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Electronic transport properties of MoS2 nanoribbons
embedded on butadiene solvent

Armando Pezo,∗a,b Matheus P. Lima,c Marcio Costa,a and Adalberto Fazzio∗a

Transition metal dichalcogenides (TMDCs) are promising materials for applications in nanoelec-
tronics and correlated fields, where their metallic edge states play a fundamental role in the elec-
tronic transport. In this work, we investigate the transport properties of MoS2 zigzag nanoribbons
under a butadiene (C4H6) atmosphere, as this compound has been used to obtain MoS2 flakes by
exfoliation. We use the density functional theory combined to non-equilibrium Green’s functions
techniques, in a methodology contemplating disorder and different coverages. Our results indicate
a strong modulation of the TMDC electronic transport properties driven by butadiene molecules
anchored at their edges, producing the suppression of currents due to a backscattering process.
Our results indicate a high sensibility of the TMDC edge states. Thus, the mechanisms used to
reduce the dimensionality of MoS2 considerably modify its transport properties.

1 Introduction
Graphene single layers were isolated a decade ago1 challenging
conjectures about the potential existence of two dimensional (2D)
materials. This event initiated the 2D materials era2. However,
even with its remarkable properties, such as high charge carrier
mobility3, mechanical stability4, thermal conductivity5, and in-
teresting optical properties6, its practical use is not fully materi-
alized. The existence of a gapless electronic spectrum near the
Fermi level together with a difficulty for obtaining clean edges is
a drawback for some applications. The so-called Klein tunneling,
unconventional Hall effect, and anti-localization behavior are re-
lated to this feature7.

Following graphene, a profusion of 2D materials has been
proposed and synthesized. Amongst them, the transition metal
dichalcogenides (TMDC) occupies a special place. Its chemical
formula MX2 (M= transition metal, and X=S, Se, or Te) demon-
strates the possibility of numerous distinct compositions with dif-
ferent characteristics8–10. Furthermore, the crystal symmetry
(2H, 1T or 1T′) is another tuning parameter allowing to access
semiconductor, metallic or topological insulator phases for some
particular compositions11,12. The study of other types of 2d lay-
ered materials was achieved by looking at the edges terminations
and even exploring lateral heterostructures leading to interest-
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ing results related to their I/V characteristics predicting negative
differential resistance (NDR) features.13–18. The broad variety of
properties found in TMDCs together with the possibility of its con-
trol by several mechanisms opens the possibility of some promis-
ing technological applications, such as hydrodesulfurization cat-
alyst19, thermoelectric devices20, photovoltaic cells21, and nan-
otribology22,23, just to mention a few. It’s worth to mention that
it’s been argued that single(few) layer(s) MoS2 could be used for
logical electronic devices available to work at room temperature,
being these thinner than the actual silicon-based films used in
technological applications. The smaller dielectric constant with
respect to that one of silicon is another advantage, leading to a
less power consumption in transistors made of them. Measure-
ments made on samples of this material at a bias of 500 mV gave
a maximal on-current of 22 µA (or 4.6 µA/µm) at room temper-
ature with a large Ion/Io f f ratio higher than 106 for a ±4 V gate
voltage range24,25.

However, the integration of TMDCs in future technologies in
many cases requests the reduction of its dimensionality. In
this regard, the electronic properties of MoS2 nanoribbons and
nanoflakes are strongly constrained by their edge termination,
whereas metallic and ferromagnetic edge states arise for the
zigzag border. On the other hand, the armchair termination
shows semiconducting and non-magnetic behavior, although it
might transform into a metallic and magnetic under edge H-
passivation22,26.

