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ABSTRACT. The ultrathin two-dimensional semiconductor of MoS, demonstrates prominent
field-effect performances and is the best candidate for down-sizing transistors. Its electron
transport and thermoelectric properties have been explored only in a few layers of MoS; or at low
temperatures, and the interrelation between the electrical and thermoelectric properties has not
been studied yet. We fabricate thermoelectric and field-effect transistor devices with MoS»
thicknesses ranging from 1 to 39 layers and carry out electrical and thermoelectric property
measurements in a wide temperature range from 80 to 600 K. Mott’s hopping transport, thermal
activation, and phonon scattering theories in electrical and thermoelectric properties are
simultaneously and systematically investigated. Temperature behaviors and carrier concentration
dependences are drawn and described in detail. Moreover, Seebeck coefficients, conductivities,
and thermoelectric power factors are sketched as a function of MoS; flake thickness (number of
layers). We point to the high Seebeck coefficient and the power factors for MoS; flakes with
thicknesses of less than 20 layers, revealing the best candidate for thermopower applications
among all two-dimensional semiconductors. In addition, we probe the extrinsic effect of memory
steps due to trapped charges at temperatures above 450 K in the modulation of electron transports
and thermoelectric properties. The extrinsic effect of trapped charges in the substrate presents

promising applications as high-temperature thermal sensors.

INTRODUCTION

The history and developments of the thermoelectric (TE) field have been detail illustrated in
the review article authored by Mildred Dresselhaus et al. [1]. The TE field drew much attention
in the 1950s for the discovery of three-dimensional TE bulk materials and niche applications
[1,2]. It was followed by the definition of a dimensionless figure of merit [3] and the exploration

of materials of a high TE figure of merit, such as bismuth telluride with related materials and
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SiGe alloys. It triggered, as well, the seeking of phonon-glass electron-crystal materials [1,4]
such as TE clathrates [4]. The essential parameter of TE materials is the Seebeck coefficient (S),
which offers the output voltage of harvested energy. The Seebeck coefficient (S) is enhanced
with excessive density of states near the Fermi level [5,6] that exists in low-dimensional and
nanostructured materials. As a result, low-dimensional TE materials, including quantum wells,
nanowires, quantum dots, and agglomerated low-dimensional materials, like nanocomposite and
nanostructured TE materials, have drawn much attention in the past two decades [1,2,7,8]. In
addition to the Seebeck coefficient (S), another essential parameter, the power factor (PF =
S20), where o is conductivity, offers the output power as well as the current of harvested energy.
In recent studies, it was addressed that increasing the PF is a better strategy to boost power
generation for a given figure of merit [9].

The unearthing of graphene [10] initiated the exploration of the highest potential low-
dimensional materials, the two-dimensional (2D) semiconductors [11,12], for mass production and
feasible employment, especially for semiconductor technologies. Among most 2D semiconductors,
MoS; exhibited relatively high device manufacturing stability and was more thoroughly studied
[11,13,14]. It has been demonstrated to exhibit high on-current, on/off ratio, and mobility with a
low subthreshold swing for single-layer MoS» field-effect transistors (FETs) [11,15]. To achieve
complementary FET operations, natively n-type and multilayer MoS» flakes were chemically
doped and converted to p-type devices [16]. It was demonstrated to reduce the MoS, channel length
to sub-100 nm and to push an on-current approaching 1 mA/um [17]. Crested FETs fabricated
with rippled MoS2 sheets placed on crested and corrugated SiN, substrates presented boosting of
carrier mobility up to two orders of magnitude under ambient conditions [18,19]. In addition to

device performance, monolayer MoS; flakes exhibited a metal-insulator transition due to strong
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Coulomb interactions in the two-dimensional electron system [20] and, with an increasing carrier
density, multilayer MoS; flakes presented a superconducting phase at temperatures lower than 10
K [21].

