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Abstract

In this paper, the effect of biaxial strain on the mobility of single-layer transition metal dichalcogenides (MoS2, MoSe2, WSo,
WSe-) is investigated by accounting for the scattering from intrinsic phonon modes, remote phonons, and charged impurities.
Ab-initio simulations are employed to study strain induced effect on the electronic bandstructure and the linearized Boltzmann
transport equation is used to evaluate the low-field mobility. The results indicate that tensile strain increases the mobility. In
particular, a significant increase in the mobility of single layer MoSe> and WSe> with a relatively small tensile strain is observed.
Under compressive strain, however, the mobility exhibits a non-monotonic behavior. With a relatively small compressive strain

the mobility decreases and then it partially recovers with further increase in compressive strain.

Index Terms

strain, mobility, Boltzmann transport equation, transition metal dicalcogenides.

I. INTRODUCTION

Graphene is the most prominent of two-dimensional material that is attractive for use in next-generation nanoelectronic
devices because of its high mobility [1,2], however, the absence of an energy gap seriously jeopardizes the usage of this
material for some important electronic applications, including digital circuits [3, 4]. Other two-dimensional materials with non-
zero bandgap, such as single and few-layers of transition metal dichalcogenides (TMDs) offer promising electrical and optical
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properties for future electronic applications [5]. Because of the weak interlayer van der Waals bonds in the layered structure,
single to few-layers of these materials can be easily obtained by mechanical or chemical exfoliation techniques [6-8]. n-type
field-effect transistors (FETs) based on TMDs have demonstrated a high I, /I,g ratio, a relatively steep sub-threshold swing,
and an extremely small off-current [9-13]. Possible application of these materials to hetero-junction interlayer tunneling FETs
have also been proposed and theoretically investigated [14].

The effect of strain on the bandstructure and bandgap of some of these materials has been investigated in previous studies
[15,16] and it has been shown that the application of compressive and tensile biaxial strain results in an indirect bandgap
[17-19]. We have recently studied the effect of strain on the mobility of single layer MoS,; and shown that tensile biaxial
strain can significantly enhance the mobility [20], however, investigation of strain effect on the mobility of other TMDs is
still missing. The electronic bandstructures of TMDs are similar, but the valleys have different effective masses and energy
minima. In this work, we present a comprehensive analysis on the effect of strain on the electronic bandstructure of TMDs,
employing ab-initio simulations and the linearized Boltzmann transport equation (BTE) is solved for evaluating the mobility of
these materials [21]. The parameters for ab-initio calculations, scattering rates, and the discretization method of the linearized
BTE are briefly presented in Sec. II. The effects of biaxial strain on the bandstructure and mobility of MoS,, MoSes, WSs,

and WSe, are discussed in Sec. III and concluding remarks are presented in Sec. IV.

II. MODELING APPROACH

The section explains the approach for the evaluation of the electronic bandstructure and mobility.

A. Bandstructure

For bandstructure calculations we employed the density-functional theory (DFT) along with the local density approximation
(LDA) as implemented in the SIESTA code [22]. A 30 A vacuum region has been used to isolate the single layer from
other layers to ensure no interactions between them, thus making our calculations effectively representative of an isolated
two-dimensional layer. A cutoff energy equal to 400 Ry was used and the sampling of the reciprocal space Brillouin zone (BZ)
is performed by a Monkhorst-pack grid of 18 x 18 x 1 k-points. Calculations begin with the determination of the optimized
geometry, that is the configuration in which the residual Hellmann-Feynman forces acting on atoms are smaller than 0.01
eV/A. The calculated lattice constants of unstrained single-layer MoSsy, MoSes, WSo, WSey are 3.12, 3.24, 3.14, 3.26 A,
respectively, which are in agreement with previously reported values in Ref. [23].

Fig. 1(a)-(d) show the bandgaps of these materials in the absence of strain are direct and their values are evaluated to be

1.89, 1.66, 1.98, 1.72 eV, respectively, which are close to the values reported in Ref. [23]. The lowest and second lowest band
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minima in the conduction band are denoted as K and Q-valley (see Fig. 2(a)), respectively, and the energy distance between
these valleys are evaluated to be 195 meV, 72 meV, 166 meV, 48 meV, for unstrained single-layer MoS2, MoSes, WSo, WSes,
respectively. A wide range of values for the energy distance between the K and Q-valley has been reported in several theoretical

studies [23-25] and no experimental verification has been yet reported except for MoS, [26].

