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Abstract
The electronic transport and thermoelectric properties in n-type dopedmonolayerMoS2 are
investigated by a parameter-freemethod based onfirst-principles calculations, electron–phonon
coupling (EPC), andBoltzmann transport equation (BTE). Remarkably, the calculated electron
mobilityμ∼47 cm2 V−1s−1 and thermoelectric power factorσS2∼2.93×10−3Wm−1 K−2 at
room temperature aremuch lower than the previous theoretical values (e.g.
μ∼130–410 cm2 V−1 s−1 andσS2∼2.80×10−2Wm−1 K−2), but agree well with themost recent
experimental findings ofμ∼37 cm2 V−1 s−1 andσS2∼3.00×10−3Wm−1 K−2. The EPCprojec-
tions on phonon dispersion and the phonon branch dependent scattering rates indicate that the
acoustic phonons, especially the longitudinal acoustic phonons, dominate the carrier scattering.
Therefore, amobility of 68 cm2 V−1 s−1 is achieved if only the acoustic phonons induced scattering is
included, in accordancewith the result of 72 cm2 V−1 s−1 estimated from the deformation potential
driven by acousticmodes. Furthermore, via excluding the scattering from the out-of-planemodes to
simulate the EPC suppression, the obtainedmobility of 258 cm2 V−1 s−1 is right in the range of
200–700 cm2 V−1 s−1measured in the samples with top deposited dielectric layer. In addition, we also
compute the lattice thermal conductivityκL ofmonolayerMoS2 using phononBTE, and obtain a
κL∼123Wm−1 K−1 at 300K.

1. Introduction

As a prototypical transitionmetal dichalcogenide,molybdenumdisulfide (MoS2) has drawn a great deal of
attention owing to its excellent electronic and optical properties [1–4]. Similar to graphite, bulkMoS2 is
comprised of stacked layers that are loosely coupled byVan derWaals interaction [5]. This weak interlayer
interactionmakes fabrication ofmonolayerMoS2 be probable bymicromechanical exfoliation from the bulk
counterpart [5–7], same as the synthesis of graphene fromgraphite [8].While bulkMoS2 is an indirect band-gap
semiconductor with the gap of about 1.2 eV [9], monolayerMoS2 has a direct band gap∼1.9 eV [5, 6], which is
right in the range of visible frequency, and consequently promise the applications such as photodetector,
transistors [7], and electroluminescent devices. In addition, due to the strong electron–phonon coupling (EPC),
monolayerMoS2 also exhibits good conventional superconductivity when the sample is heavily n-type doped
[10–13].

In recent years, studies on electronic transport and thermoelectric properties ofmonolayerMoS2 have
gained increased interest because characterization of transport properties, especially the intrinsic transport, is
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crucial to assess and understand its potential significance. For a suspendedmonolayerMoS2, the electron
mobilityμ is found early to be in the range of 0.5–3 cm2 V−1 s−1 [8].Much highermobilities of
200–700 cm2 V−1 s−1 can be reached through high-κ gate dielectric engineering to effectively screen the
charged-impurities scattering and suppress the electron–phonon scattering [7, 14–16]. Theoretically, the
phonon-mediated intrinsicmobilities have been calculated to be 130–410 cm2 V−1 s−1 at room temperature
according to the full bandMonte Carlo simulations, EPCmatrix calculations, or the deformation potential
couplings in combination of Fröhlich interactions [17–20]. However, the deformation potential theory based on
only the acoustic phonon scatteringmechanism indicates thatmonolayerMoS2 possesses an electronmobility
of 72 cm2 V−1 s−1 [21]. In view of further decrease of themobility by inclusion of optical phonon scattering, this
result is in sharp contrast to the theoretical values above 130 cm2 V−1 s−1 [17–20].Moreover, amost recent
experimentalmeasure onmonolayerMoS2 shows a small electronmobility of only 37 cm2 V−1 s−1 at room
temperature [22], and a priorHallmeasurement exhibits amobility of only 64 cm2 V−1 s−1 at 260 K [23].
Besides the electronmobility, themeasured thermoelectric power factorσS2∼3.00×10−3 Wm−1 K−2 [22] is
alsomuch lower than previous computational results such as 2.80×10−2 Wm−1 K−2 [24]. Therefore, to solve
these discrepancies, it is important to reestimate the electronmobility and power factor ofmonolayerMoS2with
refined calculations.

