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The carrier-density-dependent conductance and thermoelectric properties of large-area MoS, and WSe,
monolayers are simultaneously investigated using the electrolyte gating method. The sign of the thermoelectric
power changes across the transistor off-state in the ambipolar WSe, transistor as the majority carrier density
switches from electron to hole. The thermopower and thermoelectric power factor of monolayer samples are one
order of magnitude larger than that of bulk materials, and their carrier-density dependences exhibit a quantitative
agreement with the semiclassical Mott relation based on the two-dimensional energy band structure, concluding

the thermoelectric properties are enhanced by the low-dimensional effect.
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Thermoelectric energy conversion is one of the key
technologies for energy harvesting devices to convert waste
heat into electric power, and vice versa [1,2]. In particular,
the Seebeck coefficient (= thermopower, §), which is the
proportional constant to the voltage generation against an
induced temperature gradient, is a significant factor in de-
signing thermoelectric materials [3]. Importantly, according
to the Mott equation, S is proportional to the energy derivative
of the electronic density of states (DOS) at around Fermi
energy (Er); therefore, low-dimensional structures/materials
are suitable for thermoelectric applications [4]. In 1993, Hicks
and Dresselhaus [5,6] theoretically predicted this approach,
and it was experimentally confirmed by quantum wells and
quantum wires [5-9].

Recently, transition metal dichalcogenide (TMDC) mono-
layers, such as molybdenum disulfide (MoS;) and tungsten
diselenide (WSe;), have attracted strong attention due to
their large bandgap (1-2 eV) and atomically thin thicknesses
(<1 nm) [10-14]. In addition, because of ideal quantum-
well structures, their thermoelectric properties have been
investigated by mechanical-exfoliated and chemical vapor
deposition (CVD) grown single crystalline MoS, monolayers,
and a remarkably large S value of —1 x 10° uVK~! has
been reported [15-17]. Very recently, the high performance
was also observed in exfoliated few-layer single-crystal WSe,
flakes [18]. Therefore, TMDC films are promising thermoelec-
tric materials. However, several issues remain: (i) The typical
sizes of single-crystal samples are less than 10 wm?, which
are not suitable for reliable measurements. (ii) Although both
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p- and n-type materials are necessary for thermoelectric
energy conversion, the direct comparison between them has
not yet been investigated. (iii) Because of the Er dependence
of S, itis critically important to control the energy band filling,
and it is conventionally tuned by chemical doping. However,
precisely controllable doping methods for TMDC films have
not yet been established. (iv) Most importantly, although the
previous studies reported the high thermoelectric properties,
the experimental evaluation of the enhancement still remains a
challenge. Very recently, several theoretical studies predicted
that high thermoelectric performance can be achieved in
ultrathin TMDCs, which encourage the enhancement due to
the low-dimensional effect [19-21].

Considering these obstacles, we focus on the elec-
tric double-layer transistors (EDLTs) of large-area TMDC
monolayers. Using the CVD method, we have synthesized
centimeter-scale MoS,, MoSe;, and WSe, monolayers and
have fabricated their EDLTSs, in which the dielectric lay-
ers of transistors are replaced with electrolytes [22-26].
Importantly, owing to the high specific capacitance of EDLs
(1—10 uFcm™2), EDLTs can continuously increase the carrier
density up to 5 x 10'3 cm™2, which results in the tuning of the
transistor polarity between p and n type [24-27]. Moreover,
similar to the single-crystal samples, the CVD-grown TMDC-
EDLTs achieved a high carrier mobility (~100cm? V~!s™!)
and on/off ratio (~10°), providing the possible high thermo-
electric performance [26].

Here, we investigate the thermoelectric properties of CVD-
grown large-area MoS, and WSe, monolayers by employing
EDL gating. Because of the electrostatic doping of EDLTs,
we precisely controlled both the Er and the S in n-type
MoS;. Moreover, we continuously tuned S from p to n
type in ambipolar WSe, EDLTs. Due to the ultimately thin
structure, the large |S| (>200uVK™') and power factor
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FIG. 1. Thermopower measurement in MoS, monolayer EDLTSs. (a) A schematic depiction and an optical image of the thermopower
measurement system. The ion-gel-gated EDLTs are placed on two Peltier devices, and the temperature difference (A7) is monitored by two
thermocouples. The conceptual diagram illustrates the ionic liquid, polymer, and electrostatic doping by the EDLTs. A reference electrode is
employed to estimate the voltage drop on the MoS, interface. (b) Transfer and capacitance-voltage characteristics of the MoS, EDLTs. (c) The
thermoelectromotive force (AV) and AT profile is presented with a reference voltage (Vr) application. The gray blanks indicate the measured
data, and the solid lines exhibit their linear fitting. (d) The measured thermopower S vs Vg — Vj; is shown, indicating the modulation of §
against CB filling. Two different MoS, devices are shown for evaluating the S. (e) The carrier-density-dependent power factor (S? - o, where

o is electrical conductivity) is displayed in two devices.