B. Scattering Mechanisms and Mobility Calculation

In our calculations carrier scattering due to intrinsic phonons (including acoustic, optical, and polar-optical phonons), remote
phonons, and charged impurities are taken into account and piezoelectric coupling to the acoustic phonons is neglected in
this work as it is only important at low temperatures [29]. By assuming Wi (7, z) = x(z)exp (zlzf') /S with x(z) =
\/W sin(mz/a) for the envelope function of mobile electrons [30], where 7 is the in-plane position vector, and using
Fermi’s golden rule the scattering rate from an initial state k in valley v to the final state k" in valley w can be written as

2

S’U,’U)(E7 1{7) — :

‘Mv,w(lg’ IQ)\Qé[E“’(];’) — E”(E) F hw(q)] , W

where [Mv*(k, k)| is the matrix element for the mentioned transition and fiw(q) is the phonon energy that may depend on
q= |E — k7| The intra-valley transitions (v = w) assisted by acoustic phonons can be approximated as elastic and the rate is

given by

 27kpTDZ,

Sac(k, K'Y = S S[E(K) — E(F)] , )

where kg is the Boltzmann constant, 7" is the absolute temperature, D, is the acoustic the deformation potential, p is the mass
density and v, is the sound velocity of single layer TMDs [27,28]. On the other hand, the rate of inelastic phonon scattering,
including intra and inter-valley optical phonons, and inter-valley acoustic phonons, can be expressed as

L (DV® 2
SUW (F k) = w

wac/opps
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 [ron + 5. 5| B )~ B0) F hwyon(a)]

3)

where D:gfop is the acoustic/optical deformation potential for a transition between valley v and w, hwac/op(q) is the phonon

energy, and n,y, is the phonon occupation (upper and lower sign denote phonon absorption and phonon emission, respectively).
There are 6 Q-valleys in the first Brillouin zone and phonon assisted inter-valley transitions correspond to quite different
phonon wave vector ¢ = \E - 15’| The corresponding phonon wave vectors are shown in Fig. 2(b) and (c) and for intrinsic
phonon scatterings, we adopted the deformation potentials and phonon energies from Ref. [27,28], that for completeness are
reported in Table I and Table II.

Remote phonon or surface-optical (SO) phonon is another important scattering source that can severely degrade electron

mobility. The source of this scattering is in the surrounding dielectrics via long-range Coulomb interactions, provided that
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the dielectrics support polar vibrational modes. By assuming semi-infinite oxides and neglecting the possible coupling to the
plasmons of the two-dimensional material, the energy dispersion of SO phonons can be obtained by solving the secular equation

[31]

(ebOX(W) + EZD)(G‘DOX(W) + EQD)
4)

— (€box(w) — €20)(€tox (w) — 62]3)672‘7‘1 =0,

where a and esp are respectively the thickness [32—-34] and the dielectric constant [35] of the two-dimensional material (single
layer TMDs in this work), the index box and tox denote the back-oxide and the top-oxide, respectively. A numerical solution
of Eq. (4) shows that the frequency of remote phonon has a very weak dependence on ¢, that consequently we neglected in
our calculations by setting e~29% ~ 1 in Eq. (4). With this approximation, Eq. (4) simplifies t0 €pox(w) + €tox(w) = 0, that
we solved by using the single polar phonon expression for the €, (w) in each oxide:

0_ oo
eox(w) = > + € €

)

1 —w?/way
where € and €° are the high and low frequency dielectric constant, respectively, and wrq is the frequency of the polar phonon
in the oxide. We could provide analytical solution for Eq. (5) and express wso box as: wgo’box = (-B++V/B? —4AC)/(24)
and fOr wso,ox 5 Wlo, poy = (—B — VBT —1AC)/(2A), where A = (65, + €5)s B = —(€loy + )0 100 — (€D +
€ )WT0 pox AN O = (€00 + €0 )WT0 1oxWT0 pox- The parameters of dielectric materials that are studied in this work and
the corresponding calculated SO phonon frequencies are reported Table III.

The scattering matrix element of remote phonon can be written as:

W, I ox
MSO,tox(ka k/) = M %

< ; : >
X - )
€to(<;\x + 6‘b(:-x(WSO,tox) 6gox + 6box(WSO,tox)

where wso tox and wso box are frequency of SO phonon from top and back-oxide, €>° and €Y are the high and low frequency

(6)

dielectric constant and .S is the normalization area [31]. The scattering matrix element of remote phonon from back-oxide is
obtained by exchanging the subindex of tox and box in Eq. (6). Scattering with SO phonon mode is inelastic and we consider
only intra-valley transitions.