There are several methods to reduce the dimensionality of
MoS2, ranging form chemical to mechanical routes12,27. Re-
cently, Gonçalves and coworkers used an assisted mechanical ex-
foliation to produce large MoS2 flakes28. They used a butadiene
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solution followed by an ultrasonication process, after which it is
found a colloidal stability of MoS2 in the non-polar solvent, re-
lated to the chemical bonding between the molecules and atoms
along the sample edges28. In this sense, the edge generation in
MoS2 through techniques assisted by butadiene molecules prob-
ably result in systems with those molecules adsorbed in MoS2
bulk and edge sites. Thus, having in mind eventual future nan-
otechnology applications, it is essential to know some fundamen-
tal characteristics such as (i) the most likely adsorption sites and
the corresponding stable geometries; (ii) Details of the adsorption
mechanism (physisorption/chemisorption, binding energy, etc.);
(iii) and the role of butadiene molecules in the electronic trans-
port of MoS2. The main objective of our work is to shed light
in those questions. Molecules and atoms absorbed in different
2d-materials studies provide excellent candidates for gas sensor
and H-storage devices as is the case of phosphorene and MoS2 it-
self29–34 . The binding energies presented in previous reports for
absorbed atoms and molecules in MoS2 are comparable with ours
results. Furthermore, Mo-terminated edges have been demon-
strated to be more active, i.e more energetically favorable, when
compared to the S-termination, which is in line with our find-
ings35,36.

In this work, we investigate the adsorption of butadiene
molecules in MoS2 nanoribbons and its influence in the electronic
transport properties. We employ nanoribbons with zigzag edge
termination (ZZNRs). Our results were obtained with a method-
ology based on ab initio density functional theory (DFT) calcula-
tions, combined with the recursive non-equilibrium Green’s func-
tion techniques, taking into account the effects of disorder and
different coverages. Such a methodology allows a full descrip-
tion of the transport properties of large-scale devices. We show
that butadiene molecules adsorbed on the central region of the
nanoribbons do not change the electric current, whereas adsorp-
tion at the edge sites (which are the energetically preferable ones)
suppresses the charge flowing through the metallic edge states
due to a backscattering process. Our findings demonstrate that
the low energy edge transport channels of TMDCs are highly sus-
ceptible to the adsorption of molecules. Thus, the route used to
reduce the dimensionality of TMDCs will have great influence in
the transport properties.

2 Computational details
An accurate atomistic simulation of MoS2 with edges and ad-
sorbed molecules requires a methodology with a great predic-
tion capability, which is the case of the first-principle calculations
based on DFT37,38 we used. The spin-polarized local-density-
approximation (LDA)37 is used for the Exchange-correlation
functional. We perform all geometry optimizations with the
PAW approach, as implemented in the vienna ab-initio simulation
package (VASP)39,40. In these calculations, we employ 400 eV for
the plane-wave expansion cutoff, a force criterion of 0.01 eV/Å,
and sample the reciprocal space with 10~k-points along the peri-
odic direction of our nanoribbons.

For the electronic transport calculations, we employ a method-
ology that couples NEGF techniques to DFT calculations. This
methodology considers a central scattering region sandwiched be-
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Fig. 1 Schematic representation of the building blocks used to construct
the large scale hamiltonian.

tween the left and right electrodes. We calculated the electric
current I in the ballistic approach by the Landauer formula:41

I =
e

h̄π

∫ +∞

−∞

T (E)[ fFD(E − µL) − fFD(E − µR)]dE (1)

e is the elementary charge, h̄ the reduced Planck’s constant, fFD

the Fermi-Dirac distribution, E the energy of the charge carrier
passing through the system, and µL(R) the chemical potential of
the left (right) electrode.

T (E) is the transmission probability function, which we evalu-
ate from DFT calculations using the Kohn-Sham Hamiltonian, as
described in Refs.42 and43. Once sparse matrices are necessary
to apply this methodology, it is mandatory to adopt a localized
basis set to expand the Kohn-Sham orbitals. This methodology
was successfully used to investigate the transport properties of
graphene-like materials44,45. Furthermore, to take into account
the effects of disorder in large scale systems, the methodology
presented in Refs.46 and47 are employed. The Hamiltonian used
to generate the T (E) in a large scale system can be written by:

H =



HL HC 0 . . . 0
H†

C Hi HC 0 ...

0 0 . . .
... 0

...
... H†

C H j HC

0 . . . 0 H†
C HR


(2)

We show the geometric interpretation of the equation (1) in
Fig. 1. Hi and H j are matrix elements of parts of the scattering
region and each one represents either pristine sectors, or frag-
ments of the system containing defects, adsorbed molecules, or
any other perturbation. In our work, we constructed the central
region by either pristine fragments or nanoribbon sectors with
butadiene adsorbed in various adsorption sites. Building blocks
randomly positioned along the transport direction are used to
construct the scattering region. HC is the coupling matrix, and
we guarantee the same HC between all building blocks including
buffer layers in the geometries. HL(R) are the Hamiltonians of the
left and right electrodes.
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We calculate the matrix elements of each building block Hi

and the coupling matrix HC via standard DFT calculations. For
this purpose, we employ a localized basis set approach as imple-
mented in the SIESTA code. We used a cutoff energy of 250 Ry to
defined the mesh size in the real space.