(>200 W m~'K~2) were observed in both MoS, and WSe,,
representing the myriad possibilities for TMDC-based large-
area thermoelectric applications. We additionally investigated
the origin of this enhancement by the Mott relation based
on the two-dimensional (2D) energy band structure, which
is calculated by the density functional theory (DFT). As a
result, we quantitatively clarified the physical mechanism
of the enhancement as the low-dimensional effect in the
thermopower properties.

To demonstrate field-effect-modulated thermoelectric prop-
erties, first, highly uniform MoS, monolayer films were grown
on sapphire substrates using the CVD technique, and the
synthesized films were spectroscopically characterized [23]
(Supplemental Material Fig. S1 [28]). The MoS, EDLTs

with ion gels, which are a mixture of an ionic liquid
and a triblock copolymer, were constructed on these large-
area MoS; monolayers [22] (Supplemental Material [28]).
Figure 1(a) schematically illustrates the device configuration
and the conceptual diagram of the electrostatic doping by the
EDLTs. Importantly, we introduced a long channel length
of 400 pm, which are crucial to induce a clear temperature
gradient for reliable thermopower measurements. Notably, the
quasireference electrode was inserted into gel films to measure
the effective voltage contribution on the interface between
the MoS, and the ion gels. Because the applied gate voltage
was partially consumed on the interface of the gate electrode,
measuring the precise voltage drop at the MoS; interface is
important to control the Er of materials [29,30].
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Figure 1(b) exhibits the reference-electrode voltage Vg,
dependence of drain current, and capacitance. An n-type
transistor characteristic and a high specific capacitance for the
EDLs on the MoS, interface (several microfarads per square
centimeter) were obtained; these results are consistent with
previous reports [22-27]. Using the measured capacitances,
the field-effect mobility u of 32 cm? V157! was calculated,
indicating the superior transport properties of the CVD-
grown MoS,. Interestingly, the Vg dependence of capacitance
exhibits a step function shape, as represented in the bottom
panel of Fig. 1(b). This behavior can be explained by a
series of connections between two different capacitances on
the MoS, surfaces, the geometrical capacitance (C,) and
the quantum capacitance (Cq) [29,30]. The measured total
specific capacitance (C;) is dominated by Cq when Ef is
within the material bandgap; conversely, when Ef is within
the conduction band (CB), both C and C, contribute to C..
Importantly, because C, is proportional to the DOS around
Ep, this step capacitance- Vi relationship strongly suggests the
stairlike energy dependence of the DOS in our MoS; film,
which is a signature of 2D materials.

In order to investigate the S of monolayer MoS,, as shown
in Fig. 1(a), the fabricated EDLTs were placed between two
Peltier devices, of which one is for heating and the other for
cooling devices. Two thermocouples (K type, ¢ = 100 um)
were placed on both edges of the channel to monitor the
temperature difference (AT'). Because of the long channel, AT
reached 1.5 K. The thermoelectromotive force (AV) and AT
values were simultaneously measured with Vg application at
room temperature. Figure 1(c) presents the AV — AT curves
at various Vg, in which the linear relationship clearly proves
the excellent reliability of these measurements. It is noted
that the linearity of the AV — AT slope was dramatically
degraded when the channel resistance was high, suggesting
the adverse effects of metal/MoS, contacts. Therefore, to
prevent these negative effects, we derived S from the linear
fitting of the AV — AT curve and accepted only the results
with determination coefficients that were greater than 0.98.
As a result, we mostly obtained reliable behavior above the
threshold voltage (Vi) of the EDLTs. Figure 1(d) shows the
Vr dependence of the S for two different MoS, EDLTs. The
derived S is displayed as a function of Vg — Vj,, indicating
that the data are plotted from CB edge and that the horizontal
axis correlates with the Ef shift. Obviously, S is controlled
by the EDL gating, and we obtained a maximum [S| value of
160 1V K~! at around the CB edge, which qualitatively agrees
with the energy derivative of the 2D DOS.

