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Phosphorene has attracted much attention recently as an alternative channel
material in nanoscale electronic and optoelectronic devices due to its high
carrier mobility and tunable direct bandgap. Compared with monolayer (ML)
Ot Jiivasiy Pz phosphorene, few-layer (FL) phosphorene is easier to prepare, is more stable in
and Springer-Verlag GmbH

experiments, and is expected to form a smaller Schottky barrier height (SBH) at
Germany 2017

the phosphorene-metal interface. Using ab initio electronic structure calculations
and quantum transport simulations, we perform a systematic study of the
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interfacial properties of three-layer (3L) phosphorene field effect transistors
three-layer phosphorene, (FETs) contacted with several common metals (Al, Ag, Au, Cu, Ti, Cr, Ni, and Pd)

interfacial properties, for the first time. The SBHs obtained in the vertical direction from projecting
Schottky barrier height,

the band structures of the 3L phosphorene-metal systems to the left bilayer (2L)
density functional theory,

phosphorenes are comparable with those obtained in the lateral direction from

GEATTIANTI SR TORTRGTE the quantum transport simulations for 2L phosphorene FETs. The quantum

simulation transport simulations for the 3L phosphorene FETs show that 3L phosphorene
forms n-type Schottky contacts with electron SBHs of 0.16 and 0.28 eV in the
lateral direction, when Ag and Cu are used as electrodes, respectively, and p-type
Schottky contacts with hole SBHs of 0.05, 0.11, 0.20, 0.30, 0.30, and 0.31 eV in
the lateral direction when Cr, Pd, Ni, Ti, Al, and Au are used as electrodes,
respectively. The calculated polarity and SBHs of the 3L phosphorene FETs are

generally in agreement with the available experiments.
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1 Introduction

Phosphorene, a new two-dimensional (2D) elemental
material, was isolated from black phosphorus crystals
in 2014 [1-5]. Phosphorene shows a finite direct band
gap that varies from 0.3 (bulk) to 2.0 eV (monolayer)
as a function of layer number and exhibits in-plane
anisotropic properties [4, 6, 7]. Field effect transistors
(FETs) with phosphorene as the channel material
have high carrier mobilities of up to 1,000 cm*V™"s7!
and high on-off current ratios of up to 10° [1-3, 8-10].
All these properties make it a promising candidate
for future high-performance nanoelectronic and
nanooptoelectronics applications. It is difficult for 2D
materials to be doped through substitutional doping
methods [11, 12], and the phosphorene FETs typically
fabricated in experiments have phosphorene-metal
electrode direct contacts, in which Schottky barriers are

usually formed at the metal-phosphorene junction [10].

Schottky barriers always decrease charge transport
in devices [4, 13], and thus a small Schottky barrier
height (SBH) or even an Ohmic contact at the metal-
semiconductor interface is crucial for designing high-
performance phosphorene devices.

Few-layer (FL) phosphorene has three advantages
over monolayer (ML) phosphorene. First, phosphorene
thicker than 2 nm (about 3 layers) is less sensitive to the
environment than phosphorene thinner than 2 nm [3].
Second, FL phosphorene is more easily prepared than
ML, and thus is more frequently used as the channel
materials in experiments [6, 12]. Third, FL phosphorene-
metal systems are expected to have smaller SBHs
than their ML phosphorene counterparts because FL
phosphorenes have smaller band gaps [14-16]. FL
phosphorene FETs have been fabricated with Al,
Au, Ti, Cr, Ni, and Pd contacts and the layer number
dependence of the phosphorene-Ni SBH has been
studied experimentally [2, 6, 9, 17-25]. The interfacial
properties between ML phosphorene and metal
[14, 26, 27] have also been studied theoretically.
However, there has been no systematic study of the
interfacial properties of FL phosphorene-metal systems
with a given layer number.

In this paper, the interfacial properties of three-layer
(3L) phosphorene-metal (Ag, Al, Au, Pd, Cu, Ti, Cr, and
Ni) interfaces in an FET configuration are investigated

