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Abstract

Graphene, when doped with transition metals, is considered, both experimentally and theoretically, as a good
candidate for the detection of gas molecules as CO, CO,, NO or NO;. This opens new perspectives for gas sensor
set-ups considering that devices based on 2 dimensional graphene are more sensitive to detect molecules than solid-
state gas sensors. The state of the arts on gas adsorption on Fe doped armchair graphene nanoribbons (Fe-AGNR)
is still in its starting phase and thorough investigations of the mechanism of the adsorption on graphene need to be
done. In the present work, the electronic and transport properties of molecules adsorbed on Fe-AGNR are scrutinized
using ab-initio calculations. We observe that the adsorption of gas molecules on Fe-AGNR changes significantly the
electronic properties of both the valence and the conduction band. Besides, The adsorbed molecules change the local
electron density of states of the graphene nanoribbons, modifying thus the conductivity, being one of the main output
quantity of the gas sensors. We also observe that the adsorbed molecules induce specific impurity bands which play a
role in the transport properties. Finally, considering the observed variations of electrical conductance induced by the
molecules, we propose several strategies to set-up gas sensors for CO, CO;, NO and NO; molecules. These strategies
are either based on the measurement of the conductance in the valence or the conduction band (using either p or

n-doped Fe-AGNR) or to the spin polarization induced by the NO and NO, molecules.
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1. Introduction

Due to its mechanical, structural and electronic prop-
erties, graphene has a significant potential in the most
advanced technological applications [1-5]. It has been
subjected to a great upsurge in research since it’s dis-
covery by Novoselov et al. [6]. Indeed, graphene has a
very high electron mobility [7, 8] and a great stability on
the nanometric scale [9]. It can be produced over large
areas and these appealing properties open the perspec-
tive to manufacture electronic devices, such as graphene
based gas sensors [10—15] which could be more sensi-
tive than conventional devices.

For this kind of 2 dimensional materials, tiny struc-
tural modifications have significant effects on their elec-
tronic properties. Indeed, graphene nanoribbons with
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armchair edges are predicted to be either metallic or
semiconducting depending on their dimensions [16, 17].
Furthermore, the electronic properties are very sensitive
to the geometry of the edges [18], and the band-gap of
graphene nanoribbons can be engineered by means of
edge corrugations [19]. For instance, edge disordering
is likely to induce a localization regime [20] or to in-
duce resonances [21], edge decorations [22] are likely
to modify the transport properties and transition metal
decorations is responsible of the formation of transport
gap [23]. Structural defects [24] and chemical dop-
ing [25, 26] have a major influence on the properties
of graphene and graphene nanoribbons as well. For in-
stance, conductance quantization is observed in strongly
disordered graphene [27] and it is observed that the lo-
cation of the dopants on the graphene nanoribbons af-
fects the transport properties [28, 29]. Notably, substitu-
tion doping by transition metals is found to be stable and
energetically more favorable for gas adsorption [30-32].
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Among the transition metals, Fe has attracted great
attention due to the ability to perform Fe substitu-
tional doping by electron beam irradiation [33]. In-
deed, Beriyorov et al. [34] have shown that the trans-
port properties of Fe doped graphene nanoribbons are
more sensitive to CO, adsorption with Fe in substitution
rather than adsorption. Moreover, it has been shown that
Fe doped graphene exhibits high sensitivity to NO [35]
molecules for instance. This definitely makes Fe doped
graphene a very good candidate for gas detection com-
pared to other 2 dimensional materials as hexagonal
transition metal dichalcogenide [36] or hexagonal boron
nitride [37]. Concerning the magnetic properties, it has
been shown that graphene with substitutional Fe impu-
rity has no magnetic property [26]. However, depending
on the number of Fe atoms, armchair graphene nanorib-
bons (AGNR) can either have non magnetic or magnetic
properties [38].

