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Black phosphorus (BP) is a semiconducting material with a direct finite band gap in its monolayer, attracting

intense attention for its application in field-effect transistors. However, strong Fermi level pinning (FLP) has

been observed for contacts between BP and high work function metals, e.g., Cu. Such FLP presents an

undesirable hurdle preventing the achievement of high performance field-effect devices. In this regard,

there is a crucial need to understand the FLP occurring at the metal–BP interfaces and explore the possi-

bility to reduce it. The present work studied atomic passivation in reducing FLP for the Cu–BP system using

density functional theory calculations. The passivation by H, N, F, S, and Cl atoms on the Cu(111) surface has

been considered. The results showed that the passivated atoms can shield the direct contact between

Cu(111) and BP, thus reducing FLP at Cu–BP interfaces. In particular, S and Cl atoms were found to be

highly effective agents to achieve a significant reduction of FLP, leading to Cu–BP contacts with ultralow

Schottky barrier height (SBH) and suggesting the possibility of ohmic contact formation. Our findings

demonstrate surface passivation as an effective method towards depinning the Fermi level at the metal–BP

interface and subsequently controlling the SBH for BP-based electronic devices.

1. Introduction

Following the successful isolation of graphene by micromecha-
nical exfoliation of highly oriented pyrolytic graphite by
Novoselov et al. in 2004,1 there has been exponential growth
in research studies on two-dimensional (2D) materials.
Graphene, a one-atom-thick layer of carbon atoms arranged in
a 2D hexagonal crystal lattice, has shown significant promise
for its applications in electronic devices due to its intriguing
physical, chemical, electrical, mechanical, and thermal pro-
perties.2 However, the absence of either an electronic band
gap or a controllable method to create this gap without alter-
ing the outstanding properties of graphene has limited its
applications. Recently, a new class of 2D materials, i.e., mono-
layer black phosphorus (BP), namely phosphorene, has shown
promise to address the aforementioned limitations. First-prin-
ciples calculations have demonstrated that it exhibits a highly
tunable band gap that changes with the number of layers from
0.91 eV for monolayer to 0.28 eV for five-layer BP.3 Li et al.4

showed that thickness-dependent and highly anisotropic field-
effect mobility values up to 1000 cm2 V−1 s−1 can be achieved
using few-layer BP field-effect transistors (FETs). Contrary to
the multilayer transition metal dichalcogenides (TMDCs) that
exhibit an indirect band gap,5 multilayer BP has a direct band
gap, which is beneficial for electronic and optoelectronic
applications.6–8 In addition to these characteristics, monolayer
BP has also been shown to possess other attractive features,
such as strong in-plane anisotropy,9 layer-dependent on/off
ratio and carrier mobility.10

A metal–semiconductor interface (MSI) is a critical com-
ponent affecting the performance of electronic and opto-
electronic devices. Being one of the most significant para-
meters that determine the electronic characteristics of the
metal–semiconductor contact, the Schottky barrier height
(SBH) refers to the energy which must be provided for charge
carriers to transport across the junction.11,12 The apparent
importance of SBH to the semiconductor industry has led to
tremendous theoretical and experimental efforts to understand
its formation mechanism and to seek the means of controlling
or tuning the SBH at the MSI. Specifically, for the metal–BP
interface, numerous studies have been performed to examine
BP-based FETs with a variety of metal electrodes.4,10,13–21 It
was found that the behaviors of metal–BP interfaces depend
on both the selection of metal electrodes and the thickness of
channel BP.4,14–16 In one pioneering study by Li et al.4 on BP
FETs, the Schottky barrier formation at the metal–BP interface
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for electron injection was detected, and BP was shown to
behave as ambipolar FETs when in contact with Cr/Au and Ti/
Au electrodes. Du et al.14 confirmed the nature of BP transis-
tors as being Schottky barrier FETs when BP comes into contact
with Ni and Pd electrodes, where the device demonstrates more
pronounced ambipolar behaviors with the Ni electrode attribu-
ted to a weak FLP at the metal–BP interface. Perello et al.15

