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uning the properties of carbon
T nanotubes (NTs) and few-layer

graphene (FLG) by chemical modifi-
cation represents one of the most promis-
ing routes to extend their application possi-
bilities. For example in the quest of cheaper
fuel cells, enhanced electrocatalytical prop-
erties of aligned N-doped NTs' and change
in the hydrogen adsorption energy? have
been reported. Other applications, such as
gas sensing, modification of the tube/poly-
mer interface in composite, and protein im-
mobilization, have also been investigated.?
NT properties can be controlled both by
chemical composition (i.e., the amount of
doping) and by specific geometry (chiral-
ity) of the tubes. The selection of chirality
can be only obtained by postproduction
tube sorting so far.

Doped NTs* and FLGs® have been pro-
duced in recent years, and the influence of
the doping on the morphology of the NTs
was highlighted.® Electron spectroscopy’
and X-ray absorption spectroscopy® on
N-doped samples have revealed that sev-
eral doping configurations exist, such as
substitution (one or more C atom(s) are re-
placed by N atom(s)) and pyridine-like
(three two-coordinated N atoms surround
a vacancy site). The presence of N, mol-
ecules inside the multiwalled NT has also
been reported.® Simulations have con-
firmed the stability of N-substitution and
N-pyridine-like configurations*® as well as
the tendency of N and B atoms to form BN
domains when codoping occurs.’®'" Fur-
thermore, substitution doping of NTs is fa-
vored with boron, and it could lead to the
formation of BC; nanodomains inserted in
the 1D-nanotube structure,'?'3 in which the
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ABSTRACT We report on studies of electronic properties and scanning tunneling microscopy (STM) of the

most common configurations of nitrogen- or boron-doped graphene and carbon nanotubes using density

functional theory. Charge transfer, shift of the Fermi level, and localized electronic states are analyzed as a function

of the doping configurations and concentrations. The theoretical STM images show common fingerprints for the

same doping type for graphene, and metallic or semiconducting nanotubes. In particular, nitrogen is not imaged

in contrast to boron. STM patterns are mainly shaped by local density of states of the carbon atoms close to the

defect. STM images are not strongly dependent on the bias voltage when scanning the defect directly. However,

the scanning of the defect-free side of the tube displays a perturbation compared to the pristine tube depending

on the applied bias.
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B concentration can be up to 15%."3 Inter-
estingly, the sp? graphitic bonding is not
drastically modified by N or B addition. Evi-
dence of a direct relationship between the
production method and the atomic config-
uration is still missing.

Electronic property simulations have
shown that N substitution is a n-type dop-
ing, whereas pyridine configuration is a
p-type doping for both NTs and FLGs.*'* By
contrast, B substitution is a p-type doping.'®
Electron transport experiments on N-doped
NTs present a mixed behavior that could
be associated with the presence of n- and
p-type of dopant as expected from the
above-mentioned properties of substitu-
tion and pyridine-doped configurations.'®
Electron transport calculations also provide
valuable information on the electronic
transport transparency of BN codoping in
NTs,'” suggesting their possible use as effi-
cient molecular sensors.' The unique elec-
tronic properties of graphene and its re-
markable transport properties have also
been reported through the incorporation
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of N or B atoms in substitution within the carbon
matrix.'®1°

Scanning tunneling microscopy (STM) is one among
the very few available experimental techniques to in-
vestigate the electronic features induced by defects
with an atomic resolution. It provides a good insight
into the interplay of structural, electronic, and optical
properties of materials. Near-field Raman and photolu-
miscence experiments have also been proven to give
local information of the doping level of the carbon NT
network,?® but with no clear conclusions on the struc-
tural aspect so far. Many theoretical and experimental
STM studies have been performed to link structural and
electronic properties of pure carbon NTs?'~2> and
graphene.?%? However, STM studies for NTs and
graphene with chemical impurities are scarce. Terrones
et al?® and Czerw et al?° have reported experimental
STM images for N-doped carbon NTs, and have ob-
served holes within the carbon structures. They inter-
preted their STM data and the peak in the density of
states (DOS) above the Fermi level obtained by scan-
ning tunneling spectroscopy (STS) as evidence of a
pyridine-like site in the NT. Lin et al.*° also reported
that protrusions appeared at the defect sites in the STM
image of CN, SWCNTs. BC; domains have been re-
ported in B-doped nanotube.'>3! Besides these, clear
STM images that reveal the atomic configurations of N-
or B-doped graphene and NTs, from either theoretical
or experimental works, are still missing in the literature
to the best of our knowledge.

