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G
raphene is a two-dimensional car-
bon material with unique physical
and chemical properties1,2 that

make it an enticing material for a broad
range of technological applications includ-
ing novel electronics,3�5 gas sensing,6�8

and catalysis.9�11 In this context, controlling
the properties of graphene and mastering
its interaction with other species are corner-
stones for the realization of graphene-
based devices. Among the methods ex-
plored to tune the properties of graphene,
the substitutional chemical doping appears
as a promising route.12 The use of nitrogen
doped (N-doped) graphene can improve
electrochemical reactions for biosensing
applications13 or provide an efficient cata-
lyst for oxygen reduction.14 Theoretical
studies have shown that the spatial varia-
tion of the electron density around nitro-
gen sites can explain the chemical reac-
tivity of N-doped graphene.15 Therefore,

understanding the atomic-scale interaction
between amolecule and a doped graphene
sheet will help to improve the future ra-
tional designing of graphene-based de-
vices. However, experimental data are still
lacking, and only little is known on the local
interaction between molecules and gra-
phene doping sites.
Here, we present an extensive low-

temperature scanning tunneling microscopy/
spectroscopy (STM/STS) study of the elec-
tronic properties of 5,10,15,20-tetraphenyl-
21H,23H-porphyrin molecules (H2TPP) ad-
sorbed on pristine and N-doped graphene
on SiC(0001). Porphyrins have been widely
investigated for the functionalization of
carbon materials. Many studies have been
performed on porphyrin�nanotube com-
posites,16 and it was shown that H2TPPs
lead to an efficient energy transfer under
light excitation.17 The functionalization of
graphene with different types of porphyrins
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ABSTRACT The chemical doping of graphene is a promising route to improve

the performances of graphene-based devices through enhanced chemical reactiv-

ity, catalytic activity, or transport characteristics. Understanding the interaction

of molecules with doped graphene at the atomic scale is therefore a leading

challenge to be overcome for the development of graphene-based electronics and

sensors. Here, we use scanning tunneling microscopy and spectroscopy to study

the electronic interaction of pristine and nitrogen-doped graphene with self-

assembled tetraphenylporphyrin molecules. We provide an extensive measure-

ment of the electronic structure of single porphyrins on Au(111), thus revealing an electronic decoupling effect of the porphyrins adsorbed on graphene. A

tip-induced switching of the inner hydrogen atoms of porphyrins, first identified on Au(111), is observed on graphene, allowing the identification of the

molecular conformation of porphyrins in the self-assembled molecular layer. On nitrogen-doped graphene, a local modification of the charge transfer

around the nitrogen sites is evidenced via a downshift of the energies of the molecular elecronic states. These data show how the presence of nitrogen

atoms in the graphene network modifies the electronic interaction of organic molecules with graphene. These results provide a basic understanding for the

exploitation of doped graphene in molecular sensors or nanoelectronics.

KEYWORDS: graphene . nitrogen doping . tetraphenylporphyrins . scanning tunneling microscopy .
scanning tunneling spectroscopy . charge transfer . self-assembly
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has been used to realize sensitive electrochemical
detection of molecules,18,19 for optical limiters,20 or
to improve the conductivity of graphene films.21 Here,
we use free-base porphyrins as prototype molecules
for the study of molecule/doped-graphene interac-
tions. On pristine graphene, at room temperature,
the molecules form a two-dimensional square-like
lattice with a molecule�substrate electronic coupling
reduced as compared to a metallic surface. High-
resolution STM images reveal the positions of the inner
hydrogen atoms and the random switching between
the two tautomer forms, allowing a precise identifica-
tion of the structures of themolecules on graphene. On
N-doped graphene, imaging and local spectroscopy of
H2TPP reveal that the molecules located around a
nitrogen site undergo a downshift of their highest
occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) states. This indicates
that the electronic interaction of the molecules with
graphene is different at nitrogen sites than at carbon
sites. We show that this effect is not spatially limited to
the nitrogen atomic site but spreads over almost 1 nm
around the nitrogen atoms.

