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Transition metal dichalcogenides represent an emergent platform for energy conversion solutions at the nanoscale.
The thermoelectric performances of devices based on two-dimensional materials rely not only on the electric and
thermal properties of the used materials, but also on device engineering. In actual devices, hybridization effects at the
semiconductor/metal interface strongly affect the local band structure with important consequences on charge injection
and thermoelectric response. Here, we investigate the role of different metal contacts (Ag, Pd, Co, Ti) on the electric
and thermoelectric properties of hBN-supported few layers WSe2 transistors. In our devices, we reveal a metal contact-
dependent Seebeck response with high values of the Seebeck coefficient (S), up to ∼ 180 µV/K, and power factors
(PF = S2σ ) as high as 2.4 µW/cm K2 (Co), in agreement with the state-of-the-art. Metal electrodes for which weak
interface hybridization is theoretically expected (Ag) show the lowest electrical conductivity and the highest Seebeck
coefficient. On the opposite, for expected strong interface hybridization (Pd, Co, Ti), electrical conductivity increases
and slightly reduced S values are measured. Our work unveils the importance of metal contacts engineering to optimize
the thermoelectric performances of actual few layers transition metal dichalcogenides based transistors.

I. INTRODUCTION

Understanding and managing heat at the nanoscale con-
stitutes a major on-going scientific and technological chal-
lenge. Thermoelectric (TE) materials1–3 are solid-state en-
ergy converters able to produce electrical work from thermal
energy4–7. Energy conversion of TE devices is ruled by the
figure of merit, ZT , defined as S2σT/κ , where S is the See-
beck coefficient (or thermopower), σ and κ are the electrical
and thermal conductivities, and T is the absolute temperature.
According to Mott formula, the Seebeck coefficient scales
with the density of states (DOS) and the derivative of the elec-
trical conductivity. Therefore, low dimensionality, quantum
confinement and band structure engineering have opened new
routes to improve TE performances8–11. In this context, 2D
materials and in particular transition metal dicalchogenides
(TMDs), such as molybdenum disulfide (MoS2) and tungsten
diselenide (WSe2), have recently received great attention. In
TMDs, the band gap can be modulated by varying the thick-
ness and the charge carriers density is efficiently controlled
by a gate voltage12,13. MoS2 has been extensively studied and
thermoelectric powers as large as 2 mV/K at low temperature
(∼ 50 K) have been experimentally demonstrated14–16. Al-
though less studied, WSe2 has shown maximum S of about
∼ 300 µV/K and power factors PF (PF = S2σ ) of ∼ 37
µW/cm K2 in electrolyte gated transistors17–19. Moreover,
very low in-plane thermal conductivity (1 - 2 W/mK) has been
experimentally reported and theoretically confirmed in this 2D
material20–23, making it particularly appealing for TE applica-
tions.

Due to their reduced dimensionality, 2D materials are
strongly affected by the environment. Surface charge states
in conventional SiO2 substrates induce scattering and poten-

tial disorder in the supported 2D materials24,25. Hexagonal
boron nitride (hBN) turns out to be an effective solution to this
problem, being hBN an atomically flat insulating 2D material
with inert and free-of-charge-traps surface26,27. The electric
and thermoelectric performances of graphene and MoS2 are
significantly enhanced when implementing hBN-supported
configurations28,29. Making good metal contacts is also a cru-
cial issue for the development of TMDs-based devices. De-
pending on the electrode nature, n-type, p-type and ambipolar
transport have been reported in WSe2-based transistors30–33.
Recently Wang et al. have shown that the Schottky barrier
height and the band gap at the interface between a metal elec-
trode and monolayer or bilayer WSe2 strongly depend on the
nature of the metal34. This is due to the different bonding
strength and band hybridization degrees of the different inter-
faces. Similar conclusions have been theoretically achieved
also in the case of MoSe2

35,36. Since the Seebeck coefficient
is expected to depend on the band structure of the TE material,
the question arises whether the metal contacts also affect the
thermoelectric properties of TMDs.

In this work, we experimentally investigate the electric and
thermoelectric response of few layers WSe2-based transistors
fabricated with different metal contacts (Ag, Pd, Co, Ti) and
using hBN as supporting layer. We report a metal contact
dependent electric and thermoelectric response. The high-
est Seebeck coefficient, with a maximum value of ∼ 180
µV/K, is observed with Ag electrodes, for which the lowest
2-point electrical conductivity is measured, resulting in low
power factors, ∼ 0.02 µW/cm K2. When using Co, the See-
beck coefficient reduces to ∼ 150 µV/K while the highest
power factors is achieved, up to 2.4 µW/cm K2, due to im-
proved charge injection. These observations are qualitatively
coherent with the expected metal/semiconductor interface hy-
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bridization variation theoretically predicted for different metal
contact interface with monolayer and bilayer WSe2

34.

