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Monolayer (ML) CzN, a novel two-dimensional flat crystalline material with a suitable bandgap and excellent
carrier mobility, is a prospective channel material candidate for next-generation field-effect transistors
(FETs). The contact properties of ML CsN-metal interfaces based on FETs have been comprehensively
investigated with metal electrodes (graphene, Ti,C(OH/F),, Zr,C(OH/F),, Au, Ni, Pd, and Pt) by employing
ab initio electronic structure calculations and quantum transport simulations. The contact properties of
ML C3N are isotropic along the armchair and zigzag directions except for the case of Au. ML C3N
establishes vertical van der Waals-type ohmic contacts with all the calculated metals except for Zr,CF,.
The ML CsN-graphene, -Zr,CF,, -Ti,CF,, —Pt, —Pd, and —Ni interfaces form p-type lateral ohmic
contacts, while the ML CsN-Ti,C(OH), and —Zr,C(OH), interfaces form n-type lateral ohmic contacts.
The ohmic contact polarity can be regulated by changing the functional groups of the 2D MXene
electrodes. These results provide theoretical insights into the characteristics of ML CzsN—-metal interfaces,
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1. Introduction

With the scaling of silicon-based transistors down to the 10 nm
threshold, their performance has reached the physical limit
owing to the unavoidable high heat dissipation and short-
channel effects."”” Numerous semiconductors with excellent
structural stability and electronic and optical properties have
attracted extensive attention.>” Graphene, as the first fabricated
two-dimensional (2D) material, is a plausible candidate in
electronics and has replaced the traditional bulk silicon owing
to its good carrier transport properties and atomic thickness,*®
and thus motivating the extensive study of other 2D materials,
such as silicene,”* germanene,”” transition metal
dichalcogenides,”**® and black phosphorene."” However, the
zero bandgap of graphene leads to a small on/off ratio, thus
restricting its application in field effect transistors (FETs).>*®
Although lots of methods have been used to open the bandgap
of graphene, such as applying an electric field, adsorbing
atoms/molecules on graphene, and sandwiching graphene with
a BN single layer, the bandgap still cannot fulfill the require-
ment application.”®?® Another promising method for opening
the bandgap of graphene is to replace carbon with nitrogen
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which are important for choosing suitable electrodes and the design of ML C3N devices.

atoms, which creates a strong covalent organic framework.* >’
Recently, crystalline carbon nitride C;N, a new 2D hole-free
graphene-like material with a honeycomb structure and iden-
tical distribution of carbon and nitrogen atoms, has been
successfully synthesized on a massive scale.>**®*3' Experiments
have shown that the on/off ratio of 2D C;N FET is 6.2 x 10'°,
and the electron and hole mobilities reach 992 and 6220 cm?
v~ s, respectively.’® Additionally, the excellent electronic,'®
optical,*®**® magnetic,*® and thermal properties®*** of monolayer
(ML) C3N make it a very novel candidate material for next-
generation low-cost nanoelectronics and nano-optoelectronic
devices.

During the application of 2D semiconductors, they inevitably
come in contact with metals used as electrodes due to the lack
of effective doping methods, so metal-semiconductor contacts
have become an increasingly important aspect of electronic
devices. Schottky barriers are always present in 2D metal-
semiconductor systems, causing an increase in contact resis-
tance and a reduction in carrier injection efficiency.*>**3*
Generally, bulk metals are used as electrodes in 2D semi-
conductor FETs, and the Fermi level pinning (FLP) effect can be
observed in these devices as they suffer from strong interface
interactions between bulk metals with dangling bonds and 2D
semiconductors.***** Hence, changing the work function of the
metal hinders the tailoring of the Schottky barrier height (SBH).
In general, the Schottky barrier is tuned freely to suppress FLP
using several methods, such as buffer layer insertion,"**3°
metal surface passivation with external atoms,” and using
transferred metal films.** Fortunately, to effectively suppress

© 2024 The Author(s). Published by the Royal Society of Chemistry
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FLP and establish ohmic contacts, the most straightforward
method is to use 2D metal electrodes with naturally clean and
saturated surfaces.**?>***® Furthermore, the formation of a van
der Waals (vdW) heterojunction and low-resistance ohmic
contacts can effectively control the optoelectronic and electrical
properties, which is essential for the application of 2D semi-
conductor devices.***>** However, a thorough investigation of
the contact properties of ML C;N FETs has not been reported;
thus it is indeed necessary to explore this aspect with regard to
the formation of desired ohmic contacts.

