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ABSTRACT: Two-dimensional (2D) metal carbides and
nitrides, called MXenes, have attracted great interest for
applications such as energy storage. We demonstrate their
potential as Schottky-barrier-free metal contacts to 2D
semiconductors, providing a solution to the contact-
resistance problem in 2D electronics. On the basis of first-
principles calculations, we find that the surface chemistry
strongly affects Fermi level of MXenes: O termination
always increases the work function with respect to that of
bare surface, OH always decreases it, whereas F exhibits
either trend depending on the specific material. This
phenomenon originates from the effect of surface dipoles,
which together with the weak Fermi level pinning, enable
Schottky-barrier-free hole (or electron) injection into 2D
semiconductors through van der Waals junctions with
some of the O-terminated (or all the OH-terminated)
MXenes. Furthermore, we suggest synthetic routes to
control surface terminations based on calculated formation
energies. This study enhances understanding of the
correlation between surface chemistry and electronic/
transport properties of 2D materials, and also gives
predictions for improving 2D electronics.

The MXenes are a class of two-dimensional (2D) metal
carbides/nitrides that have the general formula ofMn+1XnTx

(M is an early transition metal, X is C and/or N, T represents a
surface terminating group, and n = 1−3).1−3 They are usually
produced by selective etching of theA element layer from the bulk
Mn+1AXn phases

4 (A = Al, Si etc.), using strong etching solutions
such as HF or a mixture of HCl and LiF.1,2,5 This process leads to
T = O, OH, and/or F. The layers are then exfoliated by
sonication.1,2,5 MXenes have already shown a great potential in
batteries,6−9 capacitors,5,10,11 and water treatment.12,13

Many MXenes have excellent electrical conductivity, which
benefits their use as electrodes in electrochemical systems.1,2 We
demonstrate their potential as Schottky-barrier-free metal
contacts to 2D semiconductors. Although electronics based on
2D semiconductors (e.g., transition metal dichalcogenides, black
phosphorus) have attracted interest, their development is
significantly hindered by the large Schottky barrier (SB) at the
metal−semiconductor junction (MSJ).14−16TheuseofTi2CTx as
electrodes for 2D MoS2 and WSe2 field effect transistors have
been experimentally demonstrated, yet with significant SBs.17We
predict SB-free contacts can be achieved by using MXenes with
proper surface terminations, which form van der Waals (vdW)

junctions16,18,19 with 2D semiconductors. We also suggest
synthetic routes to control the surface termination based on
calculated formation energies.
We focus here on MXenes that have been experimentally

realized or have available Mn+1AXn precursors.
4 We performed

density functional theory calculations using the Vienna Ab-initio
Simulation Package (VASP)20,21 with projector augmented wave
pseudopotentials22,23 and the Perdew−Burke−Ernzerhof (PBE)
exchange-correlation functional.24 In some cases, we also used the
B3PW91 hybrid functional25 (which is more accurate but
computationally expensive) for comparison. The London
Dispersion (vdW attraction) interactions in the heterojunction
are corrected using the empirical D3 method.26 We used 400 eV
for the plane-wave cutoff, and fully relaxed the systems until the
final force on each atom was less than 0.01 eV/Å.
Figure 1b shows a representative structure of anMXene.TheM

and X layers alternate following ABC close packing, and T prefers

to be on the fcc site of the surface to maximize the coordination
with M (the exceptions are group 6 MXenes, Cr2CTx and
Mo2CTx, whose stacking depends on T; see SI for details). We
first consider all surface sites are occupied by one type of T (mixed
T discussed later). Figure 1a shows the calculated work function
(W) for variousMXenes. Note some of them are semiconductors
(Sc2CO2, Sc2C(OH)2, Sc2CF2, Ti2CO2, Hf2CO2, Zr2CO2,
Cr2C(OH)2, and Cr2CF2), the W of which is not an intrinsic
property but rather depends on the doping and hence is not
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Figure 1. (a)Work functions ofMXenes with various terminations. Bare
surface, black square; O termination, red circle; OH, blue up-triangle; F,
cyan down-triangle. For comparison, work functions of Sc and Pt metal
are indicated by dashed lines. (b) Atomic structure of a representative
M2XT2. M, purple; X, gray; T, red.
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shown. The W of some of the MXenes has been calculated (ref
27),which agreeswith our results.Wefind thatW is sensitive toT:
compared with bare surface, O termination always increases W,
OH always decreases W, whereas F exhibits either trend
depending on the specific material.
Interestingly, all the OH terminated MXenes have a rather low

W, even lower than that of Sc metal, which has been reported to
have a small SBwithmultilayerMoS2.

