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In this work, the effect of biaxial strain on the electronic band structure of monolayers of MoS2 is

investigated. The effective mass of carriers under different strain values is extracted and the

achieved results are discussed. For the first time, we have assessed the effect of biaxial strain on the

ultimate performance of MoS2-based double gate field effect transistors (DGFETs). The results

indicate that by strain engineering, a significant performance improvement of MoS2-based

DGFETs can be achieved.VC 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4803032]

I. INTRODUCTION

The successful experimental isolation of graphene in

2004 marks a milestone in research on ultrathin two-

dimensional crystals.1 Observation of outstanding optical and

electronic properties arising from the inherent carrier confine-

ment in these low-dimensional structures has attracted a huge

attention from the scientific community to explore their poten-

tial for post-silicon nanoelectronic devices.2–4 In this respect,

although graphene possesses fascinating physical proper-

ties,5,6 the absence of a bandgap in this material restricts its

application in electronics. Therefore, various techniques for

opening a bandgap in graphene have been proposed.7–9

However, these methods not only tend to deteriorate the excel-

lent properties of graphene they also introduce additional chal-

lenges in the fabrication process.10

Layered transition-metal dichalcogenides (TMDCs) rep-

resent a class of materials with strong in-plane bonding and

weak out-of-plane interactions, enabling cleavage into two-

dimensional sheets of atomic thickness. Contrary to graphene,

TMDCs possess sizable indirect bandgaps that change to

direct in monolayers, allowing prospective applications such

as transistors and optoelectronic devices.11 Particularly,

single-layer molybdenum disulfide (MoS2), a member of

TMDCs family, offers a large direct experimental bandgap

around 1.8 eV.12 Figure 1 depicts the covalently bonded S-

Mo-S unit cells of MoS2 arranged in a hexagonal lattice. The

neighboring planes in bulk MoS2 are held together by weak

van der Waals forces, making it possible to produce mono-

layers of MoS2 using the well-established micromechanical

cleavage and liquid exfoliation techniques.13

Despite having a noticeable direct bandgap at high-

symmetry K point (see Fig. 2), due to the very low mobility

in monolayer MoS2 ($0:5À3cm2VÀ1sÀ1),13 this material

did not receive much attention from a semiconductor device

perspective until very recently when a high-performance

field effect transistor (FET) with MoS2 as its channel mate-

rial has been realized.14 The large enhancement in the field

effect mobility of monolayer MoS2 in this realization

($200 cm2VÀ1sÀ1) is attributed to the Coulomb screening by

the high-j HfO2 dielectric.15 Moreover, an excellent room-

temperature Ion=Ioff ratio exceeding 108 and a steep subthres-

hold slope of 74 mV/decade in this work indicate the useful-

ness of this material for digital applications where ultra-low

standby power consumption is required.14

Strain engineering is shown to be an effective method

for boosting device performance in CMOS technology.16

Furthermore, strain is ubiquitous in stretchable electronics

applications where ultrathin two-dimensional materials are

highly expected to bear fruit.17 Therefore, evaluating the

effect of strain on the electronic band structure and transport

properties of monolayer MoS2 is appealing from both scien-

tific and technological viewpoints.

The effect of strain on the electronic band structure of

MoS2 is studied in Refs. 18–23. According to these works, a

large enough biaxial strain component can cause a

semiconductor-metal transition in MoS2 monolayers.

Additionally, strain alters the effective mass of carriers and

changes the direct bandgap of monolayer MoS2 to an indirect

one. However, no previous investigation is performed on the

performance of MoS2-based FETs under strain. In this work,

FIG. 1. (a) Side and (b) top views of the atomistic configuration of a mono-

layer of MoS2. a denotes the lattice constant. (c) 3-atom unit cell of mono-

layer MoS2. Two sulphur atoms are shown in red and one molybdenum

atom is shown in black.a)s.m.tabatabaei@ut.ac.ir
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we report for the first time a theoretical study on the ultimate

performance of a monolayer MoS2-based double gate field

effect transistor (DGFET) under both compressive and ten-

sile biaxial strains. As the first step, the electronic band struc-

ture of monolayer MoS2 under different biaxial strain values

is studied, using density functional theory. After extracting

the longitudinal and transverse effective masses under vari-

ous strain values, the top-of-the-barrier model is employed

to assess the ultimate performance limit of the DGFET.

