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Recently, two-dimensional (2D) gallium nitride (GaN) was experimentally fabricated, and has promising
applications in next-generation electronic and optoelectronic devices. A direct contact with metals
to inject the carrier is often required for potential 2D GaN devices. Herein, the first systematic study on
the interface properties of monolayer (ML) planar and buckled GaN with different metal electrodes
(AL, Ti, Ag, Au, Sc, and Pt) in a field-effect transistor framework is presented using first-principles energy
band calculations and quantum transport simulations. Because of moderate Fermi level pinning (electron
pinning factor St = 0.63), ML planar GaN and the Ag electrode form an n-type lateral Schottky contact,
while ML planar GaN and Ti, Al and Au electrodes form a p-type lateral Schottky contact. The ML
buckled GaN, Ag, Al, Ti, and Sc electrodes form a p-type lateral Schottky contact as a result of Fermi
level pinning with a hole pinning factor of S{' = 0.75. Notably, a highly desirable n-type/p-type lateral
ohmic contact is formed at the lateral interface of the ML planar GaN and Sc/Pt electrodes, and a
p-type lateral ohmic contact is formed at the lateral interface of the ML buckled GaN and Pt/Au

rsc.li/pcecp

1. Introduction

Semiconducting group III nitride materials, such as gallium
nitride (GaN), have been intensively studied for many years'®
since they have extensive applications in high efficiency electronic
and optoelectronic equipment such as high electron mobility
transistors, light-emitting diodes, and laser diodes.”*° In addition,
two-dimensional (2D) semiconductors such as 2D transition-metal
dichalcogenides (TMDC) with band gaps in the range of 1-2 eV
and 2D group-V-enes (phosphorene, arsenene, antimonene,
and bismuthene) with band gaps in the range of 0-2.62 ev''™"’
are attracting increasing attention. Compared with 3D semi-
conductors, 2D materials easily stack in the vertical direction
and are controlled by a gate; also, there are few traps on the
interface of semiconductor-dielectrics. Therefore, 2D materials
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electrodes. Therefore, a low resistance contact can be realized in ML planar and buckled GaN devices.

are potential channel materials for next-generation electronic
and optoelectronic devices.'® ' Currently, sub-10 nm 2D MoS,
field-effect transistors (FETs) have been synthesized by several
groups, with gate lengths scaled down to 1 nm'* or channel
lengths scaled down to 4 nm.>*>>*

Recently, 2D GaN was manufactured by a migration-enhanced
encapsulated growth technique.”® The 2D semiconductor material
GaN has two types of hexagonal structures after relaxation
according to theoretical studies: a planar structure and a buckled
structure.”*® The 2D planar structure has unsaturated states
with an indirect band gap of 2.17 eV.>**® The buckled structure
is properly passivated using partially charged pseudo-hydrogen,
and has a direct band gap of 5.28 eV.>> ML GaN appears quite
promising as a 2D semiconductor in electronics and opto-
electronics applications considering the extensive applications
of its 3D counterpart. In an actual 2D material device, the metal
electrode directly contacts the 2D material causing an influx
of carriers owing to the lack of a proper doping approach;
moreover, a Schottky barrier usually appears at the interface of
2D semiconductor-metal contacts as a result of the Fermi level
pinning effect."’™* The Schottky barrier always lowers the device
performance significantly because of the production of an extra
contact resistance, which slows the carrier speed.

In this study, we used first-principles energy band and
quantum transport simulation to perform the first compre-
hensive study on the interfacial properties between electrodes
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(Al, Ti, Ag, Au, Sc, and Pt) and the hexagonal ML GaN planar
structure (labeled as ML planar GaN) and buckled structure
(labeled as ML buckled GaN) in the FET configuration. After
contact with metals, ML planar GaN undergoes metallization in
the vertical direction. However, owing to moderate Fermi level
pinning (electron pinning factor Si, = 0.63), the metalized ML
planar GaN and channel ML planar GaN form a lateral Schottky
barrier. Moreover, the band structure of ML buckled GaN is
clearly identifiable after contact with metal electrodes. Owing to
Fermi level pinning with a hole pinning factor of SF = 0.75, ML
buckled GaN and Ag, Al, Ti, and Sc electrodes form a p-type
vertical and lateral Schottky contact. Remarkably, ML planar
GaN and Sc and Pt electrodes form a highly desirable n-type and
p-type lateral ohmic contact, and ML buckled GaN and Pt and
Au electrodes form a p-type vertical and lateral ohmic contact.