28 Someof theO terminated
MXenes have a rather highW, even higher than that of Pt metal,
which has the highestW among the elemental metals. TheW of F
terminatedMXenes (WF) always falls between the corresponding
WO and WOH. In addition, we observe a positive correlation
betweenWF andWO, but a negative correlation betweenWOH and
WO. These correlations become clear in Figure 2a, whereWF and
WOH are plotted againstWO.

To understand these observations, we partition the W of a T
terminated MXene (WT) as

= + Δ = + ·Δ + ΔW W W W C D ET bare bare s F (1)

whereΔW is the change inW with respect to that of bare surface
(Wbare), ΔDs is the change of surface dipole moment density
induced by T,C is a constant, andΔEF is the Fermi level shift due
to chemical bonding between T and M. The ΔDs is generally
defined as

∫ ∫ ∫ ρΔ = ΔD z x y z x y S( , , )d d /
z

z

s
1

2

(2)

whereΔρ is the change of charge density (including ions that can
be treated as point charges) induced by T, z is the coordinate
normal to the surface, and S is the surface area. Δρ gradually
approaches zero when going away from the surface deep into the
bulk or vacuum, atwhich points z1 and z2 are chosen.However, for
atomically thin MXenes, z1 is not well-defined because of the
nonzeroΔρ in the bulk (see Figure S1). This invalidates the use of
eq 2. Albeit this ambiguity, the dipole effect can still be
approximated by the dipole moment density of the MXene with
only one side of the surfaces terminated, which we calculate as

∫ ∫ ∫ ρΔ ∼ =D D z x y z x y S( , , )d d /
z

z

s s
1

2

where z1 and z2 are chosen at the pointswhereρ=0 (i.e., deep into
vacuum).
Figure 2b plots theΔW as a function ofDs. We findΔW always

has the same sign as Ds, suggesting Ds controls the decrease or
increase of W. Specifically, O termination always leads to a
positive Ds (i.e., the negative end of the dipole points to T), OH
termination always results in a negative Ds, whereas F can have
either positive or negative Ds depending on the specific material.

Indeed, this matches well with the decrease or increase in W.
Note the surfaceOHgroup has a dipolemoment∼−0.33 eÅwith
O pointing to theM, which is compensated by an opposite dipole
due to charge redistribution induced by OH adsorption;
nevertheless, the net dipole moment is still negative. We also
note that the negative dipole of F termination for some materials
does not mean F carries positive charge. As shown by the electron
density change inFigure S1, after F adsorption, the surfaceM layer
transfers electrons to bothF and the underneathX layer; however,
X gets more electrons than T, resulting in a negative dipole even
when F is negatively charged. Compared with F, O tends to get
more electrons to saturate the two unpaired p orbitals. The
amount of electron transfer fromM toO is greater than that to X,
thus the O induced dipole is always positive. These arguments
explainwell the relationships between surface termination and the
W change as mentioned above.
More quantitatively, for O or F terminated MXenes, the

magnitudes of ΔW and Ds exhibit a quasi-linear correlation, but
for OH there is no clear correlation. A similar observation has
been reported in ref 27. This is probably due to the complexity of
the OH terminated surface, where the dipole is contributed by
both the OH group and the adsorption-induced charge
redistribution. In addition, the ΔEF can vary with M, reducing
the correlation between ΔW and Ds.
The high/lowW of some of theMXenes suggests they have the

potential of injecting carriers into 2D semiconductors. One of the
most important parameters that determine the resistance to
carrier injection is Schottky barrier height (Φ), which is defined as
the energy difference between the Fermi level and the band edge
of the semiconductor in the MSJ:

Φ = − Φ = −E E E E,e CBM F h F VBM (3)

whereΦe andΦh are the Schottky barrier heights for electrons and
holes, respectively; CBMdenotes the conduction bandminimum
of the semiconductor, and VBM denotes the valence band
maximum. To reduce the contact resistance and improve device
performance, Φe (for electron injection) or Φh (for hole
injection) needs to be as low as possible (a SB-free contact is
achieved when Φ becomes zero or negative). For a defect-free
MSJ, neglecting the interaction between the metal and the
semiconductor, eq 3 becomes