In this article, we report on electronic properties
and simulated STM images of N- and B-doped graphene
and carbon NTs by using density functional theory cal-
culations. We investigate the STM images of the most
probable configurations of chemical modification of
graphene and NTs. STM patterns at different bias for
N- and B-substitution, and pyridine configurations are
analyzed in terms of the local electronic properties.
Then, we report the universal STM images for the differ-
ent doping configurations of sp*-bonded carbon, inde-
pendently of the geometry (planar or cylindrical) or the
metallicity (metallic or semiconducting NTs). Finally,
we investigate the STM images of N- and B-doped car-
bon NTs in substitution as a function of the dopant
concentration.

RESULTS AND DISCUSSION

Doped Graphene: Electronic Structure and STM Images. DOS
of pristine and chemically N-doped 2D graphene sheets
(substitution and pyridine) are displayed in Figure 1.
DOS of pristine graphene is characterized by a linear de-
pendence in energy around the Dirac point (i.e., the en-
ergy at which the DOS is zero), and a maximum around
+2.0 eV. For pyridine doping (Figure 1a), localized de-
fect states are mainly located at the Fermi energy (Ef)
and at —2.4 eV. Projected density of states (PDOS) on Cy
atoms (i.e., C atoms adjacent to N atoms) also displays
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Figure 1. Comparison between DOS of pristine graphene
(dashed lines) and N-doped (pyridine (a) and substitution
(b)) graphene (solid lines). PDOS on N and Cy atoms is re-
spectively displayed in red and blue solid lines. Note: Cy at-
oms label C atoms adjacent to N atoms. The Fermi level is set
at zero.

a peak at the Fermi level. The Fermi level of pyridine is
downshifted by 0.2 eV from that of pure graphene, in-
dicating a p-type doping. In the N substitution case (Fig-
ure 1b), the Fermi level is upshifted by 0.4 eV from the
Dirac point, evidencing a n-type doping of the carbon
network. Localized defect states are mainly located
close to the Fermi level in the conduction band. The
peak of the defect states is upshifted by 0.3 eV from that
predicted for the pyridine doping. Those results are in
agreement with the conclusions by Lherbier et al.'® Us-
ing B doping instead of N doping leads to an inverse be-
havior in the DOS and therefore to a p-doped materi-
al.’®

STM image simulations of these doped structures
are reported in Figure 2. The maximum height from
the tip to the sample surface in our calculations is 3.20
A, comparable with a typical tunneling distance in an
experimental STM procedure®? (see the definition of the
tip—sample distance in the Methods and Computa-
tional Details section). We observe that the STM image
for the pristine graphene highlights the hexagonal
bonding as expected*3 (Figure 2a). The STM image
for pyridine-doped graphene shows a bright pattern ac-
cording to the preserved C; symmetry of the structure
(Figure 2b). This STM image is not very sensitive to the
bias sign (the image at a negative bias is not shown) be-
cause the localized defect states lie at the Fermi level.
The three N atoms (marked as circles on Figure 2b) are
not directly imaged whereas the C atoms chemically
bonded to the N atoms exhibit an important bright-
ness. In addition, we observe that C; symmetric oscilla-
tions are evidenced over a region of several hexagons
(more than 1 nm). This feature is clearly related to an

www.acsnano.org



(@) Vpias = + 0.5V

(b) Viias = + 0.5V (d) V., = - 0.5V

Figure 2. Computed STM images of pristine and doped graphene: (a) pristine, (b) pyridine (locations of 3N are denoted by
black circles), (c,d) N substitution, (e,f) B substitution. One dashed hexagon is represented on the different images to high-
light the atomic network. The color scales for height are in A.