In this work, 2D metals (graphene, Ti,C(OH/F),, and
Zr,C(OH/F),) and bulk metals (Au, Ni, Pd, and Pt) were tested as
electrodes to systematically study their contact properties with
ML C;N in FETs based on first principles calculations. We
discovered that vdW forces play a dominant role in binding at all
examined interfaces, preventing chemical disorder. In addition,
interface dipoles are severely suppressed, preventing the FLP
effect. Further, the properties of ML C;N FETs were investigated
by employing ab initio quantum transport simulations. The
vertical interface properties in FETs demonstrate that ohmic
contacts can be formed in both 2D and bulk metal electrodes
except for the Zr,CF, electrode. As for lateral contact in ML C3N
FETs, all metals form ideal ohmic contacts in the armchair
direction and the ML C;N-2D metal interfaces form ohmic
contacts in the zigzag direction. Furthermore, it is a useful
method to form physical contact with 2D semiconductors as well
as good ohmic contacts in devices by using OH and F functional
groups to adjust the work function of MXenes.

2. Methodology

2.1. Interface and device models

Considering the usability of the electrode in experiments and
their lattice mismatch with ML C;N, bulk metals, including Pt,
Pd, Au, and Ni, were chosen.*** In addition, we considered 2D
MXenes, including Zr,CF,, Ti,CF,, Zr,C(OH),, and Ti,C(OH),,
because 2D MXenes can form van der Waals contacts with 2D
semiconductors, which suppress Fermi level pinning and aid in
achieving desired ohmic contacts.*®**® To simulate the metal
surface, five layers of metal atoms were constructed for the bulk
Au, Ni, Pd, and Pt electrodes, while the ML configuration was
constructed for the layered 2D metals. ML C;N was adsorbed on
one side of these electrodes. Fig. 1(b) and (c) present the side and
top views of ML C;3N stacking on the 2D metals and bulk metal
surfaces, respectively. To adapt to the lattice constants of ML
C;N, the lattice constants of the metal surfaces were adjusted
according to Table S1.1 The 2 x 2 supercells of graphene and Ni
(111) surface, as well as the v/3 x /3 supercells of the Au (111),
Pd (111), and Pt (111) surfaces, were all compatible with 1 x 1
ML C;N. Besides, the v/3 x /3 supercell of ML C;N matched the
2v/2 x 24/2 supercells of the Ti,C(F/OH), and Zr,C(F/OH),
surfaces. For graphene, Pd, Ni, Au, Ti,C(OH),, Zr,C(OH),,
Zr,CF,, Ti,CF,, and Pt metal contact systems, the lattice constant
mismatches with respect to ML C3N were 0.81%, 1.33%, 1.65%,
1.80%, 2.08%, 2.08%, 2.64%, 2.64%, and 3.27%, respectively.
During the calculation, we fixed the bottom two layers of metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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atoms in the bulk metal electrodes because ML C3;N predomi-
nantly couples with the top three layers of metal atoms. The work
function of a metal is defined as the energy barrier for an elec-
tron to escape from the surface of the metal. Both 2D and bulk
metals, including graphene, Ti,C(OH/F),, Zr,C(OH/F),, Au, Ni,
Pd, and Pt, were tested as electrodes in an extensive range of
work functions from 1.13 eV to 5.66 eV, as shown in Fig. 1(d). The
role of the work function of these metals is mainly to regulate the
contact properties of the charge carriers at the interface.

The two-probe ML C;N-based FET model established to
investigate the contact barriers of ML C;N FETs is shown in
Fig. 6(a). The optimized ML C;N-metal contacts are distributed
in the left and right semi-infinite-length electrode regions.
Meanwhile, the pristine ML C;N was used as the channel, and
the channel length was 5-6 nm. Carrier injection in ML C;N-
based FETs involves two interfaces: the interface B between
the metal electrode A and the bottom ML C;N region C and the
interface D between the source/drain region and channel region
E. Because of the anisotropy of ML C;N, we further assessed the
transport properties of ML C;N FETs along the zigzag direction
and armchair direction.

2.2. Computational methods

The Vienna ab initio simulation package (VASP) code was applied
to determine the geometrical optimizations and electronic
properties of ML C;N-metal contact systems based on the density
functional theory (DFT).””~*° The interaction between ions and
electrons is described using projected augmented wave (PAW)
approximation.®® The exchange-correlation interactions are
described by generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE).** We set 500 eV as the cut-off
energy when using the plane-wave basis set. By using Grimm's
zero damping DFT-D3 approach, vdW correction was processed.®
During geometry optimization, the convergence threshold for the
residual force was at least 0.001 eV A™", and the energy difference
was converged to less than 1 x 10> eV per atom. The Mon-
khorst-Pack k-point grid was sampled in the Brillouin zone with
a separation of 0.02 A~*.%* The vacuum region was set to no less
than 15 A to avoid interaction between adjacent slabs.