found different characteristics of BP FETs by varying contact-
metal and thickness engineering. A unipolar to ambipolar tran-
sition was demonstrated as the thickness increases with Al con-
tacts. Meanwhile, a p-type to ambipolar transition was observed
as the thickness of BP decreases with Pd contacts, contrary to
the findings by Du et al.14 Few-layer BP FETs with Ti and Pd
electrodes under various gate-bias conditions were studied by
Das et al.16 and it was shown that the Ti electrode provides a
smaller SBH for electron injection. Additionally, a p-type BP FET
device was realized using Ti/Au electrodes and a Schottky
barrier formation was also detected at the metal–BP interface
for hole injection by Liu et al.10 The Schottky barrier formation
on metal–BP contacts has also been demonstrated by various
theoretical density functional theory (DFT) calculations. Pan
et al.17 found that monolayer BP exhibits a p-type Schottky
barrier when it comes into contact with Ti, Ni, and Pd electrodes
and an n-type Schottky barrier when it forms the contact with
Al, Cr, Cu, Ag, and Au electrodes. Maity et al.19 studied the
adsorption of metal atoms on monolayer BP and demonstrated
Ti as a good metal electrode material in monolayer BP devices.
Zhu et al.20 revealed that ohmic contacts can be formed
between monolayer BP and Cu(111) and Ag(111), and contacts
of this nature have also been confirmed by Chanana et al.21

between monolayer BP and Pd(111) and Ti(0001).
Ideally, the SBH would be governed by the work function of

metal electrodes according to the Schottky–Mott rule. However,
the actual junction is nearly unfailingly a Schottky barrier,
with the Fermi level “pinned” deep in the semiconductor band
gap at the interface, namely the Fermi level pinning (FLP).22

The existence of the FLP can be attributed to a few causes,12

including interface dipoles,12,23–25 metal-induced gap states
(MIGS),23,26–28 formation of defects at the interface, occurrence
of chemical reactions and existence of lattice distortion.11,12,29,30

Strong FLP ensures the absence of a strong dependency of SBH
on the work function of metals, and thus SBH being rather
inaccessible to tuning by using different metal electrodes,
which obstructs the realization of ohmic contacts and hinders
the applications of BP in FET devices. As such, FLP has been a
subject of intense research13,30–34 and various methods of
reducing FLP at the MSI have been proposed, such as atom-
passivation,31 insertion of ultrathin materials,32,33 usage of 2D
metal electrodes,34 and thermal annealing.13

The present study focuses on the means of atom-passiva-
tion in reducing FLP at the Cu–BP contact. Here, Cu is desig-
nated as the metal electrode as Cu(111) has been shown to be
a promising candidate to form an excellent ohmic contact with
monolayer BP.35 The passivation of Cu(111) by hydrogen (H),
nitrogen (N), fluorine (F), sulfur (S), and chlorine (Cl) atoms is
considered. DFT calculations were performed to examine the

atomic and electronic structures of atom-passivated Cu–BP
interfaces. The potency of different passivating atoms in redu-
cing the FLP has been analyzed and explained. It is found that
S- and Cl-passivation can significantly weaken the interfacial
interaction to induce the formation of the ohmic contact. Our
results demonstrate atom-passivation as a feasible method to
achieve SBH tuning for metal–BP interfaces.

2. Computational methods

DFT calculations were performed within generalized gradient
approximation (GGA) for exchange–correlation functionals36,37

implemented in the Vienna ab initio simulation package
(VASP)38,39 to examine the Cu–BP interfaces. The electron–ion
interactions were represented by the projector-augmented
wave (PAW) pseudopotentials,40,41 and van der Waals (vdW)
corrections were incorporated using Grimme’s DFT-D2 method
based on a semi-empirical GGA-type theory.42 A vacuum buffer
space of more than 20 Å in thickness was set to avoid spurious
interaction between periodic images. The cut-off energy was set
to 400 eV for the plane wave basis set, and (4 × 4 × 1) and (6 × 6
× 1) Monkhorst–Pack k-point mesh grids43 were used for atomic
optimization and self-consistent calculations, respectively.
Benchmark tests were conducted to confirm that the cut-off
energy and k-point mesh grids yield sufficient accuracy and
good convergence. Atomic coordinates were fully optimized
until the Hellmann–Feynman forces are less than 0.01 eV Å−1.