To further evaluate the thermoelectric performance of
monolayer MoS,, we also calculated the thermoelectric power
factor S?.o. The electrical conductivity o was directly
converted from measured drain current I/p by using the
equationo = (L - Ip)/(W - Vp - t), where the L is the channel
length, the W is the channel width, the V} is the drain voltage,
and ¢ is the thickness of monolayer films [23-26]. It should be
strongly emphasized that the power factor has to be optimized
to maximize the electric power output of thermoelectric
devices. Consequently, this is a key parameter for applications.
However, it is widely known that there is a tradeoff between
|S| and o in terms of carrier density n. Although o is almost
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linearly proportional to n, | S| decreases with increasing n [2].
Therefore, it is necessary to maximize S - o by tuning n.
Figure 1(e) exhibits the sheet carrier density n,p dependence
of the power factor. We estimated n,p from the equation nyp =
f C, - (VR — Vin)/e, where e is the elementary charge. Most
importantly, we continuously controlled the power factor, and
a high power factor of ~200 W m~'K~2 was obtained above
the nyp of 1 x 10'* cm™2, which is approximately two times
higher than those of graphene (~100 W m~'K=2) [31,32]
and carbon nanotube (~100 uW m~'K~?) [33,34]. It should
be noted that, although the thermopower is reproducible among
samples, the power factor is strongly sample dependent due to
the variation of the o in each device, which might be caused by
adverse effects of film quality, such as grain boundaries and/or
defects originated from sulfur vacancy (also see Supplemental
Material Fig. S2 [28]).

To explore p-type thermoelectric materials, we focused
on monolayer WSe,. Large-area WSe, monolayer films were
also synthesized using the CVD system, and the film quality
was confirmed by spectroscopic methods [25] (Supplemen-
tal Material Fig. S3 [28]). Figure 2(a) shows the transfer
and capacitance- Vg characteristics of the WSe, EDLTs. An
obvious ambipolar transport with an on/off ratio of 10° for
both p- and n-type transports was observed, which is direct
evidence of continuous Eg control from valence band (VB)
to CB. In addition, the u reached 53 cm? V~!s~! for holes
and 8cm?V~!s~! for electrons, which is consistent with
previous results [25]. Moreover, similar to the MoS,, steplike
capacitance- Vg behavior was observed, reflecting the DOS of
the monolayer WSe;. Importantly, in both the transfer and
the capacitance measurements, the symmetric stairlike Vg
dependence was collected, and the Vy difference between two
thresholds agreed with the bandgap of WSe, (~1.65 eV), as
shown in the shadow area of Fig. 2(a).

Figure 2(b) displays the AV — AT curve, and as the Vx
changed from negative to positive, the sign of AV reversed, in-
dicating the change in the predominant carrier type from holes
to electrons. We derived S from the linear fitting of Fig. 2(b),
and the resulting Vg dependence of S for three different WSe,
EDLTs is revealed in Fig. 2(c). Importantly, both positive and
negative S values are clearly observed in the ambipolar WSe;
EDLTs, and this is the first demonstration of controlling p-
and n-type thermoelectric properties in monolayer TMDCs.
The obtained maximum |S| value reached 380 ©V K~! for the
p-type and 250 'V K~! for the n-type WSe,, which are larger
than graphene (<200uV K™!) [31,32], carbon nanotubes
(<200 VK1) [33,34], and BiyTe; (~200uVK™') [35].
Furthermore, as shown in Fig. 2(d), we also calculated a
maximum power factor of 300 W m~! K= for the p type and
100 W m~! K~ for the n type, indicating the potential ability
of CVD-grown WSe, as a promising thermoelectric material.
In addition, we evaluated the reproducibility of the obtained
power factor value (Supplemental Material Fig. S4 [28]).
Similar to MoS,, although the thermopower is reproducible,
the power factor shows the variation due to the sample-
dependent o, and the maximum value is in the range from
200 to 300 uW m~! K2 for p-type WSe,. Importantly, the
highest power factor is obtained at |nop| of ~1.5 x 10'* cm~2,
highlighting the great advantage of EDL gating.
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FIG. 2. Electric-filed-modulated thermopower in WSe, monolayer EDLTs. (a) Transfer and capacitance-voltage characteristics of the WSe,
EDLTs. The step-function-like capacitance behavior reflects the continuous VB and CB filling, and the voltage gap between two thresholds
corresponds to the bandgap of WSe,. (b) The AV — AT characteristic for tuning V. The sign inversion of AV is due to the change in the
predominant carrier type from holes to electrons. (c) The measured S is represented as a function of Vg — Vj, for both p- and n-type WSe,,
which is attributed to VB and CB fillings, respectively. The results of three WSe, devices with different filling levels are shown. (d) The

carrier-density-dependent power factor is exhibited for three devices.