In addition to intrinsic MoS» properties for the FET applications, other demonstrations used
heterostructures with extrinsic features, such as the nonvolatile memory device with a floating gate
device structure [22]. Moreover, the extrinsic effect of trapping charges between the MoS» and the
metal gate led to memory steps in transfer curves at temperatures above 450 K [23] and to
hysteresis loops and thermally assisted memory effects [24,25]. On the other hand, MoS; exhibited
promising TE properties such as a high photothermoelectric Seebeck coefficient (S) of 20 mV/K
in a single-layer flake [26] and a remarkably large TE power (S) of 30 mV/K in a chemical-vapor-
deposition grown single-layer film at 280 K [27]. It was theoretically predicted to have a large TE
power factor of 28 mW/m K? in a suspended single-layer MoS: [28]. In previous experimental
results, the TE power factor of few-layer MoS, was estimated to be as large as 5 mW/m K? in the
on state in the bilayer flake [29] and approaching 8.5 mW/m K? in the metallic region in the bilayer
flake [30]. Most interestingly, an anomalous carrier sign change at low temperatures, a Kondo-like
behavior and band hybridization of MoS»/A-BN heterostructure were recently studied. A positive
TE power (S) of ~2 mV/K and a TE power factor of ~50 mW/m K? were obtained at temperatures
below 50 K [31].

Although the emergence of hopping transport in TE power and conductance of single-layer
MoS: was experimentally studied, the relation between the disorder parameter of the hopping
transport and the TE power has not been investigated yet. Nor did the conduction mechanism at
high temperatures be studied regarding to the TE power. In addition, the TE power factor was

essential for the TE applications, but its temperature, layer thickness, and carrier concentration
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dependences were not completely explored. On the other hand, the extrinsic effect of the memory
step was observed at temperatures above 450 K, but the effect on the TE power has not yet been
inspected. In this work, we explored MoS» with a thickness from a single layer up to 40 layers on
the TE power and TE power factor in a wide temperature range from 80 to 600 K. We discovered
enhanced TE power and temperature sensing capabilities due to memory steps at very high
temperatures.
RESULTS AND DISCUSSIONS

MoS: flakes are isolated from the bulk counterpart and placed on Si wafers capped with a 300-
nm thick SiO2 layer. For MoS: flakes with a thickness of less than 6 layers, the differences in
optical contrast between the substrate and the flakes are adopted to determine the flake thicknesses,
as shown and discussed in Fig. S1 in the Supporting Information. The thicknesses of those thick
flakes are determined using an atomic force microscope (AFM). MoS; flakes are patterned with
Au metal electrodes to form a simultaneous TE and field-effect transistor (FET) device. Figure 1a
presents a top view of a TE-FET device with Au electrodes marked by numbers. Electrodes 1 and
2 are source and drain electrodes for measuring field-effect properties. Device parameters,
including field-effect performances of several typical MoS:2 TE-FET devices, are listed in Table
S1 in the Supporting Information. The thicknesses of those TE-FET devices range from 1 to 39
layers, and the mobilities and on-currents of all devices are high enough that the issue of contact
resistance can be ignored. In addition, Electrodes 1 and 2 are also used as temperature sensors and
for detecting spatial TE voltage variations. Electrode 3 is a micro heater driven by an alternating
current (AC) voltage at the frequency of 6.85 Hz. The measurements of temperature differences
between Electrodes 1 and 2 are described in detail in the discussion of Fig. S2 in the Supporting

Information. The TE voltage is obtained using the standard 2w method (see Experimental
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Section). The electrical connection and measurement of the TE properties of TE-FET devices are
provided in Fig. 1b, where the heavily doped Si substrate is used as a back-gating electrode to
adjust the carrier concentration as well as the Fermi level of the MoS» channel.