systematically for the first time using ab initio electronic
structure calculations and quantum transport simula-
tions. There is no Schottky barrier between the contacted
phosphorene layer (the contact layer) and the metal
surface in the vertical direction due to strong band
hybridization. However, there exists a Schottky barrier
between the contacted layer and the unexposed bilayer
(2L) phosphorene because of the identifiable band
structure of the latter. When projected to unexposed
2L phosphorenes, the SBHs obtained in the vertical
direction from 3L phosphorene-metal system band
structures are comparable with those obtained in the
lateral direction from quantum transport simulations
on 2L phosphorene FETs [28]. Quantum transport
simulations reveal that 3L phosphorene FETs with Ag
and Cu electrodes are n-type with electron SBHs of 0.16
and 0.28 eV in the lateral direction, respectively. Those
with Cr, Pd, Ni, Ti, Al, and Au electrodes are p-type
with hole SBHs of 0.05, 0.11, 0.20, 0.30, 0.30, and 0.31 eV
in the lateral direction, respectively. Consistently, the
experimental results also indicate that FL phosphorene
is n-doped with Cu adatoms [29] and p-doped with
Au, Ti, Ni, and Pd electrodes [2—4, 6, 17]. Furthermore,
the experimental electron/hole (0.40/0.21 eV) SBH of
the 3L phosphorene FET with Ni electrode [2] is also
in agreement with our calculated value (0.48 eV for
electron and 0.20 eV for hole).

2 Methods

The supercells chosen to model the 3L phosphorene-
metal surface systems are constructed from a slab
of five layers of metal atoms with 3L phosphorene
absorbed on one side of the metal surfaces, as used
in previous work [30-32]. A vacuum buffer space
of at least 12 A is set to avoid spurious interactions,
as shown in Fig. 1(a). The initial lattice constant of 3L
phosphorene are set as a = 3.33 A and b = 451 A as
reported by Qiao et al. [33]. We adapted va* +b* x

{(2a)* +b* 3L phosphorene supercells to 2 x 2 Al (110),
Ag (110), Au (110), and Cr (110) surface supercells,
3a x b 3L phosphorene supercells to 4x+3 Ni(111)
and Cu (111) surface supercells, and 2a x3b and
5a x b 3L phosphorene supercells to 23x3 Ti (0001)
and 6x+/3 Pd (111) surface supercells, respectively.
The corresponding lattice constant mismatches are all
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(a) Side view of the structure (b) 3L phosphorene on Ag (110) (c) 3L phosphorene on Cu (111)
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Figure 1 (a) Schematic structure of 3L phosphorene (purple ball) on the metal surface (orange ball). Contour plots of total electron
distribution of 3L phosphorene in contact with the (b) Ag, (c) Cu, (d) Ni and (e) Ti surfaces. The purple balls represent P atoms, and the
other kinds of color balls represent metal atoms, respectively.

less than 2%, as shown in Table 1. We only allow the  with a cut-off energy of 400 eV and projector augmented
position of phosphorous atoms and the top two layers ~ wave (PAW) pseudopotential [34], and a fine k-mesh
(layer A and B in Fig. 1(a)) of metal atoms to relax and density of 0.02 A under the Monkhorst-Pack method
keep the bottom three metal layers unchanged when  [35] is sampled in the Brillouin zone, as implemented
optimizing the geometry. in the Vienna ab initio simulation package (VASP)

During geometry optimization and electronic  code [36, 37]. The atoms are relaxed until the residual
structure calculations, we use a plane-wave basis set  force on each atom is less than 0.01 eV-A™, and the

Table 1 Calculated interlayer properties of 3L phosphorene-metal contacts

g 4" 4, ' ES WD owS et et et et B,

(%) A) A) A) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV)
Al 052 249 259 237 044 438 396 037 041 047 030  0.77
Ag  LI2 243 259 239 046 459 416 039 032 016 045 061
Cu 139 230 236 223 068 492 478 000 000 028 043 071
Au 100 238 248 235 086 497 504 040 030 033 031  0.64
Pd 096 211 228 255 LI8 510 526 036 014 055 011 066
Ni 167 173 218 221 141 500 507 044 003 048 020 068
Ti 139 185 242 247 148 463 445 038 024 033 030 063
Cr 102 169 223 233 203 483 464 025 044 063 005 0.8

% is the average lattice constant mismatch between the metal surfaces and 3L phosphorene. " The equilibrium distance d is the average
distance between the contact 3L phosphorene-metal interfaces in the vertical direction. °dy;, is the minimum atom-to-atom distance from
the phosphorous atoms to the metal atoms. ¢ (rp + ) is the sum of the single-bond covalent radii for phosphorous and metal atoms. ¢ The
binding energy F is the energy per phosphorus atom to remove 3L phosphorene from the metal surface. "Wy and ¥ are the calculated WF
for clean metal surface and the 3L phosphorene-metal system, respectively. #( @;,,") is the SBH of the electron (hole) in the vertical direction
when the charge carriers travel from the contacted phosphorene layer to the unexposed 2L phosphorene. " &;v") is the transport SBH of
the electron (hole) of the 3L phosphorene FET in the lateral direction. iEg is the transmission gap of the 3L phosphorene FET.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



710 Nano Res. 2018, 11(2): 707-721

total energies converge to within 1x10~° eV/atom. Two
corrections are taken into account during the relaxation
and electronic calculation periods. The first one is
the van der Waals (vdW) interaction with the vdW-DF
level of the optB88 exchange-correlation functional
(optB88-vdW) [38]. The second is the dipole correction,
which is used to remove the spurious interaction
caused by the dipole moments of periodic images in the
Z direction as the result of the asymmetry of interfaces.
The total electron density is calculated in CASTEP code
using a plane-wave basis set with a cut-off energy of
280 eV and an ultrasoft pseudopotential [39].

