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The electron transport properties of atomically thin semiconductors such as MoS2 have attracted

significant recent scrutiny and controversy. In this work, the scattering mechanisms responsible for limiting

the mobility of single-layer semiconductors are evaluated. The roles of individual scattering rates are

tracked as the two-dimensional electron gas density is varied over orders of magnitude at various

temperatures. From a comparative study of the individual scattering mechanisms, we conclude that all

current reported values of mobilities in atomically thin transition-metal dichalcogenide semiconductors are

limited by ionized impurity scattering. When the charged impurity densities are reduced, remote optical

phonon scattering will determine the ceiling of the highest mobilities attainable in these ultrathin materials

at room temperature. The intrinsic mobilities will be accessible only in clean suspended layers, as is also the

case for graphene. Based on the study, we identify the best choices for surrounding dielectrics that will help

attain the highest mobilities.
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Two-dimensional (2D) layered crystals such as single

layers of transition-metal dichalcogenides represent the

thinnest possible manifestations of semiconductor materi-

als that exhibit an energy band gap. For example, a single-

layer (SL) MoS2 is around ∼0.6 nm thick and exhibits an

energy band gap of around ∼1.8 eV [1]. Such semicon-

ductor layers differ fundamentally from ultrathin hetero-

structure quantum wells or thin membranes carved out of

three-dimensional (3D) semiconductor materials because

there are, in principle, no broken bonds, and no roughness

over the 2D plane. In heterostructure quantum wells, the

electron mobility suffers from variations in the quantum-

well thickness. A classic “sixth-power law” from Sakaki

et al. [2] shows that since the quantum-mechanical energy

eigenvalues in a heterostructure quantum well of thickness

L go as ε ∼ 1=L2, variations in thickness ΔL lead to

perturbations of the energy Δε ∼ −2ΔL=L3. Since the

scattering rate depends on the square of Δε, the rough-

ness-limited mobility degrades as μR ∼ L6. When L
reduces from about ∼7 to ∼5 nm for example, μR reduces

from about 104 to 103 cm2=Vs in GaAs/AlAs quantum

wells at 4.2 K [2]. Though low-temperature mobilities

exceeding 106 cm2=Vs have been achieved in such hetero-

structures by scrupulous cleanliness and design to reduce

roughness scattering, the statistical variations in the quan-

tum-well thickness during the epitaxial growth process

pose a fundamental limit to electron mobility.

Because of the absence of intrinsic roughness in atomi-

cally thin semiconductors, the expectation is that higher

mobilities should, in principle, be attainable. However,

recent measurements in MoS2 and similar semiconductors

[3–5] exhibit rather low mobilities in single layers, which

are, in fact, lower than in their multilayer counterparts.

Many-particle transport effects can appear in transition-

metal dichalcogenides under special conditions because

of the contribution of highly localized d-orbitals to the

conduction and valence-band-edge eigenstates. Collective

effects have been observed in multilayer structures, such as

charge-density waves [6,7] and the appearance of super-

conductivity at extremely high metallic carrier densities [8]

under extreme conditions. We do not discuss such collec-

tive phenomena here. Instead, we focus on single-particle

transport in single-layerMoS2; the onlymany-particle effect

included is free-carrier screening. In this work, we perform

a comprehensive study of the scattering mechanisms that

limit electron mobility in atomically thin semiconductors.

The mobility is calculated in the relaxation-time approxi-

mation (RTA) of the Boltzmann transport equation. The

results shed light on the experimentally achievable electron

mobility by designing the surrounding dielectrics and low-

ering the impurity density. The findings thus offer useful

guidelines for future experiments.

With the advent of graphene, it was realized that for

ultrathin semiconductors, the dielectric environment plays a

crucial role in electron transport. It has now been demon-

strated that the dielectric mismatch significantly modifies

the Coulomb potentials inside a semiconductor thin layer

[9–12]. Electrons in the semiconductor can also remotely

excite polar-optical-phonon modes in the dielectrics

[13–19]. Such long-range interactions become stronger as

the thickness of the semiconductor layer decreases. Thus,
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one can expect the dielectric environment to significantly

affect electron transport properties in SL gapped semi-

conductors. In this work, we take SL MoS2 as a case study

to investigate such effects. The results and conclusions can

be extended to other SL gapped semiconductors.

