Showcasing research from Prof. Shaojuan Li's group at
State Key Laboratory of Luminescence and Applications,
Changchun Institute of Optics Fine Mechanics and Physics,
Chinese Academy of Sciences Changchun, Jilin, China.

Mechanistic understanding of the interfacial properties of
metal-PtSe, contacts

The interfacial properties of the contacts between a
promising 2D semiconductor and a sequence of metal
electrodes are systematically investigated. Strong interfacial
interactions in metal-2D contacts lead to significant
interfacial dipole and FLP effect, which can be effectively
weakened by introducing A-BN as buffer layer. These results
reveal the underlying mechanism of the interfacial properties
of metal-2D contacts and provide useful guidelines for
designing high-performance 2D electronics.
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With the advantages of a moderate band gap, high carrier mobility and good environmental stability, two-
dimensional (2D) semiconductors show promising applications in next-generation electronics. However,
the accustomed metal-2D semiconductor contact may lead to a strong Fermi level pinning (FLP) effect,
which severely limits the practical performance of 2D electronics. Herein, the interfacial properties of the
contacts between a promising 2D semiconductor, PtSe,, and a sequence of metal electrodes are systemati-
cally investigated. The strong interfacial interactions formed in all metal-PtSe, contacts lead to chemical
bonds and a significant interfacial dipole, resulting in a vertical Schottky barrier for Ag, Au, Pd and Pt-based
systems and a lateral Schottky barrier for Al, Cu, Sc and Ti-based systems, with a strong FLP effect.
Remarkably, the tunneling probability for most metal-PtSe, is significantly high and the tunneling-specific
resistivity is two orders of magnitude lower than that of the state-of-the-art contacts, demonstrating the
high efficiency for electron injection from metals to PtSe,. Moreover, the introduction of h-BN as a buffer
layer leads to a weakened FLP effect (S = 0.50) and the transformation into p-type Schottky contact for Pt—
PtSe, contacts. These results reveal the underlying mechanism of the interfacial properties of metal-PtSe,

rsc.li/nanoscale

Introduction

With the ever-increasing miniaturization and integration
trends of future electronic devices, traditional three-dimen-
sional Si-based electronics are confronted with the inevitable
short channel effect and failure of Moore’s law. Instead, two-
dimensional (2D) semiconducting materials, possessing the
advantages of atomic-scale thickness, high mobility and
remarkable gate regulation capability, have attracted increas-
ing attention with significant potential in next-generation
electronics.' Recently, diverse single-element-based and com-
pound-based 2D materials have been extensively studied for
potential electronics such as field-effect transistors, photo-
detectors and so on, with the continuously developed and dis-
covered novel performances.®® However, the practical appli-
cations of common 2D materials (such as graphene, phosphor-
ene and transition metal dichalcogenides (TMDCs)) in elec-
tronics are still limited by several shortages, such as zero-band
gap, poor environmental stability or low carrier mobility.”™*
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contacts, which is useful for designing advanced 2D semiconductor-based electronics.

Recently, as one member of the family of 2D noble-metal
chalcogenides, PtSe, has drawn much attention in the research
of advanced electronics with unique atomic structures and
physical properties.”>™"” Due to the distinct hybridization of
atomic orbitals, the most stable 2D PtSe, possesses the 1T
phase, which is different from the 2H phase of common
TMDCs such as MoS, and WS,. In addition, the reported band
gap of monolayer PtSe, is ~1.2 eV, which is similar to that of
Si.'® From monolayer to bilayer, the band gap of PtSe, varies
significantly from 1.2 eV to 0.3 eV, which is due to the strong
interlayer interactions. On further increasing the layer number,
PtSe, becomes semi-metallic.'® Moreover, the theoretical intrin-
sic carrier mobility of PtSe, is around 10*> ecm® V™' s" at room
temperature, which is an order of magnitude higher than that
of MoS, and WS,.*° More importantly, 2D PtSe, exhibits good
environmental stability without structural decomposition for a
long time.?° Therefore, 2D PtSe, shows promising applications
in high-performance electronics such as field effect transis-
tors, optoelectronics and so on.">'**?

It is known that the contacts between metal electrodes and
electronic materials play an important role in determining
the electron injection efficiency to materials and thus the
corresponding  overall  performances of electronic
devices.>'*® Due to the absence of a controllable substitu-
tional doping strategy, the direct contact of metal electrodes
and 2D materials is usually applied for current 2D electronics.