In this work, we investigate the electronic and thermoelectric transport of n-type dopedmonolayerMoS2 by
a parameter-free first-principles technique. The calculatedmobilityμ∼47 cm2 V−1 s−1 and power factor
σS2∼2.93×10−3 Wm−1 K−2 at 300 K show good agreementwith themost recent experimental findings [22].
With the scattering induced by only the acoustic phonons, the obtainedmobility of 68 cm2 V−1 s−1 accordswith
the result of 72 cm2 V−1 s−1 estimated from the acoustic phonon-mediated deformation potential [21]. Via
excluding the scattering from the out-of-plane vibrations to simulate the EPC suppression, the estimated
mobility of 258 cm2 V−1 s−1 is comparable to the experimental resultsmeasured in the samples with top
deposited dielectric layer. The calculated lattice thermal conductivityκL∼123Wm−1 K−1 at 300 K is also
consistent with the previous calculations.

2.Methodology

Our electronic and thermoelectric transport properties of n-type dopedmonolayerMoS2 are calculated from
the electronBoltzmann transport equation (BTE) and thefirst-principles density functional theory as
implemented in theQUANTUM-ESPRESSOpackage [25]. The norm-conserving pseudopotential is used to
model the ion cores, and a plane-wave basis set with the cutoff energy of 80 Ry and the exchange-correlation
functional of local-density approximation (LDA)with Perdew–Zunger parametrization [26] is chosen to
simulate the valance electrons. A vacuum space of 15Å is taken to eliminate the interactions betweenMoS2 layer
and its periodic images. To calculate the phonon dispersion andEPCmatrix, the density functional perturbation
theory and theWannier interpolation technique are applied [27]. The electronic structure and dynamicalmatrix
are both initially calculatedwithin a 36×36×1 grid, and then uniformly interpolated into a densemesh of
216×216×1 by using themaximally localizedWannier functions as coded in the EPWpackage [28, 29].With
the interpolated dense EPCmatrix elements, the k-dependent electron lifetime can be obtained, which is taken
as the input quantity for the electron BTE.

From the electron Boltzmann theory, we canwrite the electrical conductivityσ and thermopower S along the
α axis as follows [30, 31]
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whereNk,Ω,T, and εF are the total number of k points in the full Brillouin zone (BZ), volume of the unit cell,
absolute temperature, and Fermi energy, respectively. enk is the energy eigenvalue of Khon–Sham state ñ∣n fk , nk
is Fermi–Dirac distribution function of ñ∣nk , and avnk is the corresponding electron group velocity along theα
axis. tnk

el is the electron lifetime calculated according to the relationship
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whereSnk is the imaginary part of electron self-energy, also known as electron linewidth.Snk is calculated from
the EPCby the formula [29]
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whereΩBZ is the volume of the full BZ, w nq and nnq are the phonon frequency and equilibriumBose–Einstein
distribution function of phononmode nñ∣q , and
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is the EPCmatrix element induced bymode nñ∣q between states + ñ∣mk q and ñ∣nk . In equation (5),M is the
atomicmass, ¶ nVq is the derivative of the Kohn–Shampotential with respect to atomic displacement associated
with the phononmode nñ∣q . Following the calculation of electrical conductivityσ, themobilityμ is obtained by
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with εF0 as the Fermi energy of the undoped sample.
The lattice thermal conductivityκL is obtained by solving the phononBTE [32], where the anharmonic

interatomic force constants (IFCs) are generatedwithin 5×5× 1 supercells by the finite-difference approach.
The interaction up tofifth-nearest neighbors is included in the calculations of anharmonic IFCs, and a q-mesh of
40×40×1 is used to ensure the convergence ofκL.

3. Results and discussion

The energetically stablemonolayerMoS2 is the H2 phase with the symmetry D h3 , inwhich amolybdenum (Mo)
layer is sandwiched between two sulfur (S) layers, as sketched infigure 1(a). Since the largest effective
thermoelectric power factorσS2 is captured around a small electron doping concentration n∼6.0×1012 cm−2

(corresponding to about 0.005e per unit cell) [22] and the band structure and phonon dispersion have almost no
change induced by suchweak doping [13, 19], the rigid bandmodel of the undopedmonolayerMoS2 is sufficient
to study the EPC and carrier scattering rates (SRs). Hence, unless otherwise stated, we take the undoped H2
phase and the rigid bandmodel to study the transport properties of n-type dopedmonolayerMoS2 in this paper.
The doping concentration n at temperatureT is calculated according to equation (7) by shifting Fermi level εF.