The ML C;N FET simulations were performed by using DFT
and the nonequilibrium Green's function (NEGF) method in the
Quantum Atomistix Tool Kit (Quantum ATK) 2019 package.®**
The double-{ polarization (DZP) form takes into account the
linear combination of atomic orbits (LCAO) basis set. The cut-off
energy for the real space was set to 125 eV. The transmission
coefficient 7(k,, E) was calculated by using the following formula:

T(k,, E) = Tr{I'u(k,, E)G(k,, E)Ir(k,, E)G"(k,, E)]

where k, is the y portion of the reduced wave vector, and G(k,, E)
(G*(ky, E)) represents the retarded (advanced) Green function in
the central region. The self-energy correction term I'y g = i(> 1,
r — 2_1/r) represents the widening of the energy level due to the
interaction between the central region and the left/right (L/R)
electrode, and the self-energy (> 1,r) of the electrode can be
regarded as a useful Hamiltonian for describing the interplay
between the lead and the device. The temperature was set to 300
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K during the simulation computation process. The Monkhorst-
Pack k-point meshes were sampled 8 in the x orientation and 80
in the z orientation in the device.® In the x, y, and z orientations
of the ML C3;N FETs, Periodic, Neumann, and Dirichlet
boundary conditions were implemented, respectively.®®
Previous studies have proven that the GGA-PBE calculation
based on single-electron approximation works very well in FET
simulation to evaluate the SBH at the interfaces because the
doped carriers strongly hinder the electron-electron interaction
between the channel region and the electrode region.*”*%*¢7-%
For example, the bandgap of the degenerately doped ML MoSe,
was calculated as 1.52 eV based on the DFT-PBE method,”
which is in agreement with the values obtained (1.59 eV) from
high-level GW calculation”™ and angle-resolved photoemission
spectroscopy (1.58 eV).”?

3. Results and discussions

3.1. Atomic structure and binding behavior of the ML C;N-
metal interfaces

The atomic structure of ML C;N is illustrated in Fig. 1(a). ML
C;N possesses P/ommm symmetry with a planar hexagonal

Oc
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structure. The planar lattice constants of ML C;N obtained by
PBE-vdW functional optimization are a = 4.86 A and b = 4.21 A,
which are in agreement with the previous theoretical results.””*
Fig. 2 displays the optimized atomic structure of the ML C;N-
metal interfaces. The relaxed structure of ML C;N on each metal
surface is well-maintained and similar to the initial structure.
The equilibrium interface distance (d,) and the binding energy
(Ep) were combined to analyze the binding level between ML
C;N and the metals. As shown in Fig. 1(b), d, is defined as the
average distance from the interface between the topmost layer
of metal atoms and the neighboring ML C;N layer in the vertical
direction. To further explore the binding characteristics at the
metal-ML C;N interfaces, the binding energy E}, was calculated
by Ep, = (Ec,n + Em — Esys)/n, where Ec n, En, and Egy represent
the relaxed energies of isolated C;3N, the free-standing metal
surfaces, and the combined system, respectively, and n is the
total number of C and N atoms in a C;N supercell. For
Zr,C(OH),, Ti,C(OH),, Zr,CF,, Ti,CF,, Pt, Pd, Au, Ni, and gra-
phene, the d, values from ML C;N were 2.17, 2.26, 2.94, 2.95,
3.18, 3.22, 3.39, 3.41, and 3.47 A, respectively, which is consis-
tent with the approximate distance values of their vdW inter-
action.*® Because of the large distance between ML C;N and
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(a) Top and side views of the free-standing ML CsN. The red rhombus indicates the unit cell of the ML C3N (defined by a and b), and the

arrows A and Z represent the armchair and zigzag directions of transport, respectively. The lower left panel plots the Brillouin zone associated
with the two lattices. (b) Side view of the ML CzN contact with 2D metals (the 2D graphene as an example) and (c) bulk metals. (d) Computed band
alignments between the ML CzN and work functions of metals (Wy,). Ec, Ey, and Eg represent the conduction band edge, valence band edge, and
band gap of the ML C3N, respectively. The TOH, ZOH, ZF, Gra, and TF stand for Ti,C(OH),, Zr,C(OH),, Zr,CF,, graphene, and Ti,CF,, respectively.
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metals at the interfaces, there was no direct wave function
overlap. The sum of the covalent radii of the C atom and the
metal atom in the weak bond was much larger than the vertical
distance between the layers, indicating that ML C;N and metals
are connected by vdW stacking. The atomic structures of the
monolayer C;N/metal interfaces were well-retained after opti-
mization, as shown in Fig. 2, indicating the good stability of the
interfaces. According to previous reports, we used the binding
energies of the interfaces to further study their stability.>"3**>*
The binding energies Ej, of the ML C;N/metal interfaces were in
the range of 0.04-0.14 eV, thus suggesting that weak vdwW
interactions are established between ML C;N and metals to
prevent chemical disturbances and maintain structural
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stability, which further demonstrates the good stability of the
interfaces (Table 1).

