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Metallic contacts are critical components of electronic devices and the presence of a large Schottky barrier is detrimental for

an optimal device operation. Here, we show by using first-principles calculations that a self-assembled monolayer (SAM) of

polar molecules between the metal electrode and MoSe2 monolayer is able to convert the Schottky contact into an almost Ohmic

contact. We choose -CH3 and -CF3 terminated short-chain alkylthiolate (i.e. SCH3 and fluorinated alkylthiolates (SCF3)) based

SAMs to test our approach. We consider both high (Au) and low (Sc) work function metals in order to thoroughly elucidate the

role of the metal work function. In the case of Sc, the Fermi level even moves into the conduction band of the MoSe2 monolayer

upon SAM insertion between the metal surface and the MoSe2 monolayer, and hence possibly switches the contact type from

Schottky to Ohmic. The usual Fermi level pinning at the metal-transition metal dichalcogenide (TMD) contact is shown to be

completely removed upon the deposition of a SAM. Systematic analysis indicates that the work function of the metal surface and

the energy level alignment between the metal electrode and the TMD monolayer can be tuned significantly by using SAMs as

a buffer layer. These results clearly indicate the vast potential of the proposed interface engineering to modify the physical and

chemical properties of MoSe2 .

1 Introduction

The successful isolation of graphene has tremendously in-

creased both scientific and technological interest on two di-

mensional (2D) materials1–4. Among them transition metal

dichalcogenides (TMDs) as a large family of layered materi-

als have particularly stood out due to their diverse electronic

and magnetic properties ranging from semiconductor (such as

MoS2) to ferromagnetic metal (such as VS2
5–12). These ul-

trathin materials have been implemented in various techno-

logical applications including catalysis11, energy storage13,

sensing12, and electronic devices such as field-effect transis-

tors14–17 and logic circuits7,12. However, a detailed knowl-

edge of the electronic properties of the interface between

TMDs and metal electrodes, which is essential in order to im-

plement TMDs in efficient device applications, is still lacking.

Indeed, interfaces play a key role in the performance of a de-

vice constructed from low-dimensional materials because the

injection, collection, concentration, and mobility of the charge

carriers are mainly determined by the interfaces18–23.

Recently, it was shown that at the metal-TMD interface a

Schottky barrier appears due to the pinning of the Fermi level

close to the conduction band of TMDs, resulting in a higher
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contact resistance which limited the carrier injection across

the interface18. Fermi level pinning at the metal-TMD inter-

face strongly determines the line up between the metal Fermi

level and the valence or conduction band of TMD. A remedy

to mitigate or to eliminate such Fermi level pinning at the in-

terface was proposed by Chen et al.24 and Dankert et al.25

who demonstrated that the insertion of a thin oxide layer that

acts as a tunnel barrier between the metal electrode and the

TMD significantly lowers the Schottky barrier height. How-

ever, as an alternative, one can also control the Schottky bar-

rier height and the energy level alignment (i.e., position of the

metal Fermi level relative to either valence or conduction band

edge of the TMD) at the interface by using self-assembled

monolayers (SAMs) instead of oxides26. Depending on the

detailed molecular composition and structure, the work func-

tion of a clean metal surface can be changed by several eVs

using SAMs27–34. One of the key advantageous of using

SAM in device applications is the existence of a large number

of different types of molecules with distinctive physical and

chemical properties and their large scale growth with minimal

structural imperfections. In addition, the quite positive effect

of the molecule buffer layers on the device performance was

demonstrated in a recent study that reports that the multilayer

MoSe2 based FETs on parylene-C have a much larger room-

temperature mobility (100-160 cm2/(Vs)) than that on SiO2

substrates (≈ 50 cm2/(Vs)35.

In this study, we propose that the insertion of a SAM be-
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tween a metal electrode and MoSe2 has a large impact on the

electronic structure at the interface such that the Schottky bar-

rier height and hence the degree of n- or p- type doping of

MoSe2 can be tuned by the choice of a suitable molecule. The

systematic calculations show that the n- or p-type characteris-

tic of MoSe2 can be significantly tuned by inserting different

SAM monolayers. In particular, the vast potential of SAMs

to be used as a buffer layer instead of oxides to tune the work

function of metal surfaces and the energy level alignment be-

tween a metal electrode and a TMD monolayer is predicted in

this study.

