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A B S T R A C T   

We investigate theoretically the impact of the dielectric environment on electronic transport in transition metal 
dichalcogenide monolayers. The low-field carrier mobility in free-standing layers is calculated using well-known 
ab initio methods, and the study is extended to layers in double-gate structures using the dielectric continuum 
approximation. In particular, we account for the screening of the electron–phonon interaction by the free carriers 
in the layer and by the dielectric environment. In addition, we include scattering with the hybrid interface 
optical-phonon/plasmon excitations (“remote phonons”). We find that whereas the presence of insulators with a 
high dielectric constant may increase the carrier mobility when ignoring the latter process, scattering with the 
hybrid interface excitations negates this beneficial effects and depresses the mobility significantly below its value 
in free-standing monolayers.   

1. Introduction 

Theoretical methods are critical for evaluating two-dimensional 
materials as possible channel materials in future field-effect transistors 
(FETs). The majority of modeling attempts concentrate on electronic 
transport in ideal free-standing layers, ignoring the dielectric environ
ment’s effect on the transport characteristics. Although, few studies 
have been reported on the effects of the dielectric environment on two- 
dimensional (2D) materials [1,2], these studies have been based on 
simplifications of the problem, for example by ignoring the full hy
bridization of all phonon-like and plasmon-like modes or the effects of 
free-carrier screening, or by using approximate dispersions of the hybrid 
modes. In this work, we study the scattering of electrons with the 
coupled (hybrid) optical-phonon/plasmon excitations that are present at 
the interfaces double-gated structures consisting of a polar 2D semi
conductor (a TMD) with top and bottom gate insulators and ideal-metal 
gate contacts. However, of particular interest is the work done by 
Hauber and Fahy [3]. They present a careful analysis of the plasmon/ 
optical-phonon excitations in bulk III-V compound semiconductors 
and supported and gated thin MoS2 layers. However, they have 

considered only a limited set of gate insulators and the TMDs. We 
perform an extensive study of the electron mobility in supported and/or 
gated monolayer TMDs in the presence of hybrid interface optical- 
phonon/plasmon (IPP) excitations, extending the study of the room- 
temperature electron mobility not only in MoS2 but also in WS2, 
MoTe2, and of the 300 K hole mobility in WSe2 and WTe2, with all TMDs 
assumed to be supported by SiO2 and with SiO2, HfO2, Al2O3, AlN, and 
hBN as gate insulators with an equivalent oxide thickness of 0.7 nm. 

2. Theory 

The system we consider, shown in Fig. 1, consists of an ideal (bot
tom) metal gate in the region z⩽ − tb; an insulator (which can be viewed 
either as a substrate, when tb→∞, or as a bottom gate insulator) with 
dielectric function ∊box(ω) in the region − tb < z⩽0; a 2D layer of 
thickness h and dielectric function ∊2D(Q,ω) in the region 0 < z⩽h; a 
gate insulator with dielectric function ∊tox(ω) in the region h < z⩽h + tt; 
and an ideal metal in the half-space z > h + tt. With regards to notation 
in this paper, we use the lower-case bold symbols (such as r or k) to 
deNote 3-vectors and uppercase bold symbols (such as R or K) to deNote 
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2-vectors on the (x, y) plane of the layer. 

2.1. Screening of electron–phonon interaction 

In order to consider how the dielectric environment may affect the 
carrier-phonon scattering rates calculated using DFT, we note the matrix 
elements associated with these processes have the form: 

〈K′

|δE(η)
tot |K〉 =

∫

dr ψ*
K′ (r) δE(η)

tot (r) ψK(r), (1)  

where ψK(r) is the Bloch wave of electrons with wave vector K in the 
TMD layer (having omitted for simplicity the band index) and δE(η)

tot (r) is 
the change of the total energy of the system caused by a phonon of 
branch η. Both the Hartree and the exchange–correlation potentials 
contribute to this change; that is, δE(η)

tot (r) = δE(η)
H (r) + δE(η)

xc (r). Since the 
Hartree energy, EH(r), depends linearly on the electron density, whereas 
Exc(r) has a weaker dependence (namely Exc(r) ∼ ρ(η)(r)1/3 in the local- 
density approximation, LDA), we consider only the change of the Har
tree component: 

δEtot(r) ≈ δE(η)
H (r) =

∫

dr′

G(0)(r, r′

) δρ(η)(r′

), (2)  

where G(0)(r, r′

) is the Green’s function for the Poisson equation in vacuo 
and δρ(η)(r′

) is the change of the charge at r′ induced by the phonon. This 
can be expressed as: 

δρ(η)(r′

) =
∑

αl
∇̃Rαl δρ(r′

)⋅δR(η)
αl (3)  

where the quantity δR(η)
αl is the displacement of the ion α in cell l due to 

phonons of branch η. The symbol ∇̃ denotes the ‘functional gradient’, so 
that the quantity ∇̃Rαl δρ(r′