Charged impurities located in the center of the two-dimensional material are another source for intra-valley scattering. The

Fourier transform of the scattering potential due to a charged impurity located at (7, z) = (0,a/2) can be written as [38]

2
$0r2) = g [T+ Cer + D] )

where e is the elementary charge, C' and D are the parameters that are dependent on the physical properties of dielectrics and
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2D material [20,38]. Thus the matrix elements due to charge impurity scattering take the form:[20]

X {g (e —1) + D (1—e9%) — e_q"'/Q} ®)

e? 1 q
+ Sr——,
qaezp \ 4 g%+ (27/a)

In this work, the effect of static screening produced by the electrons in the conduction band is described by using the dielectric

function approach [38], so that the screened matrix element M Y (IZ, K ) in valley w is obtained by solving the linear problem:

scr

M"(q) = €™ (qQ)M%(q) , 9)

w
where v and w € K, Q, M?(q) is the unscreened matrix element, and ¢ is the dielectric matrix which is introduced as:

e2

v = 51} v
‘ (q) o (J(62D + 6box)

I (q)F**“(q) , (10

where d, ., is the Kronecker symbol (1 if v = w, otherwise zero), II*(¢) and F¥*(q) are the polarization factor and unit-less
screening form factor, respectively [20, 38]. Static screening has been used for the scattering due to charged impurities and SO
phonons, while inter-valley phonon transitions are assumed unscreened [20]. Arguments concerning screening for intra-valley
acoustic phonons are more subtle and controversial and a thorough discussion for inversion layer systems can be found in Ref.
[39]. The screening for intra-valley acoustic phonons has been neglected as has been done in most of the studies concerning
the transport in the inversion layer.

As will be discussed in the next section, the bandstructure close to Q-valley is not isotropic and the corresponding mobility
shows direction-dependence while the bandstructure close to K-valley is taken isotropic instead. Assuming a non-parabolic
dispersion relation E(1 + oE) = h*k?/2m; + h*k?/2m}, the longitudinal m and transverse m; effective masses and also
the non-parabolicity factor « are extracted from the DFT-calculated electronic bandstructure.

The longitudinal direction of Q-valley is neither the armchair nor the zigzag direction. Therefore, 6 is introduced as the
angle describing the valley orientation with respect to the armchair direction in real space, see Fig. 2(a). Mobility of each

valley along the armchair and zigzag direction is given by [38]

1y = ) cos (0,) + ply) sin® (0,) | v
M(Zv) = Ml(lv) sin? (0) + Mg) cos” (0u) , (12

where pff) and p(Zv) are the mobility of valley v along the armchair and zigzag direction, 6, is the angle of longitudinal

direction of valley v with respect to the armchair direction in real space. Subindices !/ and ¢t denote the longitudinal and

transverse direction, respectively. 6 only weekly depends on biaxial strain and is approximately zero for two of the Q-valleys,
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is 7/3 for other two of them, and is 27/3 for the remaining Q-valleys. Because of isotropic bandstructure close to K-valley,

the value of Ak can be arbitrary. With these angles, the mobility of K and Q-valleys can be rewritten as:

ui” = uG 0 =2l = 20" (13)
ny™ = =3 + 3 (14)

where ;K9 is the mobility due to two K-valleys and (Q%) is the mobility due to six Q-valleys. The factor 2 in Eq. (13) is
because of K-valley degeneracy and factor 3 in Eq. (14) is due to the addition of cos? (6,) and sin” (6,) of 6 Q-valleys that
are introduced in Eq. (11) and Eq. (12). The overall mobility do not depend on the direction and is obtained as the average
of the mobilities in different valleys weighted by the corresponding electron density [20]. The mobilities have been calculated
by solving numerically the linearized BTE according to the approach described in Ref. [20, 21].

Table IV compares our calculated mobilities at various carrier concentrations with the experimental data reported in Ref. [10]
for unstrained single-layer MoS, embedded between SiO, and HfO, with impurity density 4x10'2 at 7' = 100 K, at which
the effect of piezoelectric can be ignored [29]. Very good agreement with experimental data validates the bandstructure and

mobility models employed in this work.