In this work, we have focused on the effects of
the adsorption of toxic gas molecules on the electrical
and transport properties using density functional theory
(DFT) and Green’s function formalism. We have con-
sidered a semiconducting Fe doped AGNR (decorated
at its edges with hydrogen) since the main effects of
molecule adsorption on the transport are observed in the
valence and the conduction bands. We have considered
here 4 of the most common molecules: CO, CO,, NO
and NO;. The aim of this work is to pinpoint the effects
of these molecules on the electrical conductance in or-
der to propose strategies to design graphene-based gas
sensors using electron or hole doping.

2. Theory & atomic structure

The results presented here are based on first princi-
ple DFT calculations performed with the ab initio pack-
age SIESTA [39]. All the calculations are done within
the generalized gradient approximation parametrized by
Perdew, Burke and Ernzerhof [40]. We have used the
norm-conserving non relativistic pseudopotential pro-
posed by Trouillier Martin [41] and a double-zeta-
polarized basis for all the species.

The energy cut-off of the real-space grid used for
the electronic density (and so forth for the Hartree and
exchange-correlation potentials) is 400 Ry combined
with a Monkhorst-pack grid of 1 x 16 x 1 k-points. The
atomic structures have been relaxed with a threshold
of 102 eV/A for the forces. The unit cells correspond
to AGNR composed of 120 atoms passivated on their
edges by hydrogen atoms and doped by substituting a
carbon with an iron atom (the doped system is denoted
hereafter Fe-AGNR) with or without gas molecules

on top of it. The unit cell dimensions are a = 35 A
b=17.27 A and ¢ = 25 A. The a and ¢ directions
correspond to vacuum and the ¢ vector is perpendicular
to the AGNR.

CO

Figure 1: Molecular representation of the Fe-AGNR (Fe doped Arm-
chair Graphene Nanoribbons) unit cells with the adsorbed molecules
(from top to bottom CO, CO,, NO and NO>) on top of the Fe atom
(in substitution of a carbon). On the left are given the typical bond
lengths.

The structures of Fe-AGNR with the adsorbed
molecules are presented in Fig. 1. Two dimensional



graphene nanoribbons, exhibit slight corrugations when
a carbon atom is substituted with an iron one. These de-
formations of the graphene plane may be attributed to
the large atomic radius of iron which protrudes from the
plane and thus corrugates its surface on a large distance.
The gas molecules when adsorbed on the Fe atom do
not affect this corrugation and the atomic structure re-
mains almost the same. The distance between the Fe
atom and the nearest carbon atoms is around 1.80 A and
the distance between the Fe atom and the graphene me-
dian plane is 1.68 A. The binding energy' of Fe-AGNR
is 7.45 eV which is in good agreement with the 7.14 eV
found in Ref. 35.

The adsorption energies’> for CO, CO,, NO and
NO; are —2.4 eV, —1.3 eV, —3.1 eV and —3.0 eV
respectively. When compared to the direct adsorption
on graphene (without iron), it is found that it is more
stable when the molecules are adsorbed on top of the
Fe atom. Indeed, in Ref. 42 they found for the direct
adsorption of CO an energy of —1.34 eV, for CO, an
energy of —0.31 eV, for NO an energy of —2.29 eV
and for NO, an energy of —2.70 eV. A similar obser-
vation has been done for formaldehyde onto Fe-doped
graphene [43]. These observations are a good omen
as the main motivation to consider Fe-AGNR for toxic
gas detection is linked with the fact that the variations
of the electronic and transport properties are enhanced
when the molecules are adsorbed on top of the Fe atom
when compared to direct adsorption [34, 44-46].

The transport properties are obtained using the Lan-
dauer formalism combined with the ab initio calcula-
tions. In the linear response regime, the electrical con-
ductance can be written as:

~+oo

G- 2 T(E)(jé)dE (1)

where e the magnitude of the electron charge, 7 the

Planck’s constant, f the Fermi distribution and T'(E)
the energy dependent transmission. In this expression

IThe binding energy is defined as: E, = Epe.AGNR —
(Ev-AGNR + EFe) , where Ere AGNR. Ev-aGNR and Ef. are respectively
the total energy of Fe-AGNR, defective AGNR with a vacancy and Fe
atom.