The optimized lattice constant, thickness, andMo–S bond length are 3.14, 3.12, and 2.39Å, respectively,
which are in accordance with other reported results [13, 33–35]. The calculated band structure predicts a direct
band gap of 1.86 eVbetween the valence bandmaximum (VBM) and conduction bandminimum (CBM) at the
K point in the BZ, as shown infigure 1(b). For the conduction band, we also detect the existence of the second
energyminima (the so-calledQ valley), which is about 82meVhigher than theCBMand locates approximately
at the halfway point of theΓK line, as shown in figures 1(b) and (c). The band dispersion around the energy
minima in the conduction band is almost quadratic and thus can be described by the effectivemass
approximation. The calculated longitudinal and transverse effectivemasses for theQ valley are =m m0.61Q

l
e

and =m m0.99Q
t

e, respectively, with the longitudinal direction fixed along theΓK axis andme denoting the free
electronmass, while theK valley (CBMat theK point) shows a nearly isotropic effectivemass of m0.49 e. These
characters of band structure are consistent with those in the previous works [5, 6, 10, 13, 18, 36, 37]. The electron
linewidth, which is an indicator of the carrier scattering, is also projected on the band structure. It exhibits that
there is relatively small linewidth and thusweak scattering around theVBMand theQ andK valleys. To illustrate
total scattering, the carrier SRs in thewhole BZ as a function of energy at 150 and 300 K are shown infigure 1(d).
Overall, raising the temperatureT increases the carrier SRs almost uniformly. The SRs at the sameT follow
closely the EDOS since the accessible phase space reflects themagnitude of the EDOS. The small SRs at the band
edges correspond to the small linewidth projections around theVBMand theQ andK valleys, which leads to a
largest electron lifetime of e.g. 30.7 fs for the conduction bands at 300K.

The calculated electronmobilitiesμ and electrical conductivitiesσ as functions of the doping concentration
n for the n-type dopedmonolayerMoS2 at 150–300 K are plotted infigure 2. The conductivityσ is re-scaled
according to equation (1) by a factor of c/h, where c is the vacuum space of 15Å and h is the effective thickness
∼6.5Å of themonolayerMoS2 sheet [38]. As shown infigure 2, both themobilityμ and conductivityσ decrease
with the increasingT at the same n, consistent with the change of SRs versusT. At the sameT, in contrast to the
decrease ofmobilityμ versus n, the conductivityσ increases with n due to the enhancement of EDOS. At room
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temperature, the calculatedmaximumvalue of the electronmobility isμ∼47 cm2 V−1 s−1, which ismuch
lower than the theoretical values of 130–410 cm2 V−1 s−1 [17–20]. Comparedwith the experimental data, this
result is in agreementwith themost recent finding of 37 cm2 V−1 s−1 [22], although it ismuch higher than the
early data in the range of 0.5–3 cm2 V−1 s−1 [8] andmuch lower than the values of 200–700 cm2 V−1 s−1 [7,
14–16]. It is worth noting that the experimental data of 200–700 cm2 V−1 s−1 are achieved by top deposited
high-κ gate dielectric engineering, inwhich the electron–phonon scattering in the interlayerMoS2 sheet would
be effectively screened by the top deposited dielectric layers and substrate, and thus results in highmobilities [7,
14–16]. However, the recent finding of 37 cm2 V−1 s−1 ismeasured in a perfectmonolayerMoS2 on the SiO2

substrate [22], which lacks of the screening of electron–phonon scattering from the top deposited dielectric
layers, and gives rise to amobilitymuchmore close to the intrinsic one. Considering the reduction ofmobility
resulted from the screenings of electron–phonon scattering from the SiO2 substrate in [22], our calculated
intrinsic value ofμ∼47 cm2 V−1 s−1 agrees well with thefinding of 37 cm2 V−1 s−1. In addition, the analyses in
the experimental works in [39, 40] have revealed that the coupling capacitance between top and bottom gates is
ignored in themobilitymeasurements based on the two-pointmethod in the thin-filmMoS2 transistor channel,
which results in an overestimation of themobility by a factor of about 14.With this effect in consideration, the
modified data from the experiments show themobility values beingmuch smaller than the theoretical
predictions of 130–410 cm2 V−1 s−1. A subsequentHallmeasurement also exhibited a smallmobility of about
64 cm2 V−1 s−1 at 260 K [23], withwhich our result ofμ∼68 cm2 V−1 s−1 at 250 K shows good agreement, as
shown infigure 2(a).