A two-probe model of 3L phosphorene FET (Fig. 7)
is built, and 3L phosphorene is used as the channel
material with a channel length of 5 nm in the transport
direction. The electrodes adopt the optimized 3L
phosphorene-metal interfacial structure. The lengths
of the left and right electrodes are semi-infinite. The
transmission spectra and local device density of states
(LDDOS) are calculated by using density functional
theory coupled with a nonequilibrium Green’s function
(NEGF) method, which is implemented in the Atomistix
ToolKit (ATK) 2016 package [30, 41]. The transmission
coefficient 7%/ (E) (k;), which is a reciprocal lattice
vector point along a surface-parallel direction (ortho-
gonal to the transmission direction) in the irreducible
Brillouin zone (IBZ)), is calculated as

Y (E)=Tr[ I (BG " (B (BG Y (B)] (1)

where G" is the retarded (advanced) Green’s function,
and I " (E)=i(X

L/R
broadening due to left electrodes and right electrodes
k//
L/R/

which reflects the influence of the electrodes on the

-3 ") represents the level
expressed in terms of the electrode self-energies

scattering region [42]. The transmission function at a
given energy T(E) is averaged over different k;, in the
IBZ. A single-¢ plus polarization (SZP) basis set is
employed. The real-space mesh cutoff is 75 Hartrees,
and the temperature is set at 300 K. The electronic
structure of the electrodes and central region are
calculated with a Monkhorst-Pack [34] 50 x 1 x 50 and
50 x 1 x 1 k-point grid, respectively. Generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof
(PBE) form [43] of the exchange-correlation functional
is applied in the transport simulation.

The optB88-vdW and PBE functionals we used to

calculate the band gap are appropriate because, in
the FET configuration, both the semiconductors under
the metal electrode and channel semiconductors are
heavily doped by the metal electrode and gate voltage,
respectively. In this case, the many-electron effect is
strongly depressed, and the single-electron appro-
ximation becomes a good approximation [15, 44]. As
a result, the band gap given by the optB88-vdW and
PBE methods is comparable with the experimental
value. For example, the calculated transmission gaps
for the ML/2L/3L phosphorene FETs (about 1/0.7/
0.65 eV) [14, 28] with the variable of metal electrodes
are comparable with the experimental transmission
gaps of 0.99/0.70/0.65 eV with Ni electrodes [2].

3 Results and discussion

3.1 Interfacial structures

The initial position of the first layer phosphorene (the
contacted layer) relative to the metal surfaces for 3L
phosphorene is taken from the stable ML phosphorene-
metal structures [14]. The optimized 3L phosphorene-
metal structures (Fig.2) show small changes in the
structures of 3L phosphorene on Al, Ag, Au, Cu, and
Pd, but the contacted phosphorene layer is distorted
on Ti, Ni, and Cr. The calculated key parameters
of 3L phosphorene-metal systems are listed in Table 1.
We define the binding energy E, of the 3L phosphorene-
metal systems as

E =(E,+E,-E,,)/N )

where E,, E,, and E,, are the relaxed energy for
pure 3L phosphorenes, the pure metal surfaces, and
3L phosphorene-metal systems, respectively, and N is
the number of phosphorus atoms in direct contacted
with the metals (layer a in Fig. 1(a)). The interlayer
distance d, is the average distance between the
innermost phosphorene layer (layer a) and the outmost
metal layer (layer A) in the Z-direction (normal to the
surface) as shown in Fig. 1 (a), and d,, is the minimum
atom-to-atom distance between the phosphorus atoms
and the metal atoms.