2 Methods

First principles plane wave calculations based on density func-

tional theory are carried out by using the Vienna ab initio

simulation package (VASP)36,37 code using the GGA-PBE38

functional to treat the electronic exchange correlation interac-

tion. The projected augmented-wave (PAW) method is used

to describe electron and ion interaction. Plane waves up to a

kinetic energy cutoff of 400 eV are included in the calcula-

tions. For the structure optimizations, the Brillouin zone of

the considered supercells shown in Fig. 1 and 6 is sampled by

a 5×9 k-point mesh within Monkhorst-Pack scheme39. The

density of state calculations are performed by using a 11×19

k-point mesh. To get accurate band structures, each high sym-

metry direction in the Brillouin zone is sampled by using 50

k points. The electronic relaxation convergence criteria and

the maximum force allowed on each atom are chosen as 10−5

eV and 0.01 eV/Å, respectively. The Au(111) and Sc (0001)

surfaces are modelled in a slab geometry containing four lay-

ers. The SAM is placed only on one side of the slab, and

two bottom metal layers are kept frozen at their correspond-

ing bulk positions. A vacuum region of at least 15 Å along

the z-direction is used to separate the periodic images to avoid

spurious interactions. In order to prevent interaction between

the dipoles of repeated slabs, we include a dipole correction

in the calculations. The work function (W ) of each structure

is obtained via W = V (∞)-EF , where V (∞) is the value of the

electrostatic potential in vacuum, and EF is the Fermi energy

of the bulk metal. To obtain the electrostatic potential, and

hence the potential drop at the metal/SAM interface, we cal-

culate the plane averaged potential along the surface normal

by using the following expression,

V (z) =
1

A

∫ ∫
cell

V (x,y,z)dxdy (1)

where A is the area of the surface unit cell. Since the semi-

local functionals such as GGA fails to capture physisorption,

we also take into account the van der Waals (vdW) interactions

within the Grimme approach to provide a better description

of the interfaces between the weakly interacting structures40.

c

z(a)(a) (b) (c)

Au

S

F

C

Mo

Se

 a

 b

d

d
c

Fig. 1 (Color online) Optimized lowest energy structures: (a)

MoSe2 monolayer on Au (111) surface, (b) Au surface with SCF3

SAM, and (c) MoSe2 monolayer on the SAM covered Au surface.

cd , shown in (a), is the physical separation between the MoSe2

monolayer and the pristine Au surface.

Since the VASP code does not include the C6 parameter and

the vdW radius for the Au atom, we use values given in the

literature41. All the pair interactions up to a radius of 20 Å

are included in the calculations. Another important point is

the correct description of the energy level alignment at the

interfaces of weakly interacting structures. To check the re-

liability of the results obtained by using GGA, we also per-

formed calculations using a hybrid functional for the ground

state structures calculated from GGA + vdW. We use the hy-

brid functional proposed by Heyd, Scuseria, and Ernzerhog

(HSE06)42–44. While the short range part of the exchange in-

teraction is modelled by a combination of GGA and Hartre-

Fock in HSE06 functional, the long range part and the corre-

lation interaction part are represented by the semi-local func-

tional GGA.

3 Results

With the intention to clearly understand the effect of SAMs

on the work function and on the interface electronic proper-

ties, metal|SAM|MoSe2 structures are systematically investi-

gated. To test the approach, SCH3 and fluorinated alkylthio-

lates (SCF3) SAMs are taken as examples due to their simple

structure and the opposite intrinsic dipole moments, resulting

in opposite changes in the work function of the metal surface.

For metal electrode we consider both high (Au) and low (Sc)

work function metals in order to thoroughly elucidate the role

of the metal work function.
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Fig. 3 (Color online) Electron localization function (ELF) plots for

Au|MoSe2 as a function of separation cd .
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Fig. 4 (Color online) The calculated Schottky barrier heights in

Au|MoSe2 system for different interface separations and in

Au|SCF3|MoSe2 system. Φp and Φn stand for the Schottky barriers

for holes and electrons, respectively.

