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ABSTRACT

Graphene has been recognized as a promising 2D material with many new properties. However, pristine graphene is
gapless which hinders its direct application towards graphene-based semiconducting devices. Recently, various ways
have been proposed to overcome this problem. In this study, we report a robust method to open a gap in graphene via
noncovalent functionalization with porphyrin molecules. Two type of porphyrins, namely, iron protoporphyrin (FePP)
and zinc protoporphryin (ZnPP) were independently physisorbed on graphene grown on nickel by chemical vapour de-
position (CVD) resulting in a bandgap opening in graphene. Using a statistical analysis of scanning tunneling spectros-
copy (STS) measurements, we demonstrated that the magnitude of the band gap depends on the type of deposited por-
phyrin molecule.The n-n stacking of FePP on graphene yielded a considerably larger band gap value (0.45 e¢V) than
physisorbed ZnPP (0.23 eV). We proposed that the origin of different band gap value is governed due to the metallic

character of the respective porphyrin.
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1. Introduction

The development of novel techniques to produce highly
crystalline monolayer graphene on the surface of transi-
tion metals is bringing graphene-based applications a
step closer [1-6]. However, the absence of band gap
around the Fermi level in graphene is hampering its ap-
plication in nanoelectronic and photonic devices [2],
since an energy gap is necessary to fabricate field effect
transistors with a large current on-off ratio [7,8]. This
fact has motivated the study of different methods to open
a band gap in graphene. The band structure of graphene
is mainly governed by its special electronic properties
where  and © bands are crossing at the so called Dirac
neutrality point. The opening of a gap in graphene can be
realized by breaking its symmetry in various approaches:
defect formation [9], chemical dopants [10-12], electric
fields [13-15], and interaction with gases [16].

The noncovalent stacking of aromatic organic molecu-
les on graphene through n-7 interaction is emerging as a
promising route to tailor the electronic properties of gra-
phene [17], motivated by the study of the interaction be-
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tween large aromatic molecules and graphene [18-20].
Among all possible aromatic molecules, porphyrins are
of primary interest in molecular electronics due to their
rich electronic/photonic properties (including charge tran-
sport, energy transfer, light absorption or emission) [21].
Individual porphyrin molecules physorbed on different
substrates have shown that their structure can be well-
resolved using scanning tunneling microscopy (STM)
[22-24]. In particular, metalloporphyrins (with a metal
ion at the central part of the porphyrin) have attracted
much interest due to their peculiar electronic properties
[21]. However, a microscopic knowledge of the topo-
graphic and the local electronic structure of physisorbed
porphyrin molecules on monolayer graphene is still lack-
ing.

In this work the n-m stacking of porphryins on graph-
ene and its effect on the electronic properties of graphene
is investigated. Two different types of porphyrin mole-
cules, namely, iron protoporphyrin and zinc porphryins
were physisorbed on CVD graphene grown on nickel. By
means of a systematic statistical analysis of scanning
tunnelling spectroscopy measurements, we probe the
opening of an energy bandgap in graphene in the vicinity
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of physisorbed porphyrins. Although optical experiments
(photo electron spectroscopy or UV-VIS experiments)
can be useful to probe the electronic properties of a fully
functionalized graphene surface, scanning tunneling
spectroscopy allows one the chance to study even single
molecules and to investigate of the electronic properties
of the sample with high accuracy and spatial resolution.

2. Experiments

STM measurements were carried out using a PicoLE
STM (Agilent) equipped with low tunneling current STM
scanner head (type: N9501-A) and digital instrument
from Agilent Technologies model N960A. STM Tips
were obtained by mechanically cutting 0.25 mm Pt glr,,
wire (Goodfellow). The STM images were acquired in
constant current operating mode, in air at room tempera-
ture. Typical scanning parameters to obtain STM images
are in the range of 10 to 15 pA with the tip bias voltage
ranging from —0.8 to —1.2 V. The STM images were
treated by standard flattening procedure without further
image processing treatment. The porphyrins were used
without any further purification from Aldrich. A solution
1.63 mM of FePP in uvasol grade chloroform was pre-
pared. Further, a droplet of 10 uL of the porphyrin solu-
tion was dropcasted onto CVD-graphene surface and the
solvent was left to evaporate for 3h in open air condition.
The same procedure was also applied for the deposition
of ZnPP.