II. DEVICES FABRICATION AND MEASUREMENTS

We prepare WSe2-based transistors starting by the exfo-
liation of hBN and WSe2 flakes from bulk crystals (HQ
Graphene). A hBN/WSe2 heterostructure is then stacked by
the dry hot pick-up transfer technique37 on the top of a Au
gate electrode on a prefabricated chip. The prefabricated
chip is a Si/SiO2 (280 nm-thick) substrate where a local gate
electrode and a nanowire acting as micro-heater (spaced by
150 - 350 nm) are fabricated by standard e-beam lithogra-
phy and metal deposition (Ti/Au, 5/35 nm). Two metallic
nanowires (6 µm-long, 80 nm-thick, 400 nm-wide and spaced
by 5 µm), acting simultaneously as local electrodes and ther-
mometers, are successively fabricated on the hBN/WSe2 het-
erostructure. The metallic nanowires have been made in Ag
(sample 1), Pd (sample 2), Co (sample 3) and Ti (sample
4), all with a Au capping layer to prevent oxidation. All
metal evaporation steps are performed at ∼ 10−8 mbar, after
2 hours of in-vacuum annealing at 120°C to remove possible
contaminants38,39. The choice of the metal contacts is justified
by the electron and hole affinities for few layers WSe2

40: high
(low) work-function metals, such as Pd and Co (Ag and Ti),
allow achieving, in principle, good hole41,42 (electron30,39) in-
jection. Figure 1 (a) shows an optical image of a representa-
tive sample.

Schematics of the device with the wiring for electric and
thermoelectric measurements are shown in Figure 1 (b) and
(c), respectively. Measurements are carried out at room tem-
perature under high vacuum (P∼10−7 mbar) in a micro probe
station (Nextron) after in-situ annealing (at 400°C) improv-
ing adhesion between the flakes and electrical contact qual-
ity. Since semiconducting devices may reach very large OFF-
state resistances, transport measurements are performed in
a 2-point configuration by voltage-biasing the samples and
probing the current flowing through the WSe2 channel as a
function of the gate voltage by a low-noise current-voltage
amplifier. Leakage currents between the heater (as well as the
gate) and the source and drain electrodes are lower than the
sensitivity of our experimental set-up (∼ 10 pA) in the ex-
plored gate and source-drain applied voltages.

Thermoelectric measurements are performed using a DC
approach. A DC current (Iheater) is injected through the micro-
fabricated metal heater. Due to Joule heating, a temperature
gradient ∆T is developed in the longitudinal direction of the
device inducing a thermoelectric voltage, VTE. The estima-
tion of ∆T is performed by measuring the resistance variation
of the two metallic nanowires in contact with the semicon-
ducting 2D material, Th1 and Th2 in Figure 1 (c). Because
of set-up limitations, the resistance of each thermometer is
measured in a 2-point configuration and we indicate the tem-
perature extracted from this measurement as the "equivalent"
temperature, T eq. As explained in Appendix A, the T eq es-
timation is corrected on the basis of finite elements simula-
tions and control tests in order to extract the effective local

FIG. 1. (a) Optical microscope image of a hBN/WSe2-based transis-
tor (sample 3). Schematics of the circuitry used for (b) electric and
(c) thermoelectric measurements.

temperature rise for each thermometer. The whole ∆T mea-
surement procedure can be divided in two main steps. In the
first step, the heater is grounded (Iheater = 0) and the temper-
ature of the environment is regulated by the temperature con-
trol of the micro probe station molybdenum sample holder in
isothermal contact with the sample. A small DC current (±
20 µA) is fed by a source-meter (Yokogawa 7651) into the
metallic nanowires to measure the induced voltage drop by a
nanovoltmeter (Keithley 2182A). The resistance of each line,
including the metallic nanowire, is measured as a function of
the temperature and it follows the expected linear behavior
R(T ) = R0[1+α(T −T0)]. The temperature coefficient of the
resistance α is extracted as (1/R0)(dR/dT ). In the second
step, the temperature of the molybdenum plate is fixed at the
operating temperature of the experiment, T0 = 25°C. A DC
current ramp (from 0 to 5 mA, with steps of 1 mA) is ap-
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plied into the micro-heater inducing Joule heating and thus
a temperature gradient along the sample. For each value of
the heater current Iheater, the metallic nanowires resistances,
R1 and R2, are simultaneously measured. Thanks to the first
calibration step, it is possible to evaluate the "equivalent" tem-
perature of Th1 and Th2 for a given value of Iheater. The curves
follow a quadratic trend (T eq = aI2

heater+b, with b= T0) due to
the relation R ∝ T eq ∝ I2

heater. The temperature difference be-
tween the two thermometers, ∆T eq, is equal to dT eq