It is already established that 2D materials exhibit higher
thermoelectric properties than those of three-dimensional
(3D) bulks because, according to the Mott equation, § is
proportional to the energy derivative of the DOS at around EF,
and the stairlike energy dependence of the DOS of 2D materials
leads to a larger S. This motivated our study in ideal quantum
wells of TMDC monolayers [5-9]. In particular, several
theoretical studies predict the enhancement of thermoelectric
properties in TMDCs as decreasing layer thickness [19-21].
Owing to the increased valley degeneracy at the band edge,
mono- and/or few-layer TMDCs show significantly increased
o, resulting in the enhancement of the power factor at |n;p|
upto 1.0 x 10'3 cm~2. The relevant calculations demonstrated
that ultrathin TMDCs can achieve 5—10 times larger increasing
of the power factor than that of bulk samples. To confirm
such low-dimensional effects, we compared our results with

those of bulk materials. The comparison between large-area
2D monolayers and 3D bulks is summarized in Figs. 3(a)
and 3(b), representing various semiconducting TMDC bulks,
MoS; monolayers, and WSe, monolayers by black, blue, and
red symbols, respectively [36—41]. We selected only large-area
samples and excluded tiny single-crystal films. As shown in
Fig. 3(a), the |S| of the bulk samples is comparable with the
results of the monolayer samples. However, if we focus on the
samples with similar |S|, the o of the 2D monolayers is a few
orders of magnitude greater than that of the 3D bulks. Due to
the tradeoff behavior between | S| and o, these results strongly
suggest a larger |S| in monolayer forms. Moreover, the higher
thermoelectric properties in large-area monolayers are clarified
in Fig. 3(b). Owing to the superior ¢ at comparable |S|, the
power factor of the 2D monolayers is one order of magnitude
larger than that of the 3D bulks, which is good agreement with

014312-4



ENHANCED THERMOELECTRIC POWER IN TWO- ...

(a)
10% 5
. —H+—Mos,
] —©—WSe,
10° 4 Monolayer regime
3 (This work)
% ]
2 2
2 10° 5§ Bulk regime
% ]
| —B-Mos,
10" -
j & M0862
1 —V—MoTe,
7 —Q—WS2
T —©—Wwse,
100 T T TTIC T ITTm T OO0 T T T O 1 T T T 1o 1ol

10° 102 10" 10° 10" 10%® 10° 10* 10° 10°

b) o (Sm™
10° 5
1 H-Mos, Monolayer regime
102 71 —©-WSe, (This work)
N
= 104
e E
2 10
s
O -1
g -
% 1072 . —H—Mos,
o 3 —&—MoSe,
10° ] —V—MoTe,
E —o—Ws,
] —5—WSe,
10_4 T T TTIT T T T OO 1 O T T 1 i 1 T o 1 ool

10° 102 10" 10° 10" 10? 10° 10* 10° 10°
o(Sm™

FIG. 3. Evaluation of thermoelectric properties. (a) The compar-
ison of | S| between various semiconducting TMDC bulks (gray area)
and large-area monolayers (green area) is plotted against o. The
obtained data in this paper are represented by red circles for WSe, and
by blue squares for MoS,. The literature results for bulk materials are
summarized in the black symbols [36—41]. (b) The power factor vs o
is exhibited for reported bulks (gray area) and large-area monolayers
(green area) [36—41]. A significant enhancement in the 2D monolayer
forms results in a power factor that is one order of magnitude larger
than that in the 3D bulk forms.