To reveal the internal electronic transportmechanism, the phonon dispersion, Eliashberg spectral function,
and intervalley scattering schematic are shown infigures 3(a) and (c). For phonon dispersion, there are three

Figure 1. (a)Top and lateral view of atomic structure formonolayerMoS2. (b)Electron linewidth projected band structure. (c)
Contour of the conduction band. (d)Carrier scattering rates (SRs) at 150 and 300 K. The electron density of states (EDOS) is also
plotted for comparison.
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Figure 2. (a)Electronmobilitiesμ as functions of the electron doping concentration n formonolayerMoS2 at 150, 200, 250, and 300
K. (b)Corresponding electrical conductivitiesσ versusthe doping concentration n. The curves have the same color legend as that in
(a).

Figure 3. (a)Phonon dispersion and the Eliashberg spectral function at n-type doping concentration n∼6×1012 cm−2. The EPC
projections on phonon dispersion are also calculated at n∼6×1012 cm−2. (b)Electronmobilitiesμ induced by the electron
scattering fromdifferent combinations of phonon branches. (c) Schematic illustration of intervalley scattering. (d)TheZA, TA, LA,
LO2, andZO2 vibrationmodes at theM point.
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acoustic branches: out-of-plane acoustic (ZA), transverse acoustic (TA), and longitudinal acoustic (LA)
branches, which are separated by a gap of about 5.73meV below the nonpolar transverse optical (TO1) and
longitudinal optical (LO1)modes. The TO2, LO2, andZO1modes represent three polar optical branches, while
the ZO2 branch is homopolar with a nondispersive behavior and a breathingmode eigenvector. The Eliashberg
spectral function
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which represents the density of EPC strength in phonon frequency space, is calculated at the n-type doping
concentration n∼6.0×1012 cm−2, at which the largest effective thermoelectric power factorσS2 is
experimentally captured [22]. The EPCprojections on phonon dispersion are also computed at this doping
concentration. Evidently, the peaks in Eliashberg spectral function a w( )F2 corresponds to the EPCprojections
on phonon dispersion. These results indicate that the TA, LA, LO2, andZO2 phonons around theM point give
rise to themain EPC and thus govern the electron scattering, as shown infigure 3(a). This is due to the fact that
the phonons around theM point can induce electron intervalley scattering between theK andQ′ valleys, as
sketched infigure 3(c). In addition, around theΓ point, due to small phononwave vector, the presence of
intravalley scattering results in some EPCprojections on the ZO2 and three acoustic branches; near theK point,
the electron transition from theQ toQ′ valleys will lead to the projections on the TA and LAbranches.

In contrast to optical phonons dominating the electron scattering [17], our results show that the acoustic
modes, especially the LA andTAphonons around theM point, play significant roles in the scattering, as shown
infigure 3(a), which is consistent with the analysis in [18–20]. Via including the electron scattering induced by
only the acoustic phonons, our calculatedmobility isμ∼68 cm2 V−1 s−1, as shown in figure 3(b), which
accordswell with the value of 72 cm2 V−1 s−1 estimated from the acoustic phonon-mediated deformation
potential [21]. In fact, the EPC strength captured in the acoustic phonon-mediated deformation potential also
originatemainly from the LA andTAphonons [21], because the ZAmodes are relatively insensitive to the tiny
deformation. If the electron scattering fromonly the LA andTAphonons is taken into account, the obtained
mobility isμ∼76 cm2 V−1 s−1, as shown infigure 3(b), which also shows a good agreementwith the result of
72 cm2 V−1 s−1 in [21]. In addition, the electronic transport caused by only the opticalmodes is also computed
tomimic the result without inclusion of the scattering from the acousticmodes in [17]. Among the six optical
branches, only the LO2 andZO2modes induce considerable EPC, as shown infigure 3(a). If only the electron–
phonon scattering arising from the LO2 andZO2modes is considered, the obtainedmobility is
μ∼310 cm2 V−1 s−1, as shown infigure 3(b), which is comparable to the result of 410 cm2 V−1 s−1 in [17].