The binding energy of 3L phosphorene on the Ag,
Al, Au, and Cu surfaces is smaller, with values of
~0.44-0.86 eV, accompanied by larger interlayer (2.30 <
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Figure 2 Side view of the most stable structure and total electrostatic potential distribution in planes normal to the interface of 3L
phosphorene (pho.) on (a) Al, (b) Ag, (c) Cu, (d) Au, (e) Pd, (f) Ni, (g) Ti and (h) Cr surfaces. The Fermi level is set to zero. Inset in (h)

is the zoom of the region in the grey box.

d; < 249 A) and minimum atom-to-atom distances
(2.36 < dppn < 2.59 A). In contrast, the binding energy
of 3L phosphorene on the Pd, Ni, Cr, and Ti surfaces is
larger, with values of ~ 1.18-2.03 eV, accompanied by
smaller interlayer (1.69 < d, < 2.11 A) and minimum
atom-to-atom distances (2.18 < d;, < 2.42 A).

These differences are attributed to the fact that
Ti and Ni have two unpaired electrons, but Al, Ag,
Au, and Cu have only one. Thus, Ti and Ni can form
more bonds with phosphorus than Al, Ag, Au, and Cu.
Cr has six unpaired electrons, so the 3L phosphorene-
Cr system has the largest binding energy and the
smallest interlayer distance (dz). The outermost orbital
of Pd is fully occupied (4d'), but the phosphorene-Pd
system has a respectively larger binding energy
(1.18 eV) than phosphorene-Al, -Ag, -Au, and -Cu.
This difference can be attributed to the fact that
the 4d orbital of Pd is hybridized with the outer 5s
orbital when contacted with phosphorene, resulting in
two unpaired electrons [45]. However, hybridization
consumes energy, so the binding energy of 3L

phosphorene with Pd is smaller than with Ni and Ti.

We can classify the 3L phosphorene-metal systems
into two categories according to their structural
distortion degree and binding strength: Weak chemical
bonding systems (phosphorene with Al, Ag, Au, and
Cu) and strong chemical bonding systems (phosphorene
with Pd, Cr, Ni, and Ti). A Bader charge analysis
determined the bond character, and small charge
transfers of 0.13e, 0.11e, and 0.07e are found for
phosphorene-Ti, Cr, and Al systems, respectively,
indicating the existence of a weak ionic bond between
phosphorene and Ti, Cr, and Al The dominant
interaction between phosphorene and metal should
thus be a covalent bond, as will be mentioned in the
band structure section. The binding energy values of
3L phosphorene with metals are all larger than those
of ML phosphorene with metals [14]. This difference
can be attributed to the smaller band gap of 3L
phosphorene; thus, carriers need less energy to transfer
between the metals and 3L phosphorene than between
the metals and ML phosphorene.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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3.2 Electronic structure

The band structures of the 3L phosphorene-metal
systems projected to the 3L phosphorenes (Fig. 3)
are strongly hybridized [30, 46-48], proving that 3L
phosphorene combines covalently with metals. The
band structures of 3L phosphorene-metal systems
projected to the contacted phosphorene layer are
destroyed (Fig. 4), confirming the formation of covalent
bonds between the contacted phosphorene layer and
the metals. Besides, some of the contacted phosphorene
layer states cross the Fermi level (E;), indicating
metallization of the contacted phosphorene layers
[45, 49-52]. The hybridization degree of the band
structures projected to the contacted phosphorene layer
is more intense when 3L phosphorene contacted Pd,
Ni, Cr, and Ti than for Al, Ag, Au, and Cu. This
hybridization degree of the band structures is in
accordance with the structural distortion degree and
the binding strength.

The band structures projected to the left 2L (the
unexposed 2L) phosphorene are not destroyed so

Energy (eV)

Energy (eV)

|
o
o

Energy (eV)
|
5 i s

.5 -
X | S 4 r

Y M XX T Y M X

intensely as the contacted layer (Fig. 5), and the band
structure of pure 2L phosphorene is also provided for
comparison in Fig. 5. The unexposed 2L phosphorene
remains a semiconductor when 3L phosphorene
contacts with Al, Ag, Au, Cr, Ti, Ni, and Pd, with band
gaps of 0.78, 0.71, 0.70, 0.69, 0.62, 0.57, and 0.50 eV,
respectively, which are comparable to the band gap
of pure 2L phosphorene (0.75 eV). However, the band
structure of the 3L phosphorene-Cu system projected
to the unexposed 2L phosphorene has some states that
cross Ej;, suggesting metallization of the unexposed 2L
phosphorene.

We show the partial density of states (PDOS)
of the 3L phosphorene-metal systems and pure 3L
phosphorene in Fig. 6. The band gap disappears for
all eight systems, indicating the hybridization of the
band structure and the metallization of 3L phosphorene.
As expected, the change of PDOS in the strong
chemical bonding case (the 3L phosphorene-Pd, Ni,
Cr, and Ti systems) is more obvious than that in the

weak chemical bonding case (the 3L phosphorene-Al,
Ag, Au, and Cu systems).

