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ABSTRACT: Two-dimensional (2D) metal carbides and ni-
trides, called MXenes, have attracted great interest for applica-
tions such as energy storage. Here we demonstrate their potential
as Schottky-barrier-free metal contacts to 2D semiconductors,
providing a solution to the contact-resistance problem in 2D elec-
tronics. Based on first principles calculations, we find that the
surface chemistry strongly affects the Fermi level of MXenes: O
termination always increases the work function with respect to
that of bare surface, OH always decreases it, while 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 the surface terminations based on the calculated formation
energies. This study enhances the understanding of the correlation
between surface chemistry and electronic/transport properties of
2D materials, and also gives practical predictions for improving
2D electronics.

TEXT MXenes are a class of two-dimensional (2D) metal car-
bides/nitrides that have the general formula of M, X, T (where
M is an early transition metal, X is C and/or N, T represents a
surface terminating group, and n = 1 to 3)">. They are usually
produced by selective etching of the A element layer from the
bulk M,,;AX, phases* (where A = Al, Si etc.), using strong etch-
ing solutions such as HF or a mixture of HCI and LiF"*°. This
process leads to T = O, OH, and/or F. The layers are then exfoli-
ated by sonication" > °. MXenes have already shown a great po-
tential in batteries®”, capacitorss’ 1011 " and water treatment'? 3.

Many MXenes have excellent electrical conductivity, which
benefits their use as electrodes in electrochemical systems." ?
Here 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 great interest, their development is
significantly hindered by the large Schottky barrier (SB) at the
metal-semiconductor junction (MSJ)."*!® Very recently, the use of
Ti,CTy as electrodes for 2D MoS, and WSe, field effect transis-
tors have been experimentally demonstrated, yet with significant
SBs'”. Here we predict that SB-free contacts can be achieved by
using MXenes with proper surface terminations, which form van
der Waals (vdW) junctions'® '™ ' with 2D semiconductors. We
also suggest synthetic routes to control the surface termination
based on the calculated formation energies.

We focus here on MXenes that have already been experimen-
tally realized or have available MAX precursors®. We performed
Density Functional Theory (DFT) calculations using the Vienna
Ab-initio Simulation Package (VASP)** ?!' with projector aug-
mented wave (PAW) pseudopotentials’™ ** and the Perdew—
Burke—Ermzerhof (PBE) exchange-correlation functional®. In
some cases, we also used the B3PW91 hybrid functional® (which
is more accurate but computationally expensive) for comparison.
The London Dispersion (vdW attraction) interactions in the het-
erojunction are corrected using the empirical D3 method®. We
used 400 eV for the plane-wave cutoff, and fully relaxed the sys-
tems until the final force on each atom is less than 0.01 eV/A.

J(a)~ A AA-a a - (b)  top view

2()“ ‘A OH A“ B a a |y e
- NN £\ \

Tl e e Sc---X----1 ¢ 6
@ bare ¥ vF - - v 0}‘\9 ) ;
4] = -® ”/ /
K] - - - v R e - « /
B = X AT NS / :
c v = i _
5 - - v ), /\ X
: Pt==s=< !_.':__V"+_“_v'. --------- s | N e
5 67 . - - < side view
3 . 0

8-

Figure 1. (a): work functions of MXenes with various termina-
tions. Bare surface: black square; O termination: red circle; OH:
blue up-triangle; F: cyan down-triangle. For comparison, the work
functions of Sc and Pt metal are indicated by dashed lines. (b):
atomic structure of a representative M,XT,. M: purple; X: gray;
T: red.