The experimental works that exhibit themobilities of 200–700 cm2 V−1 s−1 at room temperature are
achieved by top deposited high-κ gate dielectric engineering [7, 14–16]. In these experiments,monolayerMoS2
is the interlayer of the sandwich structure and its charged-impurities scattering and the electron–phonon
scatteringwould be effectively screened by the substrate and dielectric layers. Before estimating themobility of
thismonolayerMoS2, wefirstly show the vibrationmodes of the three acoustic and the LO2 andZO2 optical
branches at theM point infigure 3(d). Evidently, the vibrations along the out-of-plane direction, such as ZA, LA,
ZO2modes at theM point, for theMoS2 interlayer in the sandwich structure are easily quenched by top
deposited dielectric layer and substrate. As a result, only the in-plane vibrationmodes induced EPCdominates
the electron scattering. As shown infigures 3(a) and (d), the in-plane vibrationmodes resulting in strong EPC are
only the TA and LO2 phonons around theM point.With the scattering driven by only the TA and LO2 phonons,
we obtain amobilityμ∼258 cm2 V−1 s−1 at 300K, which is just in the range of 200–700 cm2 V−1 s−1 [7,
14–16]. Although themethod of excluding the EPC contributions from the out-of-plane phononmodes is not
very accurate to simulate the EPC suppression quantitatively, our results indicate that themobility can be
sharply enhanced once the out-of-planemodes are quelled by top deposition and substrate.

In order to clarify the discrepancies between ourmobilities and the results of 130 and 150 cm2 V−1 s−1

obtained by the similarmethod to ours [18, 20], we show the zoomed-in view of the total electron SRs near the
CBM infigure 4. The SRs originating from the LA, TA, LO2, andZO2 phonons are also shown infigure 4 (for the
electron SRs of each phonon branch, see figure A1 in appendix). Obviously, the LAphonons contribute themain
SRs of themonolayerMoS2, being consistent with the EPCprojections infigure 3(a). At 82meV above theCBM,
which is just the energy of the so-calledQ andQ′ valleys, the electron scattering betweenQ andQ′ valleys gets
involved, which, as a result, leads to an additional distribution for the total electron SRs and the SRs of each
phonon branch. This is not distinguished clearly infigure 3(a), because the carrier concentration
n∼6.0×1012 cm−2 used in the EPCprojection calculations corresponds to the electron doping of only about
20meV above theCBM. For the EPCprojections at heavy doping, see figure 3(a) in [13]. Strikingly, around the
CBM, the calculated carrier SRs are about three times higher than those in the previous calculations (see figures 7
and 8 in [20]). It is based on these higher carrier SRs ofmonolayerMoS2 that our calculatedmobilities of
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47 cm2 V−1 s−1 at 300 K and 68 cm2 V−1 s−1 at 250 K are in good agreement with themost recent experimental
finding of 37 cm2 V−1 s−1 at 300 K [22] and the priorHallmeasurement result of 64 cm2 V−1 s−1 at 260 K [23].
Moreover, as analyzed above, the electronmobility estimated from the acoustic phonon-mediated deformation
potential in [21], themobility induced by only the optical phonons in [17], and a highmobility comparable to
the valuesmeasured in the samples with top deposited dielectric layer in [7, 14–16] can be rightly simulated
based on these higher carrier SRs through excluding part of electron–phonon scattering according to their
respective physicalmechanisms. These results support that our calculated carrier SRs aremore rational than
those in the previous works [18, 20]. It is worth noting that our carrier SRs are obtained from the relationship

t = S1 2n nk k
el , where the electron linewidthSnk is outputted directly by the EPWpackage [28, 29], while the

specific computational process of the linewidthSnk in [20] is unknown. To test the validity of our predictions
for carrier SRs, we also calculate the electron SRs of crystalline Si, as shown infigure A2 in appendix. The
calculated SRs of Si at 300 K is identical to the result in the EPWexamples (see figure 8 in [29]), indicating the
validity of our computingmethod.

