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Reconfigurable Diodes Based on Vertical WSe, Transistors

with van der Waals Bonded Contacts

Ahmet Avsar, Kolyo Marinov, Enrique Gonzalez Marin, Giuseppe lannaccone,
Kenji Watanabe, Takashi Taniguchi, Gianluca Fiori, and Andras Kis*

New device concepts can increase the functionality of scaled electronic devices,
with reconfigurable diodes allowing the design of more compact logic gates
being one of the examples. In recent years, there has been significant interest
in creating reconfigurable diodes based on ultrathin transition metal dichalco-
genide crystals due to their unique combination of gate-tunable charge carriers,
high mobility, and sizeable band gap. Thanks to their large surface areas, these
devices are constructed under planar geometry and the device characteristics
are controlled by electrostatic gating through rather complex two independent
local gates or ionic-liquid gating. In this work, similar reconfigurable diode
action is demonstrated in a WSe, transistor by only utilizing van der Waals
bonded graphene and Co/h-BN contacts. Toward this, first the charge injection
efficiencies into WSe, by graphene and Co/h-BN contacts are characterized.
While Co/h-BN contact results in nearly Schottky-barrier-free charge injec-

tion, graphene/WSe, interface has an average barrier height of =80 meV. By
taking the advantage of the electrostatic transparency of graphene and the
different work-function values of graphene and Co/h-BN, vertical devices are
constructed where different gate-tunable diode actions are demonstrated. This
architecture reveals the opportunities for exploring new device concepts.

in 2D transition metal dichalcogenides
(TMDCs)P! has stimulated the electronic
device research mostly toward these mate-
rials,®® which have been exploited at
first in optoelectronic applications, while
relying on lateral device configurations.
In these devices, two local gates were
utilized to control the polarity in a single
2D TMDC layer,* 3 and device concepts
such as current rectifying diodes, light-
emitting diodes, photodetectors, and
photovoltaic devices were demonstrated.
Similar rectification actions were also
achieved by partially doping the TMDC
layer using ionic-liquid gating.' While
these device characteristics are impor-
tant for the prospect of using TMDCs in
future optoelectronic applications, > the
implementation of such complex struc-
tures in realistic devices poses significant
challenges. Toward this, Chuang et al.
demonstrated rectifying behavior in MoS,-

The fascinating properties of graphene have attracted the
attention of the research community working toward devel-
oping next-generation electronic devices.!!! Despite the absence
of a natural band gap,! various attempts to obtain high on/off
current ratios have been demonstrated by utilizing graphene
nanoribbons! or integrating it into barristor device configu-
rations.! The observation of a sizeable electronic band gap
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based diodes with asymmetric MoO, and

Ni contacts without any need of a com-
plex fabrication process.'’l Considering the recent demand for
expanding the device and circuit geometries in the third dimen-
sion, ¥ utilizing an approach based on the deposition of thick
metals could limit further device miniaturization and, more
importantly, it could preclude benefiting from various device
functionalities such as the gating effect.

In order to achieve high device performance in TMDC-based
devices, it is critical to form contacts which exhibit low con-
tact resistance and allow Schottky-barrier-free charge injection.
Most of evaporated metals, independently of their work func-
tions, exhibit Fermi level pinning to the conduction band of
TMDC layers.['*2% Such directly evaporated contact materials
on top of 2D materials are bonded by ionic/covalent bonds and
induce unavoidable defects which cause significant Schottky
barrier heights and high contact resistance.'*?% Atomically
thin van der Waals contacts could provide a solution to these
problems. In the case of MoS,, graphene was recently utilized
as the contact material.2?2l These devices exhibited nearly
Schottky-barrier-free charge injection and, as a result, very
high quality charge transport characteristics were observed.
Moreover, the work function of graphene is gate tunable due
to its linear dispersion relationship,?3! and it is almost elec-
trostatically transparent since the screening length exceeds
the thickness of the single atomic layer. This makes graphene

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.201707200&domain=pdf&date_stamp=2018-03-22

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

an extremely useful choice as a bottom contact material for
gate-tunable vertical transistor devices.?) However, considering
the different band structures of TMDC crystals, it is not known
if graphene could be an ideal contact material for other TMDCs
as well. Similar to graphene, Co/h-BN stacks also hold a great
promise as a contact material.>>2% Besides being utilized as
a high-quality spin injector,?’! they are expected to eliminate
Fermi level pinning and hence prevent the formation of metal-
induced defects.l?® Finally, once h-BN is contacted to Co, elec-
trons are accumulated close to Co and depletion of electrons
is expected close to h-BN. This forms interface dipoles which
push electrons toward Co because of Pauli exchange repul-
sion and therefore cause a reduction in the work function of
Co, from 5.2 to 3.7 eV.%8! Such a change in the effective work
function of contact material would bring the Fermi level to just
below the conduction band minimum of a TMDC crystal and
therefore allow Schottky-barrier-free charge injection.