According to previous reports, 2D metals (such as gra-
phene and MXenes) are capable of forming weak bonds with
2D semiconductors, while bulk metals (such as Au, Ni, and
Pd) prefer to form strong bonds with 2D semi-
conductors.***”%”7* Compared with the other C-based 2D
semiconductor ML C,N, ML C,N-Pd interface forms medium
binding with Ey, of 0.14 eV and d, of 2.55 A, and the ML C,N-Al
and Sc interfaces form strong binding with Ey, of 0.22 eV and
0.78 €V, and d, of 1.80 A and 1.71 A, respectively. This indi-
cates that ML C,N forms stronger interactions with metals
than ML C;N.*°
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1y @ a @ i . ) =
o ou o N ' | R R
GD-CD-CD-C0 : P [ , »
e ; ([
o o o © i 1l &W |
“view ° “ i “view ° & ° “ven °
Ni Au Pd Pt ‘
oooone | || vmoosne ||| ooooos ||| ecooos ! ©C ON Oz
| ! ! 1
| || 990900000 ||| ro0000000¢ ']| cooooooce ( .
':::::: 1| | | oooooo000e ||| oo000000¢ ||| cooocoocee ! OTi OF @0
000000 1 | | cooooooooe: | roo000000¢ ''|]| ocooo0000 | _ )
»00000¢( 1| | | cooooooooa: ]| 00000000 /||| oocoooooe 1N OH @Ni OAu
000000 'l | | oooooo0000: || roooo0000t || cocooocoe .
40 -20 c)I 40 20 0 -40 -20 (; -30 15 0 opd °Pt
V(eV) V(eV) V (eV) V (eV)

Fig. 2 Optimized side-views and the average electrostatic potential distribution in the planes normal to the interfaces of the ML CzN on gra-
phene, Zr,CF,, Zr,C(OH),, Ti,CF,, Ti,C(OH),, Ni, Au, Pd, and Pt surfaces. The Fermi level is represented by red dashed lines.

Table 1 Calculated interfacial properties of the ML CsN—metal interfaces. ¢ is the average absolute ML C3N surface lattice constant mismatch.
The equilibrium distance d, is the average distance between the ML CsN-metal interfaces in the vertical direction. The binding energy Ey, is the
energy per ML C3N being removed from the metal surface. Wy and Wc_y are the calculated work function for clean metals surface and adsorbed
the ML CsN-metal system, respectively. @5*/%(®*?) is the transport SBH of the electron (hole) along the armchair/zigzag direction in the lateral
interface by LDDOS calculation. E5’* is the transport gap by the LDDOS calculation along zigzag armchair orientation, defined as £52 = #g*/% +
o2 AQ s the charge transfer from the metal to the ML CsN. Lg/z is the channel length of the ML C3N FET. The calculated work function of the

ML C3N is W = 3.05 eV

Graphene Zr,CF, Ti,CF, Ti,C(OH), Zr,C(OH), Ni Au Pd Pt
&(%) 0.81 2.64 2.64 2.08 2.08 1.65 1.80 1.33 3.27
d, (A) 3.47 2.94 2.95 2.26 2.17 3.41 3.39 3.22 3.18
By, (eV) 0.04 0.05 0.06 0.08 0.09 0.10 0.10 0.10 0.14
Wem (eV) 3.56 3.37 4.40 1.96 2.22 4.43 3.92 4.04 4.24
Wy (eV) 4.67 4.01 4.98 1.13 2.02 5.18 5.07 5.27 5.66
AQ (eA™) —0.02 —0.03 —0.06 0.07 0.095 —0.04 —0.05 —0.04 —0.07
5% (eV) 0.38 0.39 0.43 —0.16 —0.19 0.23 0.34 0.43 0.36
Y 0.00 —0.03 -0.11 0.43 0.52 0.00 0.07 0.00 0.00
E% (eV) 0.38 0.36 0.32 0.27 0.33 0.23 0.41 0.43 0.36
5% (ev) 0.38 0.42 0.36 —-0.17 —0.24 0.35 0.49 0.42 0.39
OP* (eV) 0.00 —0.07 —0.02 0.38 0.41 —0.03 —0.10 0.00 0.00
Eg (eV) 0.38 0.35 0.34 0.21 0.17 0.32 0.39 0.42 0.39
Ly (&) 53 58 58 58 58 53 53 53 53
Ly (A) 50 50 50 50 50 50 50 50 50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2. Electronic structure of the ML C;N-metal interfaces

Fig. 3 shows that ML C;N is a p-type semiconductor with an
indirect bandgap of 0.39 eV, in which the valence band
maximum (VBM) and the conduction band minimum (CBM)
are located at the I" point and the M point, respectively. This is
exactly the same as the findings from previous theoretical
calculations at the PBE level and experimental values.****”* By
fitting the CBM and VBM of ML C;3N to parabolic functions, the
effective masses of electrons (m,) and holes (m;,) were calcu-
2
lated as % = hiz %:;k,
energy corresponding to the wave vector k. According to the
above formula, the calculated effective masses of ML C;N were
0.53 m, for the electrons and 0.21 m,. for the holes in the
armchair direction, 0.31 m, for the electrons and 0.72 m, for the
holes in the zigzag direction, respectively (m. is the effective

where k is the wave vector and Ej, is the

ML C;N
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mass of free electrons). The effective electron mass in the zigzag
direction of ML C;N is almost two times smaller than that in the
armchair direction, while the effective hole mass in the zigzag
direction of ML C;N is around three times larger than that in
the armchair direction. Therefore, the above results demon-
strate that the effective masses of electrons and holes have
obvious anisotropy. Meanwhile, these small effective masses
promise large carrier mobility (the predicted hole mobility is
1.08 x 10* cm® V' s~ " according to the literature),?® which fully
embodies the superior electron transmission capability of ML
C,N.