2. Computational details

Fig. 1(a) shows the top-view (top panel) and side-view (bottom
panel) of hexagonal ML planar GaN, and the optimized lattice
parameter of ML planar GaN is a = 3.24 A, which is in agreement
with the previously calculated values.>?”*® Fig. 1(b) shows the
top-view (top panel) and side-view (bottom panel) of the ML
buckled GaN buckling honeycomb lattice. The lattice parameter

(a) planar GaN (b) buckled GaN
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of hexagonal ML buckled GaN is a = 3.18 A, and the buckling
height is denoted as 4 (0.75 A), as shown in the side-view. Six
commonly used metals (Sc(0001), Ti(0001), Ag(111), Al(111),
Au(111), and Pt(111)) were considered as electrodes, and their
work function varies from 3.06 to 5.50 eV. We adapted the lattice
constant of the metal electrode to that of ML GaN. The mismatch
of the lattice constant varies from 0.75% to 5.18%, as shown in
Table 1. Six atomic layers were chosen to simulate the metal
electrodes, and the atomic positions of the bottom layer of the
metal electrode was fixed and the top five layers were relaxed
because the interaction chiefly occurs between ML GaN and the
metal atoms of the top layer. To avoid false interaction in the
periodic structures, we chose more than 15 A along the z-axis as a
vacuum buffer space.

We used the plane-wave pseudopotential density functional
theory (DFT) calculation implemented in the Vienna ab initio
simulation package (VASP)**?° for geometry optimization
(relaxation) and calculation of the electronic structures. The
projector-augmented-wave (PAW) potential was used to describe
the electron—-ion interaction. For geometry optimization, 9 x 9 x 1
k-point Monkhorst meshes were sampled in the Brillouin integra-
tion, and an energy cutoff of 400 eV was used. In the energy band
calculation, 24 x 24 x 1 k-point Monkhorst meshes were sampled
in the Brillouin integration, and an energy cutoff of 500 eV was
used. The atomic locations were fully relaxed until the maximum
force was below 0.001 eV A™' per atom and the convergence
standard for energy was within 1 x 10~° eV per atom. The DFT-D2
method of Grimme®"** was used to simulate the van der Waals
interactions between ML GaN and the metal electrodes. In the
z-direction, a dipole correction was adopted to avoid the pseudo
effect®® by asymmetry in the combined systems. The ultrasoft
pseudopotential plane-wave method**** implemented in the
CASTEP code®® was used to calculate the total electron density
and the charge transfer (Mulliken population analysis), and a
plane-wave energy cutoff of 400 eV was used.

Table 1 Calculated geometry structures of the ML GaN-metal contacts.
¢ is the lattice mismatch between the metals and ML GaN, dg the vertical
distance from the bottom GaN atom layer to the topmost metal atom
layer, and dmin the minimum distance of atom to atom from GaN to the
metals. 4 is the vertical distance from the topmost layer to the bottom
atom layer of ML GaN in contact with metal electrodes, and 4y the height
of buckling for the topmost metal layer of the combined systems. E,, is the
binding energy (each GaN atom) needed to remove the ML GaN layer from
the metal electrodes
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Fig. 1 (a and b) Top- and side-view of the free-standing ML planar/buckled
GaN, respectively. The rhomboid represents the unit cell. (¢ and d) Band
structure of ML planar/buckled GaN, respectively. (e) Schematic cross-
sectional view of a typical intrinsic ML GaN in contact with a metal. B is the
vertical interface between the metal and underlying ML GaN, and D is the
lateral interface between the contacted and uncontacted ML GaN. The arrows
denote the pathway (A - B - C —» D — E) of electron or hole injection from
the contact metal (A) to the channel ML GaN (E). Inset: An ML GaN FET.
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Metal Al Ag Au Sc Ti Pt

Planar GaN & (%) 137 1.97 1.85 142 3.44 0.75
do (A) 1.97 2.65 259 217 0.67 2.13
dmmin (A) 1.97 2.68 2.59 229 1.92 2.13
A (A) 0.73 0.17 042 0.3 2.00 0.87
Ay (A) 0.090 0.571 0.086 0 0.70  0.099
E, (€V/GaN) 0.49 0.56 0.59 1.28 2.67 1.07