Figure 3 Band structures of pure 3L phosphorene and the 3L phosphorene-metal systems (projected to the 3L phosphorene). Gray line:
Band structure of the interfacial systems; red line: Band structures projected to the 3L phosphorene. The line width is proportional to the
weight. The band structures of pure 3L phosphorene are calculated in a \/ (2a)* +b* x NP supercell. The Fermi level is set at zero

energy and is denoted by black dashed line.
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Figure 4 Band structures of pure ML phosphorene and the 3L phosphorene-metal systems (projected to the contacted phosphorene
layer). Gray line: Band structure of the interfacial systems; red line: Band structures projected to the contacted phosphorene layer. The line

width is proportional to the weight. The band structures of pure ML phosphorene are calculated in a \/(211)2 +b x \/ a’+b* supercell.
The Fermi level is set at zero energy and is denoted by black dashed lines.
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Figure 5 Band structures of pure 2L phosphorene and the 3L phosphorene-metal systems (projected to the unexposed 2L phosphorene).
Gray line: Band structure of the interfacial systems; red line: Band structures projected to the unexposed 2L phosphorene. The line width

is proportional to the weight. The band structures of pure 2L phosphorene are calculated in a \/(2a)2 +b* x \/a2 +b* supercell. The
Fermi level is set at zero energy and is denoted by black dashed lines.
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Figure 6 PDOS of pure 3L phosphorene and 3L phosphorene on the metal surfaces from the energy band calculations. The Fermi level

is set at zero energy and is denoted by vertical black dashed lines.

The total electron distribution of 3L phosphorene-Ag,
Cu, Nj, and Ti in real space is shown in Figs. 1(b)-1(e)
respectively. More electrons accumulate at the interface
of the 3L phosphorene-Ni and Ti systems than the
3L phosphorene-Ag and Cu systems, indicating the
formation of a strong covalent bond between 3L
phosphorene and Ni and Ti and a weak covalent
bond between 3L phosphorene and Ag and Cu. d,,
is slightly smaller than the sum of the single-bond
covalent radii for phosphorous and metal atoms [53]
(rp + rv) (Table 1) for the 3L phosphorene-Pd, Ni, Ti,
and Cr systems, indicating the formation of strong
covalent bond between phosphorene and Pd, Ni, Ti,
and Cr. On the other hand, d,, is slightly larger than
(rp + ry) for the 3L phosphorene-Al, Ag, Au, and Cu
systems, indicating the formation of weak covalent
bond between phosphorene and Al, Ag, Au, and Cu.

3.3 Vertical Schottky barrier height from the band
structure

It is important to study the Schottky barrier and
tunnel barrier of an FET. A schematic diagram of a 3L
phosphorene FET is shown in Fig. 7. There are three

different interfaces where a Schottky barrier can appear
in a 3L phosphorene FET: The first is the contacted
phosphorene layer and the metal (interface A in Fig. 7)
in the vertical direction, with the corresponding SBH
labeled as @ ; the second is between the contacted
phosphorene layer and the unexposed 2L phosphorene
(interface B in Fig.7) in the vertical direction, with
the corresponding SBH for hole (electron) labeled as
D% (Py;); the third is between the electrode and
the channel (interface C in Fig. 7) in the lateral direction,
with the corresponding SBH for hole (electron) labeled
as @t (@5;"). Furthermore, a tunneling barrier can
appear at interfaces A and B when electrons cross the
interface between metal and 3L phosphorene.

The metallization of all the contacted phosphorene
layers leads to the absence of a Schottky barrier
at interface A (&% =0eV) for all the studied
phosphorene-metal systems. Electrons and holes still
need to overcome a Schottky barrier if they cross
interface B in all the studied phosphorene-metal
systems, except in the 3L phosphorene-Cu system
where the unexposed 2L phosphorene also undergoes

a metallization. @5, and &> are shown in Table 1.
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Figure 7 Right: Schematic diagram of a 3L phosphorene FET.
Left: Schematic cross-sectional view of a typical metal contact to
the intrinsic 3L phosphorene channel. A, B and C are the three
interfaces (blue dashed lines) where Schottky barriers may exist.
Red rows show the pathway that the electrons or holes transfer
through the A, B, and C interfaces. Gray shadow represents
interfacial states at the relevant interface. @fﬁ, R @233%\, , @’" and
represent the SBHs at the interface A, B, and C, respectively.