The band structures of the ML C;N-metal systems are shown
in the left part of Fig. 3 and 4. Except for the Pd and Pt elec-
trodes, the inherent band structure of ML C;N was retained in
the selected electrodes compared to the pristine ML C;N, even
though in supercell computation band folding would be
considered. The band gaps of ML C3;N were 0.30, 0.32, 0.32,

ML C;N-graphene

L

WVV\]

)

1

A

N

H

W

ro 2
PDOS states/eV

—— p, Orbital of C atoms

p, Orbital of N atoms

4 T K M
PDOS states/eV

Total orbital

Fig.3 Band structures and PDOS of the pristine ML CsN and the ML CsN—-graphene, Zr,CF,, Ti,CF,, TioC(OH),, and Zr,C(OH), systems. Gray and
blue lines are the band structure of the interfacial systems and the band structures of the interfacial systems projected to the ML CsN. The purple
(green) and the black lines are the DOS of the p, orbital of C (N) atoms and the total orbital for the interfacial systems projected to the ML C3N,
respectively. The Fermi level is set at zero energy and denoted by the lateral black dashed lines.
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Fig. 4 Band structures and PDOS of the pristine ML CsN—Ni, Au, Pd, and Pt systems. Gray and blue lines are the band structure of the interfacial
systems and the band structures of the interfacial systems projected to the ML C3N. The purple (green) and the black lines are the DOS of the p,
orbital of C (N) atoms and the total orbital for the interfacial systems projected to the ML CzN, respectively. The Fermi level is set at zero energy

and denoted by the lateral black dashed lines.

0.35, 0.36, 0.37, and 0.39 eV in the ML C;N-graphene, -
Zr,C(OH),, -Ti,C(OH),, -Ni, -Ti,CF,, -Au, and -Zr,CF, systems,
respectively, which are consistent with the 0.39 eV bandgap of
isolated ML C3N. On the other hand, the bandgap of ML C;N
disappeared and its band structure was significantly hybridized
after contact with Pd and Pt metals. Due to electron transfer
between ML C;N and the metals, the energy transfer of ML C;N
was observed at the interfaces. The band energy of ML C;N
moved down, and the CBM of ML C;N passed through the Fermi
level after contact with Ti,C(OH), and Zr,C(OH),, which indi-
cates the formation of n-type contacts. Meanwhile, the band
energy of ML C;N moved upward, and the VBM of ML C;N was
closer to the Fermi level after contact with graphene, Ti,CF,,
Zr,CF,, and all bulk metals, which indicates p-type contacts at
these ML C;N-metal interfaces.

The interaction at the ML C;N-metal interfaces was further
analyzed by evaluating their density of states (DOS) in the
interfacial systems, as shown in the right part of Fig. 3 and 4. In
Fig. 51,1 the DOS of pristine ML C;N near the CBM is primarily
composed of the p, orbitals of C atoms, while that near the VBM
is primarily composed of the p, orbitals of C atoms and N
atoms. Similarly, the orbital contribution of ML C;N in the
composite systems was almost consistent with that in pristine
ML C;N. The band gap of ML C;N was maintained well even
after coming in contact with Zr,C(OH),, Ti,C(OH),, Ti,CF,,
Zr,CF,, graphene, Ni, and Au metals due to weak vdW bonding.
In addition, a small electronic state appeared in the DOS of ML

© 2024 The Author(s). Published by the Royal Society of Chemistry

C;3N after coming in contact with Pt and Pd metals, indicating
the absence of bandgap and hybridization of the orbitals.
Therefore, the contact types of ML C;N with metals obtained
from the PDOS are the same as those inferred from the band
structure.

To further explore electronic transfer at the ML C;N-metal
interfaces, we calculated the plane-averaged charge density
difference along the vertical z-direction to better see the gain
and loss of interface charge, as shown in Fig. 5. The charge
density difference Ap is defined by the following equation.