II. APPROACH

A. First-principles calculations

In this study, the Vienna ab initio simulation package

(VASP)24,25 is employed for band structure calculations using

the projector augmented wave formalism.26 The Perdew-

Burke-Ernzerhof27 modification of the generalized gradient

approximation (GGA) is utilized for approximating the

exchange correlation potential. A cut off energy of 500 eV is

adopted. A large interlayer spacing of 13 Å is used to assure

the elimination of interlayer interactions which are absent in a

realistic monolayer structure. A two-dimensional C-centered

Monkhorst-Pack Brillouin-zone grid of 13Â 13Â 1 k-points

is chosen for obtaining the relaxed structure and the mesh is

increased to 35Â 35Â 1 for density of states (DOS) calcula-

tions. The energy convergence criterium is set to 10À7 eV in

all iterations. Furthermore, it has been recently shown that

among all TMDCs, the smallest spin-orbit splitting belongs to

MoS2, where spin-orbit coupling only weakly affects the band

structure and is even zero at some special symmetry points.28

Therefore, spin-orbit interaction is excluded from our band

structure calculations.

The application of biaxial strain is modelled by straining

the lattice constant to the desired value followed by a relaxa-

tion in which all the atomic positions in the unit cell are

allowed to change while keeping the lattice vectors fixed.

The modification in the lattice constant is achieved by

changing it from a to aþ ea, where e denotes the value of

the applied strain. Also, compressive and tensile strains are

denoted by negative and positive values of e, respectively.

Finally, the effective mass, energy gap, and the density of

states are extracted at various strain values.

B. Top-of-the-barrier model

An analytical ballistic model for MOSFET is utilized

here to assess the ultimate performance of monolayer MoS2-

based DGFET (see Fig. 3) both in its relaxed state and under

strain.29 In the first step, the density of states as a function of

energy is evaluated from the first-principles electronic band

structure. The obtained density of states is then used for cal-

culating the non-equilibrium and equilibrium electron den-

sities according to Eqs. (1) and (2), respectively,

N ¼
1

2

ðþ1
À1

DðEÞf ðEÀ Ef ÞdE; (1)

N0 ¼ N0S þ N0D; (2)

where

N0S=D ¼

ðþ1
À1

DðEÞf ðEÀ EFS=D þ USCFÞdE: (3)

In Eq. (3), EFS and EFD denote the Fermi levels of the

source and drain contacts, respectively, and USCF is the self-

consistent potential at the top of the barrier along the chan-

nel. USCF is evaluated by solving the electrostatic equation

self consistently with charge density equation using the fol-

lowing relation:

USCF ¼ ÀqðaGVG þ aDVD þ aSVSÞ þ
q2

CR
DN; (4)

where CR is the parallel combination of the gate, drain, and

source capacitances ðCG þ CD þ CSÞ, and DN ¼ N À N0.

aG=S=D represents the controllability of the self-consistent

potential by the corresponding terminal and is equal to

CG=S=D=CR. (For a well-designed DGFET, aG ) aD; aS and

the potential is primarily controlled by the gate voltage.)

Once the self consistent potential is calculated, the

drain-source current density can be obtained by differencing

the fluxes from the source and the drain contacts. Finally, the

average velocity of the injected carriers at the top of the

potential barrier is given by vavg ¼ IDS=qN.