We compare with those obtained from the 2L phos-
phorene quantum transport simulations in the lateral
direction [28] and observation (®;" for an electron
and @' for a hole) [2] in Fig. 8. Both calculations
show that 2L phosphorene forms n-type Schottky
contacts with Cr and Al and p-type Schottky contacts
with Ag, Au, Pd, Ni, and Ti, and that the theoretical
polarity is the same as in experiments [1, 2, 17, 18, 23].
The SBHs from the two types of calculations are similar,
and match with observations (0.23 eV for electron
and 0.47 eV for hole) when Ni is used as electrode
(@5 =0.13eV and @,;% =0.44eV), as shown in
Fig. 8 [2].

The similarity in the SBHs between the two types

e/h,3L
¢23, v

the vertical SBH between the metalized first-layer

of calculations is not surprising. reflects
phosphorene and the underlying semiconducting
2L phosphorene, while @7 reflects the lateral SBH
between the metalized first-layer phosphorene and
the semiconducting channel 2L phosphorene. In both
calculations, the coupling between the metalized
first layer phosphorene and the semiconducting 2L
phosphorene, which often lead to Fermi level pinning
(FLP) [15, 16, 50-52, 54-56], has been fully taken into
account by treating the metal and semiconducting
parts as a whole in both models, despite their different

0.23 0.24 .21
0.3 I h, 3L e,3L 03 0.32
0.41 O 7: ®,;" Il P;;v Band structure
049 : ¢;:iL [ 2 * Transport simulation
1
¢:‘,’le. [ 45:;’2,': Experiment
Figure 8 Comparison of the SBHs between the band structure
results in the vertical direction for the 3L phosphorene FETs
(91553”‘\,3 ") and the quantum transport simulations (§Z5§’”EZL ) and the
experimental observations (@}
the 2L phosphorene FETs.

0.44

) in the lateral direction for

interfacial states (Fig.7). Hence, the lateral SBH in
an N-layer 2D semiconducting material FET with a
strongly interacting electrode can be estimated from a
band structure analysis of its (N + 1)-layer counterpart.
However, this method does not work for weakly
interacting metal-semiconductor interfaces because
the semiconductor below the metal electrodes is not
metallized, and a Schottky barrier exists at the interface
between the metal electrode and the (N + 1)-layer
semiconductor underneath. The band gap of the (N +
1)-layer 2D semiconductor under the metal electrode
is different from that of an N-layer 2D semiconductor.
Therefore, in this case, the (N + 1)-layer vertical SBH
cannot be used to estimate the lateral SBH of an
N-layer 2D semiconductor FET.

The tunneling barriers can be inferred from
the total potential profiles (Fig. 2) at the vertical 3L
phosphorene-metal interfaces. There are no tunneling
barriers at any of the interfaces of the 3L phosphorene-
metal systems except in the 3L phosphorene-Cr system,
where there is a small (0.50 eV) tunneling barrier at
interface B (Fig. 7), as shown in Fig. 2(h) (the insert).
These zero or small tunneling barriers are expected
because 3L phosphorene is metallized when contacted
with these metals.

3.4 Lateral SBH from quantum transport simulations
and work function approximations

The metallized contacted phosphorene layer forms a
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Schottky barrier with channel 3L phosphorene in the
lateral direction, and the corresponding SBHs can be
derived from the transmission spectrum of the 3L
phosphorene FET. The transmission spectra of 3L
phosphorene FETs in a two-probe model with eight
different electrodes are depicted in Figs. 9(a)-9(d).
Channel 3L phosphorene is found to be n-type doped
with Ag and Cu electrodes, with electron SBHs of 0.16
and 0.28 eV, respectively. This finding is indicated
by E; being closer to the conduction-band minimum
(CBM) of 3L phosphorene and the doping level
increasing as the electron SBH decreases. In contrast,
channel 3L phosphorene is p-type doped with Cr,
Pd, Ni, Ti, Al, and Au electrodes, and has hole SBHs
of 0.05, 0.11, 0.20, 0.30, 0.30, and 0.31 eV (Fig. 10(a)),
respectively. These results occur because E; is closer to
the valence-band maximum (VBM) of 3L phosphorene,
and the doping level increases as the hole SBH decreases.
Consistently, the experiments observe n-type doping
of FL phosphorene with Cu adatoms [29], and p-type
doping of FL phosphorene with Au, Ti, Ni, and Pd
electrodes [4, 6, 17].