Nanoribbons with 6 (and 12 in few cases) zigzag lines from
one edge to the other are used to generate our results. Buffer
layers of two unit cells are used to ensure the same coupling term
HC between all building blocks. The pristine blocks and the elec-
trodes have two unit cells along the transport direction, whereas
the blocks with adsorbed molecules have seven unit cells. We use
a vacuum of 20 Å to separate the periodic images of the nanorib-
bons.

3 Results
To present our results, we first discuss the structural and energetic
properties, in the section 3.1. Subsequently, the transport proper-
ties including the disorder effects are shown, in section 3.2.

3.1 Structural and energetic properties

3.1.1 Pristine nanoribbon.

First of all, we focus on the band structure of a TMDC nanoribbon
with six zigzag lines, depicted in the left panel of Fig. 2 (a). Its
metallic behavior is clear from the bands crossing the Fermi level
(which is set at zero). Starting from the previously converged
density matrix, we made a Wannier interpolation48, using an in-
creased 1x30x1 k-point grid with 30 bands selected such that this
set reproduce the band structure for the states surrounding the
Fermi level, in particular, the states with pronounced dispersion
which will be shown to live at the edges. In this manner, the re-
quired construction of the overlap and projections matrices was
done by internal routines developed by SIESTA using for this pur-
pose previously selected Mo and S orbitals as an initial basis set.
In order to obtain an accurate description in terms of these Wan-
nier functions, this representation must converge to that of one
that represents a maximally localized set. Once the above proce-
dure is performed we arrive to the localized orbitals depicted at
Fig2 in (b), where the enumerated bands are represented along
the edges of the nanoribbon. It is worth to note the edge localiza-
tion of the metallic states, indicating that the edges of the ribbons
are the most active regions for the charge transport. Furthermore,
the zigzag nanoribbons edges are not symmetrical. One side has
a Mo-rich termination, whereas the other side has a S-rich termi-
nation. Such asymmetry is reflected in the band structure.

3.1.2 Adsorption of butadiene on MoS2 nanoribbons.

With the assumption that transport will take place along the
edges, which is more likely given the results obtained so far, we
proceed to find the configurations of butadiene molecules ad-
sorbed on MoS2 nanoribbons. We start from a selected group
of configurations and performed a structural optimization of each
configuration. With the optimized geometry we calculated the
configuration binding energy (EB), which is given by:

EB = EMol.+MoS2
− (EMol.+EMoS2

), (3)

π Γ
kz (1/Lz)
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Fig. 2 MoS2 NR’s band structure(a) and (b) projected Wannier states on
the pristine structure. The plot shows how are localized along the edges
those states leaving in an energy window containing the Fermi level
(around ±0.5 eV). The two different colors represent the positive(red)
and negative(blue) real amplitudes for each Wannier orbital.

where EMol.+MoS2
, EMoS2

and EMol. are the total energies of the
butdiene molecule adsorbed, in a given configuration, on MoS2,
MoS2 nanoribbon and isolated butadiene molecule, respectively.
The resulting non-equivalent configurations are showed in Fig. 3.
Probably there are many other adsorption configurations. How-
ever, the set of structures presented above is a good sample of
possibilities to investigate the transport properties once we con-
sidered bulk and edge adsorption sites (on both sides of the rib-
bon).

Table 1 presents the binding energies for our sample adsorp-
tion geometries. Our results showed that the two most stable
configurations has the molecule bonded adsorbed on the Mo-rich
edge. In addition to these configurations, other four adsorption
sites with the butadiene molecules attached to the S-rich border
are considered, including a particular case where the molecule
sits just in-between the edges above the ribbon. These results
are in agreement with the charge transfer plot, presented in the
Fig. 4, where our zero binding energy reference is characterized
by a broader accumulation region along the edge.