3.1 Au|SCF3|MoSe2

In order to clearly test our proposal regarding the tuning of

Schottky barrier height and hence the degree of n- or p- type

doping of MoSe2, Au|MoSe2, Au|SCF3 and Au|SCF3|MoSe2

structures shown in Fig. 1 are considered. Previously, Rusu

et al.45 showed that adsorption of SCF3 molecules on the Au

(111) surface forms several structures with different packing

densities, namely (
√

3×
√

3)R30◦, c(4×2), and p(2×2). The

authors also predicted that all those different structures result

in a similar local geometry around the adsorbed molecules and

in similar work function changes (∆W ). Therefore, among

these possible structures the smallest and simplest p(2×2) is

adopted in the present study for both metal surfaces. In order

to fit the MoSe2 monolayer on the metal surfaces with a tiny

lattice mismatch (less than 0.5%), a rectangular unit cell is

used in first principle calculations. The unit cell dimensions a

and b are set to 11.47 (10.06) Å and 6.62 (5.81) Å for the Sc

(Au) surface, respectively.

Table 1 shows the variation of ∆W as a function of the sep-
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Fig. 5 (Color online) The calculated partial density of states

(PDOS) for the MoSe2 monolayer. PDOS of MoSe2-Au(111) is

given for different cd values: (a) 2.7 Å, (b) 3 Å, and (c) 6 Å. The

PDOS for the Au|SCF3|MoSe2 system is shown in (d). Vertical

dashed line denotes the position of the Fermi level.

aration, cd (which measures the distance between the bottom

Se plane of MoSe2 monolayer and the upmost layer of pure

Au(111)/Sc(0001) or SAM covered Au(111)/Sc(0001) sur-

faces.). Definition of cd is also denoted in Fig. 1 and 6. Simi-

lar to graphene, the MoSe2 monolayer is either physisorbed or

chemisorbed on metal surfaces46,47. Since Au is an s-electron

metal with fully occupied d-orbitals, MoSe2 weakly interacts

with the Au (111) surface. In spite of the weak interaction, the

potential drop at the Au|MoSe2 interface, and hence ∆W , is

quite sensitive to the interface separation cd . The calculated

values for ∆W increases with decreasing separation of the

MoSe2 monolayer from the Au (111) surface, e.g. for cd equal

to 6 Å and 3 Å, ∆W is found to be 0.06 eV and 0.63 eV, re-

spectively. This behavior is attributed to the well known push

back effect originating from the Pauli repulsion48–53. Even if

the bonding at the interface is weak, the Pauli exchange in-

teraction between the MoSe2 monolayer and the surface can

significantly affect the charge density distribution at the in-

terface and pushes back some amount of the charge density

towards the surface, which lowers W of the pristine metal sur-

face. Therefore, a smaller separation leads to an increased

interaction and distortion of charge density distribution at the

interface, and hence gives rise to a larger ∆W and a smaller

W as compared to the pristine Au surface, see Table 1 for a

summary of W and ∆W values as a function of cd . The elec-

tron localization function (ELF) plots shown in Fig. 3 clearly

demonstrate the mentioned push back effect. As seen in Fig. 3,
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Fig. 2 (Color online) The calculated band structure in a rectangular Brillouin zone for the MoSe2 monolayer contacted to the pristine Au

surface with physical separation of (a) 2.7 Å, (b) 3 Å, (c) 6 Å and (d) SAM (SCF3) modified Au surface. The filled red circles represent the

projected band structure for the MoSe2 monolayer. The gray curves show the energy bands for the Au surface and the SAM layer. Horizontal

black dashed line denotes the Fermi level. Φp and Φn are the Schottky barrier heights for holes and electrons, respectively.

the charge density around the bottom layer Se atoms is signifi-

cantly perturbed at cd = 2.7 and 3 Å. However, for cd = 6 Å, the

charge density at the bottom and top layer Se atoms becomes

symmetric with respect to Mo layer. The separation also leads

to a notable change in the charge density around the Au atoms,

particularly at the top where Se atoms reside. As seen in the

figure, the charge density around the Au atoms having an egg

like shape for cd = 6 Å is substantially modified as the MoSe2

monolayer approaching to the Au surface.

