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6
ELECTRICAL CHARACTERISATION OF MoS
TUNNEL BARRIERS IN A METAL/MoS/GRAPHENE
CONFIGURATION

ABSTRACT

Vertical stacks of Ti/MoS (with thicknesses from  to  layers)/graphene were
made and the electrical transport was characterised in the out-of-plane direction. In
this configuration it is expected that MoS functions as a tunnel barrier. We investi-
gated this by applying the Rowel criteria. We find that the resistance area-product
of the barrier increases exponentially with increasing MoS thickness and the bar-
rier shows an insulating behaviour with temperature. The conductance of the bar-
rier shows a parabolic conductance, which could however not be fitted using either
the Brinkmann or Simons model. Additionally we show that the barrier conduc-
tance can be tuned with the back gate voltage. These measurements indicate that
transition metal dichalcogenides can be used for tunable and reliable tunnel barri-
ers.

R. Ruiter, S. Chen, F. Reinders, T. Banerjee
in preparation



 . electrical characterisation of molybdenum disulfide tunnel barriers

. introduction

Two-dimensional layered materials have a wide range of electrical and mechani-
cal properties and can be used as building blocks for electronic components. Their
uniform layered nature makes it relatively easy to control the thickness and homo-
geneity of the layers, by, for example mechanical exfoliation. This unprecedented
control over the properties of the components can lead to a higher reproducibility
during the production of devices.

Among the components that can be made from D materials are tunnel barriers.
Traditionally these are made from metal oxides, which are often difficult to grow
in a uniform and reproducible way []. However a tunnel barrier can have a large
impact on the performance of a device. For example, a deviation from the needed
barrier thickness, or a barrier which contains pinholes can result in a very different
device behaviour than a device with the intended thickness or a pinhole free barrier
[, ].

Recent attempts to use D materials as tunnel barriers have mainly focused on
using either insulating h-BN or semiconducting MoS [–]. Most of these investi-
gations saw non-linear I −V curves, a signature of tunneling transport though the
barrier, with the exception of Wang et al., who observed metallic behaviour. The
studies using h-BN show promising results, but due to the large bandgap of h-BN it
has a poor visibility on different substrates, which can be an obstacle during device
fabrication. In this respect MoS has the advantage, because it has a bandgap in the
visible light range and therefore has a better visibility. However, the previous stud-
ies on the conductivity of the MoS barrier focused mainly on higher layer numbers
and on the modulation of the current flow through the MoS. No detailed study was
done on the tunnelling behaviour through few layer MoS.

Therefore we focused on the vertical charge transport through - layers of
MoS, which was sandwiched between Ti and graphene. In this regime the MoS is
thinner than the depletion width and thus the fully depleted MoS forms a poten-
tial barrier between the Ti and graphene. Next to the aforementioned superior vis-
ibility of MoS, it has another advantage. Recently it has been shown that MoS on
graphene induces proximity-induced spin-orbit coupling, without compromising
the semimetallic character of the system []. Additionally the bandgap of MoS
and other D transition metal dichalcogenides lie in the visible light range and
therefore allows potential use of such devices in optoelectronics [].

In order to verify whether single step tunnelling is the dominant transport pro-
cess through the MoS, we apply the “Rowell criteria” [, ]. The criteria are as
follows []:

. The resistance area product (RA-product) should increase exponentially with
the tunnel barrier thickness t []. For a rectangular barrier this should scale
according to: RA ∝ exp(t/t), where t = ~/(

√
meffφ) and here meff is the

effective electron mass and φ is the barrier height.

. The resistance of the barrier should show weak insulating behaviour. Thus the
resistance should increase slightly with decreasing temperature.

. Finally, the conductance of the barrier should display a parabolic behaviour
with applied bias and this should be fitted using a theoretical model, such as
that from Simmons [] or Brinkmann [].



.. device fabrication 

. device fabrication

The fabrication protocol for the vertical hetero-structures was as follows. First
graphene was exfoliated on a cleaned Si++/SiO( nm) substrate and single layer
graphene was selected based on optical contrast. Next MoS (from HQgraphene)
was exfoliated onto a transparent PDMS stamp. This was done by pressing a piece
of tape containing MoS flakes onto the PDMS and rapidly ripping it off []. Thin
layers were selected based on optical contrast and the thickness was later verified
with an AFM.

Exfoliation of MoS onto PDMS had several advantages over exfoliation on SiO.
Firstly estimating the amount of MoS layers was easier due to a constant stepwise
increase of the contrast with each additional layer, which is not the case for MoS
on SiO. Secondly, because the MoS needs to be transferred on top of graphene,
this method allows for a dry transfer which in principle does not need additional
cleaning.

The transfer was done by slowly lowering the PDMS stamp containing the
MoS onto the desired graphene flake. Once contact was made between MoS and
graphene, the PDMS stamp was slowly retracted. Since flakes do not stick well to
PDMS upon slow movements, the MoS flake stayed behind on top of the graphene.
In order to boost the adhesion between the MoS flake and the graphene/substrate,
the sample was baked at  ◦C for minutes in an ambient atmosphere.