III. RESULTS AND DISCUSSIONS

Fig. 3(a)-(d) illustrate the bandstructure of unstrained and strained single layer MoS2, MoSes, WS2 and WSes. Tensile biaxial
strain increases the energy distance between K and Q-valley, whereas under small compressive strain this energy distance is
reduced. With further increase of compressive strain Q-valley will be the lowest one and the K-valley will not significantly
contribute to the electronic conduction. The reported energy distances between K and Q-valley by several groups are compared
in Table V. Except for MoS,, where the results indicate an energy distance larger than 60 meV, for the other materials this
parameter has not been experimentally extracted. Fig. 4 illustrates the evaluated energy minima of the valleys as a function of
strain for the discussed materials. A small tensile strain of 0.4% increases the energy distance by more than 150 meV which
can effectively enhance the mobility because of the reduction of inter-valley scattering. Compressive strain, however, decreases
this energy distance and with a relatively large compressive strain Q-valley becomes the lowest valley. The longitudinal m}
and transverse m; effective masses and the non-parabolicity factors « are shown in Fig. 5(a)-(d). The effective masses of
unstrained WS, and WSes are smaller than that of unstrained MoSs and MoSes. In all cases, tensile strain decreases the
effective mass of K-valley while compressive strain reduces the effective mass of the Q-valley.

The strain-dependency of intrinsic phonon limited mobility is presented in Fig. 6(a). There is a general trend for the

modulation of mobility with strain for all discussed materials which can be explained by the variation of inter-valley scattering
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between K and Q-valley with strain. As the mobility enhancement with tensile strain is due to the reduction of inter-valley
scattering, TMDs with a relatively small energy distance between K and Q-valley will show large mobility enhancement
with small tensile strain. For example, the energy distances between the valleys for MoSe, and WSes are 72 meV and 48
meV, respectively, and a tensile strain of 0.4% results in 64% and 296% mobility enhancement in comparison with those of
unstrained materials. The mobility enhancement for MoSs and WSy under the same condition is 9% and 8% which is due to
their relatively large energy distance of 195 meV and 166 meV, respectively. The mobilities of WSy and WSe, are the highest

in comparison with other TMDs because of the relatively small effective mass of the Q-valley under tensile strain.

To analysis the strong variation of mobility with a small compressive strain, Fig. 6(b) depicts the fraction of carrier
concentration of the K and Q-valleys as a function of strain. As can be seen, under tensile strain Q-valley becomes empty and
does not contribute to the electronic conduction, while under compressive strain the carrier concentration of Q-valley increases
and this valley contributes mostly to the conduction. As the effective mass of Q-valley is larger than that of K-valley the
phonon limited mobility of this valley is smaller than that of K-valley and one observes a mobility reduction with compressive
strain, see Fig. 6(c). The minimum of the overall mobility occurs as the energy minima of K and Q-valley get very close to
each other and inter-valley scattering peaks.

Fig. 6(d) depicts the mobility in the presence of intrinsic phonon, remote phonon, and charged impurity scattering. The top
and back-oxide are assumed to be HfO, and SiO», respectively, and both carrier and impurity concentrations are 102 cm~2.
As charge impurity and remote phonon scattering result in intra-valley transitions which are weakly affected by strain, the
mobility enhancement by strain in the presence of these scattering mechanisms is smaller than that only with intrinsic phonon

modes. In this case, the mobility enhancements under 0.4% tensile strain are about 5%, 27%, 4% and 84% for MoS2, MoSes,

WS, and WSes, respectively.

The room temperature mobility of unstrained and under tensile strain of 0.4% and 5% of the discussed materials at various
carrier concentrations are compared in Fig. 7. A relatively small tensile strain of 0.4% only weakly affects the effective mass
of the K-valley (lowest valley), while it has a stronger effect on the energy distance of the valleys. Therefore, even this small
strain has the largest (smallest) effect on the mobility of single layer WSes (MoS2) which has the minimum (maximum) energy
distance between the valleys. As at higher carrier concentrations remote phonon and charged impurity scattering are strongly
screened and intrinsic phonon scattering plays a more significant role on the mobility, the mobility enhancement by strain is
more pronounced at relatively high carrier concentrations. The unstrained single layer WSes has the smallest mobility among
all of the discussed unstrained materials, while it has the largest mobility enhancement with tensile strain in the range of 0.4%

to 5% and it achieves the highest mobility under a tensile strain of 5%.
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IV. CONCLUSION