3. Results and Discussion

We have studied and used commercially available gra-
phene/multi-layered graphene grown by chemical va-
pour deposition on polycrystalline nickel [25]. The as
received samples have been first characterized by scan-
ning tunnelling microscopy and spectroscopy. Figure 1
shows the STM topography, measured in constant cur-
rent mode, of the surface of the CVD graphene on nickel,
showing a characteristic rippled structure (a Moiré pat-
tern) due to mismatching between the graphene and
nickel lattices. The topographic line profile, measured
along the black line in Figure 1(c), shows the graphene
atomic corrugation superimposed to the Moiré pattern of
graphene (Figure 1(d)). Iron porphyrins (FePP) are then
deposited onto the CVD graphene surface by drop cast-
ing.

Figure 2(b) shows the STM topography of the CVD
graphene surface after the deposition of FePP molecules.
There are two main features associated with the presence
of FePP molecules on the surface: small and chain-like
protuberances (see Figure 2(c)). While chain-like struc-
tures present typical lengths ranging from 4.5 nm to 7 nm
and 0.6 nm in height, higher resolution images reveals
that the small protuberances have a star-like shape with

Copyright © 2013 SciRes.

Figure 1. A representative STM image of pristine CVD-
graphene probed in ambient condition; (a) 160 x 160 nm>
STM image covered with single layer of graphene (I; = 0.1
nA; V = 0.5 V; Z-scale = 2.05 nm); (b) Super mesh of single
layer graphene decorated with a hexagonal moiré feature
throughout the entire surface area (I = 0.1 nA; V=03 V;
Z-scale = 5.01 A); (c) Carbon atoms arranged in the honey-
comb lattice is markedly the evidence of single layer gra-
phene on nickel substrate (I, = 0.1 nA; V = 0.3 V; Z-scale =
5.01 A); (d) A corresponding cross section profile drawn
from a solid black line in Figure 1(c).

0.26 nm in height and approximate dimension of 13 A x
19 A (Figure 2(d)). These lateral dimensions are in
agreement with the dimensions of a single porphyrin
molecule obtained by first principle calculations (16 A x
16 A) [26]. The resolved six-star shape, however, do not
perfectly match to the expected geometrical structure of
porphyrin molecules (four-star shape).

The additional features in the observed star shape can
be due to the splitting of the local density of the state
(LDOS) of one phenyl ring. Another interesting finding
is that FePP molecules are preferable physisorbed at the
valleys of the Moiré structure of graphene (Figure 2(c)).
The origin of the chain-like structures is possibly driven
by a noncovalent interaction created between the next
neighboring FePP extended up to few nanometers. To
evaluate further the effect of the molecule-substrate (MS)
interaction, we present another example of self-assem-
bled porphyrin on graphene using Zincporphyrin (ZnPP)
molecules with a weaker interaction with the graphene
surface [27]. The molecular structure is illustrated in
Figure 2(e). We deposited the ZnPP in a similar way as
the FePP. The ZnPP molecule is mainly constructed of a
zinc metal at the central propyrins backbone which is a
rather weak transition metal in comparison to Fe. Inter-
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Figure 2. Single molecule detection of porphyrins on CVD-grown graphene; (a) 5,10,15,20-Tetraphenyl-21H,23H-porphine
iron(IIl) chloride (abbreviated as FePP); (b) Porphyrin molecules decorating the terraces of single layer graphene (I, = 0.1 nA;
V = 0.5 V). FePP can be found at the valleys of the Moir¢ pattern of graphene; (c) Single porphyrin molecules with star-like
shape were observed at the vicinity of hills of the rippled structure of graphene on Ni; (d) Topographic line profile alongthe
black and red lines highlighted in Fig. (b); (e) 7,12-Diethenyl-3,8,13,17-tetramethyl-21H,23H-porphine-2,18-dipropionic acid,
zinc complex (abbreviated as ZnPP); (f) STM image of ZnPP molecules deposited on the surface of CVD graphene; (g) In
high resolution, a chain-like structure of ZnPP is clearly observed; (h) Lateral profile is extracted from the black dashed line

in Figure 2(g).