The effect of cd on the electronic structure is systematically

investigated. Fig. 2 shows the calculated band structures for

the adsorbed MoSe2 monolayer on pristine and SAM modified

Au surfaces. The physical separation and the pre-adsorbed

molecules both have a significant impact on the electronic

structure at the interface. In the absence of SAM, i.e. for

Au|MoSe2, the Fermi level shifts towards the valence band

edge as cd increases. As seen in Table 1 and Fig. 4, for

cd=3 Å (which is the equilibrium separation when the van der

Waals interaction is not taken into account), the Fermi level

lies within the band gap of MoSe2 and therefore rather high

Schottky barrier heights are obtained for both electrons and

holes; 0.48 and 0.86 eV, respectively. However, for cd=6 Å,

the Schottky barrier height for holes drops to 0.24 eV. Here,

cd=2.7 Å, which is the equilibrium separation when the van

der Waals interactions is included, is also considered, and the

Schottky barrier height is predicted to be 0.25 eV for elec-

trons and 1.09 eV for holes. Our results clearly indicates that

the Schottky barrier heights can be significantly tuned by ad-

justing the interface separation between the Au surface and the

MoSe2 monolayer, see Fig. 4.

In addition, the type of doping of the MoSe2 monolayer can

be modulated by changing the separation cd . In contrast to

Table 1 The physical separation, cd , between the top layer of

pristine or SAM covered metal surface and bottom Se layer of

MoSe2 monolayer, work function (W ), work function change (∆W )

with respect to the pristine metal surface, Schottky barrier height

(which is the difference between the Fermi level and either the

valence band edge or the conduction band edge of the MoSe2

monolayer) for holes (Φp) and electrons (Φn) in units of eV. For the

Au|MoSe2 structure, we present results for three different physical

separations (cd), namely 2.7, 3, and 6 Å. A negative Schottky barrier

height means that the Fermi level appears within either the valence

or the conduction band of the MoSe2 monolayer.

System cd (Å) W ∆W Φp Φn

Au 5.23

Au|MoSe2 2.70 4.50 -0.73 1.09 0.25

3.00 4.60 -0.63 0.86 0.48

6.00 5.17 -0.06 0.24 1.09

Au|SCF3 5.81 0.58

Au|SCF3|MoSe2 2.68 5.40 0.17 0.042 1.29

Au|SC2H2F3 6.13 0.90

Au|SC2H2F3|MoSe2 2.84 5.34 0.11 0.036 1.29

Au|SCH3 4.09 -1.14

Au|SCH3|MoSe2 2.06 4.35 -0.87 1.11 0.21

Au|SCNH4 3.81 -1.42

Au|SCNH4|MoSe2 2.54 4.16 -1.07 1.31 0.02

Sc 3.45

Sc|MoSe2 2.01 4.20 0.75 1.49 0.35

Sc|SCH3 2.92 -0.53

Sc|SCH3|MoSe2 2.93 3.82 0.37 1.48 -0.024
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the p-type characteristics at cd=6 Å, n-type behavior emerges

for cd=3 Å, the equilibrium distance predicted by GGA. Such

behavior can be ascribed to the push back effect especially for

the weakly interacting metal-TMD systems. Previously, for

a similar system, Au-contacted MoS2, n-type behavior with

a high contact resistance instead of p-type behavior14,54 was

predicted as parallel with our calculations.

In order to shed more light on the electronic properties at the

interfaces, we calculated the partial density of states (PDOS).

Comparing the PDOS for different cd values, the effect of

the increased interaction of MoSe2 with the Au surface can

be seen in Fig. 5. For short separations, for instance at cd

=2.7 Å, we observe a hybridization of surface and MoSe2

states, giving rise to gap states within the band gap of the sup-

ported MoSe2 monolayer. Our PDOS calculations, shown in

Figs. 5(a) and (b), demonstrate that these gap states originate

mainly from Mo d-orbitals with a small contribution from Se

p-orbitals, which may result in a partial Fermi level pinning

that has been recently shown for both low (such as Al) and

high work function metals (such as Pt)55. Increasing the phys-

ical separation between the Au surface and the MoSe2 mono-

layer leads to a smaller modification of the metal work func-

tion and weakens the interface hybridization thereby resulting

in fewer gap states.