Figure 1c shows transfer curves of Devices M1 and M5 with thicknesses of 1 and 2 layers,
revealing typical electron-contributed, n-type FET behaviors, on-currents of 8.49 and 2.80 pA/um
at the back gating voltage (V) of 60 V, and on/off ratios of 3.6x 107 and 1.2X 107. The inset to
Fig. 1¢ gives a linear source-drain current-voltage (Jps-Vps) behavior, indicating an Ohmic contact
between the MoS: channel and the Au metal electrodes. Our previous work has investigated the
FET performance of few-layer MoS; flakes in detail [13]. It is discovered that, due to different
degrees of intrinsic disorders, the MoS2 FETs present an insulating state that can be analyzed using
the 2D Mott’s variable range hopping (VRH) conduction [32, 13] at low temperatures. Here, we
focus on disorder effects on the TE-FET devices and investigate devices of MoS; flakes with either
intrinsic or extrinsic disorders. On the other hand, Fig. 1¢ shows the steepest ascending dotted line
and the horizontal dashed line with the intersection at Vg; of about -34.7 V, which gives the turn-
on Vg, (denoted as V) of electron doping in the MoS: channel [14]. The native electron doping
concentration (n,) of Device M1 is estimated to be 2.34x 102 ¢m™ according to the form of n, =
Cox (0 —V,)/q [14], where C,, of about 1.15% 1078 F cm™ is the areal capacitance of the SiO;
dielectric layer. Such a high native doping concentration points to a degenerated semiconductor in
2D MoS: flakes. Figure 1d presents corresponding Seebeck coefficients as a function of Vp,; for
Devices M1 and M5. The Seebeck coefficient is negative, confirming again the electron doping at
high, positive Vg; with the n-type TE-FET switched on. The negative Seebeck coefficient of

Device M1, following the trend of transfer curves in Fig. 1¢, goes up to the maximum of 281 uV /K
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at Vgg of -12 'V (denoted as V,.qi ). According to the Cutler-Mott theory [6], the Seebeck
coefficient (S) of degenerated semiconductors is described as:

§ = —(n*k3T/3¢)(d1n G /dE)_g,. (1)
where kg is the Boltzmann constant, T is temperature, G is conductance, g is charge, and E is the
energy of charge carriers [6]. The term of the derivative of In G with respect to E in Eq. (1) can be
rewritten as (dInG/dVpg)(dVpe/dE)g=g, [33]. The data of (d1InG/dVps) of Device M1 are
presented as black open circles in Fig. 1d. A large shift between the (dIn G/dVp;) and the

Seebeck coefficient is identified, implying an extrinsic effect such as additional charges of

interface trap states in the interface between the MoS; flakes and the SiO> dielectric layer.
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Figure 1. (a) Scanning electron microscope (SEM) image of a typical monolayer MoS: TE-FET
device (Device M1). Electrodes 1 and 2 are used as source and drain electrodes and are

employed as thermometers. Electrodes 1 and 2 are given to measure the thermovoltage across
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themselves. Electrode 3 is a heater that offers sinusoidal heat flux. (b) Scheme of the MoS» TE-
FET device with an electrical circuit for TE measurements. The substrate is offered as a back-
gating electrode, and a lock-in amplifier is implemented to conduct thermovoltage
measurements. (¢) Transfer curves of Devices M1 and M5 with thicknesses of 1 and 2 layers at
room temperature. The inset offers a current-voltage (/-V) curve of Device M1. (d) Seebeck
coefficients as a function of back gating voltage (V) for Devices M1 and M5. The extreme

Seebeck coefficient of 281 uV /K (207 uV /K) exists at Vy,qp 0f -12 V (+4 V) for Device M1

(MS5). The open circles delineate data of d(In G)/dVy; of Device M1.

Figure 2 presents complete information on Seebeck coefficients as a function of Vp; at
temperatures ranging from 120 to 600 K. Like mono- and bi-layer MoS; flakes, Device M6 of
three layers in thickness shows a nonzero thermopower started from Vg of -33 V (see Fig. 2a) at
300 K. The thermopower increases with increasing Vg up to the maximum value of ~281 uV /K
at Vp; of 6 V. The magnitude of the thermopower then decreases with a further increase of Vg,
due to an increase of electron carrier concentration that will be discussed in the following
paragraphs as well as in the Supporting Information. When the temperature is raised up to 600
K, the extreme thermopower boosts up to ~698 uV /K. In contrast, the maximum thermopower
decreases to be about 69.8 uV /K at 120 K. The temperature behavior, correlating to 2D Mott’s
VRH and metallic conduction, will be separably discussed later for Figs. 3 and 4. Particularly, a
small downward step (marked as a step in Fig. 2a) on the Seebeck coefficient is commonly
perceived in few-layer MoS: devices at temperatures higher than 450 K, whereas it is hardly
observed for TE-FETs of very thick MoS; flakes. We will also provide comprehensive discussions