2For instance, the adsorption energy for CO is defined as: Eyq =
Eco-Fe-AGNR — (EFe-AGNR + Eco) , Where Eco.pe-AGNR» EFe-AGNR and
Eco are respectively the total energy of Fe-AGNR with CO adsorbed
on top of Fe, Fe-AGNR and an isolated CO molecule. The same for-
mulation applies for the other molecules.
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Figure 2: Molecular representation of the Fe-AGNR unit cell used for
the transport calculations. The block denoted “device” contains the
defect and the blocks denoted “lead” correspond to pristine AGNR.
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Figure 3: Left figure: Band structure for pristine AGNR (red dotted
lines) and Fe-AGNR (blue lines). Right figure: Total and projected
density of states (PDOS) for Fe-AGNR. The PDOS is given for the d
orbitals of the Fe atom and for the p orbitals of the carbon atoms. The
X point corresponds to ky, = 7t/b.

the constant
hereafter.

The transmission is derived from the Fisher-Lee rela-
tion [47]:

2,
% is the conductance quantum denoted Gy

T(E)=Tr[[.G'TrG" , 2)

where G"@ is the retarded (advanced) Green’s func-
tion and I' (g the coupling between the left (right) lead
and the device. In this work, we consider for the leads
pristine AGNR with 60 atoms and for the section of
the device which contains the defects 120 atoms plus
the adsorbed molecule. The Hamiltonian matrices used
to compute the Green’s functions are extracted from a
SIESTA calculation with a cell containing 300 atoms
(plus the molecule). The cell and its cutout is depicted
in Fig. 2. For consistency reasons, all the Hamiltonian
matrices are extracted from this single SIESTA calcu-
lation. The 2 blocks denoted “lead” at the far right are
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Figure 4: band structure along with DOS and the PDOS for Fe-AGNR with either a CO (left figure) or a CO; (right figure) molecule adsorbed on
top of the Fe atom. The PDOS corresponds to the projection on the d orbitals of the Fe atom, the projection on the p orbitals of the C atoms and

the projection on the orbitals of the CO or CO, molecule. The X point corresponds to k, = 7/b.

used to build the left and right surface Green’s func-
tions of the leads. The block denoted “lead” at the far
left is used to obtain the hamiltonian matrix linking the
left lead and the device. More details on the Green’s
functions formalism and the technique used here can be
found in Ref. 48. It is equivalent to the formalism pre-
sented in Ref. 49 for instance.

3. Electronic properties

In Fig. 3 is given the band structure, the density of
states (DOS) and the projected density of states (PDOS)
of pristine AGNR and Fe-AGNR. The PDOS is given
for the predominant orbitals i.e. the d orbitals of the
Fe atom and the p orbitals of the carbon ones. For Fe-
AGNR, we do not observe any spin polarization con-
versely to other dopants as Ag [30] or Au [50]. The arm-
chair graphene nanoribbon considered here has a semi-
conducting behavior with a gap about 0.91 eV. When a
carbon atom is substituted with a Fe one, the bandgap
drops to 0.36 eV. However, this variation of the gap is
linked with the occurrence of 3 bands with low disper-
sion just below and above the Fermi level. These bands
can be considered as impurity bands i.e. bands induced
by the impurity given that the PDOS of the d orbitals
of Fe clearly exhibit a predominant weight . This sug-
gests a localization of the corresponding eigenstates. It
should be note that these bands are not involve in the
transport and do not lead to conduction channels when
we consider an isolated Fe atom within the Landauer
formalism.

For Fe-AGNR, the bands above the impurity bands
in the conduction band (CB) are only due to the carbon
atoms as the weight of the orbitals of Fe in the DOS
is negligible. These bands are equivalent to the native
bands of AGNR. The same behavior is observed for
the bands below —0.4 eV in the valence band (VB)
which are almost equivalent to those observed for
pristine AGNR with, however, a significant weight of
the PDOS of the Fe atom in the DOS. This is linked
with a large hybridization between the Fe atom and the
neighbor carbons with a strong bonding involving the
3d and 4s orbitals of Fe and the 2s and 2p orbitals of
the carbons [38, 51].