Buckled GaN £ (%) 2.55 3.2 3.00 3.00 5.18 0.49
do (A) 2.60 224 233 235 217 220
drmin (A) 2.76 243 250 298 2.84 2.39
4 (A) 0.834 0.721 0.746 0.740 0.739 0.743
Ay (A) 0 0 0 0 0 0

E, (ev/GaN) 0.18 0.31 0.34 0.27 0.33 0.42
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Fig. 1(e) shows a schematic cross-sectional view of the
interface model for the ML GaN device, and the electrode region
comes from the optimized ML GaN/metal combined systems.
This type of interface model has been used for 2D material
(TMDC, 2D group-V-enes, and 2D group-IV-enes)/metal-combined
systems.""">?77*% There exist two interfaces in the device interface
model. One is the vertical interface (interface B) between ML GaN
and the metal electrode and the other is the lateral interface
(interface D) between the channel and region of ML GaN.

The ML GaN FET uses a two-probe model by the channel
(about 5 nm pure ML GaN) and two electrode (ML GaN/metal
semi-infinite combined systems) regions. The local density of
states and transport properties of FET were calculated via the
DFT method and non-equilibrium Green’s function (NEGF)
coupled in the ATK 2017 package. In the channel and electrodes
region of the FET, 50 x 1 x 1 (k. x k, x k) and 50 x 1 x 50
k-point Monkhorst meshes were sampled in the irreducible
Brillouin zone (IBZ). k. is the number of k-points along the
transport direction; k, = 1 in the channel region (aperiodic
direction) and k, = 50 in the electrode region (period infinite
direction). A large number of k-points (k; = 50) along the
transport direction for the electrode calculation is crucial to
achieve convergence and accuracy during the device simulation
because it ensures that the electronic structures (particularly
the Fermi level) match properly at the electrode-channel
region boundaries.*' To ensure electron/hole neutrality in the
electrode region, the Dirichlet boundary condition was used at
the lateral interface, and the Neumann boundary condition was
used at the vertical interface. The temperature was 300 K and
the double-{ polarized (DZP) basis set was used with the FHI
pseudopotentials.

The transmission coefficient T (k,, E; k. is a vector ortho-
gonal to the transport direction) in the IBZ of the reciprocal
lattice is derived from the following expression:

T(k)aE) = Tr(Gr(kx’E)FL(kxyE)Ga(kmE)FR(kx)ED (1)

(a) b oooooooo
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where G'(ky,E) (G*(kx,E))is the retarded (advanced) Green func-
tion and I'ygy(kx,E) = i(Z1r)(ke,E) — Zi(r)(kx,E)) reflects the level
broadening by the left electrode/right electrodes expressed
according to the electrode self-energies X7 g)(E), which reflect
the effect of the electrodes on the scattering region. At a given
energy, T(E) is the average of T(k,,E) over 50 k,-points.

The exchange-correlation functional employed the generalized
gradient approximation (GGA) proposed by Perdew-Burke-
Ernzerhof (PBE). This type of single-electron approximation is
effective enough to simulate the electron behavior in calcula-
tions for FET devices because the electron-electron interaction
of the 2D semiconductor channel is restrained by carriers from
the metal electrodes. This effectiveness is confirmed from the
agreement between the calculated and experimental transport
gaps (0.68, 0.81, and 0.65 versus 0.61, 0.71, and 1.0 eV) for
trilayer, bilayer and ML black phosphorene FET, respectively.'**>™>
Furthermore, when an Ni electrode is used in phosphorene
FETs, the hole (electron) SBH at the DFT-GGA level*® is also
consistent with the experimental value.*®

3. Results and discussion

3.1 Electronic structures of the ML GaN and metal interfacial
systems

There were three initial structures of ML GaN/metal adopted at
the beginning of relaxation: N(N-H) atoms on the top, hollow
fce, and hollow hep surface sites. The most appropriate con-
figurations of the ML GaN/metal contact interfaces are shown
in Fig. 2. The honeycomb structure of ML GaN is well-preserved
except for ML planar GaN in contact with Ti, as shown in
Fig. 2(e). In addition, some atoms of ML planar GaN slightly
depart from their original locations in the vertical direction,
with 4 of 0.13, 0.17, 0.42, 0.66, and 0.87 A in ML planar GaN/Sc/
Ag/Au/Al/Pt, respectively. In contrast, the ML GaN contacted
with Ti is remarkably deformed with 4 = 2.00 A. The heights of