We first study the effect of the dielectric environment

on Coulomb scattering of carriers from charged impurities

located inside the MoS2 single layer. Figure 1(a) shows a

point charge located at the center (z0 ¼ 0) of a SL MoS2 of

thickness a. Assuming the surrounding dielectric provides

a large energy barrier for confining electrons in the MoS2
membrane, we consider scattering of electrons within the

conduction band minima at the K point, i.e., in the ground

state. The envelope function of mobile electrons is then

ψ
k
⇀ðρ

⇀

; zÞ ¼ χðzÞeik
⇀

·ρ
⇀

=
ffiffiffi

S
p

, where χðzÞ¼
ffiffiffiffiffiffiffiffi

2=a
p

cosðπz=aÞ,

S is the 2D area, k
⇀

is the in-plane 2D wave vector, and ρ
⇀

is

the in-plane location vector of the electron from the point

charge. The dielectric mismatch between the MoS2 (rela-

tive dielectric constant εs) layer and its environment (εe)

creates an infinite array of image charges at points zn ¼ na,
where n ¼ $1;$2… [9,10,20]. The nth point charge has a

magnitude of eγjnj, where γ ¼ ðεs − εeÞ=ðεs þ εeÞ. These
image charges contribute to the net electric potential seen

by the electron, which is given by

VCI
unscðρ; zÞ ¼

X

∞

n¼−∞

eγjnj

4πε0εs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρ2 þ jz − znj2
p : (1)

where e is the elementary charge, and ε0 is the vacuum

permittivity. Figure 1 shows the net unscreened Coulomb

potential contours in the dielectric=MoS2=dielectric system
with three different εe. The Coulomb interaction is strongly

enhanced for a low-κ dielectric environment and is damped

for the high-κ case.

When a point charge is located inside a 3D semicond-

uctor, its Coulomb potential is lowered by the dielectric

constant of the semiconductor host alone. For thin semi-

conductor layers, the Coulomb potential is determined

by the dielectric constants of both the semiconductor itself

and the surrounding dielectrics. When a high density of

mobile carriers is present in the semiconductor, the

Coulomb potential is further screened. For atomically thin

semiconductors, understanding the dielectric mismatch

effect on the free-carrier screening of scattering potentials

is necessary. At zero temperature, static screening by the

2D electron gas is captured by the Lindhard function [21]:

ε2dðq;ω → 0Þ ¼ 1þ
e2

2ε0εsq
Πðq;ω→ 0ÞðΦ1 þ Φ2Þ; (2)

where q is the 2D scattering wave vector, and Π is the

polarizability function at zero temperature [22],

Πðq;ω→ 0Þ ¼
gsgvm

&

2πℏ2

(

1−Θ½q− 2kF(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1−

"

2kF

q

#

2

s
)

;

(3)

where gs, gv are the spin and valley degeneracy factors,

respectively, m& is the electron mass, kF is the Fermi wave

vector, and Θ½…( is the Heaviside unit-step function. The

function Φ1 is the form factor, and Φ2 is the dielectric

mismatch factor, which are defined by the equations [23]

Φ1 ¼

Z

χ2ðzÞdz

Z

χ2ðz0Þ expð−qjz − z0jÞdz0; (4)

Φ2 ¼
2χþχ− expð−qaÞðεe − εsÞ

2
− ðχ2

−
þ χ2þÞðε

2
e − ε2sÞ

expðqaÞðεe þ εsÞ
2
− expð−qaÞðεe − εsÞ

2
;

(5)

where χ$ ¼
R

dz expð$qzÞχ2ðzÞ. The free-carrier screen-

ing is taken into account by dividing the unscreened
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FIG. 1. Coulomb potential contours due to an on-center point charge for three different dielectric environments: εe ¼ 1, 7.6 ð¼εsÞ, 100.
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scattering matrix elements by ε2d. Equation (2) can be

recast as the Thomas-Fermi formula: ε2d ¼ 1þ qeffTF=q, in
analogy to the case in the absence of a dielectric mismatch.