III. ELECTRONIC BAND STRUCTURE

The calculated electronic band structure of monolayer

MoS2 and the corresponding density of states plot are

FIG. 3. Schematic of a DGFET based on 6.5 Å thick monolayer MoS2.

A 3-nm HfO2 (j ¼ 25) gate dielectric and 0.6 V power supply voltage are

assumed.

FIG. 2. The calculated electronic band structure of MoS2 (left) in its com-

pletely relaxed structure and the corresponding density of states (right)

employing the GGA method. MoS2 is a direct semiconductor with its

bandgap at the high-symmetry K point. The Fermi energy level is indicated

as the line at E¼ 0 eV.
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shown in Fig. 2. A direct energy gap equal to 1.68 eV is

evaluated at the high-symmetry K point. In order to obtain

the lattice parameters, the structure is allowed to relax com-

pletely until all the forces acting on atoms become smaller

than 0.001 eV/Å. Accordingly, the lattice constant, length of

the covalent Mo-S bond, and vertical distance between S

atoms are found to be equal to 3.18 Å, 2.41 Å, and 3.12 Å,

respectively. The obtained results are in excellent agreement

with previous rigorous first-principles calculations.30–33

Next, variations in the bandgap of monolayer MoS2

under compressive and tensile biaxial strains as large as 15%

are studied. The feasibility of the adopted range of strain val-

ues can be verified by referring to a previous first-principles

study which reports 19% as the critical biaxial strain limit.23

Figure 4 depicts the energy bandgap as a function of the

applied strain. Under tensile strain, the bandgap decreases

monotonically with strain. At e¼ 10%, the bandgap vanishes

and a semiconductor-metal transition is observed. While a

relaxed monolayer MoS2 demonstrates a direct energy gap at

the K point, it becomes an indirect semiconductor under

tensile strain. The indirect nature of the bandgap under ten-

sile strain is demonstrated in Fig. 5(a), where the energies of

the lowest conduction band and the highest valence band in

the first Brillouin zone are plotted for e¼ 5%. It can be seen

from this figure that the conduction band minimum (CBM)

is still at the K point, while the valence band maximum

(VBM) is moved to the C point. Hence, the valley degener-

acy for both VBM and CBM is equal to two in a relaxed

structure, whereas under tensile strain of 5% VBM is singly

degenerate.

Under compressive strain, while the bandgap is direct

for strain values smaller than 2%, it becomes indirect under

larger strain values as the CBM experiences two successive

moves (see Fig. 4). Additionally, under compressive strain,

the energy bandgap increases first and then monotonically

decreases causing a semiconductor-metal transition. Figure

5(b) shows that the valley degeneracy of both VBM and

CBM is increased to six under 5% compressive strain, effec-

tively tripling the density of states in comparison with that of

a relaxed structure.

The variation of energy bandgap as a function of strain,

shown in Fig. 4, can be categorized into four regions based

on the curve slope. This behaviour should be attributed to

the change in the atomic orbital composition of the associ-

ated crystal wavefunctions at VBM and CBM under various

strain values. Investigating the details of these changes in the

orbital composition of crystal wavefunctions requires further

study and is beyond the scope of the current work.

Strain induces noticeable changes in the effective

masses of both electrons and holes. A k-point spacing

smaller than 0.03 ÅÀ1 is adopted in the extraction of the

effective masses to keep the parabolic effects. The longitudi-

nal and transverse effective masses for electrons are shown

in Fig. 6. It can be clearly observed that the longitudinal and

transverse effective masses vary abruptly under 1% compres-

sive strain. This abrupt change is due to the change in the

CBM position. Under compressive strain smaller than 1%,

CBM is located between the C and K points, while at larger

strain values, CBM moves to the K point. Thereafter, the

trend of both curves changes which, again, can be attributed

to the underlying change in the contributions from different

atomic orbitals to the crystal wavefunctions close to CBM.

The longitudinal and transverse effective masses for

holes are shown in Fig. 7. Abrupt changes in the effective

masses can be explained in a similar way to that of electrons.