RESULTS AND DISCUSSION

We have first studied H2TPP on a Au(111) substrate
as a reference. Figure 1a shows the topography of two
individual H2TPP molecules recorded at �0.8 V. It has
been shown that the adsorption of H2TPP on ametallic
substrate induces a conformational change of the
molecule leading to a rotation of the phenyl groups
that are no longer contained in the plane of themacro-
cycle. As a consequence, the molecule has a rectan-
gular shape. This leads to two inequivalent positions
of the central hydrogen pair, which can be parallel
(Hκ configuration) or perpendicular (HR configuration)
to the long side of the rectangle joining the top C�C
bonds of the phenyl groups (see molecular model in
Figure 1a).22

In the HR configuration (Figure 1a, right), two bright
lobes appear around the hydrogen positions. In the Hκ

configuration (Figure 1a, left) the lobes are no longer
observed. The dI/dV spectrum, which corresponds to
the local density of states (LDOS), measured above the
molecule in the HR configuration (see Figure 1e, blue
curve) reveals the energy position of the HOMO and
LUMO states at �0.83 ( 0.05 and þ1.55 ( 0.07 V,
respectively, corresponding to an electronic gap of
2.4 eV (in the paper, the error estimation corresponds
to the standard deviation of a series of measurements).
It is worth noting that the experimental measurement
of the HOMO�LUMO gap of H2TPP is very scarce in the
literature. Photoemission experiments on 8 mono-
layers of H2TPP/Au(111) have given a gap value of
2.9 eV, which is close to ourmeasurement.23 STM break
junction experiments with gold electrodes have given
a gap value of 2.7 eV for different types of porphyrin
molecules.24 However, in the specific case of H2TPP,
this technique failed to give a measurement of the
HOMO�LUMO gap. The conductance map of the
HOMO state (Figure 1b), which corresponds to the
LDOS map, clearly reflects the difference between
the two configurations HR and Hκ that exhibit a 2-fold
symmetry. The LUMO state, however, reveals a 4-fold
symmetry of the wave function (Figure 1c). The vertical
noise observed in Figure 1c corresponds to the random
switching of hydrogen atoms between HR and Hκ

configurations,22,25 which could not be avoided at this
bias voltage. On the contrary, at the voltage of the
HOMO state (�0.8 V), the two configurations are
more stable, allowing imaging without switching and
the possibility to induce a controlled switching with
the STM tip (see Supporting Information Figure S1).
On graphene, the behavior of porphyrins under

adsorption is different. We could not measure single
molecules as they were swept by the STM tip during
scanning, which is indicative of a weaker molecule�
substrate interaction on graphene than on Au(111).

Figure 1. (a) Topography (4� 6 nm2,�0.8 V, 40 pA) of twoH2TPPmolecules on aAu(111) substrate. The large rectangles are a
guide to the eye joining the top C�C bonds of the phenyl groups. The small rectangles indicate the inner hydrogen pairs. (b)
Conductance map of the HOMO state of the two molecules at �0.8 V. (c) Conductance map of the LUMO state of the two
molecules atþ1.5 V (in images a�c the scan direction is vertical). (d) Large-scale image (100� 100 nm2,þ2 V, 100 pA) of self-
assembledH2TPP on pristine graphene. (e) Representative dI/dV spectrameasured on a pristine graphene area (black dashed
curve) and over the center of H2TPP on Au(111) (blue curve) and H2TPP on undoped graphene (red curve).
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After room-temperature annealing, the molecules self-
assemble and form highly ordered stable structures.
Figure 1d shows an area of the sample partly covered
by a molecular array (left bottom part). Two graphene
domains (marked 1 and 2 in Figure 1d) separated by a
grain boundary can be seen exhibiting two different
moiré patterns due to the misorientation angle be-
tween the two top graphene layers. The moiré pattern
of domain 1 is clearly seen through themolecular layer,
indicating that the molecular island is adsorbed on
domain 1. Furthermore, the edge at the bottom right
part of the island runs along the limit of domain 2,
indicating that the molecule island is partly bounded
by thegrainboundary that naturally limits the coherency
of the 2D self-organized growth (see also Figure S2). In
order to understand the orientation and the molecular
conformation within the H2TPP layer, we recorded
molecular resolution images. Figure 2 shows small-
scale STM images (8 � 8 nm2) of a H2TPP array at bias