about the marked step later.
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In Fig. 2b, another example of the MoS> TE-FET (Device M1) exposes the same feature as that
displayed in Fig. 2a. The thermopower is turned on, consistent with the field-effect behavior of
the n-type FET. Additionally, we point out that the V.4 at the extremum of the thermopower
varies with temperature. The V.4, moves to further negative voltages with an increase in
temperature. The temperature-dependent V., is accordingly displayed in Fig. 2¢. To explore the
mechanism further, the Vs of the turn-on of the field-induced electron doping are offered in Fig.
2¢, as well, for comparison. It is noted that the V)04 adequately follows the temperature behavior
of the V... The V, moves to lower voltages at higher temperatures, indicating de-trapping of the
interface trapped states in the interface between the MoS; flakes and the SiO> dielectric layer [24,
34]. The result corroborates our previous conjecture about the extrinsic disorder and scattering
effect from the supporting substrate. On the other hand, the temperature behavior of the
thermopower at Vg, of 60 V is drawn in Fig. 2d. At temperatures lower than 180 K, the
temperature-dependent thermopower is proportional to T1/3 while it linearly follows T above 300
K. In particular, the thermopower of the 2D MoS, TE-FETs always increases with the increasing

temperature at all Vg;'s (see Fig. 2a).
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Figure 2. (a) Seebeck coefficients of the trilayer MoS; TE-FET device (Device M6) as a
function of Vg at temperatures ranging from 120 to 600 K. (b) Seebeck coefficients of the
monolayer MoS, TE-FET device (Device M1) at temperatures of 100, 140, 180, 220, 260, and
300 K. (¢) Vpear and V; of Device M1 as a function of temperature. (d) The Seebeck coefficient
as a function of temperature (T') at Vz; of 60 V. The red line shows the best linear least-square
fitting in the temperature range from 300 to 600 K, and the blue line presents the best least-

square fitting to T1/3 in the temperature range from 120 to 200 K.
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To explore the mechanism of thermopower in 2D MoS,, we investigate thermoelectric properties
in correlation with electron transport, and we study as a first step in the temperature range at which
the 2D Mott’s VRH conduction dominates. The 2D Mott’s VRH conduction describes that the
resistivity of the 2D channel (p,p) varies with temperature T according to the form of p,p &
exp((To/T)/?), where Ty, is the disorder parameter [32]. Figure 3a presents the hopping behavior
and the best least-square fitting lines at temperatures ranging from 80 to 180 K. The resistivity
suitably follows the 2D hopping conduction when the channel is turned on at Vg, above 0 V.
Moreover, the disorder parameters T,'s are estimated from the linear least-square fittings in Fig.

3a. In the same temperature range, the thermopower S depends on T in line with the equation of

d-1
S(T) « Ta+1, where d = 2 is the dimension of the electron system [35,32]. Figure 3b presents the

linear behavior between the negative Seebeck coefficient —S and T'/3. The range of temperatures
within which the fitting obeys well follows the same temperature range in Fig. 3a, indicating the
contribution from the disorder effect. Figure 3¢ presents the Tol/ 3 and —S as a function of the
logarithm of the carrier concentration (In(n,p)), showing a linear dependent feature at carrier
concentrations ranging from 2.27 X 1012 to 6.58x 1012 cm™. The resistivity p,p is inversely
proportional to the carrier concentration n,p and, it is also proportional to exp((TO JT)Y 3) due to
the disorder effect. Thus, the Tol/ 3 s proportional to In(n,p) in the same temperature range. On
the other hand, the Seebeck coefficient S at the constant temperature of 180 K is also proportional

to C + In(n,p) [36], where C is a constant. The result corroborates the same mechanism of the

disorder effect, and it indicates the same relationship to the 2D carrier concentration n,p,.