Th1
−dT eq

Th2
,

where dT eq
Th1/2

is the temperature increase of each thermome-
ter with respect to T0. The corrected temperature gradient is
evaluated as ∆Tcorr = γ dT eq

Th1
−dT eq

Th2
, where γ is a correction

factor equal to ∼ 2.93 that has been experimentally evaluated
and validated by finite element simulations, detailed in Ap-
pendix A.

The thermoelectric voltage, VTE, generated by the temper-
ature gradient, is measured as the open-circuit voltage drop
between the two electrodes as a function of the applied heat-
ing current Iheater and gate voltage VG in the range ± 25 V.
For each value of gate voltage VG, the current in the heater
is swept from 0 to 5 mA (with a current step of 50 µA and
a sweeping rate of 50 µA/s) and, for each current value, the
open-circuit voltage Voc is measured. The gate voltage is ap-
plied by adopting the same electrical connection employed for
the electrical measurements, by connecting the thermometer
Th2 to the ground and leaving Th1 floating. Due to the rela-
tionship VTE ∝ ∆T ∝ I2

heater, the recorded Voc(Iheater) exhibits
a parabolic behavior as a function of the heating current. To
correctly extract the thermoelectric part of the measured sig-
nal, we follow the approach proposed by Kayyalha et al.43.
The measured open-circuit voltage as a function of the heat-
ing current is of the form Voc(Iheater) = âI2

heater + b̂Iheater + ĉ,
meaning that its nature is not purely thermoelectric. The con-
stant term (ĉ) corresponds to the contribution of the voltmeter
offset and the resistive coupling between the semiconducting
channel and the gate. The linear term (b̂Iheater) indicates the
contributions of coupling from the heater to the channel. Fi-
nally, the second order term (âI2

heater) is the pure thermoelec-
tric contribution, VTE, to the measured signal. Thus, the See-
beck coefficient is obtained for each value of gate voltage VG
as the slope of the VTE vs. ∆Tcorr dependence. Note that, in
evaluating the Seebeck coefficient, only data points for which
the second-order contribution in the Voc(Iheater) fitting proce-
dure is strictly higher than the linear and constant contribu-
tions at the maximum applied current in the heater (Iheater =
5 mA) are considered reliable. Data points not matching this
criterion have been removed.

III. RESULTS AD DISCUSSION

We present results for four representative devices made
with Ag, Pd, Co and Ti metallic electrodes (sample 1, 2, 3
and 4, respectively). For each metal contact, results have been
confirmed at least on a second sample with the same geom-
etry of the electrical contacts and similar flakes thicknesses.
In all the explored devices, the WSe2 channel length (L) and

width (W ) are both equal to ∼ 5 µm. The thickness of the
flakes composing the heterostructures have been measured by
atomic force microscopy (AFM) (Figure 10 in Appendix C).
WSe2 has a thickness varying from 2.8 ± 0.4 nm to 3.8 ±
0.4 nm, corresponding to 4 to 6 layers. For such a variabil-
ity of the layers number we expect the WSe2 band gap to be
affected by less than 10%44. Table I summarizes the relevant
parameters of the discussed devices.

TABLE I. Samples discussed in this work with metal used for the
contact, hBN and WSe2 thicknesses, and WSe2 number of layers as
determined by AFM.

metal dhBN [nm] dWSe2 [nm] # of layers
sample 1 Ag 57 ± 3 3.8 ± 0.4 6
sample 2 Pd 45 ± 1 3.0 ± 0.5 4
sample 3 Co 50 ± 3 2.8 ± 0.4 4
sample 4 Ti 41 ± 2 2.9 ± 0.3 4

Figure 2 shows a typical transfer characteristic for (a) n-
type transport behavior (sample 1) and (b) ambipolar transport
behavior (sample 2) in linear (red data) and semi-log (blue
data) scales, with a source-drain polarization VDS = 2 V and a
gate polarization |VG| ≤ 25 V. Note that the gate voltage has
been normalized to the hBN thickness, dhBN, in order to allow
for a direct comparison between samples. Ambipolar behavior
is observed in Pd-, Co- and Ti-based WSe2-transistors, while
devices with Ag contacts result systematically in n-type trans-
port characteristics. The threshold voltage Vth−h/e is extracted
by extrapolating the linear part of the transfer characteristic to
zero IDS as shown in Figure 2 by the dashed black lines.