(c) planar GaN/Al/Ag/Au/Pt

-3-0-090-0 0 0 0 O
4]

Q0233330
98696908

Fig. 2 (a and b) Schematic side-views of ML planar/buckled GaN on metals. (c) Top-views of the stable configuration for (/3 x /3) ML planar GaN
on (2 x 2) Al(111)/Ag(111)/Au(111) and Pt(111). (d and e) Top-view of the stable configuration for ML (1 x 1) planar GaN on the (1 x 1) Sc(001) and
Ti(001) electrodes, respectively. (f) Top-views of the stable configuration for (\/3 x /3) ML buckled GaN on (2 x 2) Al(111)/Ag(111)/Au(111) and Pt(111).
(g) Top-view of the stable configuration for ML (1 x 1) buckled GaN on (1 x 1) Sc(001)/Ti(001). The N, Ga and H atoms are in blue, light brown, and white,
respectively. Light purple, green and yellow indicate the first layer atoms, second layer atoms and third layer atoms of the metals, respectively. The black

diamonds represent the unit cells.
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ML buckled GaN contacted with Au/Ti/Sc/Pt are almost
in agreement with that of free-standing ML buckled GaN
(4 = 0.75 A), while the height of ML buckled GaN contacted
with Al and Ag is 0.83 and 0.72 A, respectively. The topmost
atom layer of the metal electrodes with ML buckled GaN and Sc
with ML planar GaN is flat, but the topmost atom layer of Au,
Al, Pt, Ag, and Ti with ML planar GaN are buckled, with heights
of 0.086, 0.09, 0.099, 0.571, and 0.70 A, respectively (Table 1).

The initial interfacial distance from the bottommost ML
GaN to the topmost metal electrode layer is do = 3 A. Finally, the
d, of ML planar GaN contacted with Al, Pt, Sc, Au, and Ag are
1.97, 2.13, 2.17, 2.59, and 2.56 A, respectively, while ML planar
GaN contacted with Ti has an extraordinarily small d, of 0.67 A.
The d, value is within the range of 2.17-2.60 A for ML buckled
GaN contacted with metals (as shown in Table 1). dy,;, is the
minimum atom-to-atom interval between the metal and ML
GaN. dni, of ML planar GaN contacted with Al/Au/Pt has a
similar value to d,, while d,i, of ML planar GaN contacted with
Ti, Sc, and Ag is 1.92, 2.29 and 2.68 A, respectively, which is
larger than their respective d,. The dy,;, value of ML buckled
GaN contacted with Pt, Ag, Au, Al, Ti, and Sc is 2.39, 2.43, 2.50,
2.76, 2.84, and 2.98 A, respectively, which are all larger than
their respective d, values (Fig. 3).

We optimized the ML planar GaN/Ag interface using both
ATK and VASP codes (as shown in Fig. S1, ESIt), and the 4, 4,,,

(a) planar GaN/metal

planar GaN/Ag ,

planar GaN/Au planar GaN/Sc
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A\

(b) buckled GaN/metal
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Fig. 3 (a and b) Side-views of the geometrical structures and average
electrostatic potentials (AEP) of ML planar/buckled GaN on the Ag, Au, Sc,
Al Pd, and Ti electrodes, respectively. The Fermi level is at zero energy.

24242 | Phys. Chem. Chem. Phys., 2018, 20, 24239-24249

View Article Online

PCCP

and d, of the interfacial system calculated by ATK (VASP) are
0.14 (0.17), 0.075 (0.089) and 2.53 (2.65) A, respectively. There-
fore, the equilibrium structures of the ML planar GaN-Ag
interface optimized by the two codes are quite similar.

The binding energy per interfacial ML GaN atom is defined as

Eb = (EGaN + Emetal - EGaN/metal)/NGaN (2)

where Egany Emetal, aNd Egan/metal are the energies of ML GaN,
pure metal electrode, and the combined system per supercell,
respectively, after relaxation. Ng,n is the number of GaN atoms
per supercell.