11
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electron transport exhibits thermally activated transport, which is always observed in connection
with the 2D hopping conduction at low temperatures. Figure 4a reveals the thermally activated
behavior described by the form of p,, « exp(E,/kgT), where E4 is the activation energy. The
fitting lines indicate that the temperature dependence of resistance exactly follows the thermally
activated transport in the temperature range from 330 to 460 K. Through the linear least-square
fitting, the activation energy E, is estimated. At temperatures above 460 K, the resistance behavior
changes remarkably. We present the same data in a linear scale in Fig. S3 of the Supporting
Information. The temperature dependence of resistance is linearly dependent on temperature,
which signifies the phonon scattering and the metallic state above 460 K. The electron transport
changes from 2D Mott’s hopping with thermally activated transport to the metallic state,
presenting an interesting metal-to-insulator transition [20].

The corresponding Seebect coefficients as a function of temperature are unveiled in Fig. 4b. The
Seebeck coefficient is just linearly dependent on temperature without any perceivable transition in
the whole temperatures ranging from 300 to 600 K. Usually, the Seebeck coefficient will decrease
with an increase of temperature if the thermopower follows the electron transport of thermal
activation [36]. In all the devices of MoS> TE-FET, the decrease of the Seebeck coefficient with
an increase in temperature has never been noticed yet (see, for example, Fig. 2d). The
disappearance of the decreasing thermopower could be attributed to the enhanced phonon
scattering at high temperatures that dominates the electron diffusion in the generation of
thermopower. To explore about the electron transport and the thermopower, we present the
activation energy E, and the logarithm of the Seebeck coefficient In(|S|) varied with the carrier
concentration n,, in Fig. 4c. The resistivity p,p is inversely proportional to the carrier

concentration n,p and it is proportional to exp(E4/kgT), thus the E, is proportional to In(n,p) at
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the same temperature. In addition, the Seebeck coefficient at a constant temperature is proportional

ton,, s/ 3 according to the theory for nearly free electrons [37]. Consequently, we investigate the

reliance between the In(|S|) and the In(n,p), and it reveals the linear manner at carrier

concentrations ranging from 2.41x 102 to 6.72x 10** cm™. The n, DZ/ ® behavior at high carrier
concentrations (Vgg > Vpeqr) infers the depression of thermopower and thermally induced carrier
diffusion due to more charge carriers compacted in the channel. On the other hand, we shall
consider both effects presented in Figs. 3¢ and 4c to investigate the dependence of the Seebeck
coefficient on the back gate voltage (V) such as those shown in Fig. 1d. The Vg behavior of the
thermopower is displayed in Fig. S4 in the Supporting Information. The thermopower is
separately fitted at either a lower carrier concentration (Vgg < Vyeqr ) Or a higher carrier
concentration (Vgg > Vpeqr) according to the carrier concentration behaviors revealed in Figs. 3¢
and 4c¢. The details are expressed in the discussion of Fig. S4, and, particularly, the fitting results
lead to evaluating the universal constant of kg /q and the carrier effective mass of 0.1 my, where
kg is the Boltzmann constant, q is the charge, and m, is the mass of the electron. The results of
the extracted values in line with theories and other group’s experiments that corroborate the

robustness of our accurate and precise thermopower measurements in the TE-FETs.
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Figure 4. (a) In R versus 1000/T at temperatures ranging from 300 to 460 K. The solid lines
display the best linear least-square fittings. (b) Seebeck coefficients versus T of Device M7 at
various Vg;’s over the temperature range from 300 to 600 K. The solid lines represent the best
linear least-square fittings at temperatures ranging from 330 to 460 K. (c) Activation energy (E,)
and Seebeck coefficients as a function of Vp;. The E,’s are obtained from fittings in Fig. b and

the Seebeck coefficients are measured at 450 K.