The conclusion that the hole SBH of the Pd electrode
(0.11 eV) is smaller than the Ni electrode (0.30 eV) is

Nano Res. 2018, 11(2): 707-721

supported by the observation of a smaller contact
resistance with a Pd electrode than with an Ni electrode
[17]. More importantly, the observed electron (hole)
SBH of 0.40 (0.21) eV in the 3L phosphorene FET
with an Ni electrode [2] is in good agreement with our
calculated result of 0.48 (0.20) eV. The observed hole
SBH of 0.21 eV in FL phosphorene FET (thicker than
2 nm) with a Ti electrode [3] is also comparable with
our calculated value of 0.30 eV. Furthermore, the
observed p-type Ohmic contact in an FL phosphorene
FET with Cr electrode is similar to our simulation
result of a hole SBH of 0.05 eV for a Cr electrode [1].
These agreements support the accuracy of our quantum
transport simulations. The SBHs of the 3L phosphorene
FET are indeed generally smaller than the ML pho-
sphorene FET due to the band gap of 3L phosphorene
being smaller than that of ML phosphorene. The
average electron/hole SBHs of the 3L phosphorene
FETs are 0.13/0.31 eV smaller than those of their ML
counterparts [14]. The transmission gap E, is defined
as the sum of the hole and electron SBHs; in other
words, E, =&} " + @y " . The transmission gaps for
the 3L phosphorene FETs are 0.61, 0.63, 0.64, 0.66, 0.68,
0.68, 0.71, and 0.77 eV with Ag, Ti, Au, Pd, Cr, Ni, Cu,
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Figure 9 Zero-bias transmission spectra of the 3L phosphorene FETs with (a) Al, Ag, (b) Au, Cr, (c) Cu, Ni, (d) Pd and Ti electrodes

and with a channel length of L =5 nm.
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and Al electrodes, respectively, compared with the
experimental transmission gap of 0.61 eV with Ni
electrodes [2].

The lateral SBH can also be obtained from the
difference between the work functions of the 3L
phosphorene-metal interfaces and the CBM and VBM
of the pure 3L phosphorene. This method is called
the work function approximation (WFA) method.
The SBHs obtained from the WFA method, quantum
transport simulations, and experiments are displayed
in Fig. 10(a). The SBHs from the WFA show that 3L
phosphorene forms p-type Schottky contacts with Ag
and Ti with hole SBHs of 0.13 and 0.09 eV, respectively;
n-type Schottky contacts with Al with electron SBH
of 0.04 eV; and p-type Ohmic contact with Au, Cu, Nj,
Cr, and Pd. However, both the quantum transport

7

simulations and experiments demonstrate that Pd
and Ni form p-type Schottky contacts instead of
Ohmic contact with FL phosphorenes. The quantum
transport simulation method gives more accurate
SBH values than the WFA because the WFA method
does not consider the interaction between the channel
3L phosphorene and the metal electrodes. This
interaction results in FLP, which makes it difficult for
3L phosphorene to form an Ohmic contact with metal
electrodes.

We plot the SBHs from the quantum transport
simulation and the WFA as a function of the metal
work functions in Figs. 10(b) and 10(c). The slopes of
the straight lines fitted to the SBH-metal work function
relations are far from 1, indicating a strong FLP.
Moreover, the slope of the lines fitted to the functions
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=] : 0.47 0.49
10.33 0.33
0.25 0.28 ! -0.38
0.16 | oas
—0.20| )
! Cu | Au Pd Cr Cr
! 011 0.05
0.13 1
: 021 020 g2
1 0.31 0.30 0.34 030
0.45 143 : q);iLl_ﬁ @ Quantum transport simulation
| o [ @, Work function approximation
1 oM il o Experiment
(b) 05 ()08
®
04— . I 0.7
0.3 31\ \‘~\~0.13\\. o]
_ 0.2 q * = e 5:
% 0.14 S N |z
= 0 Agm*\o i o 0.41
S ] 53 S .
St . c‘\\ i 0.3
029 Pt Y | 0.2
02 a @l (?u\ANl
034 , e N pd 014
-0.4 T ‘ T T T T T 4 0 T T T T T . .
40 42 44 46 48 50 52 40 42 44 46 48 50 52
W (V) Wy (eV)

Figure 10 (a) 3L phosphorene SBHs in the lateral direction obtained from the quantum transport simulation and the WFA methods.

The experimental SBHs with Ni and Ti (few layer thicker than 2
phosphorene SBHs for hole (b) hole and electron (c) as a function

nm) as electrodes are also provided for comparison. (b) and (c) 3L
of the metal work functions. The green and pink transparent ellipses

are the smallest ellipses that can overcome all the SBHs of holes and electrons from the quantum transport simulations, respectively.
The green and pink straight lines are the fitting lines for the SBHs of holes and electrons from the quantum transport simulations,
respectively, and the blue and purple straight lines are the fitting lines for the SBHs of holes and electrons from the WFA, respectively.
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of the SBHs from the WFA vs. the metal work functions
(0.53 for electron SBH and —0.53 for hole SBHs) are
much larger than those of the SBHs from the quantum
transport simulations vs. the metal work functions
(0.11 for electrons and -0.14 for holes SBHs) because
WEFA does not consider the interaction between the 3L
phosphorene channel and the metal electrodes, and
this interaction would result in further FLP.