Here, qeffTF corresponds to the Thomas-Fermi screening

wave vector q0TF without a dielectric mismatch. Figure 2(a)

shows the ratio qeffTF=q
0
TF that captures the effect of the

dielectric mismatch on screening at zero temperature. The

2D electron density is ns ∼ 1012 cm−2 in this figure. As

can be seen, the free-carrier screening is weakened by a

high-κ dielectric, and it is enhanced in the low-κ case. This

dependence is opposite to the effect of the dielectric

environment on the net unscreened Coulomb interaction.

The momentum relaxation rate ðτmÞ
−1 due to elastic

scattering mechanisms is evaluated using Fermi’s golden

rule in the form

1

τm
¼

2π

ℏ

Z

d2k0

ð2πÞ2
jMkk0 j2
ε22d

ð1 − cos θÞδðEk − Ek0Þ; (6)

whereMkk0 is the matrix element for scattering from state k
to k0, θ is the scattering angle, and Ek and Ek0 are the

electron energies for states k and k0, respectively. For the
charged impurity scattering momentum relaxation rate

ðτcmÞ
−1, the scattering matrix element is evaluated as

Mkk0 ¼
e2

2ε0εsS

1

q
× 4

$

γ

expðqaÞ − γ

4π2 sinhðqa
2
Þ

4π2ðqaÞ þ ðqaÞ3

þ
2½1 − expð− qa

2
Þ(π2 þ ðqaÞ2

4π2ðqaÞ þ ðqaÞ3

%

: (7)

Figure 2(b) shows ðτcmÞ
−1 with the impurity density of

NI ∼ 1012 cm−2. εe and ns are varied over 2 orders of

magnitude to map out the parameter space. Evidently,

ðτcmÞ
−1 still reduces monotonically with increasing εe

because the weakening of the unscreened Coulomb poten-

tial is stronger.

The reduction of ðτcmÞ
−1 for a high-κ environment is

much enhanced for high ns0 , as indicated in Fig. 2(b).

When εe varies from 1 to 100, ðτcmÞ
−1 decreases about

∼1.4 times for ns ∼ 1011 cm−2, and about ∼2.6 times for

ns ∼ 1013 cm−2. From the perspective of screening, notice

from Fig. 2(a) that in a low-κ environment, qeffTF is higher for

small-angle scattering events. This means the smaller the

scattering angle, the stronger is the screening. Thus screen-

ing favors randomizing the electron momentum. A high-κ

environment reverses this process: small angle scattering

events are weakly screened, and thus such scattering events

are favored. Thus, as εe increases, the electron transport

become more directional. Though qeffTF decreases, the net

screening efficiency increases. These tendencies are

enhanced as ns increases. From the scattering potential

point of view, a higher ns leads to a larger Fermi wave

vector kF. As shown schematically in the inset of Fig. 2(a),

the same q ¼ jki − kfj with high ns corresponds to a

smaller scattering angle than a lower-ns case, leading to a

reduced ðτcmÞ
−1. This effect on the Coulomb scattering

matrix element is multiplied by the dielectric mismatch

factor; thus, a high-ns system shows stronger εe depend-

ence at zero temperature.

For finite temperatures, following Maldague [22,24,25],

the static polarizability function is

Πðq; T; EFÞ ¼

Z

∞

0

Πðq;ω → 0Þ

4kBTcosh
2½ðEF − EÞ=2kBT(

dE; (8)

where EF is the Fermi energy and kB is the Boltzmann

constant. Figure 3(a) shows the calculated temperature-

dependent polarizability normalized to the zero-

temperature value at different ns. The electron gas is less

polarizable at higher temperatures and lower ns.
Polarizability is caused by the spatial redistribution of

the electron gas induced by the Coulomb potential; thus, it

is proportional to ns. As temperature increases, the thermal

energy randomizes the electron momenta, accelerating the

transition of the electron system back into an equilibrium

distribution, consequently weakening the polarization.