In previous paragraphs, we point out an extrinsic effect due to interface trapped charges between
the MoS» flake and the SiO» substrate according to the shift between the field-effect and the
thermopower behaviors in Fig. 1d and the step designated in Fig. 2a. We will then investigate

deeply into the extrinsic effect. The inset to Fig. 5a reveals the back-gating behavior of the Seebeck
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coefficients for Device M7 at temperatures above 300 K. A clear step is probed in the Vp;
dependent thermopower at 600 K, like that marked in Fig. 2a for Device M6. To multiply the
effect, we expose the dS/dVpy; as a function the V. in Fig. 5a. The differential of the Seebeck
coefficient exhibits a peak close to the Vp; of 0 V. The peak at zero back-gating voltage indicates
the trapping and detrapping due to the extrinsic effect of trapped charges in the SiO» substrate. In
particular, the differential of the Seebeck coefficient is extremely sensitive to the ambient
temperature. In addition to the thermopower, the Vg, dependent currents at temperatures above
300 K reveal a similar behavior that a step feature is observed in the curve at 600 K in the inset to
Fig. 5b. The results are consistent with those reported in the literature [24] in which a mode of
trapped states in the dielectric is proposed to explain the trapping (injection) of electrons at
negative Vg, as well as the detrapping of electrons at positive Vg;. We plot the transconductance
as a function of the Vp; in Fig. Sb to expose its sensitive temperature dependency. At temperatures
above 480 K, the transconductance exposes the peak near the Vg, of 0 V, indicating the trapping
and detrapping of charges in the S10: substrate with a very low positive or negative V.

We further dig into the current's dependence on the back-gating voltage, Vps. In Fig. S5 in the
Supporting Information, the analysis of the trapped carrier concentration for Device M7 at 600
K is sketched and described in detail. Through the shifted behavior of the linear current-Vpg
manner above and below the Vg, of 0 V, the trapped carrier concentration is evaluated to be
~6.84 X 101 cm™, which is very close to that estimated in the previous report [24]. The release
of the trapped electrons causes an increase in conductivity and current by up to ~45%. In contrast,
it generates a decrease of the Seebeck coefficient from 522 to 509 uV/K, about a 2.5% reduction.
The power factor is calculated using PF = S?0, where o is the conductivity, and the release of the

trapped electrons causes a rise of power factor of ~38%. To integrate information from insets to
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Figs. S5a and 5b, the carriers released from the additional gating of extrinsic trapping charges in

the SiO; contribute to an increase of channel current and a decrease of thermopower

simultaneously when the gating voltage Vg is slightly biased to a low positive voltage. On the

other hand, the sensitive temperature dependences of the differential of the thermopower (Fig. Sa)

and transconductance (Fig. Sb) are quantitatively portrayed in Fig. Sc. It is crystal clear to

distinguish the strong temperature dependency at temperatures above 450 K. The extrinsic effect

due to the trapping charges in the SiO> plays an important role in applying to high-temperature

thermal sensors.
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Figure 5. (a) Differential Seebeck coefficients as a function of Vp; of trilayer MoS» TE device
(Device M7) at various temperatures. The inset displays corresponding Seebeck coefficients
versus Vg, with an arrow pointing out a steep variation near Vz; of 0 V at temperatures above
450 K. (b) Transconductances as a function of V. The inset provides current as a function of
Vg with an arrow indicating a sharp change near Vp; of 0 V. (c) Transconductances and

differential Seebeck coefficients at Vg of 0 V at temperatures from 450 to 600 K.

As emphasized in the introduction section, we point to the importance of the TE power factor in
addition to the Seebeck coefficient. Figure 6a presents the temperature behavior of the power
factor for Devices M1 and M9. The power factor always increases with increasing temperature. In
particular, the thinner MoS; device (Device M1) exhibits a much higher power factor. For the
thicker MoS> device, the power factor is lower while it increases exponentially with the
temperature. The result also indicates a decreasing manner of the power factor with an increase in
MoS; flake thickness, which will be disclosed in the bottom panel of Fig. 6b. In Fig. 6b, we
provide summarized results of the Seebeck coefficient, the conductivity, and the power factor as a
function of the MoS; flake thickness with dashed line as guides to eyes, drawn by the least-square
fitting. On the upper panel, the Seebeck coefficient increases from ~0.15 mV/K, and it reaches a
maximum above 0.3 mV/K for the MoS: TE-FET device with a flake thickness of ~20 layers. The
Seebeck coefficient turns down afterward, dropping to be less than 0.05 mV/K for the device with
a flake thickness of ~40 layers. On the other hand, the middle panel of Fig. 6b presents a
monotonical decrease in room-temperature conductivity with an increase of the MoS, flake
thickness. The decreasing trend decelerates for thicker MoS> flakes. However, as shown in the
lower panel of Fig. 6b, the power factor reveals a monotonic decreasing feature with increasing