Φ = + Φ = − −E W W E,e CBM
0

h VBM
0

(4)

where ECBM
0 and EVBM

0 are the CBM and VBM energies of the
semiconductor in a vacuum.Therefore, a low/highW is beneficial
for electron/hole injection. Although eq 4 provides general
guidance for comparingΦ, themetal−semiconductor interaction
usually causes deviations of eq 4 from eq 3,29 thus the accurate
assessment ofΦ requires explicitmodeling ormeasurement of the
heterogeneous MSJ.
Figure 3a shows aMSJwithHf2N(OH)2 on top ofWSe2. These

two materials have a small lattice mismatch of <3%, thus the
primitive cells (marked by arrows) are used for calculation. To
determine the band edge positions of semiconductor in the MSJ,
we analyze the character of the electronic state by projecting its
wave function onto each atom (this method has been widely used
for studying SB30,31). The WSe2 contribution to the state is
reflected by the color of the circle in the band structure. We find
the Fermi level of the MSJ is above the CBM (confirmed by the
charge density distribution), showing a negativeΦe, i.e., electrons
are spontaneously transferred from Hf2N(OH)2 to the
conduction band of WSe2 upon contact. Note that Figure 3a is
calculated using PBE functional (with D3 method for vdW

Figure 2. (a)Work functionofOHandF terminatedMXenes as function
of work function of O terminated MXenes. (b) Work function variation
induced by surface termination, as function of surface dipole moment
density.
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correction), which is known to underestimate the band gap. To
check whether this affects the Φe, we recalculated the electronic
structure using B3PW91 hybrid functional, which generally gives
much more accurate band gaps32,33 as well as band offsets.34 As
shown in the SI, the Φe remains negative (−0.10 eV for PBE vs
−0.12 eV forB3PW91).Therefore, we conclude thatHf2N(OH)2
spontaneously injects electrons intoWSe2 upon contact. Because
WSe2 has the highest CBM among the commonly studied 2D
semiconductors (molybdenum/tungsten dichalcogenides and
black phosphorus),35,36 whereas Hf2N(OH)2 has the highest W
amongOHterminatedMXenes (Figure 1a), we expect all theOH
terminated MXenes can form SB-free contacts for electron
injection into these common 2D semiconductors.
Figure 3b shows a MSJ with Nb2CO2 on top of WSe2. These

twomaterials have a large latticemismatch of >5%, thus we used a
supercell (marked by arrows) for calculation to minimize the
strain. Analogous to the above case, we find the Fermi level is
below the VBM of the semiconductor in the MSJ, showing a
negative Φh, i.e., holes are spontaneously transferred from
Nb2CO2 to the valence band ofWSe2 upon contact. The negative
Φh is confirmed by using the B3PW91 hybrid functional to
recalculate the electronic structure (−0.10 eV for PBE vs −0.08
eV for B3PW91; see SI). We note many other O-terminated
MXenes have aW higher than that ofNb2CO2, so they can also be
expected to exhibit evenmore negativeΦh. In addition, the spin−
orbit coupling (SOC) further increases the VBM35 and hence
reduce the Φh (similarly, the SOC generally decreases the CBM
and thus also reduce the Φe; whereas for 2D transition metal
dichalcogenides, the SOC has negligible effect on the CBM
position35). Therefore, we conclude SB-free contacts for hole
injection into WSe2 can be formed by using Nb2CO2, V2CO2,
Cr2CO2,Mo2CO2, Ti3C2O2, V3C2O2, Ti4C3O2, V4C3O2, Ti2NO2,
V2NO2, and Ti4N3O2.
The ability to achieve SB-free contacts by using 2D MXenes is

due to not only their low/high W of specific materials but also
weak vdW interactions between themetal and the semiconductor
in the MSJ, which has been shown to reduce the Fermi level
pinning effect.16 This is also observed in our examples: although
Nb2CO2 and Pt have a similarW (Figure 1a), the Nb2CO2 has a
negative Φe as shown in Figure 3b, whereas the Φe for Pt is
calculated to be∼0.34 eV37 (both cases are calculated at PBE level
without SOC), confirming a weaker Fermi level pinning at the
vdW MSJ.
In current experiments, MXenes are usually terminated with a

