
the triangular pattern associated with a nitrogen atom
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FIG. 3. (a) Voltage dependent current decay length X

measured on a reference Au(111) sample (black), N-doped
graphene carbon area (blue) and above a graphitic nitrogen
atom in graphene (red). (b) A\ mapping at 20 mV extracted
from spectra measured at each point of the topographic image
shown in the inset (10x10 nm?, U = 0.1 V, I = 500 pA).

in the STM images. Such a spatial extension also corre-
sponds to the variation of the potential around a nitro-
gen atom!?. The ratio between the conductance at the
Fermi level above graphene (0.017 nS) and above nitro-
gen (9.15 nS) in Fig. 2 is about 500, which is larger than
the above-mentioned measure (ratio of 70). As will be
discussed below, we attribute this difference to the tip-
sample distance that is larger in the second case, which
increases the ratio of conductance between nitrogen and
graphene. In Fig. 2(c) we show a conductance map mea-
sured in constant current mode at 2.5 mV. Although
this mode reduces the contrast, it allows us to obtain
more details along the whole image. This image shows
again that the conductance is stronger above the nitrogen
atoms confirming that the phonon gap feature vanishes
above nitrogen as previously observed in the spectrum
of Fig. 1(a). Interestingly, on a nitrogen pair identified
as two nitrogen atoms in second neighbour positions, a
strong contrast with atomic resolution is clearly observed
in the dI/dV map. The spectra in Fig. 2(d) measured
on the nitrogen atoms and between the nitrogen atoms of
this pair clearly reveal that although the inelastic feature
is almost suppressed above the nitrogen atoms, it is unaf-
fected at the central position between the N atoms. This
is in line with previously reported data showing that the
inelastic feature is observed at the center of a nitrogen
pair”.

Details on the tunneling mechanism at nitrogen sites
can be obtained by measuring the voltage dependent cur-
rent decay length A as discussed for undoped graphene
on SiOy*. In that case, the decay length inside and out-
side the phonon gap has been measured to be 0.25 A and
0.5 A respectively® by fitting, at different bias voltages,
the I(z) curves with the function I = exp(—z/)\). Here
we performed a continuous voltage dependent measure of
A using a lock-in technique. A sinusoidal modulation at
715 Hz with an amplitude of 0.06 A was applied to the
piezo z signal. A lock-in detection was used to record
the corresponding current response allowing to measure
the dI/dz signal. The measures were performed with a

closed feedback loop in order to keep the current con-
stant during the spectrum and obtain a signal directly
proportional to 1/A. After dividing by the mean value
of the current we obtain the A(V') curve. The resulting
spectra are shown in Fig. 3(a). The A(V') curve measured
above graphene looks similar to previously reported A(V)
curves obtained by fitting I versus z measurements®*.
We obtain A values ~0.18 A inside the phonon gap and
0.42 A outside the phonon gap. As a reference we have
measured the \(V) curve on a Au(111) with the same tip
just before measuring on the graphene sample. The cor-
responding curve shows the expected value of 0.45 A for
A independant of the voltage. Above a nitrogen atom,
the A(V) curve obtained is in strong contrast with the
one measured on graphene. The A(V') curve above nitro-
gen is similar to the one measured on Au(111) suggesting
that the transport is dominated by elastic tunneling. A
slight phonon feature is nevertheless observable with a
much weaker amplitude (0.42 A in the gap, 0.44 A out-
side the gap). The use of the lock-in technique allows us
to perform a systematic measure of local A(V') spectra at
each point of an image and to extract a A mapping at any
bias voltage. An example of such an image is displayed
in Fig. 3(b) showing a A mapping at 20 mV measured
simultaneously with the image shown in the inset. This
mapping shows a uniform value of A\ on the carbon areas
of around ~0.2 A and a clear larger value on nitrogen
atoms of ~0.4 A. A consequence of the different decreas-
ing lengths at nitrogen and carbon sites is that the con-
ductance ratio between these sites is expected to be dis-
tance dependent. Indeed this ratio is expected to increase
with the tip-sample distance z according to the quantity
exp(z(1/A¢ —1/AN)) where A¢ and Ay are the decreas-
ing lengths at E'r above carbon and nitrogen sites respec-
tively. This allows us to understand the different dI/dV
ratios measured to be 70 in Fig. 1(b) and 500 in Fig. 2(b).
In these measurements, the current above the graphene
area at a reference bias of 100 mV is I; = 110 pA in
the Fig. 1(b) and I = 12 pA in the Fig. 2(b). This
means that the tip-sample distance in the two measure-
ments varies by Az(V) = /\C(V)ln(%) = 0.55 A (using
Ao(V) =0.25 A for V =100 mV). The ratios of conduc-
tance are therefore expected to vary by a factor of 5.7
(with Ao = 0.18 A and Ay = 0.42 A at the Fermi level)
which is close to the ratio 500/70.