flake thickness for MoS2 TE-FET devices. The decreasing manner is aggravated for MoS; TE-
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329  FET devices with a thickness higher than 30 layers. The Seebeck coefficient and the power factor
330 are all important in energy export. Thus, choosing the MoS; with a thickness of less than 20 layers
331  gives the optimum performance for the TE application. Figure 6c¢ presents the benchmarking
332  performance of the power factors obtained in the 2D semiconductors. The red star points to the
333 current result of the monolayer MoS> TE-FET device, and it points to the power factor of 1.05
334  mW/m K? at room temperature. According to the literature survey, only bilayer WSe> and MoS»
335 flakes demonstrate power factors higher than the current result. This indicates that the surrounding
336  conditions and passivating materials are important, and few-layer MoS> films with a thickness of

337 less than 20 layers could be the best candidate for TE applications among all 2D semiconductors.
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340  Figure 6. (a) Power factor (PF) in logarithm scale as a function of temperature (in linear scale)
341  of Devices M1 and M9 with thicknesses of 1 and 7 layers at Vp; of 60 V. (b) Seebeck

342  coefficient, conductance, and PF as a function of MoS; thickness at 300 K. The dashed curves
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drawn according to the least-square fitting are guides to eyes. (¢) PF of several different 2D
materials at room temperature: (i) bilayer PtSe[38] (i1) 40 nm thick BP flake[39], (iii) 5 nm
thick PdSe; flake[40], (iv) bilayer WSe; single crystal flake [41], and (v) bilayer MoS, flake[30].

The red star points to the result of this work (Device M1).

Conclusions

Thermopower and electron transport are simultaneously explored in MoS; TE-FET devices with
thicknesses ranging from monolayer up to 39 layers in a wide temperature range from 80 to 600
K. The electron transport reveals Mott’s 2D variable range hopping at temperatures lower than
300 K, thermally activated transport at temperatures ranging from 300 to ~450 K, and phonon
scattering at temperatures higher than 460 K. The corresponding Seebeck coefficient, however,
presents only Mott’s 2D variable range hopping and phonon scattering behaviors as a
monotonically increasing feature with increasing temperature. The maximum of the Seebeck
coefficient is ~698 uV/K for the tri-layer MoS: TE-FET device at 600 K. Particularly, the feature
of decreasing manner with an increase in temperature as a symbol of the thermally activated
transport has not been discovered yet in all TE-FET devices with different thicknesses. In addition
to temperature dependences, the carrier concentration behaviors of the thermally activated energy,
the disorder parameter T,,, and the Seebeck coefficients are examined simultaneously to confirm
the theories implemented in the wide temperature range. In particular, the Seebeck coefficients as
a function of carrier concentration are analyzed separately in either low or high carrier
concentrations. In those fittings, the universal constant of k5 /q and the carrier’s effective mass
have been estimated. The effective mass of electrons in the monolayer MoS; is evaluated to be
~0.1 my. Moreover, the power factors of the MoS> TE-FET devices are measured, and the layer

number dependences of the Seebeck coefficient, the conductivity, and the power factor are studied
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and sketched in diagrams. The power factor of the current work is benchmarked with others’ results.
It is confirmed that the few-layer MoS; films with thicknesses of less than 20 layers could be the
best candidates for TE applications. On the other hand, we have explored the extrinsic effect due
to trapped electrons in the Si0; substrates. The extrinsic effect exists in both electron transport and
thermopower for the TE-FET devices at temperatures higher than ~450 K. Very sensitive
temperature dependences of the differential of the Seebeck coefficient and the transconductance
are discovered. The trapped carrier concentration is evaluated to be ~6.84 x 10! ¢cm™ for the tri-
layer MoS, TE-FET device at 600 K. The release of the trapped electrons causes an increase in
conductivity and current by up to ~45%. It causes a rise in the power factor of ~38% while it
decreases the Seebeck coefficient by ~2.5%. The extrinsic effect of trapping charges in the
substrate can be applied to thermal sensors at high temperatures.

