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Abstract
Field-effect electronic devices based on transitionmetals dichalcogenides (TMDs) have recently
received a tremendous interest. Althoughwidely studied, efficient charge injection in thosematerials
is often impeded by the large injection barrier present at the interface between the electrode and the
TMD, in particular when holes transport is needed. In this paper, e-beam lithography and e-beam
evaporation techniques are used to contact few-layeredWSe2 filmswith patternedmetallic electrodes
(Co andPd)..Wemeasured the transport and the injection properties at various gate voltages, source-
drain voltages and different temperatures. A quantitative analysis is performed using a two-
dimensional version of a thermionic emissionmodel to extract the evolution of the injection barrier
height as a function of the gate voltage. Palladium contacts are found to be very transparent in the hole
injection regime butweakly tunable under the application of a gate voltage. Cobalt contacts present a
low injection barrier which, unlike Pd contacts, can be extremely reduced by electrostatic gating. In
both cases low injection barriers with respect to the literature are extracted. These results demonstrate
a solid potential for applications implyingWSe2 in the hole transport regime. The results reveal also an
excellent agreement when compared to previous theoretical studies by taking into account the role of
hybridized interfacial states and of the spin–orbit coupling of the contactingmaterial on the injection
barrier.

Introduction

Two-dimensional (2D)materials are fascinating for the novel physics they offer [1, 2]. Their unique electrical,
optical andmechanical properties continuously open a promising panel of new applications such as vertically
architectured transistors [3] or highly-tunable opto-electronics devices [4]. In thewide family of existing 2D
materials, recently discovered transitionmetal dichalcogenides (TMDs) [5] exhibit a notable variety of
interesting properties for combining opto-electronics [6, 7], spintronics [8, 9] and electronics applications
[10–13]. Themain reason is that unlike classicalmaterials in thinfilms such asmetals, oxides and
semiconductors based on Si, GaAs, and others, TMDs are characterized by a fully controllable electronic
structure [14, 15] down to an atomically thin thickness. Tungsten diselenide (WSe2), a representative TMD, is a
semiconductor with a direct band gap of 1.6 eV for onemonolayer (ML) and an indirect gap of 1.2 eV in its bulk
form [16]. It is also characterized by a large spin–orbit coupling (SOC)making it an interestingmaterial for spin
and valley physics [17–19]. Thanks to its large band gap and relatively high carrier’smobility,WSe2 is also a
promisingmaterial forfield effect transistors (FET)with highOn/Off ratio [20, 21].

2D-based FETs properties are known to be very dependent on the electronic properties of themicroscopic
metal/semiconductor interface. The presence of ametal in contact withWSe2 is known to impact the electronic
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properties of bothmaterials [14, 22]. This is due to the formation of chemical bonds and defects that could lead
to gap states and thus to Fermi level pinning [23, 24], and to charge transfer and screening [25]. The presence of
those effects and their respective amplitude can depend not only on the depositedmetals, but also on the
deposition techniques and parameters [26]. As a general consequence, an injection barrier such as a Schottky
barrier is induced on the TMD’s side [27, 28] and is known to also varywith the number of layers composing the
connected TMD [29]. Those effects can be probed and quantified thanks to electronic transportmeasurements.
A large contact resistance (i.e. a large injection barrier), for instance, prevents FET’s good performance in the
high-frequency regime [22, 30]. This contact resistance is related to the density of states and to thework
function (WF)

of themetal.More specifically, it is influenced by the relative position between the contact’s Fermi level and
the energy bands of the semiconductor. In this sense, a precise alignment of themetal’s Fermi energy within one
of the bands of the semiconductor is generally preferred to promote transparent contacts. Achieving efficient
holes carriers’ injection through p-typemetallic contacts inWSe2 concentrates a considerable effort for two
main reasons [31]. First,WSe2 prefers p-type doping unlike other TMDs likeMoS2 [21, 32–34] and holes shows
highmobilities up to 4 000 cm2/V.s [35]. Second, due to its strong SOC,WSe2 is characterized by a large spin-
splitting of the valence bandmaximumof the order of 460 meV in amonolayer (ML)WSe2. Thismakes such a
material highly sought-after for opto-spintronics applications [9, 36].