Figure 1b shows a representative structure of an MXene. The M
and X layers alternate following ABC close packing, and T pre-
fers to be on the fec site of the surface to maximize the coordina-
tion with M (the exceptions are group-6 MXenes, Cr,CT, and
Mo,CT,, whose stacking depends on T; see Supporting Infor-
mation (SI) for details). Here we first consider that all surface
sites are occupied by one type of T (the case of mixed T will be
discussed later). Fig. l1a shows the calculated work function ()
for various MXenes. Note that some of them are semiconductors
(SC2C02, SCzc(OH)z, SC2CF2, TizCOz, HszOz, ZI'zCOz,
Cr,C(OH),, and Cr,CF,), the W of which is not an intrinsic prop-
erty but rather depends on the doping and hence is not shown. The
W of some of the MXenes has been calculated in Ref.?’, which
agrees with our results. We find that 1 is sensitive to T: compared
with bare surface, O termination always increases W, OH always
decreases W, while F exhibits either trend depending on the spe-
cific material.
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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 SB with multilayer M0S,?. Some of the O terminat-
ed MXenes have a rather high W, even higher than that of Pt met-
al, which has the highest # among the elemental metals. The ¥ of
F terminated MXenes (Wr) always falls between the correspond-
ing Wo and Woy. In addition, we observe a positive correlation
between Wy and W, but a negative correlation between Woy and
Wo. These correlations become clear in Figure 2a, where Wi and
Wou are plotted against W,
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Figure 2. (a) Work function of OH and F terminated MXenes as a
function of the work function of O terminated MXenes. (b) Work
function variation induced by surface termination, as a function of
surface dipole moment density (see the main text for definition).

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

Wr = Weare ¥ AW = Wygre + C-ADg + AEF, (1)

where AW is the change in W with respect to that bare surface
(Whare)s ADy is the change of surface dipole moment density in-
duced by T, C is a constant, and AE¥ is the Fermi level shift due
to the chemical bonding between T and M. The AD; is generally
defined as:

AD; = [ [zAp(x,y.2)dxdy/S @

where Ap is the change of charge density (including ions that can
be treated as point charges) induced by T, z is the coordinate nor-
mal to the surface, and S is the surface area. Ap gradually ap-
proaches zero when going away from the surface deep into the
bulk or vacuum, at which points z; and z, are chosen. However,
for atomically-thin MXenes, z; is not well defined because of the
non-zero Ap in the bulk (see Fig. S1). This invalidates the use of
Eq. (2). Albeit this ambiguity, the dipole effect can still be ap-
proximated by the dipole moment density of the MXene with only
one side of the surfaces terminated, which we calculate as:

ADs~ D= Izlzzﬂzp(x,y,z)dxdy/s

where z; and z, are chosen at the points where p = 0 (i.e. deep into
vacuum).

Fig. 2b plots the AW as a function of D;. We find that AW al-
ways has the same sign as D, suggesting that D controls the de-
crease or increase of W. Specifically, O termination always leads
to a positive D; (i.e. the negative end of the dipole points to T),
OH termination always results in a negative D, while F can have
either positive or negative D, depending on the specific material

Indeed, this matches well with the decrease or increase in .
Note that the surface OH group itself has a dipole moment ~ -0.33

eA with O pointing to the M, which is compensated by an oppo-
site dipole due to the charge redistribution induced by OH adsorp-
tion; nevertheless, the net dipole moment is still negative. We also
note that the negative dipole of F termination for some materials
does not mean that F carries positive charge. As shown by the
electron density change in Fig. S1, after F adsorption, the surface
M layer transfers electrons to both F and the underneath X 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 from M to O is greater than that
to X, thus the O induced dipole is always positive. These argu-
ments explain well the relationships between surface termination
and the W change as mentioned above.

More quantitatively, for O or F terminated MXenes, the magni-
tude of AW and Dy exhibit a quasi-linear correlation, but for OH
there is no clear correlation. Similar observation has been reported
in Ref. ¥. This is probably due to the complexity of the OH ter-
minated surface, where the dipole is contributed by both the OH
group itself and the adsorption-induced charge redistribution. In
addition, the AEy can vary with M, reducing the correlation be-
tween AW and D.