Experimental Sections

Fabrication of Few-layer MoS: TE-FETs. Few-layer MoS, flakes were obtained by
mechanically exfoliation from a MoS; bulk, purchased from Structure Probe, Inc., USA. The few-
layer MoS, flakes were transferred to a heavily p-doped Si wafer, with a resistivity of
approximately 0.001 ohm - cm, and capped with 300-nm thick SiO; using a high-precision
alignment stacking system (HPAS Mono, Nanovie Co. Ltd., Taiwan) and polydimethylsiloxane
(PDMS, PF-40-X4, Gel-Pak, USA). A standard electron beam lithography system, including a
scanning electron microscope (JSM-IT300, JEOL, Japan) and an electron-beam controller
(ELPHY Quantum, Raith GmbH, Germany), was used to pattern contact electrodes. Subsequently,
Ti/Au (10 nm/100 nm) metals were deposited by thermal evaporation in a high vacuum of
~3 X 107° torr. After the lift-off process by acetone, the source, drain and heater electrodes were

formed, and the MoS; TE-FET devices were manufactured.
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Determination of The Thickness of MoS: Flake. The thickness of MoS. flakes of less than 5
layers was determined using an optical microscope, based on contrast differences in green- and
red-color channels. The optical contrast variations with thickness were calibrated by Raman
spectroscopy (Shamrock SR500, Andor Technology, Northern Ireland) with laser light of 532 nm
in wavelength and spot size of ~1 um. The details of the calibration are discussed in Fig. S1 in the
Supporting Information. The thicknesses of those thicker MoS: flakes were measured using an
atomic force microscope (AFM, SPA-300HV, Seiko Instruments Inc., Japan) which was operating
in a tapping mode. AFM tips (PPP-SEIHR, Nanosensors, Switzerland) with a radius of ~10 nm, a
force constant of 15 N/m, and a resonance frequency of 130 kHz were employed for the
measurements.

Electrical Characterization. The as-fabricated MoS, TE-FET devices are placed in the probe
station (TTPX, Lake Shore Cryotronics, Inc., USA) in a high vacuum of ~107° torr. The electrical
transport characterizations wer carried out by electrometers of Keithley 6430 and Keithley 2400
(Tektronix, Inc., USA). The Keithley 6430 was used to supply source-drain voltages and acquire
currents with preamplifier, and the Keithley 2400 was used to offer the back-gating voltages on
the back side of the substrate.

Thermal electrical characterization. The Seebeck coefficients (S) were calculated according to
the form S = —V;g /AT, where AT is a temperature difference and Vy is a thermoelectric voltage.
To generate a temperature gradient of AT, an AC voltage at the specified frequency of 6.85 Hz
was applied on the heater electrode using a function generator (Agilent 33522A, Agilent, USA).
Detailed measurements of AT are provided in the discussion of Fig. S2 in the Supporting

Information. The V;; was determined using the standard 2o method, recorded by a lock-in
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amplifier (SR830, Stanford Research Systems, USA) at a frequency of 13.7 Hz. During the

measurement, the back-gating voltage was supplied by Keithley 2400 (Tektronix, Inc., USA).
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Supporting Information. The information of the identification of layer numbers of MoS; flakes,
device parameters, estimation of temperature gradient for the evaluation of the Seebeck
coefficients, temperature dependent resistance at high temperatures, estimation of the kz/q and
the electron effective mass, estimation of trapped charges in the SiO», thickness dependences of
the differential of the Seebeck coefficient, and thermoelectric parameters of all devices are
described in detail in the Supporting Information. This material is available free of charge via the

Internet at http://pubs.acs.org.
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