The Cu–BP system comprises a monolayer BP interfacing
with a Cu slab that exhibits the (111) surface orientation, the
preferred orientation of the Cu surface44 with the lowest
surface energy,45,46 as illustrated in Fig. 1. The Cu slab model
consists of a (4 × 4) surface unit cell of 6 atomic layers. The top
Cu surface interfacing with the BP is either in its pristine state
or atom-passivated by H, N, F, S, and Cl atoms (more details
about metrics for selecting these passivating atoms can be
found in the ESI†). Benchmark calculations have been per-
formed to confirm that the slab thickness is sufficient to
achieve converged results of the contact properties. The mono-
layer BP has a (3 × 2) unit cell. The in-plane lattice constants of
pristine and atomic-passivated Cu(111) surfaces were adjusted
to match the ideal lattice constants of BP to obtain the exact
band alignment in BP. This treatment also maintains BP in a
pseudo strain-free state as its electronic properties are remark-
ably sensitive to strain. In all the Cu–BP interfaces, all the
atoms were allowed to relax except for the bottom two layers of
the Cu(111) slab, which were fixed during calculations.

3. Results and discussion
3.1 Ab initio electronic structure calculations

The isolated monolayer BP was first examined as the reference
system and to benchmark the settings of our calculations. The
optimized lattice constants of the monolayer BP were deter-
mined to be a = 4.57 Å and b = 3.31 Å along the x and y direc-
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tions, respectively (Fig. 1), in excellent agreement with the
values reported in the literature.17,19,21,35,47,48 Generally speaking,
there are four kinds of commonly used band gaps for a 2D semi-
conductor: transport gap (a sum of the SBH for electrons and
holes), quasiparticle band gap (dominated by many-electron
effects), optical gap (dominated by exciton effects), and DFT
band gap (single electron approximation). For monolayer BP,
four kinds of band gaps were reported as 1.0,49 2.0,6

1.3–1.45,10,50 and 0.91 (PBE functional) eV,17 respectively. Even
though the PBE functional is well-known for systematically
underestimating the band gap of semiconductors, the DFT
band gap is closest to the transport SBH because many-
electron effects have been strongly suppressed due to charge
doping of channel monolayer BP by a metal source/drain elec-
trode or gate electrode.17 The monolayer BP was found to
exhibit a direct band gap of 0.89 eV, with the valence band
minimum (VBM) and conduction band minimum (CBM)
exactly at the Γ point of the first Brillouin-zone, also in agree-
ment with previous theoretical calculations.19 In addition, the
work function was calculated to be 4.72 eV, in line with the
value of 4.50 eV previously reported by Cai et al.51

The structural and electronic properties of the Cu–BP inter-
faces (cf. Fig. 1) are listed in Table 1. The binding energy (Eb)
of the Cu–BP contact (per surface unit cell) is defined as

Eb ¼ ECu þ EBP � ECu–BP ð1Þ

where ECu, EBP, and ECu–BP are the energies of the pristine or
atom-passivated Cu(111) substrate and pristine BP, and the
total energy of BP on the pristine and atom-passivated Cu(111)
surface, respectively. When the Cu surface is passivated, the
passivating atoms (H, N, F, S, and Cl) were found to adsorb
preferentially on the fcc sites of Cu(111), as also confirmed by
previous studies.52–62 Consequently, the atomic configurations
with passivating atoms adsorbed on the most stable fcc sites
of Cu(111) were considered in our calculations. Fig. 1(a) and
(b) show the side and top views of a monolayer BP sheet inter-
facing with the atom-passivated Cu(111).