voltages close to HOMO and LUMO energies (Figure 2a
and b, respectively). The molecules self-organize into
near-square lattice structures with a lattice constant of
a=1.41( 0.01 nmand an angle of 96.8�. The symmetry
of the molecular lattice is not compatible with that of
graphene, indicating that the molecule�molecule in-
teraction is larger than the molecule�substrate inter-
action as previously reported in theoretical calcula-
tions26 and experimental observation of H2TPP on
highly oriented pyrolytic graphite.27 Similar to the
observation on Au(111) reported in Figure 1b, at the
HOMO energy, the molecules appear either with or
without two bright lobes corresponding to the HR and
Hκ configurations, respectively (Figure 2a). A series of
successive topographical images reveal a random
switching over time between the two configurations,
as shown in supplementary video 1. This is an inter-
sting fact, as it reveals that the current induced hydro-
gen switch previously reported on Ag(111)22 can be
generalized to a variety of other substrates such as
Au(111) and graphene, which exhibit very different
surface reactivity and electronic properties. At the
LUMO energy (Figure 2b), the STM images display four
lobes centered around the phenyl groups that are
again consistent with the molecular orbitals observed
on Au(111) (Figure 1c). The local electronic structure of
porphyrins on graphene was investigated by dI/dV
spectroscopy. On the uncovered pristine graphene
area, the spectrum exhibits a central gap feature
around the Fermi level delimited by two onsets corre-
sponding to the inelastic excitation of an acoustic
phonon28 (see Figure 1e, black dashed curve). It has
been pointed out that this central gap feature is not
observed by all the groups and may depend on the
particular tip�sample geometry29 and on the sub-
strate.30 In our case, we systematically observed it
when using calibrated tips previously checked on a
Au(111) surface until the Shockley state feature could
be clearly observed in the spectroscopy. It is worth
noticing that there is nomeasurable changewithin our
experimental precision of the spectrum on the pristine
graphene before and after adsorption of H2TPP mol-
ecules. The spectrum measured above the H2TPP
molecules shows the HOMO and LUMO resonances
respectively at �1.34 ( 0.04 and þ2.00 ( 0.07 V,
yielding an apparent gap of 3.3 eV. The value of the
gap is much larger than that measured on Au(111)
(2.4 eV), indicating an electronic decoupling of H2TPP
on graphene similarly to the effect reported for C60
molecules.31 The decoupling is further confirmed by
the full widths at half-maximum (fwhm) of the reso-
nances that are measured at 0.06 ( 0.02 V for the
HOMO and 0.15 ( 0.02 V for the LUMO on graphene,
which are smaller than the values measured on
Au(111) (0.16 ( 0.03 and 0.43 ( 0.05 V for the HOMO
and LUMO, respectively). The decoupling measured
in the electronic spectra is consistent with the weak

Figure 2. High-resolution STM images (8 � 8 nm2) of a
H2TPP array on pristine graphene, recorded at (a) �1.5 V,
20 pA and (b) þ2 V, 20 pA energies. The molecular models
show the structure of the molecular lattice and mark the
tautomer forms corresponding to the bright and dark
molecules in (a). In (b) the images do not allow the identi-
fication of the position of the inner hydrogen atoms; there-
fore, only one tautomer form is used in themodel. Thewhite
rectangles are a guide to the eye for the HR and Hκ config-
urations (see Figure 1a).
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interaction with graphene deduced from the diffusion
of individual molecules during STM imaging and with
the structure of the molecular array.
We now turn to the interaction of themolecules with

N-doped graphene. STM/STS have been used to study
the atomic and electronic structure of N-doped
graphene.32�34 STS measurements have shown that
the insertion of nitrogen atoms in the carbon lattice
induces a localized unoccupied state confirmed by
calculations33,35 as well as a charge redistribution
extending over several carbon sites surrounding the
nitrogen atoms. Figure 3a shows a submonolayer of
self-assembled porphyrins on N-doped graphene after
deposition at 4.6 K followed by RT annealing. Inter-
estingly, the hydrogen switching is also observed in
this area even for molecules at the nitrogen sites
(supplementary video 2). On the bare graphene areas,
point defects are observed corresponding to nitrogen
atoms inserted in the carbon lattice33 with a doping
density of 0.08%. It is worth noticing that we did not
observe the molecules in these areas, indicating that
the nitrogen sites do not trap the molecules during
surface diffusion at room temperature. In the molecu-
lar array, a small fraction of the molecules appears
higher at þ2 V. As shown in Figure 3b and c recorded
respectively at �1.5 and þ2 V, this tremendous topo-
graphic change is due to an electronic effect. Indeed,
the molecules that appear higher in Figure 3c appear
slightly lower in Figure 3b (by about 1 Å in both cases).
For bias voltages inside the gap between the HOMO
and LUMO, all the molecules in this area appear
identical (see Supporting Information Figure S3).
This bias-dependent contrast can be explained by