In this work, we studymetal-WSe2 contact properties formetallic electrodes with highwork functions (Co,
Pd)within the hole transport regime.We also compare their efficiency at room temperature with an
intermediate work-functionmetal (Ti) showing poor injection properties.We demonstrate a direct correlation
between the chosenmetal and the injection barrier. To clarify this link, we study both the gate voltage and the
temperature dependence of the device resistance including the different contact resistance, showing that devices
withCo- and Pd-based contacts are the best candidates to implement holes transport inWSe2.

Results and discussions

WSe2- based device’smicro-fabrication
Figure 1 highlights different characterizations performed onWSe2 deposited on a Si/SiO2 commercial wafer
demonstrating its excellent physical properties. Figure 1(a) shows an optical image ofmechanically exfoliated
WSe2flakes from a bulk p-doped crystal over a SiO2 (280 nm)/Si wafer. The thickness of the SiO2 is chosen to
maximize the contrast betweenWSe2 sheets of different thicknesses down to amonolayer [37, 38]. Thenwe
performed atomic forcemicroscopy (AFM) in the tappingmode to determine their thickness and their surface
topography, as shown infigure 1(b). The lateral profile plotted infigure 1(c) is obtained along a single line cut
shownon the AFM image. The thickness of theWSe2 is identified in this particular case to be 3.5 nm,which
corresponds to a 5-layersfilm. The surface roughness ofWSe2 is of the same order ofmagnitude of that of SiO2 (
i.e.<1 nm) emphasizing the excellent surface quality. Some recentmethods of fabrication, for instance by
encapsulatingWSe2 between relatively thick BN sheets, could help reducing this surface roughness down to the
angstrom level [39–41].We also performedRaman spectroscopymeasurements to get a better insight in the
electronic properties [42, 43]. On the Raman spectra shown infigure 1(d), a large resonance can be seen around
255 cm−1. This peak corresponds to the labelled LA(M) peak containing both the A1g and the E2g transitions
[44]. TheA1g peak is very sharp (<5 cm−1) and is located around 251 cm−1 and the E g2

1 peak is centered on
248 cm−1, the resolution of ourmeasurements does not allow to fully split them. The position of the different
Raman transition’s peaks confirm thematerial’s high quality and its few-layered character [45]. A
photoluminescence spectra of amultilayerWSe2flake is also shown infigure 1(e). It provides the energy of the
direct band gap (1.6 eV) and the energy of the indirect band gap (1.4 eV)which are in perfect agreementwith
previousmeasurements [46, 47]. Thefield-effect device isfinally fabricated by defining electrical contacts by
e-beam lithography as described in themethods section. Figure 2 shows anAFM image of a final devicemade of
few layeredWSe2 of typical lateral sizes of 10 μm.Themetallic contacts serve as source and drain, while the gate
voltage is applied to the Si back-gate. Both Ti and Pd based devices were fabricated over a 280 nm thick SiO2 and
theCo based device was fabricated over a 100 nm thick SiO2 in order to get a larger electrostatic coupling. In all
the studied devices, theWSe2flakes are composed of few layers with thicknesses around 3.5–4 nm.