The device field-effect mobility µ is evaluated as
(L/W )(dIDS/dVG)(1/ChBNVDS), where dIDS/dVG is the trans-
conductance, ChBN = ε0εr/dhBN is the dielectric capacitance
per unit area, ε0 = 8.854 ×10−12 F/m is the vacuum permit-
tivity. Using a 2-point approach for transport measurement,
the evaluation of the electron and hole mobilities is limited
by the contribution of the interface barriers, and it has to be
considered as a lower bound for the intrinsic material carri-
ers mobility. We find out the highest electron (hole) mobility
equal to∼ 0.8,∼ 100 (10),∼ 40 (200) and∼ 20 (125) cm2/ V
s for Ag, Pd, Co and Ti, respectively, in agreement with values
reported in literature41,42,45–47. The density of charge carriers,
n3D, can be evaluated at the highest gate voltage by the re-
lation n3D = ChBN

edWSe2
(VG−Vth) resulting of the order of 1019

cm−3 for both electrons and holes17. All devices have large
ON/OFF ratios (∼ 105) and they all show high subthreshold
swings (SS) for both bands injections with typical values in
the interval 2000 mV/dec < SS < 5000 mV/dec. The reduced
performance of the devices (large SS and low µe/h) can be
caused by intrinsic material impurities and defects related to
the fabrication process30,46. However, orbital hybridization at
the metal/WSe2 interface plays also a major role by modifying
the local DOS in the 2D semiconductor and affecting electric
properties. Band structure calculations in WSe2-based transis-
tors have shown that in the weak hybridization case, a Schot-
tky barrier is created at the metal/semiconductor interface,
while strong coupling results in a decay of the metallic wave-
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FIG. 2. Transfer characteristic of (a) sample 1 (Ag contacts) and (b) sample 2 (Pd contacts) in linear (red) and logarithmic (blue) scale at
T = 300 K and VDS = 2 V. The gate voltage on the x-axis has been normalized to dhBN. Black dashed lines indicate the extrapolation of the
linear part of the transfer characteristics to extract the threshold voltage at zero IDS.

function into the nanometer thin 2D semiconductor. In this
case, the Schottky barrier is generated between the hybridized
2D material and the 2D channel34,35,48. Moreover, electronic
states appear in the original band gap of WSe2, playing a fun-
damental role in Fermi level pinning and charge injection49.
Wang et al. have theoretically demonstrated that Al, Ag and
Au, result in weak metal/WSe2 bonding with a preserved band
gap, while Pd and Pt, induce a stronger metal/WSe2 bonding
with a highly reduced band gap and ambipolar expected trans-
fer characteristics34. As bonding strength can be understood
in terms of d-band hybridization, we expect strong coupling
for Co and Ti contacts, having these metals partially filled d-
shells. Band structure calculations in the case of Ti/MoSe2
confirm this expectation35. The ambipolar behavior observed
with Pd, Co and Ti is coherent with calculations of Schul-
man et al. where pinning for Pd and Ni is predicted almost
in the middle of the gap50. Results with Ag contacts (sam-
ple 1) are consistent with these observations. In the case of
Ag-based transistors, the device is always in the OFF-state for
hole injection, while it switches to the ON-state for electron
injection.

We have evaluated the Schottky barrier heights using the
back-to-back Schottky diode (BBSD) model51. According to
this model, the source and drain contacts on the 2D mate-
rial can be represented as two diodes connected in a back-
to-back configuration. Depending on the source-drain bias
voltage VDS, the overall current will be limited by the reverse
biased diode. The Schottky barriers can be extracted by fit-
ting the device output characteristics to the thermionic trans-
port equation of a reversed diode. Figure 3 shows two rep-
resentative output characteristics (sample 3) for VG = 6.5 V
(black data) and VG =−6.5 V (red data), corresponding to the
subthreshold electron and hole injection regimes, respectively.
The solid lines are the corresponding fits to the BBSD model.
The inset shows the extracted values of the barrier, φB, as a
function of gate voltage in the range |VG| ≤ 25 V. The actual
electron (hole) Schottky barrier height, φSBe(h), is defined at
the flat band condition, identified as the gate voltage for which