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-6090-304X
http://orcid.org/0000-0001-6836-3893
http://orcid.org/0000-0002-1207-570X
http://orcid.org/0000-0002-8372-1473
https://doi.org/10.1039/d3nr02466k
https://doi.org/10.1039/d3nr02466k
https://doi.org/10.1039/d3nr02466k
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr02466k&domain=pdf&date_stamp=2023-08-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr02466k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015032

Open Access Article. Published on 20 July 2023. Downloaded on 4/12/2026 11:52:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Unfortunately, the induced strong interfacial hybridization
between metal electrodes and 2D materials results in a strong
Fermi level pinning (FLP) effect, which makes it hard to effec-
tively tune the Fermi level of electronics and leads to the
failure of Schottky Mott’s law.> In addition, the robust
Schottky barrier for metal-2D material contacts further
decreases the electron injection efficiency, which is not con-
ducive to improving the performance of 2D electronic
devices. Therefore, to obtain a high performance of PtSe,-
based electronics, it is crucial to understand the electronic
properties of the contacts between PtSe, and potential metal
electrodes. However, there is still a lack of a systematic under-
standing of the atomic and electronic properties of metal-
PtSe, contacts.

In this work, the atomic and electronic structures of a
series of metal-PtSe, contacts are systematically investigated
by first-principles calculations. For all metal-PtSe, contacts,
the strong interfacial interactions lead to a significant charge
redistribution and interfacial dipole, which give rise to verti-
cal Schottky contacts for PtSe, with Ag, Au, Pd, and Pt, and
lateral Schottky contacts for PtSe, with Al, Cu, Sc and Ti. The
corresponding FLP factor is 0.32, indicating the strong FLP
effect. In addition, the high tunneling probability and low
tunneling-specific resistivity that are two orders of magnitude
lower than those of the state-of-the-art contacts demonstrate
the effective electron injection from metals to PtSe,. More
importantly, by introducing a buffer layer, the strong FLP
effect is suppressed with the FLP factor S = 0.50, which is
obviously larger than that S = 0.32 for the original metal-
PtSe, contacts. These results provide useful guidelines for
designing high-performance 2D semiconductor-based elec-
tronics in the future.
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Results and discussion

Interfacial structure and charge density difference

It has been reported that PtSe, exhibits the most stable 1T
phase structure in AA layer stacking mode.'® The atomic struc-
tures and band structures of 1T phase PtSe, are shown in
Fig. S1.t The optimized lattice constant of PtSe, is 3.77 A,
which is in good agreement with previous studies.>**® Here, to
study the metal-semiconductor properties, we chose seven tran-
sition metals (Ag, Au, Cu, Pd, Pt, Sc and Ti) and one main
group metal (Al) with the work function range of 3.50-5.65 eV,
which are commonly used as the electrode materials for elec-
tronics. Different possible stacking configurations are carefully
considered when modelling the metal-PtSe, contacts (see
Table S11). The most stable stacking configurations of metal-
PtSe, contacts are selected for subsequent studies (see Fig. 1).
The detailed structural parameters of the metal-PtSe, contacts
are listed in Table S2.f Taking Au as an example (see Fig. S27),
all possible high symmetric stacking configurations are con-
sidered, among which the most stable optimized configuration
is obtained with three interface Se atoms located above the
bridge site and one interface Se atom located above the top site.
To study the interfacial interaction of 2D PtSe, and metals,
we first calculated the binding energy (see Table S3t) accord-
ing to the following equation: Ej (Emetat + Epse,
Eheterostructure)/A; where Enetal, EPtSeZ; and Eheterostructure are the
total energy of the isolated metal, isolated PtSe, and metal-
PtSe, system, and A is the interfacial area. The binding energy
can be classified into three categories. Al and PtSe, form a
relatively weak bonding with an Ej, of 0.97 ] m™>, Ag and Au
form a relatively middle bonding with PtSe, with an Ey, of 1.27
and 1.23 ] m™2, respectively, while Cu, Pd, Pt, Sc and Ti form a
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(a)—(h) Side views of the optimized atomic structures and three-dimensional and plane charge density differences for Ag, Al, Au, Cu, Pd, Pt,