The calculated thermopower S and thermoelectric power factorσS2 for the n-type dopedmonolayerMoS2 at
150–300 K are plotted infigure 5.Owing to theminus value of S inmonolayerMoS2with the n-type doping, the
−S is plotted for convenience. As shown infigure 5(a), the−S increases with temperatureT at the same doping
concentration n, and decreases with n at the sameT, similar to the tendency observed inmajority of
semiconducting thermoelectricmaterials. The values of the calculated−S are fairly large, although they are
smaller than previous computational results [24]. For instance, our calculations give the−S of about
0.37 mV K−1 atT=300 K and n∼1012 cm−2 while a value of 0.52 mV K−1 is obtained at the same conditions
in [24]. Obviously, both of the two values exceed the range of 0.20–0.30 mV K−1 which is the typical
thermopower for a good thermoelectricmaterial. As shown infigure 5(b), the largest power factorσS2 at each
temperature has a value exceeding 2.93×10−3 Wm−1 K−2, which is comparable to that of Bi2Te3. At 300K, the
largest power factorσS2∼2.93×10−3 Wm−1 K−2 can be achieved at n∼1013 cm−2, and a power factor of
about 2.80×10−3 Wm−1 K−2 is obtained at n∼6.0×1012 cm−2. These power factor values show good
agreementwith themost recent experimental finding ofσS2∼3.00×10−3 Wm−1 K−2 around
n∼6.0×1012 cm−2 [22], although they are about one order ofmagnitude smaller than the result of
2.80×10−2 Wm−1 K−2 in [24].

The high power factor hints a good thermoelectric performance if the thermal conductivity is lower enough.
FormonolayerMoS2, the lattice thermal conductivity is reported to be in the range of 18–140Wm−1 K−1 at
room temperature when an effective thickness of 6.5Å is used [41–44]. Here we calculate the lattice thermal
conductivityκL of themonolayerMoS2 by solving the phononBTEwith the harmonic and anharmonic IFCs as
input quantities, which has been demonstrated to be an accurate and predictivemethod for studying the thermal
transport performance [45–49]. The calculatedκL of the naturally occurring sample as a function ofT is plotted
infigure 6. Similar to the conductivityσ, theκL is also re-scaled by the factor of c/h, where the effective thickness
h is set to be 6.5Å. The iterative solutions (ITS) of the phononBTE and the relaxation time approximation
(RTA) results are both shown, which indicates a difference smaller than 30% for theκL above 300K. At 300K,

Figure 4.The zoomed-in view of the total electron scattering rates (SRs) above the CBMat 300K. The energy of theCBM is set to be
zero. The SRs of the LA, TA, LO2, andZO2 phonons are also shown.
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the ITS (RTA) results of theκL is about 123 (92)Wm−1 K−1, just in the range of 18–140W m−1 K−1 [41–44].
This relatively highκL combinedwith the high power factorσS2 indicates that two-dimensionalmonolayer
MoS2 is not suitable for design of thermoelectric generator (figure ofmeritZT<0.01 at 300K), but holds
promise for in-plane thin-filmPeltier coolers, inwhich a high power factor and a high thermal conductivity are
both required [24]. In addition, theκL of the dopedMoS2would bemodified ifmore scattering processes are

Figure 5. (a)Minus thermopower S as functions of the n-type doping concentration n formonolayerMoS2 at 150, 200, 250, and 300K.
(b)Corresponding thermoelectric power factorσS2 versus the doping concentration n. The curves have the same color legend as that
in (a).

Figure 6. Lattice thermal conductivityκL versus temperatureT for naturally occurringmonolayerMoS2. The red and blue lines
represent the ITS andRTA results, respectively. The insets show the cumulative thermal conductivityκC versus the phonon frequency
(left) and the phononmaximummean-free path (MFP) (right) at 300K.
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included. It is reported that the EPCplays important role in lattice thermal transport in heavy doping samples.
For instance, the lattice thermal conductivity of crystalline Simay reduce 45%at a heavy p-type doping of about
1021 cm−3 [50, 51]. The four-phonon scattering also has a significant influence on lattice thermal transport, e.g.
four-phonon scattering reduces the intrinsic thermal conductivity of graphene and decreases the contributions
fromflexural phonons [52]. The calculatedκL of the n-type dopedMoS2 sheetmay be reduced significantly if
these effects are included, and thus the figure ofmeritZTwould also bemodified.