The high/low W of some of the MXenes suggests that they
have the potential of injecting carriers into 2D semiconductors.
One of the most important parameters that determine the re-
sistance to carrier injection is the Schottky barrier height (®),
which is defined as the energy difference between the Fermi level
and the band edge of the semiconductor in the MSJ:

D, = Ecgm — Er, On = Ex — Evpym (3),
where @, and @y, are the Schottky barrier heights for electrons and
holes, respectively; CBM denotes the conduction band minimum
of the semiconductor, and VBM denotes the valence band maxi-
mum. To reduce the contact resistance and improve device per-
formance, @, (for electron injection) or @, (for hole injection)
needs to be as low as possible (a SB-free contact is achieved when
® becomes zero or negative). For a defect-free MSJ, neglecting
the interaction between the metal and the semiconductor, Eq. (3)
becomes:

o =Elopy + W, @y =-W—E'py  (4),
where E’cgy and E%ypy are the CBM and VBM energies of the
semiconductor in vacuum. Therefore a low/high W is beneficial
for electron/hole injection. Although Eq. (4) provides general
guidance for comparing @, the metal-semiconductor interaction
usually causes deviations of (4) from (3),” thus the accurate as-
sessment of @ requires explicit modeling or measurement of the
heterogeneous MSJ.
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Figure 3. Band structures (left) and atomic structures (right), for:
(a) the Hf,N(OH),-WSe; junction; (b) the Nb,CO,-WSe, junction.
The Fermi level is set to zero. The WSe, contribution to the elec-
tronic state is represented by the blackness of the circle interior
(i.e. full black means the state is purely from WSe,, full white
indicates the state is purely from the MXene, while gray suggests
the state is hybridized between WSe, and MXene). The charge
density distributions of WSe, CBM in the Hf,N(OH),-WSe, junc-
tion and WSe, VBM in the Nb,CO,-WSe;, junction are displayed
by the light-blue iso-surfaces on the right. The arrows show the
periodic cells that are overlaid in the junctions.

As an example, Figure 3a shows a MSJ with Hf,N(OH), on top
of WSe,. 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 semiconduc-
tor in the MSJ, we analyze the character of the electronic state by
projecting its wavefunction onto each atom (this method has been
widely used for studying SB***"). The WSe, contribution to the
state is reflected by the color of the circle in the band structure.
We find that the Fermi level of the MSJ is above the CBM (which
is confirmed by the charge density distribution), showing a nega-
tive @, i.e. electrons are spontaneously transferred from
HE,N(OH), to the conduction band of WSe, upon contact. Note
that Fig. 3a is calculated using PBE functional (with the D3 meth-
od for vdW correction), which is known to underestimate the band
gap. To check whether this affects the ®., we re-calculated the
electronic structure using B3PW91 hybrid functional, which gen-
erally gives much more accurate band gaps*>** as well as band
offsets™. As shown in the SI, the @, remains negative (-0.10 eV
for PBE vs. -0.12 eV for B3PW91). Therefore, we conclude that
Hf;N(OH), spontaneously injects electrons into WSe, upon con-
tact. Since WSe, has the highest CBM among the commonly stud-
ied 2D semiconductors (molybdenum/tungsten dichalcogenides
and black phosphorus)®> *, while H,N(OH), has the highest W
among OH terminated MXenes (Fig. 1a), we expect that all the
OH terminated MXenes can form SB-free contacts for electron
injection into these common 2D semiconductors.

Fig. 3b shows a MSJ with Nb,CO, on top of WSe,. These two
materials have a large lattice mismatch of >5%, thus we used a
supercell (marked by arrows) for calculation in order to minimize
the strain. Analogous to the above case, we find that the Fermi
level is below the VBM of the semiconductor in the MSJ, show-
ing a negative @y, i.e. holes are spontaneously transferred from
Nb,CO, to the valance band of WSe, upon contact. The negative
®,, is confirmed by using the B3PW91 hybrid functional to re-
calculate the electronic structure (-0.10 eV for PBE vs. -0.08 eV
for B3PW91; see SI). We note that many other O-terminated
MXenes have a W higher than that of Nb,CO,, so that they can
also be expected to exhibit even more negative ®@;. In addition,
the spin-orbit coupling (SOC) further increases the VBM?*® and
hence reduce the @, (similarly, the SOC generally decreases the
CBM and thus also reduce the ®,, while for 2D transition metal
dichalcogenides, the SOC has negligible effect on the CBM posi-
tion”). Therefore, we conclude that SB-free contacts for hole
injection into WSe, can be formed by using Nb,CO,, V,CO,,
Cr2C02, M02C02, Ti3C202, V3C202, Ti4C302, V4C302, TizNOZ,
VzNOz, and Ti4N30z.