Fig. 4 depicts the band structures, the DOS and
PDOS of Fe-AGNR with either CO or CO, adsorbed
on top of the Fe atom. For CO, we observe almost
undispersed bands at the bottom of the CB. For these
bands, the most significant weight in the DOS comes
from the CO molecule with also an important contri-
bution from the d orbitals of the Fe atom. They do
actually correspond to the 3 impurity bands observed
for Fe-AGNR in Fig. 3 which are shifted at higher en-
ergy in the the CB when the CO molecule is adsorbed.
For CO, we also observe a band with a significant
weight of the PDOS of the Fe atom at the bottom of
the CB. Conversely to the case of CO, this band does
not involve the orbitals of the CO, molecule. The
impurity band involving the molecule is observed at
higher energy in the CB. The top of the VB is almost
unaffected by the molecules and there is no impurity
band. Surprisingly, the weight of the PDOS of the Fe
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Figure 5: band structure along with the DOS and the PDOS for Fe-AGNR with either a NO (top figures) or a NO, (bottom figures) molecule
adsorbed on top of the Fe atom. The systems are spin-polarized and thus both spins are represented. The PDOS corresponds to the projection on
the d orbitals of the Fe atom, the projection on the p orbitals of the C atoms and the projection on the orbitals of the NO or NO, molecule. The X

point corresponds to k, = 7/b.

atom in the DOS is a little bit less important when
compare to the case of Fe-AGNR.

For NO and NO; molecules, we do observe a spin po-
larization of the systems. This is a direct consequence
of the paramagnetic property of these molecules (con-
versely to CO and CO; which are diamagnetic) and it
is linked with the even number of electrons of nitrogen.
The total magnetic moment is 1up and is substantially
localized around the NO and NO,; molecules. For
instance, with the NO molecule, the decomposition of
the magnetic moment is 1up for the N atom, 0.2up for
the O atom and -0.8up for the Fe atom. The remaining
moments are due to the surrounding C atoms. The band
structures, the DOS and the PDOS depicted in Fig. 5
are thus given for both spins. This spin polarization

has a relatively large effect on the electronic properties
with a clear differentiation between the 2 spins. For
NO, an impurity band with a predominant weight of
the PDOS of the molecule in the DOS is observed
at the bottom of the CB for both spin (with slightly
different energies). It can also be noticed a specific
band just above the Fermi level for the spin down and
one just below the Fermi level for the spin up. These
bands, even if they have a significant dispersion, have
no correspondence with the native bands of AGNR. For
this reason, we do not expect any contribution of these
bands to the transport. For NO; an isolated impurity
band is observed for the down spin with a large weight
of the PDOS of the Fe atom in the DOS. As mentioned
earlier, this kind of band, with an energy within the gap
of pristine AGNR, cannot have any implication in the
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Figure 6: Transmission and electrical conductance (in inset) as function of the energy for pristine AGNR, Fe-AGNR and Fe-AGNR with CO, CO,,
NO and NO, molecules adsorbed on top of the Fe atom. For NO and NO, molecules, both spins are represented. The conductance is given as a
fraction of the quantum of conductance Gy and is computed at 7 = 300 K.

transport. Conversely to NO, no impurity band close
to the bottom of the CB is observed. The signature of
impurity band, with a large weight of the PDOS of NO,
in the DOS, is found deeper in the VB (below 1 eV)
and will thus have no role in the transport. It should
be emphasize that the spin polarization observed for
NO and NO, is induced by the adsorbed molecules. As
we discussed in the next section the spin polarization
occurs only in a region close to the defect. For this
reason, these calculations which are performed under
periodic conditions, cannot be directly transposed to
interpret the transport properties with a single defect
within the Landauer formalism. However, considering
the large difference observed for the DOS between the
2 spins, we do expect a noticeable spin dependence on
the scattering processes.

4. Transport properties

The transport properties of Fe-AGNR with adsorbed
molecules (CO, CO,, NO and NO») are given in Fig. 6.
The results for pristine AGNR and Fe-AGNR are
presented as benchmarks to quantify the influence of
the adsorbed molecules on either the valence or the
conduction band. The basic idea underlying this work
is to propose strategies, based on the measurement
of the electrical conductance, for the detection of gas
molecules. For this reason the semiconducting devices
considered here would need to be additionally p or
n doped using either a co-dopant or by means of a

field effect set-up [52, 53] in order to tune the carrier
concentration either of the valence or the conduction
band.