Influence of the contacts on charge injection inWSe2
Figure 3(a) shows theWSe2 band gap indicating the positions of the top of the valence band (EV) and of the
bottomof the conduction band (EC) [48] and thework functions of themetals used as electrical contacts in this
study [49]. By comparing the relative positions of the different work functions to the position of the valence band
maximum, it is expected that Co and Pd greatly favor holes injection and transport.We now focus on the two-
terminal ISD–VSD characteristicsmeasured at VG=0 V and at room temperature for Ti (black dots), Co (red
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dots) and Pd (blue dots) contacts plotted infigure 3(b). Because of this specific configuration, themeasured
signal can include contributions of the contact resistances and the channel resistance. As reported, for Ti
contacts, the current level is veryweak reaching a few hundreds of pA,while a current up to 20 nA is observed for
the devicewith Co contacts at VSD>2 V.On the other hand, the blue curve onfigure 3(b) shows for the Pd
contacts a current two orders ofmagnitude higher than that for the devices withCo contacts. These
measurements illustrate also asymmetric and non-linear characteristics at high bias voltages (>0.2 V). As
illustrated infigures 4(a)–(f), we also observe that the current remains rather weak aroundVSD=0 V for Co
contacts in contrast to Pd contacts at any explored temperature. As an example, at 300 K and forVSD=0.2 V,
ISD is∼0.5 nA for Co contacts and∼31 nA for Pd contacts as extracted from figure 3(b). Zooms at low bias
voltages (<0.2 V) are also plotted for Pd contacts infigure S1 is available online at stacks.iop.org/MRX/6/
126307/mmedia highlighting the linear variation of ISDwith respect toVSD. For both devices based on Pd and
Co contacts, ISD increases drastically for >∣ ∣V 2 VSD when applying negative gate voltages. The behavior of
devices based on Pd andCo contacts are in agreementwith expectations in the case of holes injection [32]. This is
also confirmed by the two ISD-VG characteristics (infigure 3(c)) obtained at 3 K shown for Co contacts (in red)
and Pd contacts (in blue) based devices. Interestingly, we clearly notice the valence band edge for Co contacts at
VG=−8 Vwhereas it is very diffuse for the Pd contacts.

Figure 1. (a)Opticalmicroscope image ofmultipleWSe2flakes exfoliated over a Si/SiO2 (280 nm) substrate. (b)Atomic force
microscope image obtained in the tappingmode of an individualWSe2flake. (c)Profile obtained along the line cut indicated in blue
over theWSe2flake. The thickness of theflake ismeasured to be 3.5 nm. (d)Raman spectra obtained on theWSe2flake (λ=633 nm,
P=2 mW). Resonances attributed to A1g, E2g and 2LA are identified by red, green and yellow lines respectively. Unassigned
resonances are alsomarked (they are also reported in [44]). (e)Photoluminescence spectra (P=0.1 mWandλexc=514 nm) of a
multilayerWSe2flake deposited on a SiO2 substrate. The indirect band gap peak is centered on 1.4 eV and the direct band gap peak is
centered on 1.6 eV.

Figure 2.Three-dimensional atomic force image of afinal device with four Ti (5 nm)/Au (95) electrodes. Thewiring of the device is
also schematizedwith the two different voltage sources (source-drain voltageVSD and gate voltage VG).
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Figure 3. (a)Band alignmentwith respect to the vacuum level of the bottomof the conduction band (orange line at 3.5 eV) and top of
the valence band (blue line at 4.9 eV) forWSe2 and the Fermi energy positions for Ti (4.3 eV), Co (5 eV) and Pd (5.4 eV) [48, 49]. (b)
Room temperature ISD–VSD characteristics obtained at zero gate voltage on devices with Ti (black), Co (red) and Pd (blue) contacts
over a 280 nmSiO2 substrate. (c) ISD-VG characteristicsmeasured for VSD=−2 V at 3 K for Co contacts (red) and Pd contacts (blue).

Figure 4. ISD–VSD characteristics obtained at different gate voltages on a device with Pd (andCo) contacts over a 280 nm (100 nm)
SiO2 substrate for temperatures of a, (d) 200 K (up), b, (e) 100 K (middle) and c, (f) 3 K (down).
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To summarize this part, in devices with Pd contacts a stronger current (i.e.more transparent contacts) is
observedwith respect to devices withCo orTi contacts. This can be understood by looking at the band diagram
presented infigure 3(a). The Ti Fermi level falls deep in the band gap ofWSe2, which indeed creates a large
injection barrier, while the Co and Pd Fermi levels fall deep inside the valence band of theWSe2, strongly
promoting hole injection.