Sc and Ti-based metal-monolayer PtSe, contacts. For three-dimensional charge density differences, yellow and cyan regions represent the charge
accumulation and depletion, respectively. For convenient viewing and comparison, the isosurface of charge density differences is 0.002e bohr~> for
Ag, Al, Au, and Cu-based contacts; 0.004e bohr~® for Pd, Pt, Sc, and Ti-based contacts.
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relatively strong bonding with PtSe, with the E,, range of
1.82-2.61 ] m~2. The corresponding charge transfers based on
Bader charge analysis are 0.07, 0.4, —0.02, 0.11, —0.03, —0.08,
0.61 and 0.59¢. In addition, we found that the variation trends
of the average interlayer distance in metal-PtSe, contacts
(defined as the average distance between the Se atoms and
metal atoms at the interface) is also consistent with the
change of banding energy, suggesting that the distance can be
well applied as an indicator for describing the binding
strength between different metals and PtSe,. Significantly, as
shown in Table S4,f we found that the binding energy for all
metal-PtSe, systems are obviously higher than those for pre-
viously reported metal-MoS,,””*® metal-MoSe,,>® metal-
WS, ?° and metal-WSe, systems,”" indicating the significant
strong interfacial interactions between PtSe, and metals.

The strong interactions between metals and 2D PtSe, were
further investigated by calculating the charge redistribution at
the interface, which plays an important role in determining
the electronic structures of the metal-PtSe, system. Charge
density difference analysis perpendicular to the interface of
metal-PtSe, was performed according to the equation: Ap =
Pmetal-PtSe, — Pmetal — Ppise,» AS shown in Fig. 1, there exists a
significant charge accumulation region, which indicates the
formation of a strong overlap of electronic orbitals at the inter-
face. In addition, the simultaneous charge depletion region
near the Se and metal atoms at the interface also demonstrates
a large charge transfer between PtSe, and metals. Importantly,
we found that the maximum values of charge accumulation
for Sc, Ti, Pd and Pt are obviously larger than those of charge
accumulation for Ag, Al, Au and Cu, which agrees well with the
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bonding strength for these metal-PtSe, systems. Besides the
charge redistribution at the interface, significant charge
accumulation and charge depletion also appear for the inner
atom layers of both metals and PtSe,, which again demon-
strates strong interactions between PtSe, and metals.

Band structures and FLP effect

We now study the band structures of metal-PtSe, contacts to
discuss the effect of interfacial interactions on the band align-
ment of PtSe, and metals. As shown in Fig. S1, our calcu-
lation results show that the original monolayer PtSe, is an
indirect semiconductor with a band gap of 1.36 eV at the level
of PBE functional, which is consistent with the previous
studies.'® However, the formation of contacts with all metals
leads to the seriously destroyed band structure of PtSe, and
significant metal induced mid-gap states, which is the main
reason for the FLP effect (see Fig. 2 and Fig. S31).°**** We
found that the PtSe,-dominated bands always across the Fermi
level for all the metal-PtSe, systems, demonstrating the
hybridization of states of interfacial PtSe, and metals. In
addition, the degree of hybridization is proportionate to the
binding strength between metals and PtSe,. These results are
different from the case for MoS,, in which the states of MoS,
are weakly destroyed.>”*® Our results again demonstrate that
the strong interfacial interactions lead to a strong hybridiz-
ation and thus effective electron ejections from metals to PtSe,
at the vertical interface.

To further study the underlying hybridization between
different orbitals in the metal-PtSe, system, the partial den-
sities of states (PDOSs) of Pt and Se orbitals for PtSe, and

r M K r r M K r

(a)-(h) Projected band structures of Ag, Al, Au, Cu, Pd, Pt, Sc and Ti-based metal-monolayer PtSe, contacts. Orange and blue colors rep-

resent the contributions from PtSe, and metals, respectively. The main meta-induced mid-gap states are indicated by blue color. The original pro-

jected band structures are shown in Fig. S3.1
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metals were calculated (see Fig. 3). For the original PtSe,
without contact with metals, the PDOSs of Pt and Se orbitals
with the intrinsic band gap are shown in Fig. S1. The conduc-
tion band minimum (CBM) and the valence band maximum
(VBM) are mainly contributed by the s and p orbitals of Se
atoms and the d orbitals of the Pt atom. After the formation
metal-PtSe, contacts, we found that significant Pt and Se
states penetrate deep into the intrinsic band gap of the orig-
inal PtSe, and thus forms infiltrated gap states for all the
metal-PtSe, contacts, which is one of the main contributions
of the FLP effect. In addition, as can be seen from the band
structures of the metal-PtSe, contacts, the Fermi level of the
metal-PtSe, systems is always near the CBM of the PtSe, part,
which again demonstrates a significant FLP effect at the inter-
face. On one hand, the main contributions of the infiltrated
gap states are still from the s and p orbitals of Se atoms and
the d orbitals of the Pt atom. On the other hand, we found
that the value of PDOS at the Fermi level varies significantly
due to the different bonding strengths for different metal-
PtSe, systems, which are significantly larger than the value of
the corresponding PDOS value of Mo(W)S(Se),-based
contacts.”’*" Therefore, our results again demonstrate the
strong band hybridization at the interface.