The figure on the left shows an AFM scan which reveals that bubbles (white
spots) are trapped between the MoS and the graphene/substrate. These features
are frequently observed in D hetero structures []. After the MoS transfer, metal-
lic contacts were made using standard electron-beam lithography and electron-
beam evaporation. First  nm of Ti was evaporated followed by  nm of Au. A
false coloured scanning electron microscope image of another finished device with
four layers of MoS is shown on the right.
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. measurement methods

Electrical characterisation of the samples was done under vacuum with a pressure
< mbar and in the dark, although no significant change was observed in a few
measurements which were done under LED illumination. The figure below depicts
the electrical circuits which were used to measure the contact resistances and the
square resistance of graphene. The contact resistances were characterised using
both AC and DC measurements. The DC measurements were done with a Keithley
multimeter in -wire sense mode. The AC measurements were done with a
SR lock-in amplifier with frequencies of ∼ Hz. Additionally a gate voltage Vg
could be applied in order to tune the Fermi level of graphene. This gate was then
also used to measure the square resistance of graphene, both underneath the MoS
by V and on a part not covered by MoS by V using AC measurements.
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. square resistance of graphene
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Shown on the right are the square resis-
tance of graphene R� which was measured
both in the MoS covered region (V), as
well as the uncovered region (V), to see
the effect of MoS on the electronic qual-
ity of graphene. The electron (e−) and hole
(h+) mobilities µ were calculated for both
the uncovered and the MoS covered parts.
The mobilities of the covered graphene are
slightly lower than the uncovered parts, in-
dicating a slightly lower electronic quality
of the covered graphene. However, both val-
ues are very typical for graphene on SiO.
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square resistance covered grapheneFor the other devices with  and  lay-
ers of MoS the covered graphene showed
more hysteresis and the graphene had a
higher doping than the initial measure-
ment on the -layer device. Note that
for the -layer device, the hysteresis and
amount of doping increased upon loading
and unloading the sample in different mea-
surement setups. The increased doping is
likely due to absorption of water.
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. scaling of the barrier resistance with barrier thickness

As mentioned in the introduction the Rowel criteria can be used to quantify whether
single step tunnelling is the dominant transport process across a tunnel barrier
[, ]. The first criterion states that the resistance area (RA)-product should in-
crease exponentially with the thickness of the insulating barrier.
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The RA-product was measured at nA
using lock-in techniques for three devices
with ,  and  layers of MoS at K and
K and is shown on the right. At K
multiple contacts on top of the MoS were
characterised. The -layer MoS device had
a RA-product which was very uniform, re-
sulting in three overlapping data points. The
other devices also had a relatively uniform
RA-product, despite the irregular formation
of bubbles between the MoS and graphene,
as shown by the atomic force micrograph in-
set. Obtaining a uniform contact resistance
is often difficult for metal oxide barriers on
graphene. Finally, it is clearly seen that the RA-products increase exponentially
with increasing MoS thickness, as expected for a tunnel barrier.

From the slope of the fit a rough estimate of the barrier height can be obtained,
because RA ∝ exp(t/t), where t = ~/(

√
meffφ), meff is the effective electron mass

and φ is the barrier height. For T = K and T = K we obtain respectively
φα = (± )meV and φα = (± )meV, where the errors are fitting errors and
α =meff/me with me as the free electron mass. Here α = . denotes the normalised
effective mass for out-of-plane electrons for bulk MoS []. This then gives us
φ(T = K) = (± )meV and φ(T = K) = (± )meV. This seems to be
in reasonable agreement with references [, ], where they find barrier heights
between ∼ − meV. Additionally we have tried to verify this barrier height by
using the analyses of Gundlach [], but we did not observe a peak in the dln J/dV
nor Î versus junction bias voltage. The absence of these peaks indicate that Gun-
lach’s two-band model does not hold for our devices.

. barrier resistance with temperature
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Normalised zero bias resistanceThe second criterion states that the interface re-
sistance for a tunnel barrier should increase with
decreasing temperature. On the right the temper-
ature dependence of the zero bias resistance is
plotted for two different devices and normalised
with the resistance at room temperature. A clear
increase in the resistance is seen with decreasing
temperature, indicating the insulating behaviour
of the barrier. On the other hand if a decrease
in resistance with temperature is observed, this
might be an indication that the metals on either
side of the barrier are shorted through pinholes in the barrier [].
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. non-linear barrier conductance

The third criterion states that the conductance of the barrier versus applied bias
shows a parabolic behaviour. For this purpose the current density J through the
barrier versus an applied DC voltage V was measured. Afterwards the numeri-
cal derivative of J with respect to V was calculated, thereby using second order
Savitzky-Golay smoothing over  points.