FIG. 5. The valence bands (lower figures) and the conduction bands (upper

figures) under 5% tensile (a) and 5% compressive (b) strain.

FIG. 4. The energy bandgap as a function of the applied biaxial strain.

FIG. 6. (a) The longitudinal and (b) transverse effective mass of electrons

along C–K direction.
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Particularly, the position of the VBM changes at two differ-

ent strain values, giving rise to three distinct regions in the

curves. Under compressive strain values larger than 10%, the

VBM is located between C and M points in the first

Brillouin-zone. Under smaller compressive strain values, the

VBM is located at the K points. Finally, under tensile strain

values, the VBM position is moved to the C point. Similar to

the explanation given for electrons, the three different trends

in the results are due to the change in the atomic orbital com-

position of the crystal wavefunctions in the vicinity of re-

spective VBMs.

IV. DEVICE PERFORMANCE

The ultimate performance of the DGFET structure

shown in Fig. 3 is investigated in this section under various

biaxial strain values. A 3-nm HfO2 gate dielectric is

assumed. The values for aG and aD are chosen to be 0.880

and 0.035, respectively. The choice of these values is in ac-

cordance with the exceptional control of the gate on the

ultrathin two-dimensional channel.34 Also, it should be noted

that in the ballistic regime, the current is independent of the

channel length. In order to provide a fair benchmarking of

the device performance under various strain values, the

Fermi energy level of the source, EF, is chosen so that an

off-current density equal to 3 nA
lm

is obtained. Practically, EF

can be adjusted by changing the work function of the gate

and the doping density in the source.

Figures 8 and 9 compare the device characteristics

assuming a transport direction along the C–K direction

and perpendicular to it, respectively. The Ion=Ioff ratio and

the on-current increase significantly with strain. Under

a compressive strain equal to 2%, EF¼À0.38 eV and

USCF¼À0.39 eV while under that equal to 14%,

EF¼À0.36 eV and USCF¼À0.44 eV. Apparently, EF and

USCF have changed in opposite directions, resulting in the

increase of the on-current. It is worthwhile to notice that

according to our results in Sec. III, under compressive strain

smaller than 1%, the valley degeneracy of CBM is equal to

six while under other strain, it is equal to two. Hence, the

enhancement of the valley degeneracy under compressive

strain increases the density of states and the on-state current

and results in larger Ion=Ioff ratio as shown in Figs. 8(c) and

9(c). Furthermore, our results predict a considerable per-

formance improvement when the transport direction is paral-

lel to C–K. This is due to the higher transverse effective

mass of electrons which results in lower mobilities in the

perpendicular direction.

The inset in Fig. 8(a) depicts the injection velocity of

electrons at top of the barrier under various strain values and

gate biases. From this figure, it is evident that the velocity of

the injected carriers is increased with increasing strain due to

the underlying decrease in the effective mass of electrons

(see Fig. 6) which translates into a higher mobility.

Figure 10 shows the Ion=Ioff ratio along the longitudinal

and transverse directions, assuming holes as majority car-

riers. As can be seen from this figure, the improvement of

Ion=Ioff ratio is more pronounced along the direction normal

to C–K. This is due to the smaller transverse effective mass

of holes (see Fig. 7) which results in higher mobility in the

direction perpendicular to C–K. Moreover, the valley degen-

eracy is equal to six under compressive strain values from

9% to 14%, which is three times its value at zero strain, giv-

ing rise to a three times larger density of states. Hence, a

more noticeable enhancement in Ion=Ioff ratio is observed for

this range of applied strain. On the other hand, the smallest

Ion=Ioff ratio is calculated under tensile strain where VBM is

at the C point, valley degeneracy being equal to one.