the barrier height diverges from the linear trend, as indicated
by the solid red lines. We find out similar values of φSBe and
φSBh of about 0.2 - 0.3 eV for Pd, Co and Ti, in agreement
with previous works52–54. The sum of the electron and hole
barriers defines a reduced energy gap of the order of 0.5 - 0.6
eV, well below the predicted value for 4 - 6 layers WSe2 of 1.1
- 1.2 eV44,55. Such a strong reduction can be attributed to the
presence of gap states in the WSe2 band gap due to material
impurities as well as strong hybridization at the metal/2D ma-
terial interface34. In the case of Ag contacts (sample 1), only
the electron barriers can be extracted which result of the order
of 0.46 eV, higher than the values estimated for the other sam-
ples. The expected band gap is thus > 0.46 eV, higher than
the previous estimation. This result is in agreement with the
predicted weak coupling nature of the Ag/WSe2 interface.

FIG. 3. Output characteristics of sample 3 (Co contacts) at VG = 6.5
V (black data, left axis) and VG =−6.5 V (red data, right axis). Solid
lines are fits to the BBSD model. Inset: Schottky barriers extraction
at flat band condition.

We move now our attention to the thermoelectric character-
ization of the presented devices focusing on the Seebeck co-
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FIG. 4. Absolute value of the Seebeck coefficient (top panel) and electrical conductivity measured at VDS = 10 mV (bottom panel) for the four
discussed samples, for increasing and decreasing gate voltage sweeps (as indicated by the arrows). The gate voltage on the x-axis has been
normalized to dhBN.

efficient. Figure 4 (upper panel) shows the absolute value of
the Seebeck coefficient as a function of the gate voltage nor-
malized to dhBN, for increasing and decreasing gate voltage
sweep (as indicated by the arrows). The sign of S reveals the
nature of the majority carriers, negative for VG > 0 (electron
injection) and positive for VG < 0 (hole injection). No signal
can be revealed in the gap region, where the density of charge
carriers goes to zero. Moreover, in this region the signal is
measured with higher uncertainty since the device impedance
becomes very high. The measured S increases suddenly as the
Fermi level moves towards the conduction or the valence band
edges. When further increasing the density of charge carri-
ers, S decreases as expected, being roughly ∝ 1/n3D (beyond
threshold). In all cases, the measured values of the Seebeck
coefficient are in agreement with what previously reported in
literature for WSe2-based transistors17,18. The maximum S
values, | Smax |, are of the order of 180 ± 11 µV/K for Ag, 80
± 2 µV/K for Pd, 150± 2 µV/K for Co and 160± 4 µV/K for
Ti. The thermoelectric measurements confirm the ambipolar
behavior in Pd-, Co- and Ti-contacted devices. The preferred
electron injection for Ag-based transistors is also in agree-
ment with the observations done on the electrical character-
ization. Figure 4 (bottom panel) shows the devices conductiv-
ity as function of the reduced gate voltage (trans-conductance
curves) measured in this case at low source-drain polarization
(VDS = 10 mV) for the four samples in the two gate sweep
directions (as indicated by the arrows). For the sake of clar-
ity, we summarize on Table II the relevant electric and ther-
moelectric parameters extracted for each samples, namely the
electron and hole barrier heights, the maximum Seebeck coef-
ficient and the maximum electrical conductivity and the elec-
tron and hole mobilities.

By comparing the four samples presented in Figure 4, it
appears that the nature of the metallic contact has an impact
on both the electric and thermoelectric response of the stud-
ied WSe2-based devices. The thermoelectric power and the

TABLE II. Electron and hole barrier heights, maximum Seebeck co-
efficient, maximum electrical conductivity, electron and hole mobil-
ities for each sample discussed in this work.

φe φh | Smax | σmax µe µh
[eV] [eV] [µV/K] [S/m] [cm2/Vs] [cm2/Vs]

sample 1 0.46 – 181a 67a 0.8 –
sample 2 0.2 0.27 83a 21.5 × 103 a 100 10
sample 3 0.2 0.11 148b 17 × 103 b 40 200
sample 4 0.22 0.23 162b 16 × 103 b 20 125

a electron doping
b hole doping

low bias electrical conductivity vary rather gently close to the
conduction and valence bands edges, with finite slopes that
depend on the measurement sweep direction. The slopes of
S and σ at the band edges are typically related to the pres-
ence of gap states close to the valence band maximum or the
conduction band minimum, inducing an exponential tail of the
DOS in the band gap region. A metal dependent reduction of
the band gap is also suggested by the different extension of the
OFF-state in the electric and thermoelectric measurements, di-
rectly compared on Figure 4 by normalizing the gate voltage
to dhBN. The S coefficient is different from zero for positive
and negative gate voltage for Pd-, Co- and Ti- based devices,
in agreement with the observed ambipolar transport, while a
finite S coefficient is only measured for Ag-based devices for
positive gate voltages and no signal is detected at negative gate
voltages. All S and σ measurements show a hysteretic behav-
ior, particularly evident in sample 4. This phenomenon is re-
current in TMDs field effect transistors and is often related to
the gate voltage stress26,56,57.