The decrease of polarizability reduces the free-carrier

screening. Figure 3(b) shows the temperature-dependent

Coulomb-scattering-limited mobility (μimp) at two different

ns. The dielectric mismatch effect is more significant for

low ns because of the fast decrease of the polarizability

with increasing temperature. For high ns, on the other hand,
the dielectric mismatch effect is not as drastic. The shape of

the temperature-dependent μimp curve is highly dependent

on the polarizability and ns. Consequently, if the electron

transport is dominated by impurity scattering, one can infer

ns from the shape of the temperature dependence of the

electron mobility.

FIG. 2. Effect of dielectric mismatch on the (a) free-carrier

screening and (b) Coulomb momentum relaxation rate at zero

temperature. The inset of (a) shows schematically the scattering

angle for different electron densities.
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Much interest exists in using atomically thin semi-

conductors as possible channel materials for electronic

devices, in which such layers are in close proximity to

dielectrics. To that end, we investigate both the intrinsic and

extrinsic phonon scattering in SL MoS2. Kaasbjerg et al.

[26] have predicted the theoretical intrinsic phonon-limited

mobility (μi−ph) of SL MoS2 from first principles using a

density-functional-based approach. They estimated a room-

temperature upper limit for the experimentally achievable

mobility of about 410 cm2=Vs, which weakly depended on
ns. Their estimate did not include the effects of free-carrier

screening and dielectric mismatch. In light of the strong

effect of these factors on the Coulomb scattering, we

evaluate μi−ph in MoS2 in the Boltzmann transport formal-

ism with the modified free-carrier screening. The material

parameters for SL MoS2 were obtained from Ref. [27]. The

momentum relaxation rate due to quasielastic scattering by

an acoustic phonon is given by

1

τacm
¼

Ξ
2
ackBTm

&

2πℏ3ρsv
2
s

Z

π

−π

ð1 − cos θÞdθ

ε22d
; (9)

where ρs is the areal mass density of SL MoS2, vs is the
sound velocity, and Ξac is the acoustic deformation poten-

tial. For inelastic electron-optical phonon interactions, the

momentum relaxation rate in the RTA is obtained by

summing the emission and absorption processes,

1

τ
op
m

¼
Θ½Ek − ℏων

op(

τþop
þ

1

τ−op
; (10)

where ων
op is the frequency of the νth optical-phonon

mode. The momentum relaxation rates with superscripts

“þ” and “−” are associated with phonon emission and

absorption, respectively. For optical deformation potentials

(ODP) [26],

1

τ$0−ODP
¼
D2

0m
&ðNqþ

1
2
$ 1

2
Þ

4πℏ2ρsω

Z

π

−π

ð1− ðk0=kÞcosθÞdθ

ε22d
; (11)

1

τ$1−ODP
¼

D2
1m

&ðNq þ
1
2
$ 1

2
Þ

4πℏ2ρsω

Z

π

−π

q2ð1 − ðk0=kÞ cos θÞdθ

ε22d
;

(12)

where D is the optical deformation potential, Nq ¼
1=½expðℏω=kBTÞ − 1( is the Bose-Einstein distribution

for optical phonons of energy ℏω, and the subscripts 0

and 1 denote the zero- and first-order ODP, respectively.

The scattering rate by polar-optical (LO) phonons is

given by the Fröhlich interaction [28],

1

τ$LO
¼

e2ωm&

8πℏ2

1

ε0

"

1

ε∞
−

1

εs

#"

Nq þ
1

2
$
1

2

#

×

Z

π

−π

1

q
Φ1

ð1 − ðk0=kÞ cos θÞdθ

ε22d
; (13)

where ε∞ is the high-frequency relative dielectric constant,

and Φ1 is the form factor defined by Eq. (4).

Figure 4(a) shows the ns-dependent screened μi−ph at

room temperature. For comparison, the unscreened μi−ph is

FIG. 3. (a) The normalized polarizability and (b) impurity-

limited mobility at different electron densities as a function of

temperature.