dI/dVmeasurements on the molecular layer. First, as a
reference, we have measured the spectrum on uncov-
ered parts of N-doped graphene, which shows the

phonon feature around the Fermi level together with
a minimum at�0.1 V corresponding to the Dirac point
that is typical of the electronic local density of states
of N-doped graphene.32,33 For the molecules out of
doping sites, the representative spectrum shown in
Figure 3d (blue curve) presents resonances at�1.34(
0.02 and þ2.10 ( 0.03 V, leading to a gap of 3.4 eV,
similar to the case of undoped graphene. The spectra
on bright molecules (Figure 3d, red curve) exhibit
HOMO and LUMO resonances at �1.41 ( 0.02 and
þ1.92( 0.07 V, respectively, leading to a gap of 3.3 eV.
We measured the energy shifts EN� EC where EN is the
energy of the HOMO (LUMO) peak on a H2TPP mole-
cule on a nitrogen site and EC is the energy of the
HOMO (LUMO) peak on a H2TPP molecule on a carbon
site. The distribution of the shift values is displayed in
the inset of Figure 3d. The ensemble average values
of the energy shifts are �0.07 ( 0.03 V for the HOMO
and �0.18 ( 0.07 V for the LUMO. Moreover, series of
measurements of the peak positions on several mo-
lecular islands confirm the observed energy shift (see
Supporting Information Figure S4). This explains the
voltage-dependent contrast reported in Figure 3b,c. At
þ2 V, only the LUMO state of themolecules onN sites is
integrated in the tunneling current, leading to an
increased conductance. As a consequence, to keep a
constant tunneling current, the tip must be retracted
further above these molecules, leading to an increased
apparent height. At �1.5 V, however, the HOMO state
is totally integrated only for the other molecules, while
for the molecules above the N sites, the bias is at the
edge of the HOMO state. Therefore, the tip must be
further approached toward the molecules at doping
sites in order to maintain the current set point, leading
to a reduced apparent height for the molecules above
the nitrogen sites. This also explains the lower intensity

Figure 3. (a) Large-scale image (100 � 100 nm2, þ2 V, 50 pA) of an island of self-assembled H2TPP molecules on nitrogen-
doped graphene. The inset is a zoomed image (6� 6 nm2) corresponding to the area marked by the white square (using the
same color scale as b and c). (b, c) Zoomed-in images (8� 8 nm2) of molecules around a N-doped site at�1.5 V (b) andþ2 V
(c) (current set point 40 pA). (d) Typical dI/dV spectra recorded on carbon area of N-doped graphene (dashed black) and
comparative dI/dV spectra of H2TPP molecules on carbon (blue) and nitrogen (red) sites. The vertical dashed lines mark the
energy positionof themeasuredmean values of HOMOandLUMOstates on carbon (blue) and nitrogen (red) sites. The inset is
the distribution of the energy shifts of the HOMO and LUMO states measured on the molecular island.
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of the dI/dV spectrum at the nitrogen site (Figure 3d).
The shift of the HOMO and LUMO states to lower
energy indicates a filling of the molecular states,
revealing a charge transfer toward the molecules at
the nitrogen sites. The slight reduction of the gap of
the molecules at these sites further suggests that the
electronic interaction between the molecules and the
graphene is increased above the nitrogen sites. There-
fore, these measurements reveal that the doping sites
of N-doped graphene act as electron donors for the
porphyrin molecules. We have probed spatial exten-
sion of this effect by measuring the ratio between the
density of bright molecules at þ2 V and the density of
nitrogen atoms. We found a ratio of 2.2. Using a geo-
metrical model we found that an interaction radius of
8 Å around the nitrogen atoms reproduces the experi-
mental density ratio as well as the patterns observed
for bright molecules (single molecules, clusters, linear
chains) (see Supporting Information Figure S5). This
radius corresponds to the extension of the main
pattern of increased density of states induced by the
presence of a nitrogen atom in the carbon lattice33

(see Supporting Information Figure S5). This indicates
that the bright molecules result from the interac-
tion with the charge density redistribution around
the nitrogen atoms more than a chemical interaction
with nitrogen.
The electronic interaction of H2TPP molecules with

Au(111) and N-doped graphene is summarized in the
diagram of Figure 4. As expected, the interaction with
the substrate reduces the HOMO�LUMO gap. For an
isolated molecule, the theoretical transport gap corre-
sponds to the single-particle gap enlarged by the
charging energy U. Ab initio GW calculations36 have
been used to calculate the H2TPP HOMO�LUMO
gap (including many-body effects), giving a value of