As one of important factors that determine the carrier
transport efficiency, we now discuss the Schottky barrier at the
vertical interface based on the energy difference between the
Fermi level of the metal-PtSe, contacts and the band edge

a ‘\ Ag d
. . Pt d
%, 8r | Se sp
2 [

2o

5 |

“ [ |

8 \

o \/

a

a 4
s E
(9 '
@ '
9 "
3 .
125 ]
@B i
o .
ja} "
o .

e ;
< i
o i
@ 0
9 q
S 5
(2] g N N
s 4 : IVAVA

A L AVAA
8 WA \\\ : A VY
o M A [ VY /i
)
g o —
d Sc d

= : Pt d
% 8 i ——Se sp
@ 6
9 fi
8 ;
3 4 ,f \ 5
o {/VA 7 3 A
Q VAW oV \ \
a \ o B\ [

: \A e i N\

-2 -1 0 1 2

E-E,(eV)

Fig. 3

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

energies of PtSe, in the metal-PtSe, contacts.®? As shown in
Fig. 2, by referring to the original band structures of supercell
PtSe, in contacts (see Fig. S47), we found that Ag, Au, Pd, and
Pt form n-type Schottky contacts with PtSe,, which is due to
the relatively higher work function of these metals. In
addition, the Schottky barrier is low within the range of
0.13-0.54 eV. The Ag-PtSe, contact shows the lowest Schottky
barrier of 0.13 eV, indicating the promising application in
n-type contact-based electronics. On the other hand, we found
that due to the relatively low work function of Al, Cu, Sc and
Ti, there appear Ohmic contacts when contacting with PtSe,.
The FLP effect was further investigated by fitting the FLP
factor S. As shown in Fig. S5,f the p-type Schottky barrier
height decreases linearly with increasing the work function of
metals, and the FLP factor S is 0.32, which demonstrates the
strong FLP effect for the metal-PtSe, contacts.*?

It is noteworthy that the Schottky barrier may exist at the
vertical interface or the lateral contact due to the different
strengths of interfacial interactions.’® For Al, Cu, Sc and Ti-
based contacts, the overall vertical metal-PtSe, interface can
be considered as a metallic system considering the band of
PtSe, crossing the Fermi level. Therefore, it is necessary to
study whether the lateral Schottky barrier forms in the lateral
contact region that bridges the metal-PtSe, systems and the
free PtSe, in the channel region (see Fig. S2dt). Here, we preli-
minarily evaluated the Schottky barrier in the lateral contact
region based on the work function approximation method.

b ﬂ ' Al sp
< gl Al ‘ ——Pt d
o | ; =4
2 H
5 ’f\ I | :

a R ; A
g N\ [\ : MA
[e] I \al \| h A Y\
s WY L LA YN
N WA
0 — :

d : Cu d
— ' ——Ptd
@ 81 Se sp
@ i
o} X |
ks i :

23 /\ i
o 4Ar i v
o .
a ;
o A YA
0 _. 5

f g Pt d
—~ ' —Ptd
E 8 E ——Se sp
3 ;
© ‘

@ 4 [A 4 //\\

@ A \ ' MU\

2 s M% : A AN \

. R\ e 2 / i \
0 s s

h 2 Ti
— . Pt d
E 81 Se sp
@ g
Q '

o :
[2) S
o 4 [\ A [
o A\ N\
e o VA e N
N~ |
0 . H
-2 -1 0 1 2
E-E;(eV)

(a)—(h) Partial densities of states for PtSe, and metals in Ag, AL, Au, Cu, Pd, Pt, Sc and Ti-based metal-monolayer PtSe, contacts.
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The Schottky barrier is defined as the energy difference
between the Fermi level of the metal-PtSe, contact system and
the CBM or VBM of PtSe, in the channel region.