In this manuscript, we report a comprehensive study of
transport characteristics of thin WSe, contacted to graphene
and Co/h-BN in various device configurations. WSe, is of
special interest among 2D semiconducting materials due to
the presence of a very high valence band splitting??”! and high
electronic mobility.*% WSe, has also been considered to be the
most suitable candidate for low-power operation at the 2028
International Technology Roadmap for Semiconductors node
due to its optimum effective mass for driving the maximum
current.3! Therefore, we use WSe, as the active channel mate-
rial in our study and contact it from bottom and top sides with
graphene and Co/h-BN, respectively (Figure 1a). This geometry
not only allows us to directly compare the contact properties of
graphene and Co/h-BN to WSe, but also to build gate-tunable
vertical devices due to different work-function values of van der
Waals bonded graphene and Co/h-BN contacts. In this device
architecture, we also benefit from the electrostatic transpar-
ency of bottom graphene contacts. h-BN in our device can be
indeed considered as a transparent contact at this thickness
range (three layers) despite its large band gap of =6 eV.?l Metal
contacts (30 nm Co and 5 nm Ti) to graphene and h-BN are
formed using electron beam evaporation under high-vacuum
conditions. The Ti layer acts as a capping layer to prevent the
oxidation of the Co film. Optical and atomic force microscopy
images after the metallization process are shown in Figure 1b
and Figure 1c, respectively. The details of device fabrication
are presented in the “Experimental Section” and Figure S1,
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Supplementary Information. Here, we would like to note that
we do not expect any shunting effect in lateral transport by
the graphene when using the Co/h-BN contacts or through
Co/h-BN when using the graphene contacts as a result of our
careful device design (Figure S3, Supporting Information). The
current (Isp) through WSe)-based devices is characterized as a
function of back-gate voltage (Vpc), drain-source bias (Vsp), and
temperature. Since hysteresis in transport curves is an important
parameter to be considered while analyzing results, a great atten-
tion is given to this point. We followed the same measurement
protocol: Vg and Vsp were swept from negative values (or 0) to
positive values under the same ramping rate in order to elimi-
nate the effect of hysteresis (see the Supporting Information).

Prior to any vertical transport characterization, we first
measure the charge transport in planar geometry in order to
study the properties of graphene contacts. Figure 2a shows the
Vi dependence of Igp, at fixed Vgp values of 0.3 and 1 V where
we observe dominant n-type transport behavior with on/off cur-
rent ratios exceeding 10°. As shown in Figure 2b (inset), the
Isp—Vsp relation is highly nonlinear, independent of the Vjq
value. This indicates the presence of a Schottky barrier. This is
supported by the observation of a strong temperature depend-
ence of Isp—Vpg as shown in Figure 2b. To quantify this, we
study the Isp—Vsp relation as a function of Vpg and tempera-
ture (Figure 2b; Figure S5, Supporting Information). Data are
analyzed using the thermionic emission model*’]

. - 1%
Iy = AA TLsexp[kB—eT(% —%)] (1)

where A is the contact area, A* is the 2D Richardson constant,
e is the electron charge, kp is the Boltzmann constant, ®y is the
Schottky barrier height, and # is the ideality factor. From here,
we extract a Schottky barrier height of =135 + 20 meV near the
threshold voltage (Figure 2¢c; Figure S5, Supporting Informa-
tion). Note that the barrier height strongly depends on Vpg and
is reduced to =60 meV as Vg increases. This result is rather
surprising as graphene contacts have been reported to enable
a barrier-free charge injection into MoS,?234 and black phos-
phorus (BP)B>3%lbased transistors, thanks to the relative band
alignment of 2D semiconducting crystals/graphene. However,
the graphene work function is further away from the con-
duction band of WSe,3”) than of MoS, and BP, resulting in a
sizable charge injection barrier.