Electrostatic gating effect on the injection barrier height
To investigate inmore details the charge injection properties, we present infigures 5(a) and 6(a) the ISD–VSD

characteristicsmeasured at different temperatures ranging from room temperature to 50 K atVG=0 V for the
Co-based device and the Pd-based device respectively in a two-terminal configuration. Given the poor
transparency of the Ti contacts, we discharge these devices from the following analysis. The plots reveal a general
decrease of the current when decreasing the temperature,meaning that the charge transport process is thermally
activated. Fromfigure 5(a)we remark that the symmetry of theCo two-terminal ISD–VSD characteristics plot is
preserved at all temperatures. For the Pd contacts, the symmetry is broken at room temperature as shown in
figure 6(a), due to the presence of a negative differential resistance (NDR) signature at negative polarization.
NDRhas already been reported inWSe2-based FETwith Pt contacts [35], even if not systematically. It has been
shown to be strongly gate voltage dependent and it has been interpreted as the effect on charge transport of the
VG-induced change of the vertical carrier distribution across the different layers composing the connectedWSe2
flake.

In order to get a deeper understanding of the charge injection process with Co and Pd contacts, we perform a
full temperature study. Figures 5(b) to (e) and 6(b) to (e)present the temperature and the gate dependence of the
current (Isd) applied to the device throughCo andPd contacts respectively for different applied voltage bias
(Vsd>0.5 V).

A quantitative description of the injection properties in ultrathin 2Dmaterials is given by a 2D thermionic
emission equation [50], where the expression of ISD employs a reduced power-law /T :3 2

* j= - -⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

/I A ST
k T

q
V

n
exp

1
,SD SD

B
B

SD3 2

where *ASD is the 2D equivalent Richardson constant, q the elementary charge, S the contact area,T the
temperature, kB the Boltzmann constant and n is the ideality factor. Thismodel has been developed for
symmetricmetal/2D semiconductor/metal devices and is commonly employed, when the device is sufficiently
polarized, for characterizing only one over two injection barriers in FETdevices [30] based on aTMD [51–53]
channel. Themodel is also used even in the limit of very transparentmetal/TMDormetal/h-BN/graphene
contacts [54, 55], where a substantial part of the potential drop could occurwithin the semiconducting channel
itself. Reference [30] fully details the validity of thismethod. In accordance with thismethod, we restrain this

Figure 5. (a) ISD–VSD characteristics in semi-log scalemeasured at zero gate voltage at four different temperatures ranging from3 K to
295 K for theCo-based device. (b)–(e) ln (ISD/T

3/2)=f(1000/T)plots performed at VG=0 V,−4 V,−8 V and−12 V respectively.
(f)Evolution of the injection barrier height for holes (fB) as a function of the gate voltage (VG).
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study toVSD>0.5 V in order to ensure that only one barriermainly contribute to themeasured signal as it is
discussed in [30]. To determine the height of the injection barrier (jB) as a function of VG, Richardson plots of

( )/ /I Tln SD
3 2 against /T1000 at different appliedVG for bothCo and Pd based devices are shown infigures 5 and

6, fromb to e, respectively. For each value ofVSD we realize a linear fit in the high temperature regime (between
300 K and 100 K for theCo based devices and between 200 K and 50 K for the Pd based devices).We exclude the
room temperaturemeasurement for the Pd-based device where theNDR effect dominates. The slope extracted
from the linear fit is given by:

j= - -⎜ ⎟⎛
⎝

⎞
⎠a

k
q

V

n

1

1000
.

B
B

SD

By plotting the slopes as a function ofV ,SD we can extract the injection barrier height from the y-intercept as
[56]:

j= - ( )a
k

1

1000
.

B
B0

The extracted injection barrier heights with their standard deviations are plotted as a function of the applied
gate voltageVG and onfigures 5(f) and 6(f) for theCo and Pd based devices respectively. The barrier height
decreases from90meVdown to 20 meV in theCo-based device when the gate voltage is lowered from0 V to
−32 V. In the Pd-based device, the barrier height is already lower at low gate voltages and remains stable around
40 meV at negative gate voltages. The extracted values of the injection barrier at zero gate voltage are plotted and
compared to the literature for different contactmaterials infigure 7. The comparisonwith experimental data
reported at zero gate voltage byKim et al [57] reveals a large discrepancy but those data have beenmeasuredwith
chemical vapor depositedWSe2 forwhich the intrinsic dopingmight be very different than after exfoliation from
a bulk crystal. Note that a perfect agreement exists between our observations and the theoretical predictions
made byWang et al [31] for the Pd contacts based devices, including the influence of spin–orbit couplingwhich
tends to shift the valence band closer to themetal’s Fermi energy. The Schottky-Mott rule (j = -∣ ∣WF 4.9B ) is
also plotted as a reference.