As shown in Fig. S7,T we found that Al, Cu, Sc, and Ti form
the n-type lateral Schottky contacts with PtSe,, which is partly
due to the relatively low work function of these metals. In
addition, the Schottky barrier is relatively low within the range
of 0.34-0.55 eV, indicating the promising application of these
metals in n-type semiconductor-based electronics. To further
confirm the validity of our results, we have modelled the large
enough supercell that includes the vertical metal-PtSe, inter-
face and the free PtSe, in the channel region. As shown in
Fig. 4, we took the Al-PtSe, system as an example, in the verti-

Sy r
Fig. 4 (a) Large supercell (indicated by the grey dashed line with a
vacuum of 15 A) that includes the vertical metal contact region (indi-
cated by the orange dashed line) and the lateral free-standing PtSe,
region (indicated by the green dashed line). (b) and (c) represent the
band structures of PtSe, in the vertical metal contact region and the

lateral region, respectively (note that the Fermi level is the same for (b)
and (c)).
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cal interface region, Al forms an Ohmic contact with PtSe,
with a significant mid-gap state, which is consistent with the
results discussed above. However, the overall vertical metallic
Al-PtSe, system forms a lateral n-type contact with PtSe, in the
channel region. Similar results can also be found for Cu, Sc
and Ti-based systems (see Fig. S61). More importantly, as
shown in Fig. S7,7 we found that the variation trends of the
SBH-based supercell model are similar to that based on the
work function approximation, with a difference of only 0.1-0.2
eV, which effectively demonstrates the validity of our results.

Interfacial tunneling barrier and tunneling-specific resistivity

Considering that the strong interfacial interaction is positively
convenient for electron injection from metal electrodes to 2D
materials. We now further study the detailed tunneling beha-
viors at the interface that plays an important role in determin-
ing the efficiency of charge injection in electronics. The
average electrostatic potential perpendicular to interface of
metal-PtSe, contacts is shown in Fig. 5. As two important para-
meters for evaluating the tunneling barrier, the barrier height
is defined as the energy difference between the Fermi level of
the metal-PtSe, system and the maximum of the potential
energy at the metal-PtSe, interface, while the tunneling
barrier width is defined as the corresponding full width at half
maximum of the tunneling barrier height. Therefore, the tun-
neling barrier height and width represent the lowest barrier
for charge injection from metals to PtSe,.

By comparing the covalent distance (sum of the covalent
radii of the metal atom and the Se atom) with the actual dis-
tance between the metal atom and the interfacial Se atom in
contacts, we found that only part of the actual distances are
shorter than the covalent distance, indicating the formation of
relatively weak chemical bonds (see Table S5t). In addition,
compared with the cases of the van der Waals interlayer dis-
tance (3.5 A) between metal and PtSe, (see Table S61), these
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Fig. 5
line represents the Fermi energy level.
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(a)—(h) Effective potential along the vertical direction for Ag, Al, Au,

Cu, Pd, Pt, Sc and Ti-based metal-monolayer PtSe, contacts. The dotted
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weak chemical bonds only overcome the tunneling barrier for
Sc and Ti-based contacts. However, the tunneling barrier that
electrons need to overcome for tunneling still exists in Ag, Al,
Au, Cu, Pd and Pt-based contacts. Therefore, it is essential to
study tunneling probability in metal-PtSe, contacts.

The tunneling probability (Tg) can be qualitatively evaluated
using the following eqn (1):>*7°

J2md
T5 = exp (72 x % x dTB>

(1)
where m is the mass of free electrons, # is the reduced Planck
constant, @y is the tunneling barrier height, and drg is the
tunneling barrier width. Fig. 5 shows the effective potential
along the vertical direction for Ag, Al, Au, Cu, Pd, Pt, Sc and Ti-
based metal-PtSe, contacts. As shown in Table S7,} the tunnel-
ing barrier height, width, and the corresponding probability
can be classified into three categories. Ag and Au-based con-
tacts exhibit a relatively low tunneling probability (38.6% and
29.4%) due to the large tunneling height and width, and Al,
Cu, Pd and Pt-based contacts show a relatively high tunneling
probability (61.0%-74.1%) due to the small tunneling barrier
and width. It is noteworthy that the tunneling probability for
Sc and Ti-based contacts reaches 100%, demonstrating the
advantages in high efficiency for charge injection in elec-
tronics. Additionally, the overall tunneling probability of
metal-PtSe, contacts is proportionate to the interaction
strength between the metals and PtSe,.