After optimization, the key structural and electronic pro-
perties of the monolayer BP on the pristine or atom-passivated
Cu(111) substrate are obtained and enlisted in Table 1. Here,
the parameter dCu–BP is defined as the average separation
between the top Cu surface and monolayer BP, and deq
denotes the average separation between the passivating atoms
and monolayer BP, as illustrated in Fig. 1. As seen in Table 1,
dCu–BP is increased by the presence of passivating atoms, while
deq is generally less than the distance between the pristine Cu
and BP (2.25 Å), except for S- and Cl-passivated Cu due to the
larger atomic radii of S and Cl atoms. Examining the binding
energy Eb (see eqn (1)), we see that overall passivation weakens
the bonding strength between BP and Cu, resulting in
decreased Eb. In addition, a clear negative correlation between
Eb and dCu–BP can be observed, suggesting that such weakening
can be attributed to the fact that the passivating atoms reduce
the direct interaction between Cu and BP by increasing their
separation. Depending on the value of Eb, the Cu–BP interfaces

Fig. 1 (a) Side and (b) top views of the atomic structure of BP adsorbed on the atom-passivated (H, N, F, S, and Cl atoms) Cu(111) surface. Unit cells
are indicated by black dashed lines both in (a) and (b). Purple and blue spheres represent P and Cu atoms, respectively, while yellow spheres indicate
the passivating atoms on Cu(111).

Table 1 Structural and electronic properties of monolayer BP on pris-
tine or atom-passivated Cu(111)

Wa

(eV)
dCu–BP

b

(Å)
deq

c

(Å)

Eb
d

(eV per
surface
unit cell)

VBMe

(eV)
CBM f

(eV)

Dit
g

(# of states
cm−2 eV)

Cu 4.89 2.25 — 8.75 −0.54 0.25 1.78 × 1014

H/Cu 4.90 2.39 1.74 7.01 −0.58 0.23 1.49 × 1014

N/Cu 5.22 2.31 1.33 7.65 −0.38 0.45 1.67 × 1014

F/Cu 5.14 2.98 1.75 3.30 −0.18 0.62 7.20 × 1013

S/Cu 5.10 4.56 2.97 1.24 −0.03 0.84 2.50 × 1013

Cl/Cu 5.08 4.98 3.15 0.94 −0.01 0.85 1.88 × 1013

aWork function (W) of pristine (or atom-passivated) Cu(111). b Average
separation (dCu–BP) between Cu and BP. c Average separation (deq)
between the passivating atoms and BP. d Binding energy (Eb) between
pristine (or atom-passivated Cu) and BP. e Valence band maximum
(VBM) of BP in the Cu–BP heterojunction. fConduction band
minimum (CBM) of BP in the Cu–BP heterojunction. g Interfacial trap
density (Dit).
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can be classified into three categories: weak bonding (S and
Cl) with Eb = 0.94–1.24 eV, medium bonding (F) with Eb = 3.30
eV, and strong bonding (H and N) with Eb = 7.01–7.65 eV.
Particularly, we see that S or Cl passivation results in nearly an
order of magnitude reduction in the bonding energy, hinting a
significant reduction of the FLP effect at Cu–BP interfaces.

The partial density of states (PDOS) data of monolayer BP
on pristine and atom-passivated Cu(111) at the equilibrium
position have been examined for a detailed analysis of the
reduction of FLP at Cu–BP interfaces, as depicted in Fig. 2.
The black solid lines in the plots indicate PDOS of the mono-
layer BP, while the vertical orange dashed lines indicate the
associated VBM and CBM. The VBM and CBM of BP are deter-
mined through the projected BP states at the Γ point, with
their exact locations listed in Table 1. As seen from Fig. 2, the
proximity to the metal substrate renders all metal–BP inter-
faces metallic, in agreement with previously published results
on metal–BP contacts.17–19,21,35,63 If there is no FLP at Cu–BP
interfaces, then Cu with a relatively large work function (4.89
eV) would have a p-type contact with BP. However, it has been
shown that Cu forms an n-type contact with BP, despite its
high work function.21,26,27 Our calculations also confirm that
the Fermi level is “pinned” deeply in the semiconductor band
gap and close to the CBM, representing the n-type contact as
shown in Fig. 2(a) and Table 1. This evidences the occurrence
of a strong FLP at the Cu–BP interfaces. Fig. 2(b)–(f ) illustrate
the calculated PDOSs of adsorbed BP on H-, N-, F-, S-, and Cl-
passivated Cu(111) surfaces. We see that atom-passivated
Cu(111) may exhibit a work function ranging from 4.89 to
5.22 eV depending on the types of passivating atoms, as
summarized in Table 1. Unlike the pristine Cu–BP contact,