estingly, a chain-like structure was observed in the STM
image (Figure 2(f)). The chain structures of ZnPP are
slightly lower in height compare to the FePP and they
can be much longer (Figure 2(h)). Petukhov and co-
workers observed a similar shape in the manganese grid-
like assembly molecules [28]. In this particular system,
the molecular chain is governed by the coordination bond
of the ligands which form a grid-like structure. Note that
we could not resolve the Moiré pattern in graphene at the
vicinity of the ZnPP as it is previously shown in FePP,
indicating that the modification of the electronic proper-
ties induced by the physisorption of ZnPP is more exten-
sive than that of FePP.

We expect that the two different structural arrange-
ments of the molecules are related to the strength of the
metallic centre of porphyrins. While FePP strongly in-
teracts with graphene, resulting in the physisorption of
localized individual molecules on the surface, the ZnPP-
graphene interaction is rather weak and thus individual
ZnPP molecules preferably interact among themselves
and form large chain-like aggregates on graphene surface
(Figure 2(f)). In addition to that, the absence of phenyl
rings at the corners of ZnPP did not give additional mo-
lecular rigidity of porphryins backbone.

In order to study the effect of the deposition of po-

Copyright © 2013 SciRes.

rphyrin molecules on the electronic properties of gra-
phene, we used a statistical analysis of tunneling spec-
troscopic measurements [29,30]. The STS measurements
were carried out as follows: A total of 1000 tunneling
current vs voltage traces (I-V traces) were measured at
several spots on the sample by interrupting the feedback
control loop during the measurements and sweeping
the tip bias voltage between —1.5 V and 1.5 V (0.01 sec-
ond per trace). The differential conductance vs. voltage
(dI/dV vs V) was obtained by numerically differentiated
the I-V traces using a moving average of 10 - 20 data-
points to smooth the resulting numerical derivative. Then
the whole set of 1000 (I-V and dI/dV) vs V is plotted in a
2D histogram shape which shows the distribution of the
dI/dV vs V of the sample. To construct these 2D histo-
grams, both the bias voltage and the dI/dV axes are di-
vided into a number of bins forming a N by N matrix
(200 x 200 in our case). Each datapoint whose dI/dV and
V values are within the interval of one bin, adds one
count to it. The number of counts in each bin was then
represented with a color scale.

After the deposition of FePP onto the graphene surface,
we measured the I-V traces directly on top of six porphy-
rin molecules (one of them is indicated by the red cross
in Figure 2(c). The tunneling differential conductance at
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low bias shows a strong reduction (Figure 3(c)) in com-
parison to pristine graphene (Figure 3(a)). In fact, the
tunneling differential conductance traces present zero
conductance for a wide range in bias, a characteristic of
semiconducting behaviour while for pristine graphene
the low bias differential conductance value is signifi-
cantly larger than zero. Surprisingly, when this meas-
urement is repeated on graphene several angstroms away
from a single porphyrin molecule (at the topmost point of
Moiré as indicated by the black cross in Figure 2(c) the
characteristic I-V traces (Figure 3(d)) are different than
that of pristine graphene (Figure 3(a)). The tunneling
differential conductance at low bias is strongly reduced.
Indeed, we also observed a significant number of traces
with zero conductance, indicating the opening of a band
gap in graphene mediated by the interaction with the vi-
cinal porphryin molecule. This modification of the elec-
tronic properties of graphene seems to be due to the ad-
sorption of porphyrins as regions far from the porphyrins
show a conducting behavior similar to pristine graphene
(Figure 3(b)).

Further, we analysed the tunneling differential condu-
ctance in the histogram bin close to zero conductance
value (between 0 pS and 2.5 pS) to gain a deeper insight
of the reduction of the differential tunneling conductance
by the physisorption of porphyrins on graphene. There-
fore, we extracted 1D histograms at zero differential con-
ductance from the 2D histograms as presented in Figure
4.