Following the Au|MoSe2 structure, the Au|SCF3|MoSe2

system shown in Fig. 1(c) is systematically investigated. In the

GGA + vdW optimized structure, the distance between two

planes formed by the topmost F atoms of the SCF3 molecules

and the lowermost Se atoms of the MoSe2 monolayer is 2.68

Å. Since the F and Se atoms carry a negative net charge,

they avoid each other and the interatomic distance between

the F and Se atoms becomes on average 3.2 Å. While GGA-

PBE functional does not result in a binding between Au|SCF3

and MoSe2 systems, we obtain a binding energy of about 0.1

eV (per MoSe2 unit) in GGA + vdW. Next, we focus on the

electronic structure of this three layer structure composed of

the Au surface, SAM and MoSe2 monolayer. The calculated

band structure and PDOS demonstrates p-type characteristics

for the adsorbed MoSe2 monolayer as seen in Fig. 2(d) and

Fig. 5(d). In other words, the Fermi level appears very close

to the top of the valence band edge, indicating a very strong

p-type doping of the MoSe2 monolayer. The Schottky bar-

rier height is also calculated and predicted to be 0.042 eV. At

finite temperatures, thermionic emission may obscure such a

small Schottky barrier height, and hence the contact of the

MoSe2 monolayer with the SAM modified Au surface may ex-

hibit Ohmic behavior. Consistent with our results, Qui et al.56

showed recently that while bilayer MoS2 FET with titanium

contact displays an n-type Ohmic behavior at room tempera-

ture, a Schottky type characteristic with a barrier height of 65

meV emerges at low temperatures. The effect of the insertion

of SAM on the electronic structure can be explained by the

appearance of a dipole layer at the interface. The dipole layer

results in a potential step at the interface, which effectively

changes the work function of the metal surface. In the Au

case, the work function of the pristine surface increases from

5.23 eV to 5.81 eV. The presence of the dipole layer between

the Au (111) surface and the MoSe2 monolayer significantly

alters the energy level alignment at the interface. Similar to the

finding of Refs. 46,47, we observe an p-type doping of MoSe2

by tuning the position of the Fermi level within the band gap of

the MoSe2 monolayer. Furthermore, the gap states, which are

considered as one of the main reason for Fermi level pinning,

disappears upon the deposition of SAM. Notice that PDOS of

MoSe2 on the Au(111) surface for cd=6 Å is quite similar to

that of MoSe2 on the SAM modified surface, see Fig. 2(c) and

Fig. 2(d).

Here, a natural question may arise: what happens if one

grows SCH3 molecules on an Au surface? Our calculations re-

veal that the MoSe2 monolayer exhibits a strong n-type behav-

ior when being placed on a SCH3 SAM modified Au surface

since the SCH3 SAM lowers the work function of the pristine

Au (111) surface from 5.23 eV to 4.09 eV, see Table 1. The

calculated Schottky barrier heights (i.e. Φp and Φn) becomes

1.11 eV for holes and 0.21 eV for electrons. This result sug-

gests that the doping characteristic of the MoSe2 monolayer

(i.e. n- or p-type) can be easily tuned by using an appropriate

SAM regardless of how large the work function of the metal

surface is.

As mentioned previously, one can find ample amount of

different SAMs with diverse physical and chemical proper-

ties that can be tuned by changing chemical composition and

length of the SAM. However, SAMs with longer chain might

result in an exponential decrease of the tunneling current due

to the increase in the separation between MoSe2 monolayer

and metal. In order to further investigate the effect of length

of SAM, we also performed calculations for the longer chain

alkanethiols, including SC2H2F3, SC4H6F3 and SC5H8F3 on

an Au surface. For the sake of brevity, in Table 1, we present

the results only for SC2H2F3. As mentioned in the previ-

ous works28,30,32, depending on the length of the molecule,

the work function of the Au surface covered with alkanethiols

based SAMs exhibits an even-odd oscillation. ∆W for SAM

with molecules having odd number of C atoms is smaller than

that for SAM with molecules having even number of C atoms.

While ∆W is 0.6 eV in the former case, it becomes 0.9 eV

for the latter case. Here ∆W is calculated with respect to the

pristine Au surface. Since all F atoms in the terminal group

of the SAM molecules point upwards, the intrinsic dipole is

much larger in the latter case, resulting in a larger work func-

tion change. In addition, the change in the Schottky barrier

heights is of order of ±10 meV.

In addition to the longer chain alkanethiols we also con-

sider -NH2 unit as a terminal group instead of -CH3 or -CF3.
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Fig. 6 (Color online) The optimized lowest energy structures from

different perspectives: (a) MoSe2 monolayer on a Sc (0001) surface,

(b) Sc surface with SCH3 SAM, and (c) MoSe2 monolayer on the

SAM covered Sc surface.