BP shows a p-type contact with atom-passivated Cu(111),
except for the case of H-passivation. Particularly notable is that
the adsorbed BP on S- and Cl-passivated Cu(111) exhibits a
Fermi level almost located at its VBM (cf. Fig. 2(e) and (f)), and
that S- and Cl-passivated Cu(111) surfaces present near-zero
p-type SBHs (0.03 eV and 0.01 eV respectively, cf. Table 1),
indicative of possible ohmic contact formation and low finite
barriers for electron injection.

The significant reduction of FLP by S- and Cl-passivation is
possibly attributed to the strong ability of S and Cl atoms in
weakening the direct interaction between Cu and BP by
increasing their separation (cf. Table 1). To confirm this
hypothesis, we constructed the corresponding Cu–BP contact
model, where BP is manually placed at 6 Å away from the pris-
tine or atom-passivated Cu(111). The corresponding PDOS
plots are indicated by gray shaded regions in Fig. 2. At the dis-
tance of 6 Å, there is negligible direct interaction between
Cu(111) and BP, and no metal-induced gap states are observed
in the PDOS of adsorbed BP. In the case of pristine and
H-passivated Cu in Fig. 2(a) and (b), PDOS indicated by the
gray shaded regions is shifted about 0.28 eV with respect to
that indicated by black solid line regions. Such a difference
between the PDOSs of BP at 6 Å away and at the equilibrium
distance from the pristine and H-passivated Cu(111) surface
can be evidence for a strong FLP at the Cu–BP interfaces. A
similar behavior is also observed in the case of adsorbed BP
on N- and F-passivated Cu(111) surfaces. However, as depicted
in Fig. 2(e) and (f ), PDOSs of BP at the equilibrium position
almost coincide with those of BP at 6 Å away from the Cu(111)
surface, irrespective of the change in work function. This indi-
cates that the FLP effect is reduced at the Cu–BP interfaces due

Fig. 2 Partial density of states (PDOS) for adsorbed BP on (a) pristine, (b) H-, (c) N-, (d) F-, (e) S-, and (f ) Cl-passivated Cu(111) surfaces, with black
solid lines representing PDOS and orange dashed lines indicating VBM and CBM of BP at deq from pristine or atom-passivated Cu(111). The gray
shaded regions denote corresponding PDOS plots of BP at about 6 Å separation from pristine or atom-passivated Cu(111). Blue solid line indicates
the Fermi level (EF) at deq and is set to 0 eV.
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to the passivating S and Cl atoms, avoiding the direct contact
(or interaction) between BP and Cu(111).

3.2 Quantitative estimation of the degree of FLP reduction

Weakened interaction between Cu(111) and BP with passivating
atoms induces a decrease of gap states and thus a reduction of
FLP at Cu–BP interfaces. For a quantitative estimation of the
reduction in FLP by passivating atoms, the calculated interfacial
trap density (Dit) is measured using the following equation at
the equilibrium position, summarized in Table 1,

Dit ¼
ðCBM
VBM

DðEÞdE
� �

=ð□a � unit energyÞ ð2Þ

here, D(E) and □a are the density of states for adsorbed BP and
interfacial surface area, respectively. In the present study, the
interfacial area is around ∼9.09 × 10−15 cm2. When BP is
adsorbed on pristine Cu(111), Dit = 1.78 × 1014 (# of states per
cm2 eV) is obtained. This Dit value can decrease in the pres-
ence of passivating atoms on substrates leading to the wea-
kened interaction between BP and atom-passivated Cu(111).
Thus, Dit is generally decreased at atom-passivated Cu–BP
interfaces, as shown in Table 1. Particularly, when BP is
adsorbed on S- and Cl-passivated Cu(111), Dit evidently
decreases to the smallest values of 2.50 × 1013 and 1.88 × 1013