Besides the tunneling probability, the tunneling-specific
resistivity is another key parameter for evaluating the quality
of metal-semiconductor contacts. Here, considering the rela-
tively low tunneling barrier and tunneling width, we have esti-
mated the tunneling-specific resistivity (p) based on the
Simmons tunneling injection model under the low-bias

approximation that is expressed in the following eqn (2):**°
& SRZdTB hl Q'dTB (2m<DTB)1/Z (2)
t 3(2m¢TB)1/2 &2 7

where e is the electric charge. As shown in Table S7,1 we found
that for metal-monolayer PtSe, contacts, most of the tunnel-
ing-specific resistivity is at the level of 107" Q em?, which is
two orders of magnitude lower than the level of 10™° Q cm? for
the reported state-of-the-art Bi-MoS, contact and metal-Mo(W)
Si,N; contacts.>*® For Sc and Ti, the tunneling-specific resis-
tivity is zero due to the absence of tunneling barrier.
Therefore, these results indicate the good contact at the inter-
face of metals and PtSe,, which is beneficial for electron injec-
tion and the improvement of electronic performance.

Differences in metal-bilayer PtSe, and metal-monolayer PtSe,
contacts

It is known that there exists strong interlayer interaction that
leads to significant changes in the electronic structure of mul-
tilayer PtSe,."®?° It is necessary to study the effect of strong
interlayer interaction in bilayer PtSe, on the interfacial inter-
actions between metals and bilayer PtSe,. Compared with the

This journal is © The Royal Society of Chemistry 2023
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metal-monolayer PtSe, contacts, the binding energy for
metal-bilayer PtSe, contacts increases slightly, which is due to
the stronger interaction indicated by the lager charge transfer
(see Table S3 and Fig. S8t). The electronic structures of metal-
bilayer PtSe, were further studied. As shown in Fig. S9,} it is
expected that there appears a large amount of infiltrated gap
states in the band gap of PtSe,. In addition, the density of
states at the Fermi level for bilayer PtSe, are obviously larger
than that of monolayer PtSe, (see Fig. S10t), which is caused
by the stronger interfacial interactions in metal-bilayer PtSe,.
By referring to the original band structures of supercell PtSe,
in contacts (see Fig. S47), we found that the FLP factor is 0.26
(see Fig. S111), which is due to the enhanced interfacial inter-
actions for metal-BL PtSe,. Therefore, our results indicate that
it is difficult to tune the FLP effect based on the layer numbers
of 2D materials.

The effect of layer number on the tunneling behavior was
also further investigated. As shown in Fig. S12 and Table S8,
besides the tunneling barrier at the metal (including Ag, Al,
Au, Cu, Pd and Pt) and the first-layer PtSe,, there also exists a
tunneling barrier between the first-layer PtSe, and the second-
layer PtSe,, while there only exists the tunneling barrier
between the first-layer PtSe, and the second-layer PtSe, for Sc
and Ti. In addition, we found that the tunneling probability
increases slightly compared with the metal and monolayer
PtSe, contacts. Therefore, these results again indicate the
stronger interfacial interactions for metal-bilayer PtSe, than
that for metal-monolayer PtSe,. Interestingly, compared with
the tunneling behaviors at the interface for free bilayer PtSe,
(see Fig. S13t), we found that the tunneling behaviors at the
interface between the first-layer PtSe, and the second-layer
PtSe, are also slightly influenced by different metals with tun-
neling probabilities of 39.6%-46.2%. More importantly, we
found that for Ag and Au, the tunneling probability at the
interface for metal-first layer PtSe, is similar to that at the
interface for the first- and second-layer PtSe,. However, for Al,
Cu, Pd and Pt, the tunneling probability at the interface for
metal-first layer PtSe, is significantly higher than that at the
interface for the first- and second-layer PtSe,, which indicates
that the charge injection from first layer to second layer is hin-
dered. For Sc and Ti, the tunneling behavior from first-layer to
second-layer PtSe, is also limited by the tunneling barrier with
a probability of 43.7% and 46.2%, respectively.

Mechanism of interfacial interactions and interfacial dipole
for metal-PtSe, contacts

We now turn to discuss the underlying mechanism of the
interfacial behaviors in metal-PtSe, contacts. Since the inter-
facial behaviors is directly determined by the strength of inter-
facial interactions, we first discuss the dependency relation-
ship between the FLP effect/tunneling behaviors and the inter-
facial binding energy. As shown in Fig. 6a, the FLP factors of
several 3D and vdW-type metal-semiconductors are listed for
comparison.’” We found that the overall FLP factors decrease
with increasing interfacial binding energy, indicating the
increasing strength of FLP effect. In addition, the FLP factor of
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metal-BL PtSe, is smaller than that of metal-ML PtSe, due to
the larger binding energy in metal-BL PtSe,, which is consist-
ent with the overall relationship between the FLP factor and
the binding energy. As shown in Fig. 6b, we found that the
carrier tunneling probability of both metal-ML PtSe, and
metal-BL PtSe, also increases with increasing interfacial
binding energy, which is due to that the stronger interfacial
interactions lead to the decreased tunneling barrier height
and width.