Local device density of states (LDDOS) is a direct
way to reflect the electron distribution in an FET, and
the LDDOS of the 3L phosphorene FETs with Ag, Au,
Cu, and Cr electrodes are shown in Fig. 11. There are
metal-induced gap states (MIGS) in the channel for
the 3L phosphorene FET with a Cr electrode, which
are responsible for the strong FLP between the Cr
electrode and phosphorene (namely, the SBHs calculated
from the WFA, and direct quantum transport simulation
differs greatly) [14]. 3L phosphorene forms n-type
Schottky contacts with an electron SBH of 0.13 and
0.19eV when Cu and Ag are used as electrodes,
respectively, and the band bends downward due to
an electron transfer from the electrode to the channel.
3L phosphorene forms p-type Schottky contacts with
a hole SBH of 0.08 and 0.20 eV when Cr and Ni are
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used as electrodes, respectively, and the band bends
upward due to an electron transfer from the channel
to the electrode. The SBHs obtained from the LDDOS
are comparable with the SBHs obtained from the
transmission spectrum for the 3L phosphorene FET
calculation.

Our FET uses top-contact electrodes, but for 3L
phosphorene FETs, an edge contact can contact all
layers of 3L phosphorene. The edge contact electrode
only occupied a small space, which is critical for device
minimization. However, if the number of atoms across
the contact area is much larger than those along the
contact edge, the top contact may be better than the
edge contact because of its contact area. A combination
of the two contacts may be a better choice [13].
Therefore, the edge contact and the combination of
the top contact and edge contact is worthy of further
study.

The strong FLP caused by the strong interaction
between the 2D semiconductors and bulk metal
electrodes is a serious problem for the development
of 2D semiconductor Schottky barrier FETs (SBFETs).
Recently, a vdW metal-semiconductor junction has
been fabricated using 2D metals [57-59]. For example,

Cr/3L pho. Cr/3L pho.
0.004 =0.008

Figure 11 LDDOS in color coding for the 3L phosphorene FETs with Ag, Cu, Ni, and Cr electrodes and a channel length of L = 5 nm.

The smaller SBH is indicated.

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2018, 11(2): 707-721 719

2D metallic T-MoS,, T-WS,, H-VS,, and T-VS, contact
with semiconducting H-MoS, [60], graphene contacts
with phosphorene [61-63], O, OH, or F-doped 2D metal
carbides and nitrides (MXenes) contact with WSe,
[64]. These vdW metal-semiconductor junctions have
been demonstrated to have fewer MIGS, which weakens
the FLP, potentially reducing the SBH and suppress-
ing e-h recombination at the interface. A graphene
electrode has been used for phosphorene FETs, greatly
improving the performance of the SBFET compared
with bulk metal electrodes [61-63, 65]. Inserting a 2D
material between phosphorene and the bulk metal
electrode is an alternative approach to reducing the
SBH, and related work is underway to reduce the SBH
between phosphorene and the bulk metal electrode.

4 Conclusions

We have systematically calculated the interfacial pro-
perties of 3L phosphorene FETs with eight different
metal electrodes. The contacted phosphorene layer is
metallized, while unexposed 2L phosphorene is not
metallized. There is a Schottky barrier at the interface
between the contacted phosphorene layer and the
unexposed 2L phosphorene in 3L phosphorene-metal
systems, except for the phosphorene-Cu system. The
SBHs in the vertical direction obtained from the band
structures projected to the unexposed 2L phosphorene
are consistent with those obtained from the quantum
transport simulations and the experiments on 2L
phosphorene FETs in the lateral direction. Therefore,
the lateral SBH in an N-layer 2D semiconducting
material FET with a strongly interacting electrode can
be inferred from a band structure analysis of its (N + 1)-
layer counterpart. The quantum transport simulations
show that 3L phosphorene FETs with Ag and Cu
electrodes have n-type Schottky contacts with electron
SBHs of 0.16 and 0.28 eV in the lateral direction,
respectively; while those with Cr, Pd, Ni, Ti, Al, and
Au electrodes have p-type Schottky contacts with hole
SBHs of 0.05, 0.11, 0.20, 0.30, 0.30, and 0.31 eV in the
lateral direction, respectively. The theoretical polarity
and SBHs of the 3L phosphorene FETs generally agree
with the existing experiment.
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