Figure 1. Device structure. a) Schematics of the device. WSe, (=8 nm thick) is bottom contacted with graphene and top contacted with Co/h-BN.
b) Optical image of the completed device. Contacts 1 and 2 are Co/h-BN, and contacts 3 and 4 are graphene. The black dotted line outlines the h-BN.
c) Atomic force microscopy image of the device shown in panel (b). Height range is 60 nm.
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Figure 2. Transport characteristics of graphene-contacted WSe,. a) Back-gate voltage (Vgg) dependence of Isp measured using graphene contacts
at room temperature. The inset shows the device schematics. b) Vg dependence of Isp at different temperature values. The inset shows the room-
temperature Isp—Vsp characteristics at fixed Vg values. c) Vg dependence of the extracted Schottky barrier heights.

Next, we study the properties of Co/h-BN contacts and  between 15 and 75 K and decreases with increasing tempera-
compare them with graphene contacts. Figure 3a shows ture. The extracted p at 15 K is =165 cm? V™' s™" and decreases
the Vye dependence of WSe, conductivity measured using to =110 cm? V71 57! at room temperature. This is comparable
Co/h-BN and graphene contacts. With Co/h-BN contacts, to values extracted from four-contact measurements on liquid-
we also observe n-type transistor behavior in WSe, with an  gated devices.’ Here the scaling of 2T u on temperature is
on/off current ratio of ~10°. To analyze the interface properties ~ important. Such a temperature dependence of p has been
of Co/h-BN and WSe,, we study the Igp—Vsp relation which is observed in the four-terminal (4T) configuration with the charge
found to be nearly linear (Figure 3b, inset). This indicates the ~ transport in the low-temperature region (15 K < T < 75 K)
formation of Ohmic contacts and is supported by the observa-  limited by the impurity scattering whereas phonon scattering
tion of an almost temperature-independent Isp—Vsy, character- ~ becomes dominant at T'> 75 K.P?) The minimized Schottky bar-
istics (Figure 3b). Such temperature insensitivity suggests that  rier allows us to observe such remarkable temperature depend-
thermionic emission is not the dominant transport mechanism  ence also in the 2T configuration. Here we also note that the
in these Co/h-BN contacted WSe, devices. To confirm this, we  extracted i values are underestimated as there is a finite contact
analyze the data using the thermionic emission model where  resistance contribution to the total device resistance.
we find that the extracted Schottky barrier height values are If we compare the transport characteristics of WSe, meas-
indeed negative. This confirms that thermionic emission is not ~ ured with Co/h-BN and graphene contacts (Figure 3a), two
relevant in our devices, in good agreement with recent theoret-  distinguishing features stand out from their transport curves.
ical predictions.[?®] First, the conductivity value measured with graphene contacts

Next, we study the temperature dependence of Isp—Vpg at a  is an order of magnitude smaller than the one measured with
fixed Vgp value of 0.5 V (Figure 3c). From the linear regime of =~ Co/h-BN. Second, the threshold voltage (V1) measured with
Isp—Vpg curves, we estimate1 the1 t\A(/io-terminal (2T) field effect  graphene contacts is =12.2 V lower than that of Co/h-BN. Both

. . _L 1 1 dlsp of these observations suggest that the band alignment is dif-
mobility by using #= W Cye Vsp dVie where [and W are the ferent for graphene and gf /h-BN contacts due togtheir different
length and width of the measured junction and Cgg is the back-  work-function values. This allows the possibility of achieving
gate capacitance. Mobility is nearly temperature independent  different diode characteristics as the gate bias is modulated
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Figure 3. Transport characteristics of Co/h-BN contacted WSe,. a) Vg dependence of the o measured with graphene (red line, Vsp =1V) and Co/h-BN
contacts (black line, Vsp=0.5 V) at room temperature. The inset shows the device schematics. b) V¢ dependence of Isp measured at different tempera-
ture values. The inset shows the Isp—Vsp characteristics at fixed Vi values. ¢) Vg dependence of Isp measured in the two-terminal (2T) configuration
at different temperature points. The inset shows temperature dependence of 2T mobility.
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if source and drain contacts are fabricated
using Co/h-BN and graphene, respectively.
Such gate-tunable measurements are pos-
sible thanks to the electrostatic transparency
of bottom graphene contacts due to its thick-
ness being smaller than the screening length.

Toward this, we study the vertical trans-
port by utilizing Co/h-BN and graphene as
source and drain electrodes, respectively. Due
to the presence of very high “off” current
values in the direct vertical device configura-
tion (Figure S6, Supporting Information), we
introduce an extra pathway along the planar
direction which yields higher on/off cur-
rent ratios. As the vertical direction exhibits
higher conductance, we expect current to
flow from the Co/h-BN contact first verti-
cally, then laterally at the bottom part of thin
WSe,, and finally into the graphene layer.
The device schematics and optical image of
the completed device are shown in Figure 4a
(inset). In order to further improve the device
quality, here we fabricated a similar Co/h-
BN/WSe,/graphene heterostructure on a
h-BN substrate which is back-gated through
a graphite contact.