(# of states per cm2 eV).
One of the reasons for FLP is related to the interface dipole

formation due to charge redistribution at the MSI. Fig. 3(a)–(f )
depict the plane-averaged charge density difference (Δn) of BP
on pristine, H-, N-, F-, S-, and Cl-passivated Cu(111), respect-
ively, where the charge density change after the junction for-
mation is determined using the following equation:

Δn ¼ nCu–BP � ðnCu þ nBPÞ ð3Þ

here, nCu, nBP, and nCu–BP are the plane-averaged charge
density of isolated Cu(111), isolated BP, and BP on pristine or
atom-passivated Cu(111), respectively. Red and blue regions in
Fig. 3 indicate the charge accumulation and depletion, respect-
ively, while interfacial regions of pristine or atom-passivated
Cu–BP are colored in yellow. An asymmetric distribution of
charge accumulation/depletion is observed between the inter-
face of pristine (or atom-passivated) Cu surface and BP, indi-
cating the formation of an interface dipole. The interface
dipole is capable of shifting the electronic energy levels from
the original positions, and thus renders a deviation from the
Schottky–Mott rule. However, charge redistribution at the
atom-passivated Cu–BP interfaces is reduced compared to that
of the pristine Cu–BP interface. In particular, a negligible
charge redistribution occurs at S- and Cl-passivated Cu–BP
interfaces, which leads to the smallest interface dipole for-
mation and agrees well with the aforementioned results repre-
senting weakened interaction by passivating atoms.

To further quantitatively evaluate the effect of FLP, the exact
locations of VBM and CBM of adsorbed BP on different sub-
strates are analyzed, as depicted in Fig. 4. The white and gray
bars in Fig. 4 respectively indicate the energy ranges from VBM
to CBM of BP located at the equilibrium separation and 6 Å
from the pristine or atom-passivated Cu(111) substrates.
Meanwhile, the ideal locations of VBM and CBM are also
determined, solely by the work function difference without
direct interaction between BP and Cu(111), i.e., according to
the Schottky–Mott rule. Within the Schottky–Mott rule, ideal
locations of VBM and CBM are governed by the following
equations:

VBMideal ¼ �ðEg=2� ðWCu �WBPÞ ð4Þ

CBMideal ¼ Eg þ VBMideal ð5Þ

Fig. 3 Plane-averaged charge density difference (Δn) of BP on (a) pristine, (b) H-, (c) N-, (d) F-, (e) S-, and (f ) Cl-passivated Cu(111). Red/blue
regions indicate the charge accumulation/depletion, respectively. The regions of pristine or atom-passivated Cu–BP interfaces are shaded in yellow.
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where Eg, WCu, and WBP refer to the band gap of isolated BP,
the work functions of pristine or atom-passivated Cu(111) and
isolated BP, respectively. The ideal locations of VBM and CBM,
calculated from eqn (4) and (5), are indicated by blue and red
dashed lines, respectively, in Fig. 4. We can see that these
ideal locations lie close to (within 0.1 eV margin) the ones
obtained for BP at 6 Å separation from the Cu substrate, except
for the case of N-passivated Cu surface. In the N-passivated
case, the locations of BP are converged to the ideal values of
VBM and CBM, when the separation between BP and the
N-passivated Cu surface is around at 8 Å, similar to the case of
adsorbed MoS2 on the N-passivated Au surface.31 This close
match indicates the good applicability of the Schottky–Mott
rule in accurately describing weakly interacting BP–metal con-
tacts. On the other hand, on examining the cases of equili-
brium BP absorption on different Cu substrates, we see that
the Schottky–Mott rule fails to correctly predict the VBM and
CBM locations, except for BP adsorbed on S- and Cl-passivated
Cu substrates. This further evidences the effectiveness of S and
Cl in weakening the interaction at the BP–Cu interface to mod-
erate Fermi level pinning, confirming atom-passivation as a
potential pathway to control the SBH for BP-based electronic
devices.