As seen in Table 1, it is found that the adsorption of SCNH4

SAM on the Au (111) surface decreases the workfunction of

the pristine surface from 5.23 eV to 3.81 eV. Since SCNH4

SAM significantly lowers the work function of the Au surface,

one expects an n-type doping of MoSe2 monolayer. Indeed,

the calculated Schottky barrier heights are found to be 0.02 eV

for electrons and 1.31 eV for holes, resulting in a strong n-type

behavior. As presented in Table 1, the Schottky barrier is cal-

culated as 0.21 eV for electrons in Au|SCH3|MoSe2 system.

These results clearly show that barrier heights can be tuned by

changing the terminal group of SAM molecules. As shown

experimentally, at reasonable high temperatures (for instance

at room temperature), the contact type for SCNH4 SAM is cer-

tainly expected to switch from Schotkky to Ohmic as a result

of thermoionic emissions56.

3.2 Sc|SCH3|MoSe2

Next, the effect of SAM on a low work function metal is stud-

ied by replacing the Au surface by Sc, see Fig. 6 for the op-

timized structures. The Sc electrode has been shown recently

to be a better contact with thin MoS2 flakes, resulting in a

lower contact resistance and higher carrier injection as com-

pared to Ti, Ni, and Pt18. In contrast to Au, MoSe2 interacts

strongly with the pristine Sc (0001) surface with a binding en-

ergy of 1 eV per surface atom. The adsorption of the MoSe2

monolayer on the metal surface increases the work function of

the pristine Sc surface from 3.45 to 4.20 eV, implying a par-

tial charge transfer from the Sc surface to the MoSe2 mono-

layer. Adversely the work function of the Sc surface decreases

with ∆W = 0.53 eV upon adsorption of SAM since the normal

component of the dipole associated with the SCH3 molecule

-2
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E
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e
rg

y
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e
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Fig. 7 (Color online) Band structure of the MoSe2 monolayer

contacted to: (a) pristine and (b) SAM (SCH3) modified Sc surfaces.

The filled red circles represent the projected band structure for the

MoSe2 monolayer. The gray curves show the bands for the Au

surface and the SAM layer. Horizontal black dashed line denotes the

Fermi level.

is opposite to that of the SCF3 molecule. The binding struc-

ture of the SCH3 molecules on the Sc surface is different as

compared to that on the Au surface45. H atoms of the SCH3

molecule prefer to stay within the same plane parallel to the

metal surface, see Fig.6. We identified two different growth

structures of the MoSe2 monolayer on the SAM modified Sc

surface with almost identical electronic properties. While, in

the first structure, Se atoms sit at the top of the H atoms, SCH3

molecules are rotated by 60◦ with respect to the first structure.

The energy difference between these growth configurations is

just 10 meV in favor of the second structure. In contrast to

Au|SAM|MoSe2, the work function makes a significant in-

crease when MoSe2 is placed on the SAM modified Sc sur-

face, which can be attributed to a spontaneous charge transfer

from the Sc surface to the MoSe2 monolayer across the SAM

layer.

Fig. 8 shows PDOS for the adsorbed MoSe2 on the pris-

tine and the SAM modified Sc (0001) surfaces. Although the

strong interaction leads to a remarkable hybridization of the Sc

surface and the MoSe2 states to a certain extent, the valence

and conduction bands of the adsorbed MoSe2 monolayer can

be still identified, see Fig. 8(a). For Sc|MoSe2, even though

there is no direct interaction between the Sc and Mo atoms,

the main contribution to the gap states comes from Mo the

d-orbitals. Similar to the findings of Gong et al.55, Se atoms

mediate the interaction between the surface and the Mo atoms.

The strong Sc-Se interaction weakens the Se-Mo bonding and

hence alters the electronic structure of the adsorbed MoSe2

monolayer. Indeed, the band edges of MoSe2 is mainly com-

posed of Mo d-orbitals which spill into the band gap of MoSe2

as a result of the strong interaction thereby causing the forma-

tion of gap states. The band structure of the MoSe2 monolayer
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Fig. 8 (Color online) The calculated partial density of states

(PDOS) for the MoSe2 monolayer: (a) PDOS of Sc(0001)|MoSe2,

and (b) PDOS for the Sc|SCH3 |MoSe2 system. Vertical dashed line

denotes the position of the Fermi level.

placed on the pristine Sc surface confirms that the conduc-

tion band of MoSe2 significantly broadens and spreads into

the band gap of MoSe2, see Fig. 7(a).