A theoretical study on the role of strain on the mobility of single-layer MoSy, MoSes, WS, and WSes is presented. DFT

calculations are used to obtain the effective masses and energy minima of the contributing valleys. The linearized BTE is solved

for evaluating the mobility, including the effects of intrinsic phonons, remote phonons, and screened charged impurities. The

results indicate that, a tensile strain increases the mobility, whereas a compressive strain reduces the mobility. The unstrained

mobility and the mobility enhancement with strain strongly depend on the energy distance between the K and Q-valley. A

small tensile strain has a higher impact on the mobility of materials with smaller energy distance between valleys, such as

MoSe, and WSes. Various energy distance values result in similar mobility characteristics and the only discrepancy is the

strain value at which the mobility starts to increase. Therefore, the main conclusion of this work remains valid regardless of

the exact value of the energy distance between K and Q-valley. The results pave the way for improving the performance of

TMD-based electronic devices by strain engineering.
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PHONON ENERGY FOR INTRA-VALLEY AND INTER-VALLEY TRANSITIONS AT THE K, M, AND Q POINTS OF SINGLE LAYER TMDS. PARAMETERS OF

MOS5 ARE TAKEN FROM REF. [27] AND PARAMETERS OF OTHER MATERIALS ARE FROM REF. [28]. AS DISCUSSED IN REF.[27, 28], THE ENERGY

TABLE I

VALUES FOR ACOUSTIC (OPTICAL) PHONON MODES ARE THE AVERAGE OF PHONON ENERGIES OF THE TRANSVERSE AND LONGITUDINAL (TRANSVERSE,

LONGITUDINAL, AND HOMO-POLAR) MODES. THE UNIT FOR ALL PHONON ENERGIES IS MEV.

Material ~ Phonon Mode Phonon Energy [meV]
r K M Q

MoS» Acoustic 0 26.1 242 20.7
MoS2 Optical 495 468 475 481
MoSeo Acoustic 0 1.82 18.0 15.1
MoSe> Optical 343 328 337 337
WSo Acoustic 0 20.5 19.6 17.7
WSo Optical 46.8 450 458 459
WSeo Acoustic 0 16.8 158 129
WSe2 Optical 307 297 300 30.1
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TABLE 11
DEFORMATION POTENTIALS FOR INELASTIC PHONON ASSISTED TRANSITIONS IN SINGLE LAYER M0OS2, MOSE2, WSo, WSE2. THE FIRST AND THE
SECOND COLUMN INDICATE THE INVOLVED PHONON MOMENTUM AND THE ACCORDINGLY ELECTRONIC TRANSITION, RESPECTIVELY. PARAMETERS OF
MOS2 ARE TAKEN FROM REF. [27] AND PARAMETERS OF OTHER MATERIALS ARE TAKEN FROM REF. [28]. D?C/Op IS THE FIRST ORDER

ACOUSTIC/OPTICAL DEFORMATION POTENTIAL IN THE UNIT OF [EV] AND DSC/OP IS THE ZERO ORDER ACOUSTIC/OPTICAL DEFORMATION POTENTIAL

IN THE UNIT OF 108 [EV/CM].

Phonon Electron Deformation Potentials

MOSQ MOSGQ WSQ WSCQ

r K—K D 45 34 32 3.2
r K—K DgP 58 5.2 3.1 2.3
K K—K' Dac 1.4 1.8 1.2 1.3
K K—K’ DgP 20 2.1 L1 0.8
Q K—Q Dgc 093 091 073 082
Q K—Q DgP 19 1.7 0.9 0.8
M K— Q Dge 44 45 34 5.7
M K— Q DgP 5.6 5.3 2.7 3.2
r Q—Q D 28 3.1 1.8 1.9
r Q—0Q DgP 7.1 7.8 3.4 2.7
Q Q —Q D 21 2.2 1.7 2.7
Q Q—Q DgP 48 43 23 1.9
M Q —Q D 20 2.2 1.5 L5
M Q —Q DgP 40 5.9 1.9 1.6
K Q—Q Dac 48 4.1 3.7 4.2
K Q—Q DgP 65 4.7 3.1 2.5
Q Q —K/K/ Dg° 1.5 1.5 1.4 1.6
Q Q —K/K DP 24 3.0 1.3 1.0
M Q —K/K' Dac 44 4.9 4.0 4.1

M Q —K/K' DgP 6.6 8.3 4.6 2.8
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TABLE III
PARAMETERS FOR THE DIELECTRIC MATERIALS TAKEN FROM (A) REF. [36] AND (B) REF. [37] AND CORRESPONDING CALCULATED SO PHONON

FREQUENCIES hwso,tox AND AWwso,box- BACK OXIDE IS S102.