Finally, the molecule adsorbed at the central region of the rib-
bon (configuration 7) has the highest binding energy among all
configurations, indicating an energetic preference for edge ad-
sorption. However, its absolute value (0.17 eV) is not small when
compared to other systems49, indicating a relatively strong inter-
action between butadiene molecules and the MoS2 nanoribbon
for any one of the investigated configurations.

3.2 Transport properties
3.2.1 Pristine nanoribbon.

In this section, we discuss the transport properties of pristine
ZZNRs of TMDCs. To generate the results presented here we em-
ploy a single block of pristine nanoribbon as the scattering region.
In Fig. 5 we present the source-drain electric current as a func-
tion of the bias voltage. Nanoribbons with 6 and 12 zigzag lines
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Fig. 3 MoS2-2H stick-and-ball nanoribbon representation with different butadiene molecule’s positions labeled as are represented in table I. This is
illustrative representation, since each configuration was calculated in a isolated large supercell.

Table 1 Binding energy for the different butadiene positions in
eV/molecule. The negative sign indicated an exothermic process.

Position Binding energy
1 -0.65
2 -1.53
3 -1.20
4 -0.82
5 -2.82
6 -3.70
7 -0.17

are considered to take into account a width dependence. It is
worth to note the NDR for bias voltages between 0.3 and 0.7 V.
Such behavior is introduced by the metallic states localized at the
edge of the nanoribbons. For bias voltages up to 0.3 V, the edge
states of the left and right electrodes are almost aligned in energy,
resulting in a high probability for the electrons to cross the scat-
tering region. As the bias increases, the mismatch between edge
channels of both electrodes yields to a decreasing in the current,
resulting in the NDR behavior. This feature is in agreement with
the previous results26.

3.3 Lowest energy configuration
Among the seven adsorption sites aforementioned in section
3.1.2, we demonstrate here the effects in the transport proper-
ties of TMDCs ZZNRs generated by a single butadiene molecule

adsorbed in its most stable configuration. To generate these re-
sults we consider a scattering region comprised of a single ZZNR
block with 7 unit cells and one butadiene molecule adsorbed in
the position 6. In this structure, the molecule is located on the
Mo-rich edge, and its high binding energy (3.7 eV) demonstrates
a strong interaction. Fig. 6, upper panel, shows the local density
of states (LDOS), where we’ve previously shown that those states
live along the nanoribbon borders, meaning that states coming
from the molecule (inset), interact with the Mo orbitals local-
ized at the edge. As a result, we can see how the transmission
curve (T(E)) have changed with respect to that one of the pristine
case, red and black respectively. Fig. 6, bottom panel, shows T(E).
The solid (dashed) line corresponds to configuration 6 (pristine
nanoribbon). The butadiene molecule generates a decreasing of
T(E) around the Fermi level by almost one transport channel.

3.3.1 Large scale disordered system.

Up to this point, the obtained results suggest the next stage:
since ZZNRs present (metallic) edge states in an energy window
around the Fermi level, what is the influence in the transport
properties if butadiene molecules used in the exfoliation process
anchor at the edges of large-scale ZZNRs? At first glance, these in-
teractions will change the electronic structure, and consequently
the electronic transport, as indicated in the previous section. The
chemical rearrangement experienced by the sample could be re-
lated to the existence of quasi-localized states, acting as source
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Top View Top View

Side ViewSide View
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Fig. 4 Butadiene-MoS2 charge transfer. The butadiene molecule is
located at the Mo (a) and S (b) termination side. We considered the low-
est energy configuration on each termination, according to table 1. The
green (red) isosurfaces represents accumulation (depletion) of charge.
An isosurface of 0.008 (e/Å
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) is considered.
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Fig. 5 Current as a function of Bias voltage for 6 and 12 zigzag lines.
The Negative Differential Resistance is observed in the same bias energy
window as reported previously for both cases and the behaviour of the
current for both NR’s looks similar as well.

of electron backscattering processes and leading to a drop in the
transmission. Another possibility is the presence of stronger lo-
calized states which could lead to a different electronic transport
trend.