FIG. 4. Electron mobility in MoS2 due to intrinsic phonon

scattering at room temperature with the electron-phonon interaction

(a) fully screened and (b) partially screened. The dashed lines show

mobilities limited by unscreened phonon modes, and the solid lines

show the mobilities limited by fully screened modes.
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also shown as a reference (blue line). The unscreened

values remain effectively constant (about 380 cm2=Vs) over
the range of ns of interest (1011–1013 cm−2). This is in

agreementwith the previous predictions (320–410 cm2=Vs)
[26,29]. However, the screened increases sharply with

increasing ns. As can be seen in Fig. 4(a), introducing a

high-κ dielectric leads to a reduction of μi−ph; the highest

values of μi−ph reduce from 3100 to 1500 cm2=Vs as εe
increases from about ∼7.6 to about ∼20. The strong

dependence of μi−ph on the dielectric environment is entirely

due to the dielectric-mismatch effect on free-carrier screen-

ing since the unscreened phonon-scattering matrix element

is not affected by εe. Over the entire range of ns, longitudinal
optical phonon scattering is dominant. This finding is

different from previous works on multilayer MoS2 transport

where the room-temperature μi−ph was determined by

homopolar phonon scattering [30–32].

We have used the static dielectric function for calculat-

ing the screened interactions due to different modes of

phonons in the limit ω→ 0. Scattering mechanisms via

long-range Coulomb interactions, such as charged impu-

rities, polar-optical phonons, and piezoelectric acoustic

phonons, can be effectively screened by free carriers.

However, free carriers may not respond to rapidly chang-

ing scattering potentials originating from short-range

interactions. There are arguments about to what extent

the short-range deformation potentials induced by acoustic

(ADP) and optical phonons (ODP) are screened by free

carriers. Boguslawski and Mycielski [33] argue that in a

single-valley conduction band, the deformation potentials

(both ADP and ODP) are screened in the same way as the

macroscopic (long-range) phonon potentials. But for

multivalley semiconductors (Ge), only the longitudinal

acoustic (LA) mode of the ADP can be effectively

screened by free carriers. The free-carrier screening of

the transverse acoustic (TA) mode ADP and ODP can, to a

good approximation, be neglected. [34]. In SL MoS2,

Kaasbjerg et al. [27] have argued that the LA mode of the

ADP can be treated as screened by the long-wavelength

dielectric function, while the screening of the TA mode

ADP by free carriers can be neglected.

Figure 4(b) highlights the effect of the partially screened

electron-phonon interaction compared to the fully screened

version in Fig. 4(a). For the plot in Fig. 4(b), we have

screened the polar-optical and LA phonon scattering as

in Fig. 4(a), and we leave the TA and ODP interactions

unscreened. The highest μi−ph reached by free-carrier

screening effects is reduced to about 750 cm2=Vs by not

screening the DP modes. The mobility is dominated by

the polar-optical phonon interaction at low carrier density

and by TA and ODP at moderate and high densities. The

scattering of electrons due to piezoelectric phonons is not

considered because it is relevant only at very low temper-

atures and because there are still uncertainties in the

piezoelectric coefficients of SL MoS2 [27,35].

In both cases, the calculated room-temperature μi−ph are

much higher than reported experimental values, implying

that there is still much room for improvement of mobilities

in atomically thin semiconductors. For the rest of this work,

we use the fully screened intrinsic phonon scattering, as

shown in Fig. 4(a). To pinpoint the most severe scattering

mechanisms limiting the mobility in current samples, we

discuss an extrinsic phonon-scattering mechanism at play

in these materials, again motivated by similar processes in

graphene.

Electrons in semiconductor nanoscale membranes can

excite phonons in the surrounding dielectrics via long-

range Coulomb interactions, if the dielectrics support polar

vibrational modes. Such “remote phonon” or “surface-

optical” (SO) phonon scattering has been investigated

recently for graphene and found to be far from negligible

[15–17]. SO phonon scattering can severely degrade

electron mobility; however, this process has not been

studied systematically in atomically thin semiconductors.