Figure 4a shows the Vg dependence of
the Igp at fixed Vgp values of 1, 2, and 3 V.
Here Vsp is applied between the Co/h-BN
and graphene electrode (grounded), while
Vg is applied through the h-BN substrate.
The device shows a dominant n-type behavior
but a weak p-type transport characteristic is
also observed at negative Vpc values. Due
to the reduced back-gate dielectric thickness
and improved sample/substrate interface, the
subthreshold swing (SS) value is enhanced to
~260 mV decl. While this SS value is more
than an order of magnitude improved com-
pared to the =270 nm thick SiO, substrate case,
it could be further improved by decreasing the
h-BN thickness. The current on/off ratio in
this device is =10°, more than four orders of
magnitude higher than compared to the direct
tunneling device in the vertical geometry
(Figure S6, Supporting Information).

Since the work functions of graphene
and h-BN are different, the vertical trans-
port properties of this device should strongly depend on the
Vie modulation. In order to demonstrate this, we study the
Isp—Vsp relation at different Vpg values (Figure 4b). At Vyg =
7 V, where the device is the most conductive, Isp—Vsp shows
a nonsymmetric relationship. The current under forward
bias is several times larger than the current under backward
bias due to more efficient Co/h-BN contacts. This is demon-
strated by the observation of higher conductivity values meas-
ured with Co/h-BN compared to graphene at high Vg values
(Figure 3a). As the V¢ value is reduced, forward and backward
bias currents become comparable. In the very low Vp¢ range
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Figure 4. Diagonal transport across graphene and Co/h-BN contacts. a) Vg dependence of Isp
at fixed source—drain bias voltage (Vsp =1, 2, and 3 V) at RT. The inset shows the schematics
and the optical image of the device. WSe, (=8 nm) is contacted from the bottom using gra-
phene (2) and from the top using Co/h-BN (7). h-BN (=25 nm) and a graphite layer (3) are used
as a substrate and back-gate contact, respectively. b) Vsp dependence of Isp at fixed Vg values.

(2 V < Vg <0V), the device shows a completely reversed diode
behavior (Figure 4b). Here the observed rectification ratio is as
high as 10°. The reversed diode behavior is caused by the asym-
metric contacts, with only the graphene contact being able to
drive current at this Vp¢ range which is supported by the obser-
vation of a higher Vyy value with Co/h-BN contacts.

In the intermediate Vpg range, the biasing character-
istic (Isp—Vsp) shows very distinct features. As shown in
Figure 5a, we reach current saturation in the forward bias
range. The bias voltage where current saturation is observed
decreases as the Vg value is reduced (Figure S7, Supporting

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Diagonal transport across graphene and Co/h-BN contacts. a,b) Vsp dependence of Isp, at fixed Vi values. Numerical model showing c) the
source of forward bias saturation and d) asymmetry between backward and forward bias currents at Vgg =5 V.

Information). For instance, we observe current saturation
at Vgp =0.87 V for Vg = 3.5 V whereas it is observed only at
=~0.15 V for Vpc = 2 V. Note that such current saturation is
not observed in the backward bias region. The corresponding
simplified band diagrams for both forward and backward bias
conditions are shown in Figure S8-9 in the Supporting Infor-
mation. When a positive Vgp value is applied, electrons are
injected from the graphene contact into the conduction band
of WSe, through a thin barrier. They are finally detected using
the Co/h-BN contacts via a tunneling process. The width of the
barrier saturates as the positive bias is increased. This limits
the charge injection at higher Vgp values and hence the cur-
rent saturates. Since the barrier width further increases as the
Vpe is reduced, we observe the saturation at smaller Vg, values.
Near Vpg =5.5V, we report a special asymmetry in the Isp—Vgp
curve where a distortion in the forward bias current regime is
observed (highlighted with a dotted box in Figure 5b). At first
glance, this looks like the trend toward negative differential
resistance effect previously observed for 2D-material-based
tunnel field effect transistors.*) However, it is impossible to

Adv. Mater. 2018, 1707200
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realize the band-to-band tunneling effect at this gate voltage
range in our device since both graphene and Co/h-BN contacts
can only inject electrons. Instead, the occurrence of this inflec-
tion point in the biasing characteristic could be related to the
interplay between tunneling and thermionic charge injection
by Co/h-BN and graphene contacts, respectively.