electronic effect (as opposed to an atomic displace-
ment) and has been discussed in connection with the
electronic transport and mechanical properties of gra-
phitic compounds.' Indeed, the fully relaxed system
shows that atomic displacements in the direction per-
pendicular to the graphene plane are below density
functional theory (DFT) accuracy, in agreement with
previous studies.'® The STM images of N-substituted
graphene show a triangular bright-spot cluster cen-
tered on N atom. This similar pattern appears at both
positive (Figure 2¢) and negative (Figure 2d) bias. How-
ever this triangular pattern for negative bias is brighter
due to the presence of the electronic states localized on
N atoms mainly in the conduction band (see PDOS on
N atoms in Figure 1b). Similarly to the pyridine case, this
triangular pattern on Cy atoms is related to the exten-
sion of wave functions on C atoms neighboring to the
dopant.”™#

On the contrary, B substitution presents a large,
bright triangular pattern centered on the B atom.
This pattern is clearly visible for both positive (Fig-
ure 2e) and negative (Figure 2f) bias, but it is high-
lighted for positive bias due to localized B states in
the valence band.

The absence of direct imaging of N atoms is ex-
plained as followed. In the Tersoff—Hamann approach,
the tunneling current is proportional to the local charge
density integrated within the [Ex — eVjiasEf] energy
range (see eq 1 in Methods and Computational Details
section). Figure 3 reports this local density of charge as
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a function of the z-distance between the tip and three
characteristic positions: the substituted atom (N or B),
the C atom nearest-neighboring to N (Cy) or B (Cg) for
substitution or second-nearest-neighboring to N
(brightest C atoms) (Cy) for pyridine, and a C atom with-
out interaction with the dopant (C¢). For N-doped con-
figurations, and when z is lower than 1 A, the local
charge density (p) on N-atoms is more important than
the ones on Cy and Cc atoms (pn(2) > pe,(2) > pc(2)) (Fig-
ure 3a and Figure 3b). This behavior is consistent with
the negative charge on the N atoms and the charge
transfer to the Cy atoms as previously reported.’ By con-
trast, when z is larger than 1.5 A, this behavior is in-
verted and we have: py(2) < pe,(2) < pc(2) and pn(2) <
pc(2) = pc(2) for substitution and pyridine doping, re-
spectively. Indeed, the electronic transfer from the N
atom to the Cy atom:s fills the antibonding states of Cy
and these antibonding states present a much larger ex-
tension than that of the bonding states. As a conse-
quence, the STM images at a distance larger than 1.5 A
mainly image the Cy atoms as shown in Figure 2c and
Figure 2d. In the B-substitution case, the charge density
on B and Cg atoms are almost equal and much larger
than the ones of the C atoms in the network (Figure 3c).
Thus, we have an electronic transfer from the carbon
network to the B and Cg atoms. The extended antibond-
ing states of B and Cg atoms are occupied, and the
STM fingerprint is a large, bright spot centered on the
substituted atom.
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Figure 3. Local charge density as a function of the z-distance be-
tween the tip and the graphene plane: pyridine (a), N substitution
(b), and B substitution (c). Three in-plane positions are considered:
the substituted atom (N or B), the C atom adjacent to N or B (Cy or Cg),
a C atom unaffected by N or B doping (C¢). Inset: corresponding
STM image (zoom of Figure 2 pattern).

Doped Single-Walled Carbon Nanotubes: Electronic Structure.
Now, we turn to N- and B-doping effects on electronic
structure and STM images of metallic armchair (10,10)
and semiconducting zigzag (17,0) NTs. We will show
that the very similar fingerprints to those for the pla-
nar structures are also observed for the two NT types.

Pristine (10,10) NT is metallic with a 1.5 eV plateau
centered at the Fermi level in agreement with experi-
mental measurements (Figure 4a).* The Fermi level of
N-substituted (10,10) NT shifts toward the conduction
band when the dopant concentration (Cy) increases
(Figure 4a), suggesting a n-type doping for all the con-
centrations, which is in agreement with experiment.?®
For C4 = 10%, the Fermi energy has shifted by 1.6 eV, in
agreement with previous calculation.?® Such a high
doping of homogeneously distributed N substitution
has not yet been obtained experimentally in single-
walled carbon NTs, whereas it could be locally
achieved.® We also observe that a gap opens for some
doping concentration (for example, around 0.7 eV at Cq
= 3%). It is due to the symmetry breaking in the ma-
terial leading to an anticrossing of the bands (not
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shown here but studied by Cruz-Silva et al.'). This gap
opening depends more on the symmetry of the dopant
positions than on the dopant concentration. Similarly
to planar structure, pyridine-doped NT shows a slightly
p-type doping with a localized defect state at the Fermi
level. In addition, its DOS is also much more perturbed
at the van Hove singularities (VHS) than for the substi-
tution doping (pyridine doping is similar to a 1%-
doping concentration). This is related to the larger per-
turbations of the sp? bonding in the pyridine doping
case. Indeed, C—N bond lengths are within 1.40—1.41
A and 1.33—1.34 A for N-substitution and pyridine, re-
spectively, whereas C—C bond lengths are 1.42 A in the
pure carbon network.