mixture of F, O, and OH, due to the use of aqueous F-containing

solution for etching. The mix of O and OH at the surface brings
theW back into an intermediate value. Therefore, we consider it
best to have only one type dominant. Although in some cases F
termination can also lead to a low/highW (e.g., Mo2CF2, V3C2F2,
V4C3F2,Hf2NF2; see Figure 1a), it generally results in amodestW,
suggesting that F termination should be suppressed inmost cases.
Experimentally, it has been shown that using LiF-HCl instead of
HF can increase/decrease the ratio of O/F,38 and alkalization
treatment can increase the concentration of OH.13 We show the
preference of different terminations can be further modified by
applying an electrochemical potential. The formation free energy
(ΔGT) of T termination with respect to bare surface can be
calculated as

Δ = − −+ +G G G G(M X T ) (M X ) 2 (T)n n n nT 1 2 1

where G(H) = 1/2G (H2) − eU, G(OH) = G(H2O) − G(H),
G(O) = G(H2O) − 2G(H). G(H2) and G(H2O) are the free
energies ofH2 andH2O at standard condition, respectively, andU
is the applied voltage vs the reversible hydrogen electrode (RHE).
For simplicity, we assume the system is also in equilibrium with
HF at standard condition, thus: G(F) = G(HF) − G(H) (note
that this assumption overestimates G(F)).
Figure 4 shows the calculated ΔGT at U = 0 and 1.23 V, which

correspond to the thermodynamic limits for water splitting. We

find F termination is always more favorable thermodynamically
than OH (ΔGF andΔGOH exhibit a notable positive correlation),
whereas the preference of F vs O depends on the specific material
and U. At U = 1.23 V, O termination becomes much more
favorable than F (>0.8 eV/T; except Sc2C). This benefits from the
stronger dependence of ΔGO on U compared to ΔGF, since the
adsorption of O involves more charge transfer. Therefore, a high
U thermodynamically favors O termination. Starting from O
terminated MXenes, one can convert the surface to OH
termination by applying a positive U, as the difference between
ΔGO and ΔGOH becomes smaller with increasing U and can be
inverted given a high enoughU (see SI for assessment of criticalU
for the case of V2C).Moreover, treatingMXenes withO/H gas or
plasma could also modify the surface toward the desired
terminations.
There are other benefits of using 2D MXenes as metal

electrodes. Because of the atomic thickness, the 2D metals are
transparent and flexible,39,40 thus they can be integrated into
transparent and flexible electronics.14,41−43 It also allows for full
encapsulation of the device by boron nitride to avoid material
contamination/degradation.44,45 Moreover, the atomically flat
interface between the metal and semiconductor, and the
suppression of gap states at the interface due to the weak vdW

Figure 3. Band structures (left) and atomic structures (right) for (a)
Hf2N(OH)2−WSe2 junction and (b) Nb2CO2−WSe2 junction. The
Fermi level is set to zero. TheWSe2 contribution to the electronic state is
represented by the blackness of the circle interior (i.e., full black means
state is purely fromWSe2, full white indicates state is purely fromMXene,
whereas gray suggests state is hybridized between WSe2 and MXene).
The charge density distributions of WSe2 CBM in the Hf2N(OH)2−
WSe2 junction and WSe2 VBM in the Nb2CO2−WSe2 junction are
displayed by the light-blue iso-surfaces on the right. The arrows show
periodic cells that are overlaid in the junctions.

Figure 4. Calculated formation free energies of surface terminations for
various MXenes, at U = 0 (solid) and 1.23 V (hollow) vs RHE.
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interaction,16 can reduce the charge carrier scattering and
recombination, improving performance for electronic and
optoelectronic applications. Finally, we point out defects in the
semiconductors often create gap states46 that lead to Fermi level
pinning, and would cause deviation from calculated SB values.
However, this effect is similar for different metal contacts.
Therefore, it is robust to conclude that, compared with other
metals, use of proper MXenes can lower the SB.
In summary, on the basis of first-principles calculations, we

demonstrate potential of surface-engineered MXenes as SB-free
contacts to 2D semiconductors.Work functions ofMXenes show
strong dependence on surface termination, which is largely due to
the surface dipole effect. When vdW contact is formed with 2D
semiconductors, some of O terminated MXenes can sponta-
neously inject holes, whereas all the OH terminated MXenes can
spontaneously transfer electrons. We also suggest synthetic
routes toward desired surface terminations.
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