It is worthwhile to note that a trend can be recognized in
the electron-doped region in the electric and thermoelectric
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properties when looking at the samples in the order 2-3-4-1
(Pd-Co-Ti-Ag contacts): the mobility and the electrical con-
ductivity decrease while the barrier height and Seebeck co-
efficient increase. No similar trend is observed in the hole-
doped regime. The empirical trend in the electron-doped re-
gion is coherent with the predicted weak and strong hybridiza-
tion theoretically calculated for Ag/WSe2 and Pd/WSe2 inter-
face, respectively. Weak interface coupling at the Ag/WSe2
interfaces allows to consider the thermoelectric response as
mostly related to the WSe2 electronic structure in the chan-
nel rather than under the contacts. In this case, we measure
the highest Seebeck coefficient. Strong coupling, expected at
the Pd/WSe2, improves charge injection and mobility, while
reducing the thermoelectric response. No theoretical predic-
tions exist for the other metal contacts used. In these cases,
since the bonding strength is related to d-band hybridization
and having these metals partially filled d-shells, we can also
expect strong coupling at the interface. We also note that the
measured low-voltage 2-point electrical conductivity is lower
in the case of Ag-based devices (σmax ∼ 102 S/m) with re-
spect to Pd-, Co- and Ti-based devices (σmax ∼ 104 S/m) by
a factor of 102, while the Seebeck coefficient has the highest
value in the case of Ag-based devices and it is only reduced
by a factor of 1.1 - 2 in the case of the devices with the other
metal contacts. This general trend is confirmed also in the
other measured devices (not shown in this work). Note that
in actual devices, contact resistance at the interface can affect
the measurement of the Seebeck effect. However, we exclude
that our measurements are contact dominated, since a reduced
Seebeck coefficient would be expected for devices exhibiting
the lower 2-point electrical conductivity, which is contrary to
what we observe experimentally.

FIG. 5. Power factor estimated for the four discussed samples as a
function of the gate voltage for the two sweep directions as indicated
by the arrows. The gate voltage on the x-axis has been normalized
to dhBN. The inset shows a zoom for the case of Ag-based device
(sample 1).

The power factor, PF = S2σ , is estimated for the four sam-
ples, as illustrated in Figure 5, as a function of the normalized
gate voltage. In the inset of Figure 5 it is reported a zoom

for the Ag-based device (sample 1) which shows the lowest
values of PF . The highest PF are observed for Pd-, Co- and
Ti-based devices with maximum values, PFmax, ranging be-
tween 1.4 and 2.4 µW/cm K2 with an error of 0.4 µW/cm
K2. Such values are comparable with what reported in lit-
erature for WSe2

18,19. It is worthy to notice that Yoshida et
al.17 find higher values of PF by adopting a 4-point approach
to measure the electrical conductivity of few-layers WSe2 on
SiO2 substrate. In our case, due to our set-up limitation, PF is
under-estimated since σ is obtained by a 2-point measurement
technique. Thus, a remarkable enhancement of the power fac-
tor is expected in our devices if a 4-probe conductivity mea-
surement would be performed at least in the conducting gate
voltage region. By considering a value of WSe2 in-plane
thermal conductivity κ = 1.4 W/mK as extracted from the
literature20,23, we evaluate room temperature figures of merit,
ZT300K, on the order of 2 × 10−4 ± 0.6 × 10−4 for Ag-based
samples and in the range 0.02 - 0.08 for Pd-, Co- and Ti-WSe2
samples with an error of 0.01, revealing the potential of con-
tact engineering on TMDs for TE applications.