In addition, we have also investigated the cumulative thermal conductivityκCwith respect to the allowed
phonon frequency and phononmaximummean-free path (MFP), respectively, as shownby the insets in
figure 6. TheκC versus the phonon frequency gives the summed contribution from all phononmodes below the
specified frequency, which exhibits that almost all of theκL (∼99%) is dominated by the acoustic phononmodes.
TheκC versus the phononmaximumMFP reveals the size dependence of theκL, which indicates that the
phononswith aMFP shorter than 100 nmdominate about 20%of the totalκL, implying the nanostructures with
a characteristic length of the phononMFP smaller than 100 nmare required to reduce theκL drastically.
Furthermore, if the nanostructures with theMFP characteristic length shorter than 10 nm is applied, theκLmay
reduced to 1.20Wm−1 K−1, and thus a figure ofmeritZT∼0.73 can be obtained at 300K.

4. Conclusion

In summary, we have used a parameter-freemethod based onfirst-principles technique, EPC, andBTE to
investigate the electronic transport and thermoelectric properties in n-type dopedmonolayerMoS2. Due to the
higher carrier scattering rates (SRs) than those of the previous calculations, our calculated electronmobilitiesμ
of 47 cm2 V−1 s−1 at 300 K and 68 cm2 V−1 s−1 at 250 K show good agreement with the experimental findings of
37 cm2 V−1 s−1 at 300 K and 64 cm2 V−1 s−1 at 260K. The EPCprojections on phonon dispersion and the
phonon branch dependent SRs indicate that the acoustic phonons, especially the longitudinal acoustic phonons,
dominate the carrier scattering. Thus, the obtained acoustic phonon inducedmobility is only about
68 cm2 V−1 s−1, which accords well with the result of 72 cm2 V−1 s−1 estimated from the deformation potential
driven by acousticmodes.Meanwhile, themobilityμ∼310 cm2 V−1 s−1 induced by only the opticalmodes is
close to the value of 410 cm2 V−1 s−1 without inclusion of the scattering from the acoustic phonons.
Furthermore, via excluding the scattering from the out-of-planemodes to simulate the EPC suppression, the
calculatedmobilityμ∼258 cm2 V−1 s−1 is right in the range of 200–700 cm2 V−1 s−1measured in the samples
with top deposited dielectric layer. Due to the rationality of the electronic transport properties, our calculated
thermoelectric power factorσS2∼2.93×10−3 Wm−1 K−2 is also consistent with the experimental value of
σS2∼3.00×10−3 Wm−1 K−2. In addition, the computed lattice thermal conductivityκL∼123Wm−1 K−1

at 300 Kby the phononBTE also shows consistencywith the previous works. These results clarify the
discrepancies between the experimental results and previous theoretical values, and shed further light on the
electronic and thermoelectric transport ofmonolayerMoS2.

Acknowledgments

This researchwas supported by theNationalNatural Science Foundation of China underGrants
Nos.11704322, 11774396, and 11774195, theNational KeyResearch andDevelopment ProgramofChina
underGrantsNos.2016YFA0300902 and 2016YFB0700102, theMOSTProject of China underGrants
No.2015CB921001, and theNatural Science Foundation of Shandong Province forDoctoral Programunder
GrantNo.ZR2017BA017.

Appendix

The electron SRs arising fromnine phonon branches are shown infigure A1.Note the difference of the vertical
coordinate for each panel. Above 82meV, due to the presence of the scattering betweenQ andQ′ valleys, there is
an additional distribution for the SRs of each phonon branch. It can be clearly found that the LAphonons
contribute themain electron SRs. At low doping (below 82meV), besides the LAphonons, the ZA, TA, LO2, and
ZO2 phonons also play important roles in the SRs, as shown infigure A1.

To test the validity of our predictions for carrier SRs, we calculate the electron SRs of crystalline Si. The
norm-conserving pseudopotential and a plane-wave basis set with the cutoff energy of 65 Ry and the LDA
exchange-correlation functional are used. The electronic structure and dynamicalmatrix are both initially
calculatedwithin a 10×10×10 grid, and then uniformly interpolated into a densemesh of 40×40×40.
The calculated total electron SRs at 300 K is shown infigure A2. The EDOS is also plotted for comparison. The

9

New J. Phys. 20 (2018) 043009 YZhao et al



Figure A1.The phonon branch decomposed electron scattering rates (SRs) above theCBMat 300K. The energy of theCBM is set to be
zero. Note the difference of the vertical coordinate for each panel.

Figure A2.Total electron scattering rates (SRs) of crystalline Si at 300K. The electronic density of states (EDOS) is also plotted.
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calculated EDOS and SRs of Si at 300 K are identical to the results in the EPWexamples (seefigure 8 in [29]),
which indicates the validity of our computingmethod.
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