As discussed above, for all metal-PtSe, contacts, the inter-
facial metal atoms and Se atoms form chemical bonds with
binding energies of 0.97-2.61 J m~>. Therefore, we now
discuss the bond length of the interfacial Se atom and Pt atom
in PtSe, to investigate the effect of interfacial chemical bonds
on the inner disorder of PtSe,. As shown in Fig. S14,} com-
pared with the original bond length of Se-Pt in isolated PtSe,,
the average bond length of the interfacial Se atom and Pt atom
increases for almost all metal-PtSe, (monolayer and bilayer)
contacts. For Al and Au, the bond length is almost unchanged,
which is likely due to the absence of d orbitals for Al and full
filled d-orbitals for Au, respectively. Therefore, the interfacial
chemical bonds weaken the inner interactions between inter-
facial Se atoms and Pt atoms in PtSe,. These inner disorders of
PtSe, in turn disturb the electronic structures of PtSe,, leading
to the formation of infiltrated gap states, and finally contribute
to the FLP effect.

As discussed above, the formation of metal-PtSe, contacts
leads to a large amount of asymmetric charge redistribution

13258 | Nanoscale, 2023,15, 13252-13261

between metals and PtSe,. Therefore, it is necessary to investi-
gate whether the dipole exists in the interface region. Here, we
define the average interfacial dipole D, = Dcontact/N, Where
Deontact 18 the total interfacial dipole and N is the number of Se
atoms at the interface. As shown in Fig. 6¢ and d, there indeed
appears a significant interfacial dipole due to the charge redis-
tribution in the interface region for both metal-monolayer
PtSe, and metal-bilayer PtSe,. More importantly, we found
that the interfacial dipole exhibits an obviously linear depen-
dence on the work function of metals. This is because the
strength of the interfacial dipole is largely related to the degree
of charge rearrangement at the interface, which is largely
dependent on the work function of metals.”” In addition, we
found that the slope of the relationship between the dipole
and the work function of a pure metal for monolayer PtSe, is
similar to that for bilayer PtSe,, which is due to the fact that
charge redistribution mainly occurs between the first layer
PtSe, and metals. Moreover, we found that for both metal-
monolayer and metal-bilayer contacts, the dependency of
interfacial dipole on the work function is similar to the depen-
dency of Schottky barrier on the work function, which indi-
cates that the Fermi level of the metal-PtSe, contacts is
strongly related to the interfacial dipole induced by charge
redistribution. Therefore, the size of interfacial dipole is
suggested to be a key factor for regulating the Schottky barrier
height for metal and semiconductor systems, which can be
further explored by means of alloys, interface doping, interface
passivation and so on.

This journal is © The Royal Society of Chemistry 2023
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Schemes for suppressing strong FLP effect

Although the metal-PtSe, contacts exhibit a low Schottky
barrier and show promising applications in electronics, the
strong FLP effect is still not conducive to practical manipula-
tions. Therefore, it is crucial to suppress the strong FLP effect
for further applications. We now introduce #-BN as an inter-
facial buffer layer to try to suppress the strong FLP effect in
metal-PtSe, contacts. As shown in Fig. 7a, Ag, Al, Au, Pd, Pt
and Ti-based metal-BN-PtSe, contacts were studied here con-
sidering the feasible lattice match. The most stable stacking
configurations were obtained by considering different possible
stacking modes. The corresponding lattice constant and inter-
facial distance are listed in Table S9.}

As shown in Fig. 7b-g, we found that PtSe, still forms an
Ohmic contact with the Al metal. In addition, PtSe, forms
n-type Schottky contacts with Ag and Ti with low barriers (0.09
and 0.13 eV) due to the low work function. The number of
n-type Schottky barriers increases with increasing work func-
tion for Au and Pd. Further increasing the work function for
Pd, it is noteworthy that PtSe, forms a p-type Schottky contact
with the Pt metal, which is different from the case of the orig-
inal Pt-PtSe,. In Fig. 7h, the FLP factor S is fitted as 0.50,
demonstrating the reduced FLP effect in metal-BN-PtSe, con-
tacts. Therefore, the introduction of a buffer layer to metal-
semiconductor systems is proved as an effective scheme to
suppress the strong FL effect. Besides, other promising
schemes such as the introduction of vdW 2D semimetals®>
and the atomic passivation on the metal surface®” are also con-
sidered as effective ways to suppress the strong FL effect,
which will be discussed in our future studies.