.. Tunnel barrier thickness dependence of the conductance

-.  .
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 layers
 layers

T = K

fit

Bias Voltage (V)

dJ/dV (S/mm)Plotted on the right are the numerically cal-
culated conductance curves for devices with
different MoS thicknesses. Several noteworthy
observations are: () the conductances of the -
and -layer devices are roughly parabolic, as
shown by the fits through the points ±.V
around the minimum; () the -layer device
shows the highest rectification followed by the
-layer and -layer device; () the minimum
conductivities are offset from zero bias.

A parabolic conductance can be a sign of
tunnelling behaviour. However the conduc-
tance curves could not be fitted with realistic
fitting parameters using the Simmons [] or Brinkmann [] model. This is most
likely due to the fact that these models do not depend on the DOS, but this is impor-
tant for graphene-based devices. See section .. for more.

Rectification is defined as the ratio between the conductance at positive bias and
negative bias and is expected to increase with increasing number of layers [, figure
a]. This is because the thickness of the MoS approaches the depletion width, and
it starts acting more like a Schottky barrier. There is however some spread from de-
vice to device [, figure a], which probably is the reason for the higher rectification
ratio of the -layer device.

Finally we must address the minimum conductivity which is offset from zero.
The origin of this can be explained by the asymmetrical tunnel barrier and the fact
that the Fermi levels of graphene and Ti are not equal [].

.. Shifting the minimum conductivity
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In order to verify whether the cause of the offset
minimum conductivity is due to the different
Fermi levels, we calculated the conductivity
minimum as a function of the gate voltage. The
bias voltage corresponding to the minimum
conductivity is plotted on the right for differ-
ent devices. For the -layer device there is a
significant shift of the minimum conductivity,
however for the other devices there was little to
no shift. It is not clear at this point if the shift
of the minimum conductivity is related to the
shift of the Fermi level in graphene.



.. non-linear barrier conductance 

.. Altering the barrier conductance with gate

As mentioned above, because our devices have graphene on one side and a metal
on the other side of the MoS, they behave differently than a metal/insulator/metal
tunnel junction. For metals it is usually the case that their DOS varies only very
slowly compared to the electron wave length within the experimental energy range.
This slow variation leads to an expression for the current through a tunnel barrier
which does not depend on the DOS [, , ].

The story is different for graphene, which has a DOS which varies quite strongly
with energy. This variation will influence the conductivity of the barrier with ap-
plied voltage and additionally the conductivity of the barrier can be tuned by shift-
ing the Fermi level of graphene with a back gate. Earlier reports made use of this
DOS dependence and allowed tuning of the conductivity of the barrier by shifting
graphene’s Fermi level through the application of a back gate [, , , , –].

In our devices we can also tune the resistance of the tunnel barrier by applying
a constant gate voltage, as shown below. On the left we see the tunability with gate
of the current through the barrier at room temperature. At increasing gate voltages
we see a decrease in the barrier resistance and it becomes more linear, indicating
less tunnelling transport through the barrier. Upon cooling down the trend remains
the same, but the resistance of the barrier increases slightly with respect to room
temperature. This resistance increase is due to the insulating nature of the barrier
and the fact that thermionic emission over the barrier is suppressed (see sections .
and .).
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By looking at the band profile of the device we can explain
the trend of the barrier resistance with gate voltage. The band
profiles are shown on the right, where the vertical axis denotes
energy E and the horizontal axis is distance. In this case we
only vary the Fermi level of graphene by application of a gate
voltage with respect to the highly doped Si. For a positive gate
bias we expect the barrier ∆ between graphene (gr) and MoS
to be lower, than for negative gate biases. This is because for
Vg >  the Fermi level of graphene is pushed upwards, thereby
decreasing gap ∆. For Vg <  the opposite happens. The higher
barrier at Vg <  leads to a higher barrier resistance at negative
gate voltages.
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The devices with  and -layers of MoS also show tunability with gate, al-
though the variation is much weaker as shown below. For the -layer device the
resistance is lower at Vg = −V than at Vg = V, which is opposite to the -layer
device. The reason for this is unknown. The -layer device shows a larger rectifi-
cation and at positive bias voltages it shows a lower resistance for a positive gate
voltage as expected.
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. conclusions

Vertical stacks of Ti/MoS ( to  layers)/graphene were made and the electrical
transport was characterised in the out-of-plane direction. In this configuration it is
expected that MoS functions as a tunnel barrier. We investigated this by compar-
ing the results with the Rowel criteria. We found that the resistance area-product
of the barrier increases exponentially with increasing MoS thickness and the bar-
rier shows a insulating behaviour with temperature. Also the conductance of the
barrier shows a parabolic conductance, however this could not be fitted with the
Brinkmann or Simmons model. A possible reason for this is that the large DOS
change of graphene with energy is not incorporated in these models. Additionally,
the fact that the DOS of graphene changes with energy was also used as a knob to
tune the conductance of the barrier. We showed that the tunability of the conductiv-
ity is larger for the thicker tunnel barriers. Compared to metal oxide tunnel barri-
ers, the MoS barriers are very uniform and seem pinhole free. Both these features
are often hard to realise with metal oxide barriers. These measurements indicate
that transition metal dichalcogenides can be used as a base for tunable and reliable
tunnel barriers.
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