Ap = pa — pMm — pc,N

where p,, pm, and pgn are the charge densities of the
complexes, pure metal, and ML C;N, respectively. In the five
layers of bulk metals, the distribution of charge accumulation
(depletion) in the metal layer away from ML C3;N was negligible
compared with those in the first and second layers near C;N.
This confirms that ML C;N mainly reacts with the first and
second layers of the bulk metals. A large charge depletion area
appeared on the ML C;N side for the ML C3N-Au, -Ni, -Pd, -Pt,
-Ti,CF,, and -Zr,CF, interfaces, indicating the occurrence of
charge transfer from ML C;N to these metals with the corre-
sponding values of 0.065, 0.045, 0.043, 0.071, 0.059, and 0.028 e
A™'. On the contrary, a charge accumulation area appeared on
the ML C;N side for the ML C3;N-Zr,C(OH), and -Ti,C(OH),
interfaces, which indicates charge transfer from these metals to
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ML C;N with the corresponding values of 0.095 and 0.071 e A™™.
These match with the electronic states obtained from the band
structure and PDOS. The electron wave function is polarized,
and interface dipoles would be formed at the ML C;N-metal
interfaces due to the presence of charge depletion and accu-
mulation. The interface band alignment is altered specifically
because of the interface dipole, which will affect the Schottky
barriers at the interfaces.

3.3. Barriers in the ML C;N FETs

To further investigate the barriers in the contact systems, we
constructed a two-probe FET model based on ML C;3;N with a 5-
6 nm channel length along the armchair and zigzag directions,
as described in Fig. 6(a). Two different types of interfaces are
encountered by carriers transferred from an electrode to
a channel. The interface between ML C;N and the metal on the
electrode in the vertical direction is labelled as interface B,
while the other interface between the ML C;N-metal complexes
and the ML C;N channel in the lateral direction is labelled as
interface D. Tunneling barriers may appear due to the existence
of the vdW gap at interface B, and Schottky barriers may appear
at interfaces B and D. In Fig. 2, the tunneling barrier is viewed as
an effective potential above the Fermi level at the ML C;N-metal
contacts. In the systems under consideration, because the
effective potentials at all interfaces are below the Fermi level,

3826 | RSC Adv, 2024, 14, 3820-3833

there is no tunneling barrier at the interfaces with a tunneling
probability of 100%.

SBH is an essential parameter for evaluating the metal-
semiconductor contact in the ML C;N FETs, and it is also a vital
factor for determining carrier injection efficiency and resis-
tance. The vertical Schottky barriers of the 2D semiconductor
FETs at interface B can be obtained from the commonly used
method, namely band structure calculations, wherein the
electron/hole SBH is obtained by the observable CBM/VBM of
the 2D semiconductor and the energy differences between the
Fermi levels of the systems. From the band structure in Fig. 3, it
can be inferred that the ML C;N-Zr,CF, contact system forms
a p-type Schottky contact, and the ML C3;N-Zr,C(OH), and -
Ti,C(OH), contact systems form n-type ohmic contacts with the
Fermi level above the CBM of ML C;N, while the ML C;N-gra-
phene, -Ti,CF,, -Ni, and -Au contact systems form p-type
ohmic contacts with the Fermi level below the VBM of ML
C;3N. In particular, the band structure of ML C;N hybridizes
when it comes in contact with Pd and Pt electrodes, allowing
carriers to pass directly through the electrode to the underside
of ML C;N without a vertical Schottky barrier.

To evaluate the more reliable vertical SBH of the 2D semi-
conductor FETs, quantum transport simulations were adopted
by constructing a two-probe FET model.*” Using Pt, Pd, Ni, Au,
Zr,C(OH),, Ti,C(OH),, Ti,CF,, Zr,CF,, and graphene electrodes,
the local device density of states (LDDOS) of the ML C;N-metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ec and Ey, are the conduction and valence band edges of the ML CsN, respectively. Er and Erc denote the Fermi level of the ML CsN-electrode

junctions and the band gap center of the channel ML CsN, respectively. The TOH, ZOH, ZF, Gra, and TF stand for Ti,C(OH),

graphene, and Ti,CF,, respectively.

systems projected into ML C;N under zero bias and zero gate
voltage were estimated based on quantum transport simula-
tions, as presented in Fig. 7 and 8. We further explored the
transport properties at the ML C;N-metal interfaces based on
FETs in the zigzag direction and armchair direction due to the
anisotropy of ML C3;N. The ML C;N-metal interfaces formed
ohmic contacts and the same type of vertical contact in both
directions. The bandgap of the ML C;N underneath the elec-
trode was well-preserved in the ML C;N-graphene, -Zr,CF,, -
Ti,CF,, -Ti,C(OH),, and -Zr,C(OH), contact systems, of which
p-type ohmic contacts were obtained with graphene, Zr,CF,,
and Ti,CF, electrodes, while n-type ohmic contacts were ob-
tained with Ti,C(OH), and Zr,C(OH), electrodes. The electrode
region of the ML C;N-graphene and -Zr,CF, systems in the
zigzag direction and the ML C;N-graphene, -Ti,CF,, and -
Ti,C(OH), systems in the armchair direction had gap states,
which can be regarded as metal-induced gap states (MIGS). On
the other hand, the p-type vertical ohmic contacts are obtained
due to the strong interaction between ML C3;N and the bulk
metals, and electronic states appeared in the bandgap of their
electrode regions.