This journal is © The Royal Society of Chemistry 2023
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(a) Atomic structures of metal-BN—monolayer PtSe, and (b) projected band structures of Ag, Al, Au, Pd, Pt and Ti-based metal-BN-mono-

Conclusions

In summary, we have systematically investigated the interfacial
properties of contacts between PtSe, and a series of potential
metal electrodes based on density functional theory (DFT) cal-
culations. We found that the interfacial Se atom of PtSe, forms
weak chemical bonds with metal atoms with significant
charge rearrangement at the interface. In addition, the strong
interfacial interactions lead to vertical Schottky contacts for
PtSe, with Ag, Au, Pd and Pt, while lateral Schottky contacts
for PtSe, with Al, Cu, Sc and Ti. Moreover, we found that all
metal-PtSe, contacts exhibit high tunneling probability and
low tunneling-specific resistivity that are two orders of magni-
tude lower than those of the state-of-the-art contacts, demon-
strating high-efficiency electron injection. By introducing #-BN
as a buffer layer, we found that the Pt-PtSe, contacts transform
into p-type Schottky contacts and the FLP effect is weakened
with S = 0.50. Therefore, our results provide insight into the
interface properties of metal-PtSe, contacts, which is useful
for the practical application of PtSe, in high-performance
electronics.

Computational methods

All calculations were performed using the Vienna ab initio
simulation package (VASP) with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional and the projector-aug-
mented wave (PAW) method.***° For geometry optimization,
van der Waals interactions are considered by using the
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DFT-D3 method of Grimme.*' A plane-wave energy cutoff of
500 eV and fine k-sampling with a separation of 0.025 A™" in
the Brillouin zone were set for all calculations. The conver-
gence criteria for total energy and maximal residual force were
set 1.0 x 107° eV and 0.01 eV A, respectively. A vacuum layer
of 20 A perpendicular to the metal-PtSe, contact was set to
prevent the interaction between the neighboring slabs. During
the optimization of atom position, the PtSe, layer and the adja-
cent two layer metals are fully relaxed while the outward four
layer metals are fixed.

Due to the large supercell of metal-PtSe, contacts (54
atoms for Ag, Al, Au, Pd, Pt and Ti; 51 atoms for Cu; 33 atoms
for Sc), the small system of Sc-PtSe, contact is taken as an
example for HSEO6-based band structural calculations to
check the validity of our results. As shown in Fig. S15,1 we
found that the relative energy position of the conduction band
and Fermi level energy calculated by the HSE06 functional is
similar to that calculated by the PBE functional, with an
energy shift of only 0.09 eV. In addition, the Sc-PtSe, contact
still keeps the Ohmic-type contact for HSEO6-based results.
Therefore, the PBE functional is applied here to study the
band structure of metal-PtSe, contacts.

The metal-PtSe, contacts are built with PtSe, and six-layer
metals. To minimize the lattice mismatch of metal-PtSe,
heterostructures, we combined the /7 x /7 x 1 supercell of
an Ag/Al/Au/Pd/Pt (111) surface with the 2 x 2 x 1 supercell of
PtSe,, the /7 x /7 x 1 supercell of a Cu (111) surface with the
V/3 x /3 x 1 supercell of PtSe,, the 2 x 2 x 1 supercell of a Sc
(001) surface with the v/3 x /3 x 1 supercell of PtSe,, and the
V7 x /7 x 1 supercell of a Ti (001) surface with the 2 x 2 x 1
supercell of PtSe,. The lattice constants of the supercell metal-
PtSe, contacts are adopted as the average of the lattice para-
meters of the supercell metal and supercell PtSe,. The corres-
ponding lattice mismatches are all less than 3.6% and the
corresponding strains introduced to PtSe, are all less than 2%
(see Table S10%). For the largest compression strain in Cu-
PtSe, (1.79%) and the largest tension strain in Pd-PtSe,
(=1.75%), the band gap of PtSe, only changes by 0.14 eV and
0.01 eV, which indicates the validity of our results.
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