) represents the change of the electronic 
charge ρ at position r′ under an infinitesimal shift of ion α in cell l along 
the Cartesian directions. Thus, writing the ‘final’ electronic state K′ in 
terms of the phonon wave vector Q as K′ = K + Q, the electron–phonon 
matrix element can be written as: 

〈K+Q|δE(η)
H |K〉 =

∑

gg′
u*

K+Q,g′ uK,g
∑

α
e− iQ⋅τα × A(η,α)

Q e(η,α)Q ⋅∇τα ρQG(vac)
Q (d, d),

(4)  

where A(η,α)
Q is a quantity whose square is proportional to the ionic 

displacement and to the Bose–Einstein coefficients, d = h/2 is the ‘ver
tical’ coordinate in the middle of the layer, and G(vac)

Q (z, z′) is the 2D 
Fourier transform of the Poisson Green’s function (that is: the potential 
at z due to a point charge at z′) of a system consisting of a 2D layer of 
dielectric constant ∊∞

2D and thickness h. We now use Eqs. (1)–(3), the 
method followed in Ref. [4] and assume that: i) that the change of total 
energy of the system in Eq. 1 is dominated by the Hartree component; ii) 
that only the in-plane ionic displacement are considered; iii) that the 

charge response to the ionic motion is localized at z′

= d = h/2; iv) that 
the Poisson Green’s function is constant over the effective thickness (h) 
of the 2D layer; v) that Umklapp processes may be ignored, since the 
Poisson Green’s function decays quickly as Q increases, Thus, we can 
account for the effects of the dielectric environment by simply replacing 
the ’vacuum’ Poisson Green’s function G(vac)

Q (d, d) with the Green’s 

function for Poisson equation G(env)
Q,ω(η)

Q
(d, d) with the boundary conditions 

dictated by the double-gate geometry described earlier in this section 
(Fig. 1). For a given scattering process involving a phonon of branch η 
and wave vector Q, we can account for the presence of the different 
dielectric environment and free-carrier screening by simply rescaling 
the scattering rates calculated using DFT/EPW by the squared ratio: 
⃒
⃒
⃒
⃒
⃒
⃒
⃒

G
(env)
Q,ω(η)

Q
(d, d)

G
(vac)
Q (d, d)

⃒
⃒
⃒
⃒
⃒
⃒
⃒

2

(5)  

2.2. Electron-IPP scattering 

When introducing polar substrates and gate-insulators, we have to 
consider the interaction of coupled interface-plasmon phonon (IPP) 
modes with the charge carriers in the channel. The scattering potential is 
given by the usual Fröhlich-like term [5]. This evaluation requires the 
calculation of the dispersion of the hybrid IPP modes [6,7]. Since the 
complete theory is too elaborate to present here, we refer to the Refs. 
[5–7] for a complete discussion. The scattering amplitude A (α)

Q,ω(i)
Q 

of the 

potential due to the α-phonon-content Φ(α)(ω(i)
Q ) of the hybrid mode i is 

given by: 

|A
(α)
Q,ω(i)

Q
|
2
= Φ(α)(ω(i)

Q )
(
1 − e− 2Qtb

)2

e2ℏω(i)
Q

2Q

⃒
⃒
⃒
⃒
⃒

1
∊(α,high)

TOT (Q,ω(i)
Q )

−
1

∊(α,low)

TOT (Q,ω(i)
Q )

⃒
⃒
⃒
⃒
⃒

(6) 

The ‘total’ dielectric function ∊TOT(Q,ω) is given by a rather 
complicated expression appearing at the right-hand side of the secular 
equation whose solutions give the dispersion of the IPPs. The super
scripts ’high’ and ’low’ indicate that the function has to be calculated 
assuming the bare phonon α does not respond or responds fully, 
respectively. 

Fig. 1. The double-gated TMD monolayer.  

Fig. 2. Calculated 300 K electron mobility in the TMD channel of a gate- 
insulator/MoS2/SiO2 structure including only the effect of free-carrier and 
dielectric screening by the dielectrics (ordered with increasing static dielectric 
constant – shown in parentheses –from left to right). 
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3. Results 

We have calculated the low-field carrier mobility in the TMD channel 
of the double-gate system shown in Fig. 1 using the full-band Monte 
Carlo procedure described in Refs. [8–10]. In this study, we have used 
the GGA-PBE approximation [11] for the exchange–correlational func
tionals and the Optimized Norm-Conserving Vanderbilt pseudopoten
tials [12] and the electronic band structure, phonon dispersion and free- 
standing electron–phonon matrix elements have been reported in 
Ref. [10]. The dielectric constant and layer thickness of the TMDs have 
been obtained from Ref. [13]. 