The vertical barriers estimated from the quantum transport
simulation were not exactly the same as those from the band
structure calculation. For the ML C;N-based FET with the

© 2024 The Author(s). Published by the Royal Society of Chemistry

, Zrzc(OH)Z, ZrZCFz,

Zr,CF, electrode, a p-type Schottky contact was obtained as per
band structure calculations, while a p-type ohmic contact was
obtained by the quantum transport simulations. Additionally,
p-type ohmic contacts were obtained by both the above methods
for the ML C3N-Ni and -Au systems. However, the band struc-
ture of the systems was maintained well, and the Fermi level
was lower than the VBM of ML C;N in the band structure
calculations, while in the quantum transport simulations, the
appearance of gap states leads to the hybridization of ML C3N
and the metal electrodes. The main reason for the difference
between these two methods is that the effect of the channels in
ML C;N is ignored in the band structure calculations, while the
electrode region and ML C;N channels are calculated as a whole
in quantum transport simulations, and coupling between the
two parts is also considered. Therefore, coupling between the
electrode and the channel is crucial for evaluating the vertical
SBHs of the ML C;N-based FETs and may also result in MIGS at
the ML C;N-metal vertical interfaces.

Work function approximation is a typical method of
assessing lateral Schottky barriers, in which the electrode and
channel are regarded as separate parts.**** Therefore, this
method ignores the coupling between the two parts. However,
coupling between the electrode and channel is considered in
quantum transport simulations because they are taken as

RSC Adv, 2024, 14, 3820-3833 | 3827
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a whole, which may lead to MIGS at the lateral interfaces and is
crucial to studying lateral SBH. Previous studies using quantum
transport simulation show that the lateral hole SBHs of trilayer/
bilayer/ML black phosphorene systems are 0.20/0.19/0.26 eV,
which are well in line with the experimental values of 0.21/0.23/
0.35 eV.3**7%77 As a result, we employed quantum transport
simulations to evaluate the lateral SBHs in the ML C;N-metal
contact systems.

In the quantum transport simulations, the lateral electron/
hole SBH &{*%/®!*% was determined from the energy differ-
ences between the Fermi level of the ML C;N-metal contacts

© 2024 The Author(s). Published by the Royal Society of Chemistry

and the CBM/VBM of the ML C;N channel at the interface D of
the FETs:

®7N? = Ec — Ep and o1V = Ep — Ey

where Ey is the Fermi level of the ML C;3N FET, and E¢ and Ey
denote the CBM and VBM of the ML C;N channel. In Fig. 7 and
8, the projected LDDOS of ML C;3N is depicted. Due to the
possibility of asymmetry in the FET structure, the lateral SBH
was estimated as the average of the left and right SBHs. The
same contact type was observed along the zigzag and armchair
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directions, but the lateral SBHs were slightly different along the
two directions. For the ML C;N-based FETs with graphene,
Zr,CF,, Ti,CF,, Ni, Pd, and Pt metals, ideal p-type ohmic
contacts were formed with the Fermi level below the VBM of the
ML C;N channel in both directions, while the Fermi level above
the CBM of the ML C;N channel in the ML C;N-Ti,C(OH), and -
Zr,C(OH), contact systems caused the formation of ideal n-type
ohmic contacts in both directions. Different from the above
contacts, a p-type quasi-ohmic contact with a lateral hole SBH
@M% of 0.07 eV was obtained for the ML C;N-Au system because
its Fermi level was very close to the VBM of the ML C;N channel
in the zigzag direction, whereas a p-type ohmic contact was
obtained in the armchair direction. In addition, the sum of the
electron and hole SBHs was used to compute and define the
transmission gap: Ep* = & + ®P"*'“, The transport gaps of
the ML C3;N FETs with Ni, Ti,C(OH),, Ti,CF,, Zr,C(OH),, Pt,
Zr,CF,, graphene, Au, and Pd as electrodes along the zigzag
(armchair) direction were 0.23 (0.32), 0.27 (0.21), 0.32 (0.34),
0.33 (0.17), 0.36 (0.39), 0.36 (0.35), 0.38 (0.38), 0.41 (0.39), and
0.43 (0.42) eV, respectively. The results show that the transport
gaps do not exactly correspond to free-standing ML C3;N with
a bandgap of 0.39 eV. The reason for this difference is that the
coexistence of the interface states and the interaction between
the metal electrode and the ML C;N channel are considered in
the quantum transport simulation.