Discussion

Themethodwe employed to extract the injection barrier in two-terminal 2Dmaterial based devices is standardly
used in the literature [58]. Three distinct injection regimes can usually be identified depending on the gate
voltageVG. A thermionic emission regime is associated to a linear decrease ofjB as a function of VG, a tunneling
regime is associated to an almost stablejB as a function of VG and, in between, a crossover regime is ascribed as

Figure 6. (a) ISD–VSD characteristics in ln scalemeasured at zero gate voltage at four different temperatures ranging from50 K to
295 K for the Pd-based device. (b), (c), (d) and (e) ln (ISD/T

3/2)=f(1000/T) plots performed at VG=0 V,−11 V,−22.5 V and
−32 V respectively. (f)Evolution of the injection barrier height for holes (fB) as a function of the gate voltage (VG).
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theflat band limit for which both thermionic and tunneling injection can occur simultaneously [32, 59]. The
intrinsic Schottky barrier height can only be determined at the flat band limit [30]. For the case of the Co contacts
based device, we observe a decreasing behavior of the injection barrier while increasing the gate voltages towards
negative values, as shown in figure 5(f). This is expected since, based on the energy level alignments, Co contacts
are supposed to promote holes injection inWSe2. In the studied experimental conditions, this injection barrier
decreases down to 20 meV atVG=−30 V.Note that no change of linear regime is visible infigure 5(f), meaning
that the flat band limit is not yet reached. As a consequence, a value of the order of 20 meV can be considered as
an upper limit of the intrinsic Schottky barrier for theCo contacts based device. As shown infigure 6(f), the
behavior ofjB as a function of VG for the Pd contacts based device is quite different.We do not report any
dependence of the injection barrier as a function of the gate voltage. Note that given the difference of SiO2

thickness for the two devices (280 nm thick insulating SiO2 for the Pd contacts based device and 100 nm thick
insulating SiO2 for theCo contacts based devices), a different coupling to the gate electrode is realized in the two
cases for the same applied gate voltage, inducing a less effective field effect in the Pd case. In themeanwhile, the
barrier height shows an almost constant behavior, within the error bars, that could suggest that the injection
process occurs already by tunneling.However, the strong temperature dependence of the current observed in a
large range of Vsd values (0.1 V<Vsd<1 V) as shown infigures 5(a) and 6(a) is not in favor of this argument.
We suggest that the observed invariance of the barrier height could be a specific signature of Fermi level pinning
[60] occurring at the Pd/WSe2 interface. Very weak variations of the injection barrier height with respect to gate
voltagewere also reported inMoS2/Au andMoTe2/Au interfaces where Fermi level pinning have been proved
to occur [24]. Several physicalmechanisms have been proposed to explain the pinning phenomena atmetal/
TMD interfaces. Sotthewes and coworkers have put forward the role ofmetal-induced gap states and of disorder
[60]. Gong and coworkers have identified two other contributions in the specific cases ofmetal/MoS2 interfaces
but that could be potentially transposed to themetal/WSe2 case: interfacial dipoles and gap states due to the
metal/S interaction [61]. Concerning theWSe2/metal interface, a recent study detailing the chemistry of the
Pd/WSe2 interface demonstrates thatWSe2 remains chemically unperturbed after Pd deposition at room
temperature [51]. However, from the electronic structure’s point of view, interfacial states dubbed overlap states
were predicted by density functional theory to be present at the Fermi energy [31]. They could thus be
incriminated in the Fermi level pinning phenomena. Being located at the Fermi energy such hybridized
interfacial states can also promote holes injection inWSe2 by efficiently couplingmetallic bandswith holes states
from theWSe2. This represents an interesting feature for high performance charge injection inWSe2. Note that
the Fermi level pinning phenomenon is strongly supported by the transfer characteristics of the device with Pd
contacts shown infigure 3(c) for which the current varies only weaklywith respect toVG in opposition to the
device withCo contacts (unpinned case). An inverted band bendingwith respect to conventional
semiconductor/metal contacts was also predicted atWSe2/Pd interfaces [31]. Therefore, in the studied Pd
devices, one could consider that an unconventionalmechanism for the injection occurs. Our results presented
infigure 6(f) could be a signature of all those theoretical predictions for transparent contacts [31]. This
conclusion is also strongly supported by the linear ISD–VSD characteristicsmeasured at lowbias voltages