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 the
weak vdW interactions between the metal and the semiconductor
in the MSJ, which has been shown to reduce the Fermi level pin-
ning effect'®. This is also observed in our examples: although
Nb,CO, and Pt have a similar W (Fig. 1a), the Nb,CO, has a
negative @, as shown in Fig. 3b, while the @, for Pt is calculated
to be ~ 0.34 eV?7 (both cases are calculated at the PBE level with-
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out 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
the W 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/high W (e.g. Mo,CF,, V3C,F,,
V,4C;F,, HELNF,; see Fig. 1a), it generally results in a modest W,
suggesting that F termination should be suppressed in most cases.
Experimentally, it has been shown that using LiF-HCI instead of
HF can increase/decrease the ratio of O/F*, and alkalization
treatment can increase the concentration of OH'. Here we show
that the preference of different terminations can be further modi-
fied by applying an electrochemical potential. The formation free
energy (AGr) of T termination with respect to bare surface can be
calculated as:

AGT = G(MnHXnTz) - G(Mn+lxn) - ZG(T)
where G(H) = 1/2G (H,) — eU, G(OH) = G(H,0) — G(H), G(O) =
G(H,0) — 2G(H). G(H,) and G(H,0) are the free energies of H,
and H,O at standard condition, respectively, and U is the applied
voltage vs. the reversible hydrogen electrode (RHE). For simplici-
ty, we assume that the system is also in equilibrium with HF at
standard condition, thus: G(F) = G(HF) — G(H) (Note this as-
sumption overestimates the G(F)).
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Figure 4. The calculated formation free energies of surface termi-
nations for various MXenes (see the main text for definition), at U
=0 (solid) and 1.23 V (hollow) vs. RHE.

Figure 4 shows the calculated AGy at U = 0 and 1.23 V, which
correspond to the thermodynamic limits for water splitting. We
find that F termination is always more favorable thermodynami-
cally than OH (AGy and AGoy exhibit a notable positive correla-
tion), while the preference of F vs. O depends on the specific
material and the U. At U = 1.23 V, O termination becomes much
more favorable than F (> 0.8 eV/T; except Sc,C). This benefits
from the stronger dependence of AGy on U compared to AGry,
since the adsorption of O involves more charge transfer. There-
fore, 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
AGo and AGgy becomes smaller with increasing U and can be
inverted given a high enough U (see the SI for the assessment of
the critical U for the case of V,C). Moreover, treating MXenes
with O/H gas or plasma could also modify the surface towards the
desired terminations.

There are other benefits of using 2D MXenes as metal elec-
trodes. Because of the atomic thickness, the 2D metals are trans-
parent and flexible®® *°, thus they can be integrated into transpar-
ent and flexible electronics.'® ¥ Tt also allows for full encapsu-
lation of the device by boron nitride to avoid material contamina-
tion/degradation** **. Moreover, the atomically-flat interface be-
tween the metal and the semiconductor, and the suppression of
gap states at the interface due to the weak vdW interaction'®, can
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reduce the charge carrier scattering and recombination, improving
the performance for electronic and optoelectronic applications. As
a final note, we point out that defects in the semiconductors often
create gap states* that lead to the Fermi level pinning, and would
cause deviation from the calculated SB values. However, this
effect is similar for different metal contacts. Therefore, it is robust
to conclude that, compared with other metals, the use of proper
MXenes can lower the SB.

In summary, based on first-principles calculations, we demon-
strate the potential of surface-engineered MXenes as SB-free
contacts to 2D semiconductors. The work functions of MXenes
show strong dependence on the surface termination, which is
largely due to the surface dipole effect. When forming vdW con-
tact with 2D semiconductors, some of O terminated MXenes can
spontaneously inject holes, while all the OH terminated MXenes
can spontaneously transfer electrons. We also suggest synthetic
routes towards the desired surface terminations.
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