3.4. Discussion

Based on quantum transport simulations, the tunnel barriers
and Schottky barriers of the ML C;N-metal contacts can be
classified into three types along the armchair direction, as
shown in Fig. 6(b)-(d). In ML C3;N FETs with graphene, Ti,CF,,
Zr,CF,, Ni, and Au electrodes, the bandgap is preserved in both
the electrode and channel regions, and the Fermi level lowers
the VBM of ML C;N, forming p-type ohmic contacts at both
interfaces B and D, as depicted in Fig. 6(b). Moreover, in ML C3N
FETs with Ti,C(OH), and Zr,C(OH), electrodes, n-type ohmic
contacts are formed at both interfaces as the Fermi level is

View Article Online
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above the CBM of ML C;N, and the band gap is equally main-
tained in both electrode and channel regions, as depicted in
Fig. 6(c). In ML C;N FETs with Pd and Pt electrodes, the strong
interaction between ML C;N and the electrodes causes elec-
tronic states to arise in the bandgap of the electrode region,
resulting in significant metallization of the interface B, and a p-
type ohmic contact is also observed at the interface D for the
same reason, as shown in Fig. 6(d). Due to the isotropic inter-
facial properties of the ML C;N FETs, the ML C;N-metal
systems have the same contact type in both the zigzag and
armchair directions, except for the ML C;N-Au contact system,
which forms a p-type quasi-ohmic contact because its Fermi
level is remarkably close to the VBM of ML C;N, as shown in
Fig. S2.1 All three types of ML C;N-metal contact systems
mentioned above can form ohmic contacts at interfaces B and
D, which can facilitate electron injection and electron transport
to the ML C;N channel.

Remarkably, the presence of interface gap states and elec-
tronic transmission may cause the Fermi energy to be fixed at
a special level, making it challenging to experimentally adjust
the Schottky barriers to achieve ideal ohmic contacts. To
quantitatively analyze the degree of FLP limitations, the
Schottky barrier pinning factor S was obtained as S = |d®./
dW,,|, where &, represents the lateral Schottky barrier of the
contact system, and Wy, is the work function of the metal. If the
slope of the linear dependence data is close to 1, there is no FLP
according to the Schottky-Moore rule, whereas, a slope close to
0 indicates complete FLP. As illustrated in Fig. 9(a), since the
Schottky barriers of the ML C;N-metal interfaces do not exhibit
significant anisotropy, the zigzag direction was chosen to study
the FLP effect. The lateral hole SBH demonstrated linear
dependence on the work function with a pinning factor of
—0.13, which is close to 0, indicating strong FLP. The Fermi
level of ML C;N in the ML C;N FETs is fixed above the CBM or
under the VBM, as presented in Fig. 9(b), while the Fermi level
of some other 2D semiconductors is pinned in the gap
states.”®®' Thus, strong FLP results in the formation of ohmic
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Fig. 9

(a) Lateral hole SBH of the metal-ML C3N systems versus the work function values of metals. The slope presents the FLP strength. (b)

Schematic plot of the FLP for ML C3N FETs. The TOH, ZOH, ZF, Gra, and TF stand for Ti,C(OH),, Zr,C(OH),, Zr,CF,, graphene, and Ti,CF,,

respectively.
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contacts in the C;N FETSs rather than Schottky contacts, unlike
in other 2D semiconductors FETs. This is mainly due to the
narrow band gap (0.39 eV) of ML C;N and the inherent prop-
erties of the ML C;N-metal contact systems.

The ideal ohmic contacts are realized with the 2D MXenes of
TiC and ZrC with F and OH functional groups, and the different
functional groups can modulate the type of ohmic contacts, i.e.,
the carrier polarity of the transistors can shift from n-type with
OH functional group to p-type with F functional group. This is
mainly because 2D MXenes with the OH functional group have
a small work function, while 2D MXenes with the F functional
group have a large work function. Thus, 2D MXenes are ideal
electrodes for forming ohmic contacts in ML C;N FETs, and an
appropriate functional group can be selected to change the
contact type in these systems.

4. Conclusion

In this work, the contact properties of ML C;N FETs with various
2D metal electrodes (graphene, Ti,C(OH/F),, and Zr,C(OH/F),)
and bulk metals (Au, Ni, Pd, and Pt) are comprehensively
explored by employing ab initio electronic structure calculations
and quantum transport simulations. Vertical ohmic contacts
are formed with both 2D and bulk metal electrodes in ML C;N
FETs except for Zr,CF,. Meanwhile, isotropic properties are
observed in terms of the type and height of the lateral Schottky
barriers along the zigzag and armchair directions. In ML C3N-
based FETs, n-type lateral ohmic contacts are formed with
Ti,C(OH), and Zr,C(OH), metals, while p-type lateral ohmic or
quasi-ohmic contacts are formed with graphene, Ti,CF,,
Zr,CF,, Au, Ni, Pd, and Pt metals. Conspicuously, the type of
ohmic contact with the 2D MXene electrodes can be tuned by
modulating their functional groups. A strong FLP effect
(pinning factor of —0.13) is present at the Fermi levels pinned
above the CBM and under the VBM of ML C;N, which is bene-
ficial for the formation of ohmic contacts. This study not only
offers a theoretical basis for the interfacial properties of ML C;N
FETs with different electrodes but also guides the design of ML
C;N FETs that form ohmic contacts.
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