Mater. sio{™ BN(®) AIN(@) ALLO Hro{" 70"

€9 . 3.9 5.09 9.14 12.53 23 24

€2, 2.5 4.1 4.8 32 5.03 4

WTO, tox 55.6 93.07 81.4 48.18 12.4 16.67

WSO, tox (cal.) 69.4 100.5 104.3 83.9 213 30.5

WSO, box (cal.) 69.4 60.1 58.0 54.2 61.1 62.9
TABLE IV

COMPARISON OF THE CALCULATED MOBILITY IN THIS WORK WITH THE EXPERIMENTAL DATA OF REF. [10]. 7" = 100 K AND THE IMPURITY DENSITY IS

4 x 1012 cM—2. THE UNITS OF CARRIER CONCENTRATION (1) AND MOBILITY (1) ARE CM~2 AND CM?2/(VS), RESPECTIVELY.

n 7.6x 1012 9.6 x 1012  1.15x 103  1.35 x 1013

1 (Cal.) 93 106 114 122

1t (Exp.) 9643 11143 12843 13243
TABLE V

THE ENERGY DISTANCE BETWEEN K AND Q-VALLEY BASED ON THEORETICAL STUDIES IN REFS. [23-25]. THE REPORTED DATA FROM REF.[25]

INCLUDE SPIN-ORBIT INTERACTION. THE UNITS ARE MEV.

Mater. K and Q-Valley Energy Distance [meV]

This Study Ref. [23] Ref.[24] Ref.[25]
MoS» 195 300 £30 255+ 10 115+£20,190 &+ 20
MoSe2 72 370 £ 30 180 £ 10 10 20, 10 £ 20
WS2 166 80 £30 200410 10 £ 20,255+ 20

WSe2 48 220 £30 135+ 10 -80, 80 + 20
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Fig. 2. (a) K and Q-valleys in the first Brillouin zone of TMDs. The angle 6 describes the Q-valleys orientation in E—space. It should be noted that the zigzag
direction in E—space corresponds to the armchair direction in real space. Illustration of several phonon assisted inter-valley transitions in single layer MXso
for: (b) transitions from K-valley to other valleys; (v) transitions from Q-valley to other valleys. The figure sets the notation used in Table I and Table II to

identify phonon assisted transitions.
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Fig. 3. The band structure of unstrained (black line), under compressive strain (blue line), and under tensile strain (red line) of single layer MoS2, MoSe2,

WS2, and WSez. The strain magnitude is 2.5% in all strained cases.
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Fig. 4. The energy minima of the K and Q-valley under biaxial strain are illustrated in Fig. 1 for MoS2 (black), MoSe2 (red), WSz (blue), and WSeq (green).
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Fig. 5. The effective masses (solid-lines for longitudinal and dashed-lines for transverse directions) and the non-parabolicity factor (c) (dotted-lines) of
various valleys (blue line for K-valley and red line for Q-valley) under biaxial strain for: (a) MoSa; (b) MoSe2; (c) WS2; (d) WSes. The longitudinal and

transverse effective masses of K-valley are assumed to be equal.
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Fig. 6. (a) Phonon limited mobility of single layer TMDs as a function of strain with a carrier concentration of n = 102 cm~2. (b) The fraction of carrier
concentration and (c) phonon limited mobility of 2 K-valleys and 6 Q-valleys of single layer TMDs as a function of strain. (d) Mobility limited by intrinsic
phonon modes, remote phonon, and screened charged impurity scattering with SiO2 as the back gate oxide (e; = 3.9) and HfO2 as the top gate oxide (e; =

23). Carrier and charged impurity concentrations are equal to n = njyp = 1012 cm—2. Black, red, blue, and green lines illustrate the mobility of MoSa,

MoSe2, WS2, and WSea, respectively.
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Fig. 7. The mobility (solid lines) and mobility enhancement (dashed lines) with the inclusion of intrinsic phonon, remote phonon, and charged impurity
scattering for the unstrained (black), under a tensile biaxial strain of 0.4% (blue), under a tensile biaxial strain of 5% (red) for: (a) MoS2; (b) MoSesz; (c)
WS2; (d) WSeo. Top and back-oxide are HfO2 and SiOq, respectively, and the charge impurity concentration is equal to njyp = 1012 cm?2. Left axes

indicate the mobility and right axes shows the mobility enhancement.