Fig. 2 shows the effect of only free-carrier and dielectric screening on 
the mobility of the double-gated gate-insulator/MoS2/SiO2 system. For 
reference, the electron mobility of a free-standing MoS2 layer, without 
screening is 147 cm2V− 1s− 1 [10]. As expected, the mobility increase 
with increasing dielectric constant of the substrate, with higher dielec
tric constant providing stronger screening of the electron–phonon 

interactions. Screening by the highest-κ dielectrics we consider, HfO2 
and ZrO2, increases the phonon-limited electron mobility of MoS2 by 
almost one order of magnitude (> 900 cm2V− 1s− 1). Even in the case of 
SiO2, one can see some modest gains, with an electron mobility of about 
500 cm2V− 1s− 1. A similar beneficial effect of the screening induced by 
high-κ dielectrics has been observed [14,15] and theoretically explained 
[16] in the case of the impurity-limited mobility of MoS2. 

While these results may seem promising, Figs. 3 and 4 shows that, 
once the interaction with the IPP modes are considered, the carrier 
mobility of double-gated 2D-TMDs is degraded well below the free- 
standing mobility, in most cases of gate-insulator considered. Among 
the various supported and gated TMDs considered, the best electron 
mobility, 795 cm2V− 1s− 1, is obtained for the SiO2/WS2/hBN system. An 
excellent hole mobility, 396 cm2V− 1s− 1 is also predicted for the SiO2/ 
WSe2/hBN. These extended results confirm the general trend observed 
previously for MoS2 [17]: The carrier mobility decreases almost mono
tonically with increasing dielectric constant of the gate insulator, with 
two exceptions: 1. The beneficial effects of dielectric screening of the 
‘out-of-plane’ field lines are seen for hBN, thanks to its relatively low 
ionic polarization and the high phonon frequencies resulting from the 
light weight of the B and N ions. 2. On the contrary, resonance effects 
among the optical phonons of the substrate, of the TMD layer, and of the 
gate-insulator result in a low carrier mobility when AlN and/or Al2O3 
are taken as gate insulators. The resonance effect has been already 
predicted theoretically for the Si/SiO2/poly-Si-gate system. When the 
poly-Si density yields a plasma frequency close to the TO-frequency of 
SiO2, the resonance of these two modes causes a low carrier mobility 
(Ref. [18]). Fig. 3 shows the electron mobility results for various com
binations. Looking at the Fig. 3(a), one notices that the calculated 300 K 
electron mobility in SiO2-supported monolayer MoS2 decreases as the 
gate insulator is changed from hBN to HfO2, but it reaches a particularly 

Fig. 3. (a): Calculated 300 K electron mobility in the TMD channel of a SiO2/ 
MoS2/gate-insulator structure with different gate-insulators (ordered with 
increasing static dielectric constant – shown in parentheses – from left to right). 
(b): The same, but for the SiO2/WS2/gate-insulator structure and (c), for the 
SiO2/MoTe2/gate-insulator structure. 

Fig. 4. (a): Calculated 300 K hole mobility in the TMD channel of a SiO2/WSe2/ 
gate-insulator structure with different gate-insulators (ordered with increasing 
static dielectric constant – shown in parentheses – from left to right). (b): The 
same, but for the SiO2/WTe2/gate-insulator structure. 
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high value for hBN and a very low value for Al2O3. A similar behavior is 
seen also for the 300 K electron mobility of WS2 (Fig. 3)) and MoTe2 
(Fig. 3(c)), when AlN is taken as gate insulator. We observe a similar 
trend in the 300 K hole mobility of WSe2 (Fig. 4)) and WTe2 (Fig. 4(b)). 
In all cases, hBN exhibits the best mobility, even higher than in free- 
standing monolayers, thanks to the dielectric screening of the out-of- 
layer field lines and the weak remote-phonon scattering due to its 
weak polar nature and light ions (resulting in high phonon frequencies, 
decoupled from all other excitations). 

4. Conclusion 

We have studied theoretically how the dielectric environment affects 
low-field electronic transport in two-dimensional transition metal 
dichalcogenides. The carrier mobility improves significantly when 
considering only the effect of dielectric screening by the free carriers and 
the surrounding dielectrics. However, these positive effects are coun
tered by the detrimental effects due to the electron-IPP interaction. The 
carrier mobility decreases significantly below its value in free-standing 
monolayers with increasing dielectric constant of the insulator(s). 
’Phonon resonance’ occurs when two optical phonons of the dielectrics 
have similar frequencies and it results in an even stronger depression of 
the mobility. Moreover, the weak ionic polarizability of hBN results in 
the highest carrier mobility, although the relatively low dielectric con
stant of hBN negates the scaling benefits of high-κ insulators. Nonethe
less, in most cases, the transport properties of TMDs remain 
disappointing. However, some combination of gate-insulator and the 
substrate may give competitive transport properties when compared to 
well-known ultra-thin Si system. 
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