The substitution of a carbon atom with an iron one is
modifying significantly both the valence and the con-
duction band as pointed out in Ref. [34]. However, the
influence of gas molecules as CO, NO or NO, adsorbed
on it still needs to be addressed. When compared to the
case of Fe-AGNR, the adsorption of the CO, molecule
is modifying the transmission for both the valence
and the conduction band. For the VB, the amplitude
of the transmission of Fe-AGNR is significant when
compared to pristine AGNR. However, with the CO;
molecule, the transmission is fully suppressed. For the
CB, the situation is reversed. Without the molecule the
transmission is null, and with the molecule it becomes
significant. This clearly proves that Fe-AGNR may
play a crucial role for the detection of CO, molecules.
The influence of the CO molecule is very similar to the
one observed with CO,. The conductance is a little bit
larger for the valence band, which could be a way to
discriminate the 2 molecules.

As already mentioned, NO and NO; molecules lead
to a spin polarization and a large difference is observed
on the transport properties between the 2 spins. For
both molecules, a drastic reduction of the conduction is
observed in the VB when compared to Fe-AGNR. At
the bottom of the CB, the adsorption of both molecules
tends to restore the conduction when compared to
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Fe-AGNR knowing that NO, is leading to a larger substitution site, we have considered here 2 different
conduction than NO. A detection of NO, gas molecules sites for Fe substitution. The site A (corresponding to
using this variation of the conductance at the bottom the site considered so far) is at the center of the AGNR
of the CB may be achievable. The differences between and the site B is at the edge of it. Both sites are leading
the two spins for NO; in the CB seem mainly related to to the same stable conformation for the molecules. It
the impurity bands (which have different energies for should be note that the site B is more stable than the site
the 2 spins) which are leading to peaked reduction of A (the total energy difference between the site A and B
the transmission. However, these variations are mostly is 350 meV). However, in the context of the common
blurred for the conductance at room temperature. For technique of focused electron beam irradiation [33]
NO, the observed variations of the conductance at the to obtain substitution Fe doping, the location of the
bottom of the CB are smaller. However, a significant original C vacancy, and thus of the Fe atom, is linked
difference between the 2 spin is noticeable which with the location of the electron beam irradiation and
could allow to detect the presence of NO molecules by not with energetic considerations.
measuring the difference between the conductance of
the 2 spins. ) ) ]
For CO the conductance is almost identical for both
sites even at large CC density. For CO,, a more signif-
In Fig.7, the electrical conductance is given as icant influence of the site can be noticed for electron
function the carrier charge (CC) density which allows doping above 2.10'! cm~2. As already mentioned,
a direct comparison with experimental results [54]. the conductance for hole doping is significantly larger
The CC density is obtained by integration of the DOS. for CO than CO,. For instance, with a CC density of
In order to have an insight on the influence of the —4.10"" em~2, the conductance for CO is about 1xG
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Figure 9: Local density of states along the device corresponding to
Fe-AGNR and Fe-AGNR with CO or CO; molecule adsorbed on top
of the Fe atom. For each case, is plotted the LDOS in one of the two
leads (equivalent to pristine AGNR and denoted “pristine”) and in 4
different sections of the device denoted A, B, C and D. These sections
are depicted in Fig. 8.

Figure 10: Local density of states along the device corresponding to
Fe-AGNR with NO or NO, molecule adsorbed on top of it. For each
case is plotted the LDOS in one of the two leads (equivalent to pristine
AGNR and denoted “pristine”) and in 4 different sections of the device
denoted A, B, C and D. These sections are depicted in Fig. 8. The
LDOS associated to the spin up is represented with solid lines and to
the spin down with dotted lines.

and about 0.3xGg for CO,. For NO, the variation
of the conductance between the 2 spins mentioned
previously is also observed for the site B. It is a little bit
less prononced for electron doping. For NO,, the two
sites are leading to very similar results. However, the
sharp variations induced by impurity states are slightly
shifted and are more pronounced for the site B.