Pristine (17,0) NT is semiconducting with a pre-
dicted band gap of 0.5 eV (Figure 4b). This band gap is
underestimated with respect to the experimental one,
as reported by previous density functional calculations
in the literature.?® The Fermi energy of N-substituted
(17,0) NT shifts further toward the conduction band
when Cy increases. N-substituted (17,0) NT is also
n-type, and shows a metallic behavior for all C4 due to
the electronic transfer from the pentavalent N atoms to
the carbon network. Strong localized states just above
the Fermi level are presented even when C; is as low as
0.5%. As for metallic (10,10) NT, pyridine-doped (17,0)
is p-type with a significant defect, centered at the Fermi
level, due to N atoms.

Figure 5a and Figure 5b report respectively the DOS
of B-substituted (10,10) and (17,0) NTs as a function of
the boron concentration. We observe that both
B-substituted (10,10) and (17,0) NTs are p-type sys-
tems. The Fermi energy shifts toward the valence band
as Cq4 increases in agreement with previous conclu-
sions.'? The C—B bond lengths are within 1.49—1.50 A
slightly longer than the C—C ones in the pure carbon
NTs (1.42 A). By contrast to N-substitution, a very high
B-substitution concentration (15%) has been produced
by laser ablation technique in single-walled carbon
NTs.'3

Doped Single-Walled Carbon Nanotubes: STM Images. Figure
6 displays the constant current STM images at Vpias =
+0.5 V of pristine and doped (10,10) NT. Correspond-
ing STM images for (17,0) are displayed in Figure 7. STM
images of pristine (10,10) NT highlight the hexagonal
bonding at both positive and negative bias (Figure 6a
and Figure 6b), as what is experimentally observed.” By
contrast, because only the first VHS is included at Vy,s
= 0.5V, semiconducting (17,0) NT shows C—C bonds
parallel to the tube axis slightly more intense than other
ones (Figure 7a). The hexagonal bonding is recovered
when the first two VHS are included at a larger bias.?®
Similarly to their counterparts in planar structure, a
large bright spot is predicted with a C; oscillating pat-
tern for pyridine-doped (10,10) NT (Figure 6¢ and Fig-
ure 6d). The bright patterns are due to the contribution
of the C atoms neighboring N defect. In addition, we
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Figure 4. DOS of pristine, pyridine, and N-substituted (a) (10,10) and (b) (17,0) NTs at different concentrations. Black and
red lines are total DOS and PDOS on N-atoms, respectively. Arrows are a guide for the eyes indicating the shift of the first

VHS. The Fermi level is set at zero.

observe a slightly brighter contrast at the positive bias.
We note here that the C—N bond lengths of the relaxed
systems are within 1.33—1.34 A, whereas C—C bond
lengths are in the 1.43—1.44 A range at the vicinity of
the N impurities, with respect to 1.42 A for C—C bonds
in the pristine tube. The distortion of the hexagonal net-

work is therefore primarily limited to the first neigh-
bors. At the same time, the N atom in the axial direc-
tion moves outward from the nanotube wall by less
than 0.2 A.