theoretical predictions [19-21]. These results directly clarify
the low-dimensional effect in layered TMDCs, opening up a
route for high-performance thermoelectric applications.
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Furthermore, we addressed the dimensionless figure of
merit ZT = S?>.0 - T -«~!, where Z and « are the figure
of merit and the thermal conductivity. Although the x of
polycrystalline monolayers has not yet been established,
several theoretical and experimental investigations of the in-
plane « of single-crystalline WSe, and MoS, monolayers have
been reported. These « values range from 1 to 50 Wm~! K~!
at room temperature [42-45]. However, we consider that
the « of polycrystalline monolayers is smaller than that of
single-crystalline monolayers because of the effects from
domain/grain boundaries, and we would rather use the « of
large-area bulk samples. Very recently, the k of polycrystalline
MoS; films (thickness of >100 nm) have been measured, and
its value is ranging from 0.5 to 1.5Wm~'K~! [46,47]. If
we apply these results into our polycrystalline samples, the
derived ZT is up to 0.1, suggesting that the measurement of «
in polycrystalline monolayers is an important future issue.

Although the mechanism of the enhancement is qualita-
tively explained by the low-dimensional effect, we compared
our results with those of theoretical calculations for quantita-
tive arguments. In general, S can be expressed by the following
Mott equation [4]:

nzkéT 1
3e D(E)

dD(E)
dE |p_p’

= ey
where kg and D(FE) are the Boltzmann constant and DOS at
around EF, respectively. Therefore, we performed the energy
band calculation of monolayer WSe, and MoS, by the DFT
method (see Supplemental Material [28]) and the effective
screening medium (ESM) scheme [48,49]. Importantly, in
TMDC monolayers, it is not clear whether or not we can apply
arigid band picture. Therefore, we need to calculate the energy
dependence of both the DOS and the C. Figure 4(a) presents
the structure of monolayer TMDCs for theoretical calculations.
The lattice parameters were 3.321 A for WSe; and 3.177 A for
MoS;. The schematic representation of the ESM-DFT model
is also shown in Fig. 4(a). Figures 4(b) and 4(c) indicate the
calculated DOS and C for both WSe; and MoS,. Here, Cy was
estimated based on two approximations: (i) The fixed-band
approximation: We calculated the energy dependence of the
DOS using the DFT model. The Cq can be evaluated from the
DOS of the neutral system

1 ev
Cy(V) = 7]() D(E)dE. 2
q

The above definition assumes that the bias voltage V; is
referenced to the difference in the Er and the maximum
VB/minimum CB level. In this approximation, it is assumed
that the charging or discharging simply changes the Fermi
occupation of an otherwise fixed DOS of system [48].
(i1) Effective screening approximation: The WSe, and MoS,
systems were charged with 4+ Q (hole doping) or —Q (electron
doping) to simulate the EDLs. The relaxed energy band
of the charged system was calculated using the ESM-DFT
scheme, and the C is evaluated using the following formula:
Cq = £0/Vq [49]. The bottom panels of Figs. 4(b) and 4(c)
display the difference between fixed-band and ESM-DFT
calculations, which directly reflect the charging effects in 2D
band structures. Because of the obvious difference between

014312-5



JIANG PU et al. PHYSICAL REVIEW B 94, 014312 (2016)

(a) Honeycomb crystal structure ESM-DFT scheme
Top view Q9 . (¢ )
! _.- Lattice constant Electrode
Q-
@ 9 9
"
*
Side view
@ @ 2 9 gum=mo,w
g 9 @ 9 @ X=S, Se
O 9 9 O ’
(b) Monolayer WSe, (c) Monolayer MoS,,
10 10
L sl L 8]
() ()
L 64 L 6
z z
L 4] L 4]
2 2
a 2 a 2
O T T T O T T T
-2 -1 0 1 2 -2 -1 0 1 2
Energy (eV) Energy (eV)
120 120
Rigid band 100 |\ —— Rigid band
& 90 —ESM «— —ESM
£ ‘e 80
o 60 S 60
= = 40
o 30 i o 7
© 20 4
0 : . : : 0 . : :
-1.2 -0.8 -0.4 0 0.4 . -1.0 -0.5 0 0.5
Potential Vq V) Potential Vq V)
(d) p-channel WSe, (e) n-channel MoS,
400 . 300 :
< Calculated S Valence band 4—-5 !j-> Conduction band < Calculated S
—@— Device1 ] i -—@— Device1
—@—Device2 : E —@—Device2
300 1 —@—Device3 ! |
I [
— i — 200 - i<> S
x i X i
> i > i
= 200 - i = |
» ! 2 i
: 100 - o >
100 : |
1 1
i Y%
O i
o0 o : o M
O g T T T &> ,I O ’ T <> T T
-0.16 -0.12 -0.08 -0.04 0 0 0.02 0.04 0.06 0.08
Vq-vvB (V) Vq-VCB V)