IV. CONCLUSIONS

In conclusion, we have experimentally investigated the ef-
fect of different metal contacts (Ag, Pd, Co and Ti) on the
electric and thermoelectric properties of hBN-supported few
layers WSe2 transistors. We have simultaneously measured
the gate voltage dependence of σ and S and pointed out ther-
moelectric power values consistent with the literature, with
Smax as large as 180 µV/K. Our results are qualitatively co-
herent with the theoretically predicted electronic properties of
WSe2-based devices when orbital hybridization at the metal-
semiconductor interface are taken into account. In contrast
with the S-σ anti-correlation, strong hybridization enhances
the device electrical conductivity by a factor of 102 with re-
spect to the weak hybridization case, still preserving compara-
ble values of the Seebeck coefficient, potentially allowing for
an increased power factor, PF . Orbital hybridization effects
are also consistent with the reduced semiconducting band gap
revealed from both the electric and thermoelectric investiga-
tion. Several theoretical works have investigated the effect of
different metal/2D material interface on the local density of
state, including the case of WSe2. However, to our knowl-
edge, no experimental study exists in literature exploring such
interface effect simultaneously on the electric and thermoelec-
tric properties of 2D materials. Our results unveil contact en-
gineering as a useful tool to improve the thermoelectric perfor-
mances of actual WSe2-based devices. Promoting strong in-
terface coupling allows improving the power factor of TMDs-
based devices for an optimized thermoelectric response.
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Appendix A: Temperature gradient measurement

FIG. 6. Device geometry simulated using COMSOL multiphysics.
The color legend indicates the temperature at the outermost surface
of the device.

The Seebeck coefficient is defined by the ratio between the
open-circuit thermoelectric voltage VTE and the temperature
gradient ∆T inducing it, S = −VTE/∆T . In a standard DC
approach17,29,43,58, the local temperature rise due to Joule-
heating in the micro-heater is measured by the resistance vari-
ation of two local thermometers, Th1 and Th2. The reduced
number of contacts (8) in our probe-station does not allow
us to simultaneously connect all the device parts (Th1, Th2,
gate and micro-heater) to perform a 4-point measurement of
the thermometers resistances simultaneously. This would be
only possible by breaking the vacuum in the micro probe sta-
tion chamber. Since the interaction with the atmosphere could
modify the 2D material properties, we decided to adopt the
"equivalent" 2-point approach described in the main text to
measure the thermometers resistance and successively correct
the extracted T eq on the basis of finite element simulations
and experimental tests explained in the following.

Finite element modeling (FEM) using COMSOL multi-
physics is employed to simulate the temperature gradients de-
veloped in the device, as shown Figure 6. In the simulated
device, the thickness of the hBN and WSe2 layers are equal

to 40 nm and 3 nm, respectively. All relevant physical pa-
rameters, such as the electrical conductivity σ , the thermal
conductivity κ , the mass density ρ , the electrical permittivity
ε have been extracted from the literature20,23,59. The electrical
conductivity of the WSe2 is extracted from our experimental
data in the ON-state.

Joule heating is achieved by injecting an electric current
(Iheater in the range from 1 to 5 mA) at one extremity of the
micro-heater while grounding the other extremity, as done ex-
perimentally. Figure 7 shows the temperature profiles on the
WSe2 surface: (a) in the device longitudinal y-direction, fol-
lowing the white dashed line in Figure 6 and (b) along ther-
mometer Th1 in the x-direction, following the red dashed line
in Figure 6. The simulated longitudinal profiles (Figure 7 (a))
confirm that only the thermometer closer to the heater (Th1) is
subjected to a significant temperature increase while the sec-
ond thermometer (Th2) does not show a significant temper-
ature rise and it is almost thermalized at the temperature of
the environment. The profiles extracted along the x-direction
of the thermometer Th1 (Figure 7 (b)) show that the main
temperature increase occurs over the sample region (|x|< 2.5
µm). For each Iheater, we have evaluated the average tempera-
ture T ∗ of Th1 by integrating the temperature profile in Figure
7 (b) in the region |x|< 3 µm, which corresponds to the tem-
perature that would be extracted from a standard 4-point re-
sistance calibration. We have also evaluated the average tem-
perature, T eq, of the whole metallic line by integrating the
temperature profile in the region |x| < 25 µm, corresponding
to the whole length of the metallic line. This corresponds to
the “equivalent” 2-point approach experimentally used. The
obtained temperature are plotted in the inset of Figure 7 (b)
as a function of I2

heater. The ratio of the temperature increases
dT ∗/dT eq, turns out to be a constant equal to 2.76, indepen-
dently of the current injected in the micro-heater.