The STM images for N-substituted (10,10) NT are
very similar to the ones observed in planar structure: a
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Figure 5. DOS of pristine and B-substituted (a) (10,10) and (b) (17,0) NTs at different concentrations. Black and red lines are
total DOS and PDOS on N atoms, respectively. Arrows are a guide for the eyes indicating the shift of the first VHS. The Fermi
level is set at zero.
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Figure 6. Computed STM images of pristine and doped (10,10) NTs: (a,b) pristine; (c,d) pyridine; (e,f) N substitution; (g,h) B
substitution. The horizontal direction is parallel to the nanotube axis. One dashed hexagon is represented on the different
images to highlight the atomic network. The color scales for height are in A.

triangular bright-spot cluster with a dark center at the
position of the N atom (Figure 6e and Figure 6f). The
charge transfer can also explain that the main STM in-
tensity comes from the C atom surrounding the N de-
fect, Cy, as shown by its PDOS in Figure 4a. When the
sign of Vs is changed, the overall triangularly pat-
terned bright spots are shown with less pronounced
contrast. As for planar graphene, it is related to the elec-
tronic states localized on the Cy atoms that mainly con-
tribute to the DOS above the Fermi level (see Figure
4a). However, as for graphene, the localized states are
also presented in the valence band of the doped sys-

Vpias= + 0.5 V Viias= + 0.5 V

tems and are imaged under positive bias voltage. The
C—N bond lengths in N-substitution doping are within
1.40—1.41 A, that is, it is very similar to the C—C
distance.

The STM image for B-substituted (10,10) NT is a
large bright spot centered on the substituted boron
and its surrounding carbon atoms (Figure 6g and Fig-
ure 6h). Here also when Vs is switched from +0.5 to
—0.5V, as expected, a slight change of contrast is ob-
served. The C—B bond lengths in B-substituted system
are within 1.49—1.50 A. The distortion of the hexagonal
network is primarily limited to the first neighbors, but

318
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Figure 7. Computed STM images at Vpi,s = +0.5 V of pristine and N-substituted (17,0) carbon NT: (a) pristine; N substitution
with doping concentration at (b) 0.5%, (c) 3%, and (d) 10%. The horizontal direction is parallel to the nanotube axis. One
dashed hexagon is represented on the different images to highlight the atomic network. The circles show the nitrogen loca-
tions in the structure. The color scales for height are in A.
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it is larger than that for the N-substitution. The B atom
moves outward from the nanotube wall by less than 0.2
A.

As an example of the effect of doping concentra-
tion, Figure 7 reports the STM simulation of the N sub-
stitution of (17,0) NT for several dopant concentrations.
As for (10,10) NT, isolated defects present a triangular
pattern surrounding a dark point, centered on the N
atom but rotated due to the zigzag chirality (Figure 7b).
Other studied configurations (B-substitution and pyri-
dine) also show very similar images for semiconducting
NTs as those for their corresponding metallic ones (not
shown). This overall similarity of the STM fingerprints of
graphene, metallic, and semiconducting NTs were not
obvious in view of the different electronic properties of
the pristine materials.

As Cq increases, interference between originally iso-
lated STM patterns occurs. When Cq is up to be 10%
the STM image becomes an ensemble of bright spots.
We remind here that, for an isolated defect, the Cy at-
oms are mainly imaged. Here almost all C atoms are Cy
atoms and contribute to the bright area, in contrast to
the dark N atoms. We note here that the simulated pat-
tern of N substitution for the high Cy is very similar to
the STM image reported by Terrones et al.?® and Czerw
et al?° The pyridine defect shows a more disturbed fea-
ture, and experimental STM could also be due to substi-
tutional N, in contradiction with the original
interpretation.

Finally, Figure 8 displays the STM images of N and
B substitution of (10,10) NT scanning from the defect-
free side of the tubes. For N substitution, the STM im-
age is not affected by the N defect at Vpi.s = +0.5V,
whereas it is largely affected at Vs = —0.5 V. This ob-
servation is related to the fact that N states are more lo-
calized in the unoccupied states. The valence band
DOS of C atoms far from the defect (Cc) is then almost
unaffected by the substitution where conduction band
DOS is significantly perturbed by N (Figure 4a). For B
substitution, the back-side STM images are only signifi-
cantly affected by B when Vs is positive since DOS of
the Cc atoms is mainly disturbed in the conduction
band as shown in Figure 5a. We obtain the same con-
clusions for the semiconducting (17,0) NT (not shown
here). These simulations of the defect-free sides open
new possibilities to analyze the presence of doping
even when the STM tip does not directly scan the
defect.