The electron-SO phonon interaction Hamiltonian is

[15,17,18]

He−SO ¼ eFν

X

q

&

e−qz
ffiffiffi

q
p ðeiq

⇀

·ρ
⇀

aνþq þ e−iq
⇀

·ρ
⇀

aνqÞ

'

; (14)

where aνþq (aνq) represents the creation (annihilation) oper-

ator for the νth SO phonon mode. Neglecting the dielectric

response of the atomically thin MoS2 layer in lieu of the

surrounding media, the electron-SO phonon coupling

parameter Fν is

F2
ν ¼

ℏων
SO

2Sε0

"

1

ε∞ox þ ε∞
ox0
−

1

ε0ox þ ε∞
ox0

#

; (15)

where ε∞ox (ε0ox) is the high- (low-) frequency dielectric

constant of the dielectric hosting the SO phonon, and ε∞
ox0 is

the high-frequency dielectric constant from the dielectric

on the other side of the membrane. The frequency of the SO

phonon ων
SO is [17,36]

ων
SO ¼ ων

TO

"

ε0ox þ ε∞
ox0

ε∞ox þ ε∞
ox0

#

1=2

; (16)

where ων
TO is the νth bulk transverse optical-phonon

frequency in the dielectric. The scattering rate due to the

SO phonon is then given by

1

τ$SO
¼

32π3e2F2
vm

&S

ℏ
3a2

"

Nq þ
1

2
$
1

2

#

×

Z

π

−π

1

q

sinh2ðaq
2
Þ

ð4π2qþ a2q3Þ2
ð1 − ðk0=kÞ cos θÞdθ

ε22d
: (17)
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Table I summarizes the parameters for some commonly

used dielectrics.

Figure 5 shows the room-temperature electron mobility

for various dielectric environments for two representative

temperatures, 100 K and 300 K. NI and ns are both about

1013 cm−2. The solid lines show the net mobility by

combining the scattering from charged impurities, and

intrinsic and SO phonons, whereas the dashed lines show

the cases neglecting the SO phonons. When SO phonon

scattering is absent, the electron mobility is limited almost

entirely by μimp, which increases with εe because of the

reduction of Coulomb scattering by dielectric screening.

The addition of the SO phonon scattering does not change

things much at 100 K, except for the highest εe case

(HfO2=ZrO2). But it drastically reduces the electron mobil-

ity at room temperature, as is evident in Fig. 5. For instance,

neglecting SO phonon scattering, one may expect that

by using HfO2=ZrO2 as the dielectrics instead of SiO2=air,
the RT mobility μimp should improve from about ∼45 to

80 cm2=Vs. However, when the SO phonon scattering is

in action, the mobility in the HfO2=MoS2=ZrO2 structure is

actually degraded to around 25 cm2=Vs, even lower than

the SiO2=air case. Thus, SL MoS2 layers suffer from

enhanced SO phonon scattering if they are in close

proximity to high-κ dielectrics that allow low-energy polar

vibrational modes.

To calibrate our calculations, we study the temperature-

dependent electron mobility for SL MoS2 embedded

between SiO2 and HfO2 and compare the calculations

with reported experimental results. This structure is often

used in top-gated MoS2 field effect transistors (FETs); thus,

understanding the transport in it provides a pathway to

understanding the device characteristics. In Fig. 6(a), the

blue curves indicate calculated values of μimp with different

NI , and the red line shows the SO phonon-scattering

limited mobility (μSO), with ns ∼ 1013 cm−2. The temper-

ature-dependent μSO of each SO phonon mode follows

the Arrhenius rule: μSO ∝ expðℏω0=kBTÞ, and the net μSO
is dominated by the softest phonon mode with the lowest

energy. The black curves indicate the net mobilities

considering all scattering mechanisms discussed in this

work. The open squares are the experimental results

measured by the Hall effect on SL MoS2 FETs from

Ref. [4]. The NI and ns necessary to fit the data are

indicated in Fig. 6(a). At low temperatures, the

experimental electron mobility in SL MoS2 is entirely

limited by μimp. This is really not unexpected; it took

several decades of careful epitaxial growth and ultraclean

control to achieve the high mobilities in III-V semicon-

ductors at low temperatures. Based on this study, we predict

TABLE I. SO phonon modes for different dielectrics.