One of the main differences between the Au|MoSe2 and

Sc|MoSe2 interfaces is that the latter displays a much higher

density of states at and near the Fermi level since the inter-

action of the MoSe2 monolayer with the Sc surface is much

stronger. Consistent with a previous experimental study re-

porting n-type characteristics in a MoS2 based FET, the Fermi

level lies very close to the conduction band edge of the MoSe2

monolayer. Furthermore, the metal/MoS2 interface was shown

to be strongly affected by the Fermi level pinning close to the

conduction band edge of MoS2. The existence of interface

states within the band gap of MoSe2 plays a key role in the

Fermi level pinning. The insertion of a SAM between a metal

surface and a TMD monolayer completely eliminates the pin-

ning of the Fermi level close to the conduction band edge by

removing the band gap states. Since the adsorption of SAM

decreases the work function of the Sc surface, the Fermi level

shifts towards the conduction band of MoSe2. In spite of the

presence of a large Schottky barrier with a value of 0.35 eV for

electrons at the Sc-MoSe2 interface, a strong n-type behavior

with a Schottky barrier height of -0.024 eV is achieved for

the Sc|SCH3|MoSe2 system, see Fig. 7(b). A negative value

means that the Fermi level lies within the conduction band

of MoSe2. Thus the contact may switches from Schottky to

Ohmic, which results in a very low contact resistance, an in-

creased carrier density, and a high carrier injection efficiency

across the interface. Similar to the Au case described above,

the doping of the MoSe2 monolayer has an electrostatic origin,

that is nothing else then the substantial potential step origi-

nated from the interface dipole layer which lowers the work

function of the metal surface, and consequently causes the n-

type doping of MoSe2.

Semi-local exchange correlation functionals (ECF) usually

misestimates the energy level alignment between the weakly

interacting systems. In order to check the effect of ECF on the

position of the Fermi level and hence the energy level align-

ment at the interface, we also performed HSE06 calculations.

Although the choice of ECF has a remarkable effect on the

band gap of the MoSe2 monolayer, the Fermi level is predicted

at nearly the same position relative to the valence band edge

in the Au|SCF3|MoSe2 system and conduction band edge in

the Sc|SCH3|MoSe2 system in GGA and HSE06 calculations.

The band gap (i.e. difference between the top of the valence

band and bottom of the conduction band) of the adsorbed

MoSe2 is calculated as 1.72 eV in HSE06 calculations as com-

pared to 1.33 eV in GGA calculations. The Schottky barrier

for electrons (holes) is found to be about ∼ -0.01 eV (∼ 0.03

eV) in the Sc|SCH3|MoSe2 (Au|SCF3|MoSe2) system. There-

fore, these results show that the calculated band gap and the

Schottky barrier for carriers are robust against the choice of

the exchange-correlation functionals.

The results obtained in this study clearly demonstrate that

n- or p- doping in TMDs can be tuned by interface engineer-

ing. Very recently, it was shown that the conductivity, field

effect mobility, and optical properties of MoS2 monolayers

can be effectively enhanced or modulated by using an appro-

priate SAM26. By calculating the work function change, i.e.

the Fermi level shift, of MoSe2 on pristine and SAM modi-

fied metal surfaces, we find that SAMs can affect the carrier

distribution and charge transfer process between the MoSe2

monolayer and the metal substrate by lowering the Schottky

barrier height. Exploring the modulation of the work function

of the metal surface by SAMs is essential to tune the energy

level alignment at the contacts and control the contact bar-

riers. Since organic molecules are promising candidates for

flexible electronics, the engagement of the potentials of SAM

and TMDs encourages the use of TMDs in novel flexible elec-

tronics applications.

4 Conclusion

We showed that the electronic properties of MoSe2 can be

modified by manipulating its interaction with metal electrodes

using a self-assembled monolayer of polar molecules. Fur-

thermore, the n- or p-type characteristic of MoSe2 can be sig-

nificantly tuned by inserting different SAM monolayers. We

obtained much lower Schottky barrier heights for the SAM

modified surfaces as compared to the pristine surfaces which

can be even reduced to Ohmic. Our results show that SAMs

have potential to be used as a buffer layer instead of oxides to
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tune the work function of metal surfaces and the energy level

alignment between a metal electrode and a TMD monolayer.
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