Although the presented analysis provides a useful com-

parison of the intrinsic characteristics of monolayer MoS2-

based DGFET under various biaxial strains, the exclusion of

source/drain contacts results in highly overestimated on-

currents. According to recent studies, metal contacts to

MoS2 are often accompanied by relatively high Schottky

barriers.35,36 However, the short tunneling distance in ultra-

thin MoS2 which results in substantial tunneling currents has

led to a general perception of an ohmic behaviour.37

Influence of contacts can be taken into account by mod-

eling them as resistances (RContact) in series with the intrinsic

resistance of the channel (RBallastic). Therefore, contacts de-

grade the performance of the DGFET by lowering the volt-

age drop on the intrinsic part of the device by a factor of

RBallistic=ðRBallistic þ 2RContactÞ. For the DGFET under study,

the calculated ballistic resistance ranges from 0.03 to 0.43

XÀmm, while recent fabricated transistors exhibit much

higher contact resistances.35–37 Consequently, in order to

harvest the full potential of MoS2 in flexible electronics,

application of more electrically transparent contacts which

reduce the required bias voltage is inevitable. It is worth-

while to mention that Schottky barrier height and width are

modulated by the gate voltage resulting in a variable series

resistance which is larger in the off-state. Therefore, the

FIG. 7. (a) The longitudinal and (b) transverse effective mass of holes along

C–K direction.
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calculated Ion=Ioff ratio will not be deteriorated in the pres-

ence of contacts.

Finally, we note that the simple ballistic model utilized

here can be extended to include the effect of the floating

source boundary. According to this modification, to maintain

charge neutrality in the source at high gate voltage, the Fermi

energy level of the source should be increased, enhancing the

injection of carriers into the channel.28 Based on our calcula-

tions, incorporating this effect will improve the on-current by

at least 30% while leaving the off-current unchanged, result-

ing in larger Ion=Ioff ratios for the intrinsic DGFET.

V. CONCLUSIONS

The effect of biaxial strain on the electronic band struc-

ture of single layer MoS2 and the intrinsic performance of a

DGFET based on this material has been investigated in this

work. According to our results, strain modulates the bandgap

and induces a semiconductor-metal transition. Specifically,

biaxial strain closes the bandgap at 15% compressive strain

and 10% tensile strain. Additionally, strain changes the na-

ture of bandgap from direct to indirect by moving the posi-

tion of VBM and CBM from that of a relaxed material,

resulting in abrupt changes of the effective mass of both

electrons and holes.

Strain increases the on-current of the DGFET for both

n-type and p-type devices. However, the enhancement is

more pronounced in p-type devices. The largest on-current

compared with a relaxed structure occurs under compressive

strain for both n-type and p-type devices due to the

FIG. 9. (a) The transfer characteristics, (b) output characteristics, and (c) Ion=Ioff ratio of the intrinsic device under various biaxial strain values. The transport

direction is assumed to be normal to C–K direction and electrons are taken as the majority charge carriers. Only the results under compressive strain are shown

in (a) and (b). The arrows indicate the increase of strain.

FIG. 8. (a) The transfer characteristics, (b) output characteristics, and (c) Ion=Ioff ratio of the intrinsic device under various biaxial strain values. The transport

direction is assumed to be along C–K direction and electrons are taken as the majority charge carriers. Only the results under compressive strain are shown in

(a) and (b). The arrows indicate the increase of strain. Inset in (a) shows the injection velocity of electrons at top of the barrier under various strain values and

gate biases.

FIG. 10. The Ion=Ioff ratio of the intrinsic device under different biaxial

strains assuming holes as the majority charge carriers.
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underlying increase in the density of states. Therefore, strain

engineering can be best utilized in improving the perform-

ance of p-type single layer MoS2-based FETs.

Eventually, in order to make our study more realistic,

the effect of contacts has been taken into account. Our results

showed a significant lowering in the on-current upon the

inclusion of the contact resistances. Hence, in order to har-

vest the full potential of MoS2 in flexible electronics, appli-

cation of more electrically transparent contacts is essential.
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