SiO2
a

AlNa BNb Al2O3
a HfO2

a ZrO2
a

ε∞ox 3.9 9.14 5.09 12.53 23 24

ε∞ox 2.5 4.8 4.1 3.2 5.03 4

ω1
SO 55.6 81.4 93.07 48.18 12.4 16.67

ω2
SO 138.1 88.5 179.1 71.41 48.35 57.7

a
Ref. [15]
b
Ref. [37]

FIG. 5. Electron mobility as a function of an environment

dielectric constant. Dashed lines show the mobility without

considering the SO phonons.

FIG. 6. (a) Temperature-dependent electron mobility (black

lines) in SiO2=MoS2=HfO2 structure. The blue lines indicate μimp

and the red lines show μSO. Open squares show experimental

results from single-layer MoS2 FETs from Ref. [4]. (b) Room-

temperature phonon-determined electron mobilitiesμph and

(c) the critical impurity densities Ncr corresponding to μimp ¼
μph in SL MoS2 surrounded by different dielectrics. Dashed lines

show the fitted μph and Ncr.
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that the low-temperature mobilities in atomically thin

semiconductors can be significantly improved by lowering

the impurity density. The room-temperature mobility in

III-V semiconductors is limited by intrinsic polar-optical

phonon scattering. For comparison, we find that for SL

MoS2, the room-temperature mobility is considerably

degraded by SO phonon scattering, even with NI as high

as 6 × 1012 cm−2, as shown in Fig. 6. When SO phonon

scattering is absent, the room-temperature mobility is

expected to be about 130 cm2=Vs with NI¼6×1012 cm−2,

but the measured values are typically lower (about

50 cm2=Vs). Consequently, using HfO2 as gate dielectrics

can modestly improve μimp. However, the strong SO

phonon scattering that comes with HfO2 can severely

decrease the high-temperature electron mobility in clean

MoS2 with low charged impurity densities.

An important question then is, which dielectric can help

improve the room-temperature electron mobility in SL

MoS2? To answer that question, in Fig. 6(b), we plot the

room-temperature (intrinsicþ SO) phonon-limited electron

mobility (μph) in SL MoS2 surrounded by different dielec-

trics. From the overall trend, μph decreases with increasing

εe, and suspended SL MoS2 shows the highest potential

electron mobility (over 10; 000 cm2=Vs). It is worth noting
that if the scattering of electrons by intrinsic phonons is

only partially screened, as shown in Fig. 4(b), the highest

achievable mobility in SL MoS2 will be an order lower

(around 1000 cm2=Vs). However, these high values are

attainable in suspended SL MoS2. Because μph for MoS2
surrounded by high-κ materials is dominated by SO phonon

scattering, the values do not vary much. The critical

impurity densities (Ncr) corresponding to μimp ¼ μph are

shown in Fig. 6(c). As long as NI ≥ Ncr, μimp completely

masks μph. When NI < Ncr, the electron mobility becomes

dominated by phonons and moves towards the upper limit.

High μph indicates a greater potential for attaining higher

electron mobilities. However, we also need the sample to be

highly pure. In high-κ environments that support low-

energy polar vibrational modes, there is not as much room

for improving the electron mobility as in low-κ structures.

A compromise is seen for Aluminum Nitride (AlN)- and

Boron Nitride (BN)-based dielectrics, which by virtue of

the light atom N, allows high-energy optical modes in

spite of their polar nature. From Figs. 6(b) and 6(c), one

can obtain two useful relationships for single-layer MoS2:

μph ∼ 35000=ε2.2e cm2=Vs and Ncr ∼ 1010ε2.5e cm−2, with

ns set at a typical on-state carrier density of 1013 cm−2, as

shown by dashed lines. These empirical relations should

guide the proper choice of dielectrics and the maximum

allowed impurity densities.