Control measurements have been carried out on three de-
vices equivalent to the ones presented in the main text, with
the same electrodes geometry and similar hBN and WSe2
flakes dimensions and thicknesses, to confirm the simulated
results. These test samples are designed with 4-probes ther-
mometers. For each thermometer, we have separately eval-
uated the temperature coefficient of resistance in a 4-point
and 2-point configuration as a function of the temperature of
the environment. Successively, we have measured the tem-
perature of each thermometer as a function of the applied
current in the micro-heater on the basis of the two calibra-
tion configurations. Figure 8 illustrates a representative ex-
ample of such a temperature measurements (T ∗ and T eq) for
the two thermometers, Th1 (Figure 8 (a)) and Th2 (Figure 8
(b)), on the basis of the 4-point and 2-point calibration con-
figuration, respectively. Dashed lines are the linear fits to the
data (T = aI2

heater + b). These test measurements require the
opening of the vacuum chamber to change the electrical con-
nections from one thermometer to the other, which exposes
the 2D material to atmosphere, adsorption of gas or water
molecules, not beneficial to preserve its properties. As ex-
pected, Figure 8 shows that the temperature increase in Th1
is larger when measured in the 4-point configuration. From
this test measurements we extract a ratio dT ∗/dT eq equal to
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FIG. 7. (a) Temperature profile in the longitudinal direction of the device at x = 0 and z corresponding to the WSe2 surface when the current
in the micro-heater is varied from 1 mA (blue line) to 5 mA (red line). (b) Temperature profile developed in the thermometer Th1 as a function
of injected current in the micro-heater. The inset shows the simulated T ∗ and T eq as a function of I2

heater. Dashed lines are the linear fit to the
data.

FIG. 8. (a) Local temperature increase measured by the thermometers Th1 with the 4-point and 2-point configuration (black and blue dots,
respectively) when Joule heating occurs in the micro-heater. (b) Local temperature increase measured by the thermometers Th2 with the
4-point and 2-point configuration (green and red dots, respectively) when Joule heating occurs in the micro-heater. Dashed lines represent the
linear fit to the data.

2.947 ± 0.007. The temperature increase in Th2, instead,
is lower than 1 K, in both measurement configuration (red
and green data in Figure 8 (b)). This confirms that Th2 is
nearly in thermal equilibrium with the environment. For the
three samples, we have found the same results with a constant
dT ∗/dT eq ratio for Th1, equal to γ = 2.93 ± 0.06. This anal-
ysis is in agreement with the COMSOL simulation (Figure 7
(a)). The γ value extracted experimentally is used in the main
text as correction factor for the estimation of the temperature
increase of thermometer Th1. By considering the estimated
error bars of ∼ 0.5 K in Figure 7 (b), we have chosen to as-
sume dT ∗/dT eq ∼ 1 for Th2.

Supported by the FEM simulations and the experimental
tests, we have empirically corrected the measured 2-point

“equivalent” temperature gradient ∆T eq = dT eq
Th1
− dT eq

Th2
in

the longitudinal direction of the sample by the experimentally
evaluated γ factor as follow:

∆Tcorr = γ dT eq
Th1
−dT eq

Th2
(A1)

which is the relation introduced in the main text, on Section
II.

Appendix B: Measurement of the thermoelectric voltage

We show here an example of the measured open-circuit
voltage Voc as a function of the heating current, Iheater, in the
case of sample 3 at two different gate voltages, VG = 25 V and
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VG = -10 V. As explained in the main text, Voc has not a purely
quadratic trend but, depending on the gate voltage, a linear
and a constant term appear related to the coupling between the
heater and the channel and to the contribution of the voltmeter
offset and the resistive coupling between the semiconducting
channel and the gate. Figure 9 (a) shows data at VG = 25 V,
corresponding to the ON-state of sample 3. The experimen-
tal data (blue points) are well described by a quadratic fit (red
continuous line), demonstrating that in this gate voltage range
the quadratic behavior dominates the linear and constant spu-
rious terms. Figure 9 (b) shows data at VG = -10 V, nearly
in the OFF-state of sample 3. In this case, the extra spuri-
ous terms start to play a role. The thermometric contribution
VTE is always extracted as the purely quadratic part of Voc as a
function of Iheater.

Appendix C: AFM characterization

Atomic force microscopy (AFM) is used to determine the
thicknesses of the hBN and WSe2 layers for the discussed
samples. Figure 10 shows AFM images for (a) sample 1 (Ag
contacts), (b) sample 2 (Pd contacts), (c) sample 3 (Co con-
tacts) and (d) sample 4 (Ti contacts). In all cases, we show
a large area (∼ 50×50 µm2) image of the whole device and
a zoom on a smaller area of few µm2 (red rectangles) where
an example of line profile of the WSe2 step is reported. The
hBN and WSe2 thicknesses are listed in Table I of the main
text and have been evaluated by averaging 50 step heights of
line profiles taken in different samples zones.
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