The previous section demonstrates that a single adsorbed
molecule already significativelly modify the transport properties
of TMDC nanoribbons. In this section, we are interested in to un-
derstand the effects of several butadiene molecules in large scale
nanoribbons. Our results are obtained by using the previous ar-
rangements as building blocks to increase the size of our scat-
tering region along the transport direction, as we’ve mentioned,
this is possible with the application of a decimation process46,47.
With this procedure, we obtain the transmission function shown
in Fig. 7, where we have different curves for different quantities
of molecules attached to the ribbon and are presented as an av-
erage over thirty different distributions with the same number
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Fig. 6 Projected density of states (PDOS) (a), and transmission coef-
ficients (T) (b), for the most stable configuration (position 6). In (a) the
inset shows the PDOS for the molecule in the same energy window used
for both PDOS and T(E) while in (b) the dashed red curve is the trans-
mission T(E) for the pristine structure. The Fermi level is set to zero.

of molecules, the dashed line represents the pristine case and
the others show how the values of the transmission are getting
smaller as the number of molecules becomes larger. The scatter
length can be estimated by the following relation

LTotal(n) = n∗LMolecule +(50−n)∗LPristine (4)

Where LTotal is the total length of the scattering region, n the
number of molecules, LMolecule is the length of a piece of NR with
one molecule attached (which is the same for all the molecules)
and LPristine is the length of molecule-free pieces of NR which
are used as buffer regions. Having these values, for 5 molecules
the total length is of 574.2 Å, a number which increases ranging
values up to 1052.7 Å for 30 molecules.

In Fig. 8, we show the current obtained with an applied bias
voltage of 0.1 V; again this figure shows a current decreasing with
the increase on the number of molecules. In the inset we also
show the conductance calculated as an average, given the T (E)
we know that if µ represents the chemical potential we can write

G(µ) =
∫

dE T (E)
d fFD(E ′−µ)

dE ′

∣∣∣∣
E ′=E

, (5)

where the conductance is calculated in units of 2e2/h. The
observed values obtained for the current are supported by the
average conductance curve, which has a decaying behaviour
suggesting that butadiene molecules yield to a localization
regime once we are working in the nanometer scale.

On the experimental side, processing residues and imper-
fect electrical contacts play an important role when it comes
to determine regimes at which the transport measurements are
made50,51. The use of Si/SiO2 as substrate lead to a localization
up to room temperature, which is related to the disorder arising
from randomly distributed charges at the interface between the
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Fig. 7 Transport coefficients for (a) 5, (b) 10, (c) 20, (d) 30, (e) 40 and (f)
50 molecules attached to the NNR (black curves). For sake of compar-
ison we also show the transmission calculated for the pristine structure
(red curve). Each of them was calculated under a 0.1 V bias.

sample and substrate, in others words, this suggests that the elec-
tronic behaviour could be enhanced by a careful engineering of
the substrate made for the sample52.

The transport calculations show a correlation between the
existence of the quasi-localized states and the decreasing in the
transport coefficients, as usual, this has to do with backscattering
processes which lead to a suppressed transmission, where is
evident how the transmission decreases as there are more
molecules attached to the nanoribbon then acting as source
of scattering processes53–55. Previous experimental works
pointed out the charged impurities and localized states are
very important in exfoliated samples, different sources give rise
to scattering processes and then it’s hard to find an accurate
transport mechanism for this cases. The existence of localized
states usually makes difficult a ballistic transport but it’s been
observed that this is possible when the sample is highly doped
where band transport can be achieved56–58.

4 Conclusions
In this work, we investigated the influence of butadiene molecules
in the transport properties of MoS2 zig-zag nanoribbons with
metallic edge states. Our simulations took into account the effects
of disorder and different coverages in large-scale systems (≈ µm).
Our principal motivation is the experimental use of butadiene
molecules in the dimensionality reduction process of MoS2, re-
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Fig. 8 Current in µA for different number of molecules attached to the
NR for an applied bias of 0.1 V, the values are present in a log scale in or-
der to show how the current decreases by orders of magnitude once the
number of molecules increases, besides we show how the average con-
ductance < G > /G0 (G0 being the conductance quantum) at the Fermi
level decays.

cently published in the literature28. Our results allow to infer that
MoS2 nanoribbons containing adsorbed butadiene molecules lost
its metallic behavior due to backscattering process. Such a behav-
ior highly contrasts with pristine TMDCs nanoribbons. Further-
more, the relatively high absolute value for the binding energy
indicates that a cleaning process (removing butadiene molecules
from MoS2) is a hard task. Thus, the mechanisms used to re-
duce the dimensionality of MoS2 considerably modify its trans-
port properties.
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