CONCLUSIONS

We have investigated the electronic properties and
predicted the STM images of doped graphene and car-
bon NTs in the pyridine and substitution configurations.
This study shows that the Fermi level of N- or B-doped
carbon NTs shifts when Cy increases in the 0.5% to
10.0% range. For semiconducting (17,0) NT all doped
configurations are metallic, even when the doping con-

www.acsnano.org

240
1l"'bias= +0.5V

Vpias= + 0.9V

1.60

0.80

240

1.60

0.80

Figure 8. Computed STM images of N- and B-doped (10,10) NT in sub-
stitution scanning from the defect-free side of the tube. (a,b) N substitu-
tion, (c,d) B substitution. The color scales for height are in A.

centration is only 0.5%. For pyridine-doped graphene
and carbon NTs, the STM fingerprints are bright-spot
clusters highlighting the G; symmetry of the structure.
For N-doped graphene and carbon NTs in substitution,
the STM fingerprints are bright-spot clusters in triangu-
lar patterns, whereas the fingerprints are large bright
spots in the case of B substitution. The sign and magni-
tude of bias voltage do not influence the features of
STM images for either N- or B-doped graphene and NTs.
In addition, we have highlighted the importance of
the charge transfer from doping defects to their neigh-
boring C atoms to interpret the STM patterns. Finally,
the effect of the bias voltage has been demonstrated to
be weak on the STM pattern when the defect is di-
rectly imaged, but noticeably modifies the STM image
far from the defect (back side of the tube). The substrate
effects have been neglected in the present approach.
A charge transfer could occur between substrate (e.g.,
“Au”) and the carbon systems and this could, in prin-
ciple, modify the STM image. The stability of the STM
pattern with bias voltage in our numerical study is how-
ever an indication that the present conclusions hold
true for moderate charge transfer from the substrate
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to the carbon systems. This work provides a solid theo-
retical support for future experimental investigations

METHODS AND COMPUTATIONAL DETAILS

Density functional calculations were performed with the SI-
ESTA package.® Exchange-correlation effects were handled
within local density approximation (LDA) as proposed by Per-
dew and Zunger.?” Core electrons were replaced by nonlocal
norm-conserving pseudopotentials.3® The valence electrons
were described by localized pseudoatomic orbitals with a
double-{ basis set.** A hexagonal supercell containing 200 at-
oms was used for graphene, whereas NTs were placed into tet-
ragonal supercells containing 200 atoms for (10,10) NT and 204
atoms for (17,0) NT. Graphene layers and neighboring NTs were
separated by 10 A vacuum. The first Brillouin zone (BZ) was
sampled according to the Monkhorst—Pack scheme.*® We have
used 24 and 41 irreducible k-points for graphene and NTs, re-
spectively. Atomic positions for each system were relaxed at
fixed lattice parameters using a conjugate gradient scheme un-
til the maximum residual forces on each atom were smaller than
0.007 eV/A. Real space integration was performed on a regular
grid corresponding to a plane-wave cutoff around 300 Ry, for
which the structural relaxations were fully converged.

STM topological images were calculated according to Ter-
soff and Hamann approximation.*' In this approximation, apply-
ing a small bias voltage, Vyi.s, between the tip and the sample
yields a tunneling current whose density is proportional to pstm:

levels
123

b Vo) = [ D D laaPPOE; — Bk

keBZ

m

where @;k is the wave function whose associated E; eigenvalues
belong to the energy range defined by the integral. When Vy,s is
positive (respectively negative), it provides information of elec-
tron density for the occupied (respectively unoccupied) states.
We simulated the STM images in constant current (CC) mode ac-
cording to standard experimental procedures. For a cylindrical
system, we have replaced the absolute vertical displacement of
the tip by the height of the tip above a circular profile to improve
the contrast of surface topography of NTs.2" In the present work,
we defined the tip—sample distance (or tip height) as the dis-
tance between the atomic plane and the point 7 (see eq 1). We
emphasized that the tip shape and its electronic structure were
not taken into account. Consequently, the tip—sample distance
could not be directly compared with the experimental value.
However, the main effect of the tip—sample distance variation
was caught by the present approach. NTs were considered as be-
ing self-supported in our calculations.
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