In order to fully understand the origin of the effects occur-
ring at the intermediate Vg range, we have developed a simple
analytical model by taking into account both the thermionic and
tunneling components of the current. In particular, the thermi-
onic current (i.e., the contribution of carriers flowing over the
energy barrier) is modeled through the Richardson's model*!l
considering Fermi-Dirac statistics. The tunneling current (i.e.,
the contribution of carriers flowing through the energy bar-
rier) is modeled by means of the Wentzel-Kramers—Brillouin
approximation.*?l The carrier total kinetic energy is decom-
posed into transversal-to-the-barrier and perpendicular-to-the-
barrier components, considering a linear dispersion relation-
ship for the transverse modes of graphene close to the Dirac
point. The role of the h-BN/graphite back contact is included in

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the numerical model by solving the 1D Poisson equation along
the WSe,/h-BN/graphene direction.

As can be seen in Figure 5c,d, despite the simplicity of the
model, the results are in good agreement with the experimental
ones for Vpg > 3 V, and, in particular, they reproduce the
saturation and the inflection point in forward bias, and their
dependence on Vpg. For negative Vgp, the current is mainly
due to tunneling through the small Co/h-BN/WSe, barrier. On
the contrary, for positive Vgp, the barrier width increases and
hence the current leads to the saturation of the current at large
Vsp as shown in Figure S8 in the Supporting Information. In
Figure 5d, we show the contribution of tunneling and thermi-
onic components of the current as well as the total current. As
can be seen, we manage to capture the asymmetry observed in
the experimental data (Figure 5b), showing that the observed
current inflection in the forward bias current can be explained
by the interplay between thermionic and tunneling currents
(Figure S9, Supporting Information).

In conclusion, we have demonstrated an extensive study of
transport properties of ultrathin WSe, crystals by employing
van der Waals bonded Co/h-BN and graphene contacts. Lat-
eral transport measurements reveal that the Co/h-BN contacts
are nearly barrier free whereas graphene contacts have an
average Schottky barrier height of =80 meV. Benefiting from
the electrostatic transparency of the graphene contacts, we have
also characterized its charge transport properties along the ver-
tical direction. Due to different work functions of graphene and
Co/h-BN contacts, we observe different Isp—Vsp characteristics
including a normal diode, reversed diode, and a new diode
behavior where the forward bias current is saturated due to
interplay between thermionic and tunneling currents, resulting
in the realization of a reconfigurable vertical diode. Our results
provide important insights for the development of next-genera-
tion transistor applications based on 2D materials.

Experimental Section

Material Transfer and Device Fabrication: The device fabrication was
started with the micromechanical exfoliation of graphene stripes onto an
Si/SiO, (=270 nmthick) wafer. WSe, was similarly exfoliated onto a separate
Si/SiO, wafer. WSe, was then picked up by melting the polypropylene
carbonate (PPC) polymer at an elevated temperature (=85 °C)
and its subsequent solidification by natural cooling down. By using a
home-made transfer stage, the WSe, crystal was deposited onto the
previously exfoliated graphene stripes. The PPC layer was later removed
using chloroform. This transfer process was repeated for the =3 layer
thick BN crystal. The final heterostructure (graphene/WSe,/h-BN) was
annealed at 250 °C for 6 h under high-vacuum conditions after each
transfer process in order to improve bonding between the layers and
minimize the amount of transfer-related residues. Electrode masks
were prepared using a standard electron beam lithography process, and
metals (30 nm Co and 5 nm Ti) were deposited using an electron beam
evaporator under high-vacuum conditions. Optical and atomic force
microscopy images after the metallization process are shown in Figure 1b
and Figure 1c, respectively. Electronic transport measurements were
performed as a function of back-gate voltage (Vgg), source—drain bias
voltage (Vsp), and temperature.

Numerical Model: 1D Poisson equation was solved to model the
electrostatics of the WSe,/h-BN/graphene junction. Free charge in
correspondence of graphene was computed considering a linear
dispersion relation, while a parabolic energy dispersion was taken into
account for out-of-plane thermionic current as in ref. [41] with m* = 0.5.

Adv. Mater. 2018, 1707200
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Once the energy potential distribution was obtained, the current was
computed using the Richardson’s model with Fermi-Dirac statistics for
modeling the thermionic current and the Wentzel-Kramers—Brillouin
approximation for the tunneling component of the current. In the
adopted model, the graphene work function was exploited as a fitting
parameter (ranging from 4.0 to 4.6 eV), consistently with experimental
results available in the literature.l*’]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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