The 1D histogram of modified graphene (close to a
physisorbed molecule) shows a reasonable number of
counts that are concentrated close to the zero bias.
Moreover, by fitting the 1D histogram to a Gaussian
curve we estimate a bandgap value of 0.45 eV. Interest-
ingly, although the n-m interaction with graphene is rather
weak this value is quite comparable to the band gap
opened in CVD graphene by the chemisorption due to
hydrogen plasma treatment [29]. The semiconducting be-
haviour observed directly on top of the porphyrin mole-
cules by STS is more marked and the estimated energy
gap is larger (0.70 eV) (Figure 4(d)). The 1D histo-
grams obtained for pristine CVD graphene and for gra-
phene far from the porphyrin molecules are similar and
do not show a significant number of counts which dem-
onstrates a fairly conducting behaviour. According to
these measurements, the semiconducting behaviour ob-
served on top of the FePP molecules physisorbed on gra-
phene is extended to the adjacent graphene (up to 10 - 20
nm in distance) while graphene far away from the mole-
cules remains fairly conducting (as the initial CVD gra-
phene).

We also investigate the local electronic properties of
the chain-like features formed by ZnPP molecules by
means of the same statistical STS approach. Figures 5(a)

Copyright © 2013 SciRes.
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Figure 3. A comparison of the I-V and dI-dV graphene
before and after FePP deposition; The data is presented as
2D histrograms, each one built from 1000 individual traces;
(a) I-V of pristine CVD graphene measured on top of Moiré
(we also observed a similar I-V shape of pristine graphene
in the the valleys of Moiré); (b) The I-V of CVD graphene
after FePP deposition acquired on top of hill of Moiré far
from the physisorbed molecules; (c) The collected I-V traces
acquired on top of the porphyrin molecule marked in
Figure 2(c). (d) I-V of CVD graphene after FePP deposition
taken on different hills of the Moiré within 10 - 20 nm in
radius of a porphyrin molecule; (e)-(h) The corresponding
differential conductances (obtained by numerical differen-
tiation) are presented next to each corresponding mea-
surements.

and (b) present the collected I-V traces on pristine gra-
phene and graphene far from the physisorbed ZnPP,
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Figure 4. One dimensional histogram extracted from the
respective black dashed lines in Figures 3(e)-(h); We con-
sidered the datapoints that fall in the bin with differential
conductance; (a) and (b) 1D histograms for pristine CVD
graphene and graphene after FePP deposition (far from the
molecules) are featureless, showing a negligible amount of
datapoints with zero differential conductance. The observed
counts are due to the noise of the dI/dV traces; (c¢) and (d)
1D histograms for a single FePP molecule and for the grap-
hene close to a FePP molecule which show a clear accumu-
lation of datapoints with zero differential conductance at
low bias. A Gaussian fit is used to estimate the band gap.

sharing an ohmic behaviour for low biases. In fact, the
tunnelling differential conductance in Figures 5(e) and (f)
shows that the minimum differential conductance value
is significantly larger than zero. On the other hand, the
I-V and the dI/dV spectra measured on top of the ZnPP
chain structure (Figure 5(c)) and on a graphene region
10 - 20 nm close to the ZnPP molecules (Figure 5(d))
show a strong reduction on the differential conductance
with a non-negligible presence of datapoints with zero
differential conductance. This resembles again the semi-
conducting behaviour observed on top of the FePP mole-
cules and on graphene close to FePP molecules.