To have a better understanding of the transport prop-
erties let us now investigate the local density of states
(LDOS) of the devices. It can be computed by means of
the Green’s function of the system [49, 55]. Its expres-



sion under equilibrium condition is:

pi= *% Im[Gj], 3)

where the subscript i refers to one of the atomic
orbitals and Gj; to one of the diagonal elements of the
Green’s function. For a system with a single defect such
as Fe-AGNR with or without molecules, the LDOS
far away from the defect (in the leads for instance) is
equivalent to the DOS of pristine AGNR. It will differ
and unveil the presence of the defect only in the vicinity
of it. To investigate the modifications induce to the
LDOS by the defect, we have considered 4 different
strips of the ribbon located all along the device. These
strips are presented in Fig. 8. The LDOS of each strip is
obtained by summing p; (see Eq. 3) over all the atomic
orbitals of the atoms of the strip. The strip denoted A
is 5.2 nm away from the defect, the strip B is 2.6 nm
away, the strip C includes the defect and the strip D is
4.3 nm away in the opposite direction.

The LDOS for Fe-AGNR with and without CO or
CO; are given in Fig 9. For comparison purposes,
we also give the LDOS of one of the pristine lead
(equivalent to pristine AGNR). The most noticeable
influence of the defect with Fe-AGNR is on the CB. Fe
is inducing a depletion of the LDOS on the strip C. This
local gap is acting as a barrier for the transport, leading
to the very poor transmission associated with this band
observed in Fig. 6. Conversely, for the VB, the defect
preserves the density in its neighborhood allowing
a significant transport for this band. Concerning the
influence of CO and CO, on the CB, they both tend
to restore the LDOS in their vicinity. This is the main
reason why the conductance is restored at the bottom
of the CB with these two molecules. By contrast, they
are inducing a reduction of the LDOS at the top of the
VB and consequently a reduction of the conductance. It
should be note that the sharp peaks observed on the strip
C for both CO and CO; correspond to impurity states.
They induce some sharp variations of the transmission
which are unnoticeable on the conductance at room
temperature.

The LDOS with NO and NO, is given in Fig 10. It
should be mentioned that the spin polarization is only
noticeable close to the molecules. The LDOS of the 2
spins tend to be almost identical for the strips A and D
which are the further away from the defect. It is on the
strip C (which includes the defect) that the difference is
the most significant. Both molecules tend to suppress
the LDOS at the top of the VB. The only noticeable

LDOS on the strip C is due to impurity states. As
already stated, this depletion of the LDOS is acting
as a barrier leading to the null transmission observed
with both NO and NO, in the VB. For the CB, the
adsorption of the molecules restores the LDOS when
compared to Fe-AGNR. However, the amplitude of the
LDOS on the strip C is larger for NO than NO,. For
NO, this increase of the LDOS is related to impurity
states as pointed out in Sec. 3 and is leading to a larger
backscattering of the spin up.

5. Conclusion

In the present work, the possible strategies of toxic
gas detection using semiconducting Fe doped armchair
graphene nanoribbons are presented and the influence
of the adsorption of gas molecules on the electronic
and transport properties is discussed. We observe
that Fe-AGNR is definitely a very good candidate for
gas detection considering the high sensitivity of the
electronic properties to the adsorption of molecules.
For CO; and CO, the measurement of the conductance
at the bottom of the CB seems a promising method
to detect these molecules. The measurement of the
conductance at the top of the VB could be a way
to discriminate the 2 molecules considering that CO
is leading to a larger conductance. NO and NO;
molecules lead to a spin polarization of the system
which is opening new perspectives to propose strategies
for the detection of these molecules. For NO, we do ob-
serve a noticeable difference between the conductance
of the 2 spins at the bottom of the CB. This difference
could definitely be used to detect this kind of molecules
using spin transport. On the other hand, with NO; a
simple measurement of the variation of the conductance
at the bottom of the CB seems the better option as the
difference between the two spins is less obvious at
room temperature.
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