To further illustrate the relative importance of SO

phonon and charged impurity scattering in SL MoS2, we

vary NI and ns in different dielectric environments and

check the changing trends of electron mobilities at room

temperature. Figure 7(a) shows the net electron mobilities

in SL MoS2 as a function of NI with ns ¼ 1013 cm−2.

Figures 7(b) and 7(c) show the electron mobility as a

function of ns for NI ¼ 1011 and 1013 cm−2. The electron

mobility is weakly dependent on the dielectric environment

at highNI (>1013 cm−2), as shown in the dashed box in the

bottom right corner of Fig. 7(a). Within this window, high-κ

dielectrics can improve the mobility, but only very nomi-

nally because the unscreened mobilities are already quite

low. When NI is lowered below about 1012 cm−2, a low-κ

environment shows higher electron mobility. For most of

the dielectric environments, when NI > 1012 cm−2, the

mobility fits the following empirical impurity-scattering-

dominated relationship: μ≈ 4200=½NI=10
11 cm−2(cm2=Vs,

as shown by the dashed line in Fig. 7(a). Using this

expression, one can estimate NI from measured electron

mobility for high ns. As ns decreases, electron mobilities

in different dielectric environments start to separate

from each other, as shown in Fig. 7(c). In this case, the

electron mobilities can fit the following relationship:

μ≈ 3500
NI=10

11 cm−2 ½AðεeÞþð ns
1013 cm−2Þ1.2(cm2=Vs for ns <

1013 cm−2, shown as dashed lines in Fig. 7(c). AðεeÞ is

a fitting constant depending on εe, and some values are

listed in the inset table of Fig. 7(c). High-κ dielectrics with

low-energy phonons (HfO2, ZrO2) severely degrade the

electron mobility over the entire NI range because of

the dominant effect of SO phonon scattering. Note that the

dielectric mismatch effect can be slightly overestimated

here since we have assumed the thickness of the dielectric

to be infinite [25]. In top-gated FETs, the top dielectric

could be very thin. Thus, the capability of improving

electron mobility by high-κ dielectrics can be even less

significant. Since most applications require high mobilities,

FIG. 7. The room-temperature net electron mobilities in SL

MoS2, considering all kinds of scattering mechanisms as a

function of (a) NI with fixed ns at 1013 cm−2; (b) and (c) ns
with NI fixing at 1011 and 1013 cm−2, respectively. The numbers

on the curves show the average dielectric constant of the

surrounding dielectrics. Dashed lines show the fitted electron

mobilities.
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high ns, and high εe to be present simultaneously in the

same structure for achieving the highest conductivities,

AIN=Al2O3 or BN/BN encapsulation emerges as the best

compromise among the dielectric choices considered here.

One can also conceive of dielectric heterostructures, with a

few BN layers closest to MoS2 to damp out the SO phonon

scattering, followed by higher-κ dielectrics to enhance

the gate capacitance for achieving high carrier densities.

All this, however, requires ultraclean MoS2 to start with,

with NI well below 1012 cm−2 to attain the high room-

temperature mobilities, about 1000 cm2=Vs. The presence
of high impurity densities will always mask the intrinsic

potential of the materials, and this is the most important

challenge moving forward.

In conclusion, carrier transport properties in atomically

thin semiconductors are found to be highly dependent on

the dielectric environment and on the impurity density. For

current 2D crystal materials, electron mobilities are mostly

dominated by charged impurity scattering. Remote pho-

nons play a secondary role at high temperature depending

on the surrounding dielectrics. The major point is that

the mobilities achieved to date are far below the intrinsic

potential in these materials. High-κ gate dielectrics can

increase the electron mobility only for samples infected

with very high impurity densities. Clean samples with

low-κ dielectrics show much higher electron mobilities.

AlN- and BN-based dielectrics offer the best compromise

if a high-mobility and high-gate capacitance are simulta-

neously desired, as is the case in field-effect transistors. The

truly intrinsic mobility limited by the atomically thin

semiconductor itself can only be achieved in ultraclean

suspended samples, as is the case for graphene.
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