3.3 Discussion

The Fermi level unpinning achieved by atomic passivation is
essentially attributed to the passivating atoms weakening the
interfacial interaction and modifying the metal work func-
tions. Passivating atoms effectively create an air or vdW gap
between the semiconductor and metal, act as a buffer layer to
block the penetration of electron waves from metal electrodes,

and therefore significantly reduce the overlapped molecular
orbitals and chemical bonds, thus suppressing MIGS and
weakening FLP. As such, passivating atoms on the metal
surface provide a possible means to solve the FLP issue in the
pristine semiconductor–metal junction, thus potentially
achieving an “ideal” junction that would be governed by the
Schottky–Mott rule. This would also enable the prediction of
the SBH of the semiconductor–metal junction by knowing the
metal work function after atomic passivation. On the other
hand, the addition of a layer of passivating atoms at the inter-
face decouples the direct interaction between the metal and
semiconductor and might actually result in a reduction in the
current flow at the junction, despite the fact that passivating
atoms reduce the actual band offset between the metal and
semiconductor majority band. This is directly correlated with
the tunneling efficiency, which would drop exponentially with
the thickness of the layer gap.12 Such an effect may also be
quantified by the total transmission coefficient, which can be
evaluated employing the non-equilibrium Green’s function
(NEGF) approach64 combined with DFT calculations and the
WKB approximation.65

The method of atom passivation is also in accordance with
previous studies, which employed the vdW-type electrical
contact34,66,67 or a physical interfacial layer in between the
semiconductor–metal junction33,68–70 to decrease the SBH.
The atom passivation method is expected to be a generic one
that may be applied to metal electrodes other than Cu (see the
case study of the Ni electrode in the ESI†). However, the usage
of a different metal electrode necessarily confers different
characteristics to the MSI, and consequently, the effectiveness
of a passivating species in Fermi level unpinning may vary.
Therefore, it would be of critical importance to establish the
criteria/guidelines in the identification and selection of candi-
date passivating atoms, which is certainly worthy of further
studies.

Despite the demonstrated effectiveness of atom passivation
in Fermi level unpinning, it is worth noting that the realization
of the method would demand preferential and stable bonding
of the passivating atoms with the metal surface at the MSI, in
order to avoid random introduction of dopants/adatoms to
induce unwanted alteration of the electronic properties of the
semiconductor (i.e., BP in the present study). This not only
requires the passivating atoms to exhibit strong binding with
the metal yet weak interaction with the semiconductor but
also precise location control for the passivating atoms during
processing, a challenge necessitating consideration in practical
applications.

4. Conclusions

In summary, the present study investigated atom passivation
as a method to reduce Fermi level pinning (FLP) at the Cu–BP
interfaces using density functional theory calculations. Several
candidate atoms, H, N, F, S, and Cl, passivating the surface of
Cu(111), have been examined. It is found that the passivating

Fig. 4 Locations of valence band maximum (VBM) to conduction band
minimum (CBM) with reference to the Fermi level of adsorbed BP on
pristine and atom-passivated Cu(111) substrates. White and gray bars
indicate the VBM–CBM ranges for adsorbed BP at deq and at 6 Å from
Cu(111), respectively. Blue and red dashed lines indicate the ideal posi-
tions of VBM and CBM predicted from the Schottky–Mott rule,
respectively.
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atoms may shield direct contact between pristine Cu(111) and
BP, therefore inducing a weakened interaction between atom-
passivated Cu(111) and BP. In particular, S and Cl atoms
greatly reduce FLP at Cu–BP interfaces, evidenced by fewer
metal-induced gap states, reduced interfacial trap density, and
negligible interfacial charge redistribution. Intriguingly, S- or
Cl-passivated Cu–BP contacts exhibit an ultralow SBH smaller
than 0.1 eV, suggesting the possibility of ohmic contact for-
mation. The findings confirm the effectiveness of atom passi-
vation in FLP reduction and identify important metrics to
provide guidelines for depinning the Fermi level at the MSI so
that the control of SBH for the BP-based electronic devices can
be possibly achieved.
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