Using the DFT-NEGF method and setup described
in'6l7 dI/dV spectra including vibrational effects were
calculated directly above a nitrogen dopant in graphene
and above pristine graphene. For all calculations shown
we use a tip-to-sample distance of d = 5 A since tunnel-
ing at larger distances is not described well by the LCAO
basis set used!'®. To simulate single nitrogen sites, the ni-
trogen atoms were separated by 1.7 nm. To test that this
seperation was sufficient the STS spectrum was calcu-
lated exactly between adjacent nitrogen pairs (8.5 Aaway
from either site) and seen to coincide with that of pristine
graphene. The dI/dV spectra on a nitrogen and pristine
graphene are shown in Fig. 4(a). The dotted line shows
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FIG. 4. (a) Calculated dI/dV spectra above pristine graphene
(blue) and a nitrogen (red) with (solid) and without (dot-
ted) electron-phonon coupling. The spectrum in inset is a
close-up of the inelastic conductance steps near Er on a
single nitrogen (red) and at the center of a nitrogen dimer
(black) in graphene. (b) Calculated constant height dI/dV
spectra around Er on pristine graphene (blue) and a nitro-
gen (red) sites. (c) Resonant scattering state of the nitrogen
dimer blue/red indicates positive/negative isovalues. (d) Out-
of-plane phonon that mediates tunneling into the scattering
state of (c).

the equivalent spectrum above nitrogen without electron-
phonon coupling. Note that the spectrum on graphene
has been enhanced to allow a better comparison with the
experimental data of Fig. 1(a) where the constant cur-
rent imaging condition brings the intensity of the signal
above graphene close to the intensity of the signal above
nitrogen. For pristine graphene, the spectrum is domi-
nated by the inelastic features. As discussed previously'®
the 130 meV gap is reproduced, and the dip caused by
inelastic tunneling into the Dirac point is seen at the
expected bias value. As in the measured dI/dV spec-
tra of Fig. 1(a) a broad resonance emerges at V;, = 700
meV above nitrogen, and the inelastic features near the
Fermi level are not seen. Comparing the dI/dV spectra
above nitrogen with and without electron-phonon cou-
pling, it is clear that the elastic channel dominates, and
the inclusion of vibrations only leads to a stronger reso-
nance slightly shifted in bias. In Fig. 4(b) the calculated
dI/dV spectra around Er are shown on the same scale.
Comparing these spectra with the constant height mea-
surement of Fig. 1(b), both the conductance magnitudes
and their ratio suggest that d > 5 A in the experiment
as expected.

The inelastic steps in dI/dV excluding elastic contribu-
tions on nitrogen and at the center of a nitrogen dimer are
investigated using the Lowest Order Expansion!?. This
method was previously found to give a good description
of the gap feature of pristine graphene.'® The results are
shown in the inset of Fig. 4(a). The inelastic steps above
a single nitrogen are of similar magnitude to those of pris-

tine graphene, but the elastic contribution is an order of
magnitude larger above nitrogen making them nearly in-
visible in measurements. At the center of the nitrogen
dimer the inelastic feature is about 3 times larger. This
additional inelastic feature is a result of the mirror sym-
metry along armchair direction between the two nitrogen
sites. The resonant scattering state of the dimer system
shown in Fig. 4(c) has odd symmetry at the dimer center
and consequently does not couple elastically to the s-like
state of the STM-tip. In the presence of the 73 meV
out-of-plane phonon shown in Fig. 4(d) the mirror sym-
metry is broken and a large inelastic step in conductance
is seen in very good agreement with the experimental
data of Fig. 2(d). Thherefore, the DFT-NEGF results
support the conclusion based on the measurements that
the opening of an elastic channel above nitrogen substitu-
tions leads to a giant increase in tunneling conductance.

The enhancement of the elastic tunnel electron in-
jection at nitrogen sites can be rationalized further in
terms of a simple model. In the presence of disorder, k-
conservation is broken and an elastic tunneling channel is
opened. For the case of N doping the hamiltonian of the
system now includes a potential V localized on the impu-
rity sites that produces a resonance about 0.5 eV above
the Dirac point in the bulk 7 states'®. For simplicity we
will assume that the free-electron states can be described
locally in terms of atomic-like functions. One of them has
a m-like character (state of symmetry A, 2° also denoted
1~ in?!) and can be coupled to the genuine 7 states of
pristine graphene. Assuming the potential to be local-
ized on the nitrogen atoms, its relevant matrix elements
for a single impurity at site 0 only involve the 7 state at
this site |7, 0) as well as the localized function associated
with the Ag, state |Ag,,0). In k-space the potential ob-
viously couples all states. In this very localized limit, the
main matrix element (7, 0|V |7, 0) has been estimated to
be about 10 eV!9. Because of the different extensions
of the orbitals the other matrix element should be much
weaker, allowing us to keep just one off-diagonal term
v = (m,0|V]Az,,0). We can now directly adapt the cal-
culation by Wehling et al.?2 and calculate the self-energy
and the local Green function corresponding to the new I
elastic channel. Finally, in a second order perturbation
theory, the local density of states on the nitrogen site is:
nr(E) ~ v*’n.(E)/(E — E,)? where n,(E) is the corre-
sponding density of states of the 7 states in the presence
of the nitrogen impurities'® and E, is the energy of the
free-electron like state??.

Close to the Dirac point F ~ 0 and the intensity of
the new channel is a fraction (v/Aej—pn)? of the inelas-
tic channel, where Ag_p, is the electron phonon cou-
pling strength. Assuming v to be at least equal to Aej—pn
(about 0.5 eV?2) we see that the elastic channel can be
at least as efficient as the inelastic channel in agreement
with the experiments and the above ab initio calculations.

In conclusion, using STM/STS we measured an in-
crease of differential conductance leading to a vanishing
of the phonon gap-like feature at nitrogen sites. This



leads to a two orders of magnitude increase in electron in-
jection into graphene. First principle calculations reveal
that although the inelastic excitation of graphene phonon
still occurs at nitrogen sites, an elastic channel opens that
substantially increase the conductance. Therefore we ex-
pect that nitrogen doping of graphene can be used to
improve tunnel electron injection in graphene-based de-
vices.
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