Figure 7.Holes injection barrierfB (inmeV) as a function ofwork function (in eV) for differentmaterials. Calculated hole injection
barriers (purple dots fromWang et al [31] and pink triangles fromOuyang et al [25]) andmeasured hole injection barriers (red dots
fromPrakash et al [28], light pink triangles fromKim et al [57] and the pink diamonds from this work) are represented. The standard
Schottky-Mott rule is plotted (red dotted line) for reference.
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(<0.2 V) in the Pd-based devices recalling a quasi-ohmic behavior (seefigure S1) as reported for
Co/h-BN/MoS2 contacts [54] orNbxW1-xSe2/WSe2 contacts [62].

Concluding remarks

In conclusion, we have characterized holes injection inWSe2 from twodifferentmetals, ametal with strong
spin–orbit coupling (Pd) and a ferromagneticmetal (Co).We demonstrated that Pd guarantees very transparent
contacts and efficient holes injections inWSe2 evenwhen no gate voltage is applied, with an almost constant
injection barrier and higher current values as a function of the source-drain and the gate voltages. One possible
explanation is related to the presence of interfacial states couplingmetallic and holes bands from the Pd and the
WSe2 respectively and inducing Fermi level pinning.On the contrary we also showed that Co/WSe2 contacts can
be strongly tuned by applying a back-gate voltage, shifting the injection barrier height down to 20 meV. These
results pave theways for further studies concerning the fundamental aspect of charge and spin injection inWSe2
in the promising holes transport regime for probing the strong spin–orbit coupling physics.

Materials andmethods

Sample preparation
WSe2 is purchased fromHQGraphene. Bulk crystals aremechanically exfoliated and flakes are deposited on a
Si/SiO2 substrate (100 nmor 280 nm thick) tomaximize the optical contrast. The devices are fabricated by
defining electrical contacts by e-beam lithography using a double layered PMMAprocess: a 50 K lower layer of
PMMAand a 950 Kupper layer of PMMAboth spin-coated at 4000RPM. Themetallic contacts are deposited
under high vacuum (a few 10−7mBar) by e-beam evaporation. They are deposited at very low evaporation rates
(0.1 nm s−1). The thicknesses are 5 nmof Ti covered by 95 nmofAu for the device with Ti contacts, and 20 nm
ofCo and Pd coveredwith 30 nmofAu for samples with Co contacts andPd contacts respectively. Scanning
electronmicroscope images of Co (2 nm) deposited onWSe2 and Pd (2 nm) deposited onWSe2 are shown in
figures S2 and S3. They reveal that themetalfilm is already continuous at 2 nmof nominal thicknesses. In all the
studied devices, theWSe2flakes are composed of few layers leading to thicknesses around 3.5–4 nm. In a
separate device with Pd contacts supported on h-BN, the field-effectmobility has beenmeasured to be around
21 cm2/V.s at 300 K and for a charge density around 1.1013 cm−2 (see figure S4).

Devicesmeasurements
All the devices aremeasuredwith aCryostation fromMontana Instruments. All themeasurements are
performed in dark conditions and under vacuum.Current-voltagemeasurements are realized by applying to the
device aDCvoltage from aGS200 fromYokogawa. After passing through the sample, the outputDC current is
amplified by an I-V converter. TheDCoutput ismeasured by a digital voltmeter (34401A fromKeysight). The
gate voltage is aDCvoltage and is applied fromaGS200 fromYokogawa.
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