4.71 eV. The single-particle Kohn�Sham eigenvalues
have also been calculated,36 leading to a HOMO�
LUMO energy gap of 1.82 eV. The charging energy U

can thus be obtained by the difference of these two
gaps, leading to U = 2.9 eV in the gas phase. From our
STM measurements, we can estimate the charging
energy by subtracting the calculated single-particle
gap from the experimental values.37 Using this proce-
dure, we obtain charging energies UAu

H2TPP ≈ 0.5 eV
on Au(111) and UGraphene

H2TPP ≈ 1.5 eV on graphene. The
charging energy is therefore strongly reduced (by a
factor of∼6) on Au(111), while it is only divided by 2 on
graphene. The larger decrease of the charging energy
on gold as compared to graphene can be partly under-
stood by the fact that the density of states of graphene
is lower than that of gold. Therefore, the screening
effect is expected to be stronger on Au(111) than on
graphene. A difference in the charge transfer between
the molecules and the graphene or Au(111) substrate
(expected due to the very different work functions of
graphene and Au(111)) is also expected to induce a
variation in the HOMO�LUMO gap of H2TPPs. To fully
understand the origin of the HOMO�LUMO gap varia-
tion of H2TPP on Au(111) and on graphene, theoretical
calculations are needed, which are beyond the scope
of the present work. Concerning the interaction of
porphyrins with doped graphene the experimental
data can be understood as follows. H2TPP molecules
are known to be electron donors for carbon mate-
rials.21,38 As nitrogen atoms are also donors, the two
effects are competing. The charge transfer from por-
phyrin to graphene is reduced around the nitro-
gen sites, leading to a shift of the molecular states to
lower energies (reducing the electron transfer from
porphyrin to graphene corresponds to an n-doping of
porphyrins).

Figure 4. Schematic drawing showing the shift and broadening of the HOMO and LUMO states of H2TPP molecules from the
gas phase (using ab initio data from ref 36) to adsorption on N-doped graphene and Au(111) substrate. The energy levels are
positioned with respect to the vacuum level using the calculated ionization energy (I.E.)36 for the gas phase, and the work
functions Wgraphene = 4.6 eV for graphene and WAu(111) = 5.3 eV for Au(111).
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CONCLUSIONS

In summary, we have studied the interaction of H2TPP
molecules with N-doped graphene. High-resolution
STM imagingand spectroscopyhave revealed a reduced
electronic coupling of the self-organizedmoleculeswith
graphene as compared to a metallic substrate. At the

doping sites, we have evidenced a charge transfer from

the graphene to the molecules due to the donor

character of the nitrogen atoms. These findings provide

a basis for a better understanding of the properties of

doped graphene for the future exploitation of its che-

mical, catalytic, or electronic properties.

METHODS
Multilayer (∼5�10) graphene samples were obtained on

SiC(0001) by annealing the substrates in ultrahigh vacuum
(UHV) at 1320 �C for 12 min under a silicon flux of ∼1 ML/
min.39,40 The nitrogen doping was performed by exposing the
graphene sample to a flux of nitrogen radicals produced by a
remote radio frequency plasma source.33 Pristine and nitrogen-
doped graphene samples were then transferred in air to a UHV
chamber and degassed at∼800 �C for a fewminutes before the
measurements. The clean Au(111)/mica substrate was prepared
by several cycles of Arþ sputtering (900 eV) followed by
annealing at 330 �C under UHV. H2TPPmolecules (Aldrich) were
sublimated using an effusion cell (Dr. Eberl MBE-Komponenten
GmbH) under vacuum at 255 �C onto the samples at the STM
stage maintained at 4.6 K. The graphene samples were then
brought to room temperature for a few hours, allowing mol-
ecules to self-assemble and form a 2D island on the surface. All
STM measurements were performed with a low-temperature
STM apparatus (Omicron) working at 4.6 K at a pressure lower
than 1 � 10�10 mbar. The dI/dV spectra were acquired using a
lock-in detector at a frequency of ca. 670 Hz and a modulation
amplitude of 35 mV. The measurements were performed with
an electrochemically etched tungsten tip.
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energies of HOMO and LUMO states of H2TPP on N-doped
graphene. Movies showing the switch of the inner hydrogen
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