In order to estimate the band gap opening of graphene,
1D histograms were extracted from the bin with zero
dI/dV value in the 2D histograms as shown in Figure 6.
Figure 6(d) shows that close to the chain of ZnPP mole-
cules there is an accumulation of datapoints with zero
differential conductance for low bias voltage, in agree-
ment with an opening of a band gap with a value of 0.23
eV. The resulted band gap value after ZnPP deposition is
almost a factor of two lower than that of FePP. This is in
agreement with the fact that the semiconducting behavior
measured directly on top of the chains of ZnPP mole-
cules was less marked than that measured on top of the
FePP molecules (Figure 6(c)). In fact, the 1D histograms
extracted from STS measurements on top of the ZnPP
molecules show an accumulation of datapoints with zero
differential conductance for a range of around 0.37 mV
of bias voltage. For pristine graphene (Figure 6(a)) and

Copyright © 2013 SciRes.
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Figure 5. A comparison of the I-V and dI-dV graphene be-
fore and after ZnPP deposition. The data is presented as 2D
histrograms, each one built from 1000 individual traces; (a)
I-V of pristine CVD graphene; (b) The I-V of CVD gra-
phene after ZnPP deposition acquired on top of hill of
Moiré far from the physisorbed molecules; (c) The collected
I-V traces acquired on top of the porphyrin chain-like
structure marked in Figure 2(g); (d) I-V of CVD graphene
after ZnPP deposition taken on different hills of the Moiré
within 10 - 20 nm in radius of a porphyrin molecule; (e)-(h)
The corresponding differential conductance (obtained by
numerical differentiation) is presented next to each corre-
sponding measurements.

graphene far from the ZnPP molecules (Figure 6(b)) the

1D histograms do not show any clear accumulation of
datapoints with zero differential conductance, compatible
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Figure 6. One dimensional histogram extracted from the
respective black dashed lines in Figures 5(e)-(h); (a) and (b)
1D histograms for pristine CVD graphene and graphene
after ZnPP deposition (far from the molecules) are feature-
less, showing a negligible amount of datapoints with zero
differential conductance. The observed counts are due to
the noise of the dI/dV traces; (c) and (d) 1D histograms on
top of the chain-like ZnPP structure and for the graphene
close to the chain of molecules which show a clear accumu-
lation of datapoints with zero differential conductance at
low bias. A Gaussian fit is used to estimate the band gap.

with a metallic behaviour. In addition, it is unlikely that
the Coulomb repulsion plays role in these types of mole-
cules based on the theoretical calculation carried out by
Panchmatia and coworkers [31].

In general, the STS spectra show that the tunneling
probability is very small in certain bias regimes for tun-
neling into the porphyrin molecule. The origin of this
observation might be due to the existence of very local-
ized states of Fe and/or Zn in this bias regime which
prevents a tunneling event due to a Coulomb repulsion.
However, this is not unlikely for these type of molecules
based on electronic structure calculations by Panchmatia
et al. [31]. Indeed our finding is in agreement with this
calculation, if the molecule would act as a Coulomb is-
land, the change in the electronic properties would be
extremely localized in the surface and it is clearly not the
case (fairly away from the molecule the dI/dVs show still
a gap).

These results indicate that porphyrin molecules physi-
sorbed on top of CVD graphene show a marked semi-
conducting behaviour which is extended to the vicinal
graphene while the graphene far from the porphyrins
remains fairly conducting. Moreover, the magnitude of
the opened band gap depends on the strength of the
molecule-graphene interaction which can be engineered
by a proper selection of the porphyrin metal core [32-34].
The effect which is presented in our work is very local.
Therefore, the transport measurements would require a
fully covered graphene to observe any bandgap opening.
This type of approach requires a different kind of sample

Copyright © 2013 SciRes.

compare to our findings. We believe that this is a first
step towards this other proposed experiment.

4. Conclusions

In conclusion, we investigated the opening of a band gap
in graphene by physisorption of porphyrin molecules.
We have performed a statistical analysis of the tunneling
spectra that allow to monitoring the opening a gap of gra-
phene via adsorption of different porphyrin molecules
(FePP and ZnPP).

We find that the presence of porphyrin molecules ph-
ysisorbed on the graphene substrate induces a semicon-
ducting behaviour in the surrounding graphene layer up
to 10 - 20 nm far from the molecules. Interestingly, the
magnitude of the bandgap opened in graphene can be
controlled via the selection of the metal core of the por-
phyrin molecules that determines the graphene-molecule
interaction. We believe that this work will open more
opportunities to build other hybrid systems based on the
noncovalent n-n stacking of aromatic molecules on gra-
phene.
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