FIG. 4. Experimental and theoretical evidence showing 2D thermopower. (a) The schematics of the atomic geometry of the monolayer
TMDCs and ESM model based on the DFT for the DOS and quantum capacitance C calculations. The relaxed energy band of charged system
is calculated for the hole (+Q) and the electron (—Q) accumulations. (b) and (c) The calculated DOS (top) and Cq (bottom) for WSe, and
MoS,, respectively. Note that the V, (= =0/C,) describes the potential at each Fermi level (EF), i.e., the required potential for shifting Ef.
The Cj is displayed with the results of rigid band (gray) and ESM model (red). (d) The calculated S by the Mott equation for p-type WSe; is
shown as a function of V; — Vyg, where V, is plotted from the VB edge (Vyg). The S (gray diamonds) is calculated by the direct derivative of
C4 derived from the ESM-DFT scheme. The experimental results for the three WSe, EDLTs are represented by red symbols, which reasonably
agreed with the theoretical data (shadow area). (¢) The calculated |S| for n-type MoS, is plotted from the CB edge of Vy — Vcg. The measured
| S| for two devices, shown in blue symbols, agree with the theoretical behavior (shadow area).
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two results, we adopted the calculated data by the ESM-DFT
model for the estimation of theoretical S, indicating that the
rigid band picture is not applicable to monolayer TMDCs.

To compare the calculated results with those of exper-
iments, we need to translate the applied Vg to the Efp
shift. Because the n,p can be derived from both calculated
Cyq (= =x0Q/Vy) and measured C;[=ny;p/(Vr — V)], the
experimental V; can be derived by (C;/Cq) x (Vk — Vin) when
Q = nyp. Therefore, by considering the linear relationship
between DOS and C, the Mott equation can be converted to
following equation:

TURT 1 dCy(V)
3¢ C(V) av |,y

3

Using this equation, the Fermi-level dependence of the
theoretical S can be calculated for the 2D band. Figure 4(d)
represents the comparison of S between the theoretical and
the experimental behavior of p-type monolayer WSe,. The
derived S for all calculated Cy using Eq. (3) and experimental S
are summarized in Fig. 4(d). Note that the numerical variation
of S obtained by the direct derivative of Cy is ascribed to
the fine energy resolution (~3 meV) arising from the k-point
mesh used here. The derivative of C4 under the energy mesh of
10 meV causes the numerical instability for the resultant S. In
particular, the shadow area in Fig. 4(d) represents the middle
value of the calculated S, reflecting the theoretical behavior
as VB filling. Interestingly, the experimental S against the
Er shift shows agreement with the calculated S. Moreover, as
shown in Fig. 4(e), to evaluate the n-type monolayer MoS,, we
also performed the same calculations, and the shadow area of
Fig. 4(e) represents the theoretical value derived from the Mott
equation. Consequently, similar to WSe,, the experimental S
is explained by the calculated curve. To further encourage the
significance of our evaluation, we also calculated the theo-
retical S by the semiclassic Boltzmann transport theory and
the Mott relation with a rigid band model for both WSe, and
MoS; (Supplemental Material [28]). Although the calculated
S by the rigid band model is qualitatively consistent with
the experimental results, they are quantitatively inconsistent,
especially for the n-type MoS,, indicating a significant
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charging effect in monolayer TMDCs (Supplemental Material
Fig. S5 [28]). These comparisons between the theoretical and
the experimental results obviously reveal that the obtained high
S in our large-area films originates from the 2D band structure
of the monolayer TMDC:s.

In summary, we demonstrated the carrier-density-
dependent thermoelectric properties of large-area WSe, and
MoS, monolayers by EDLT gating. We realized continuous
modulation of positive and negative S in WSe, and tuned
negative S in MoS,. Moreover, the large |S| (=200 uVK™")
and power factor (>200 W m~' K2) were obtained with
optimized carrier densities, resulting in notable enhancement
of thermoelectric performance compared with that of bulks.
Finally, we investigated the origin of the large S through a
quantitative comparison between the theoretical Mott relation
and the experimental results, and by the ESM-DFT method, the
experimental S reasonably agrees with the theoretical calcula-
tions. These results strongly indicate that monolayer TMDCs
are a new 2D platform for discovering high-performance
large-area thermoelectric devices.
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