The Ej, values (eV) for the different ML planar GaN combined
systems increase in the order Al (0.49) < Ag (0.56) < Au (0.59)
< Pt (1.07) < Sc (1.28) < Ti (2.67). The particularly large
binding energy between ML GaN and Ti is attributed to the
large deformation of ML GaN on Ti. According to the binding
energy data, strong chemical bonding occurs between ML
planar GaN and Sc/Pt with smaller interfacial distance, dj,
(2.13/2.17 A) and minimum atom-to-atom distance, dpmin
(2.13/2.29 A). However, ML planar GaN and Al/Ag/Au form weak
chemical bonds with larger d, (2.65 (Ag) and 2.59 (Au) A) and
dmin (2.68 (Ag) and 2.59 (Au) A), except for Al (d, = 1.97 A and
dmin = 1.97 A) (Table 1).

The different electronic structures of the different metals
lead to different binding strengths in the ML planar GaN/metal
combined systems. The E, values of the Al (atom (3s’p)),
Ag (atom (4d'°5s")) and Au (atom (5d'°6s")) electrodes and
ML planar GaN combined systems are low because these
elements have only one unpaired electron and form one
covalent bond with ML planar GaN. However, the Pt atom
(5d°6s"), Sc atom (3d"4s?), and Ti atom (3d*4s?) have two, three,
and four unpaired electrons, and they form two, three, and four
covalent bonds with ML planar GaN, respectively. Therefore,
the E;, values of these three combined systems are large, and
increase in the order Pt < Sc < Ti.

A weak interaction is always formed between ML buckled
GaN and metal electrodes with an increase in d,;,, (2.43-2.98 A)
and d,, (2.17-2.60 A) (Table 1). The Ej, values (eV) increase in the
order Al (0.18) < Sc (0.27) < Ag (0.31) < Ti (0.33) < Au (0.34) <
Pt (0.42). For the same metal electrode, the binding strength of
ML buckled GaN is always weaker than that of ML planar GaN
because the dangling bond is saturated in ML buckled GaN and
no covalent bond is available.

Fig. 4 shows the total electron distributions of ML GaN/
metal in real space. It is clearly shown that electrons are
accumulated in the interface, indicating that the ML planar
GaN and metal electrodes form a covalent bond. The levels of
electron accumulation at the interfaces of ML planar GaN and
Ag, Al, and Au electrodes are lower than that at the interfaces of
ML planar GaN and Sc, Ti, and Pt electrodes, which is in
agreement with the levels of the binding intensity. The amount
of shared density at the interface of ML buckled GaN and
metals is much smaller than that at the interface of ML planar
GaN and metals, which indicates van der Waals interactions in
the ML buckled GaN/metal combined systems. The Mulliken
population analysis reveals that every pair of GaN atoms in ML

This journal is © the Owner Societies 2018
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Fig. 4 (a and b) Electron density difference of ML planar/buckled GaN on
the Ag, Al, Sc, Au, Pt, and Ti electrodes, respectively. The color scale is
shown below the plot.

planar GaN gets 0.02, 0.047, 0.05, 0.27, and 0.537 electrons on
the Pt, Al, Ag, Sc, and Ti electrodes, respectively, and loses 0.017
electrons on the Au electrode (Table 1). Hence, the bond type
between ML planar GaN and Sc and Ti electrodes is a mixed
covalent bond and charge transfer interaction. Moreover, every
pair of GaN atoms in ML buckled GaN gets 0.00, 0.02, 0.03,
0.04, and 0.07 electrons on Au, Pt, Ag, Sc, and Ti electrodes,
respectively, and loses 0.027 electrons on the Al electrode.

In the band structures of the ML GaN/metal combined
systems (Fig. 5), the band of GaN is denoted by the red dots,
in which radii represents the weight of the GaN atoms in the
combined systems. In the ML planar GaN/metal combined
systems, a covalent bond is formed because the bands of ML
planar GaN supported by metal electrodes are strongly hybri-
dized. The Fermi level always intersects the bands of ML planar
GaN and thus, ML planar GaN on the six electrodes undergoes
metallization. However, the band gap (E,) of ML buckled GaN is
clearly identifiable after contact with the metal electrodes,
which is typical of weak van der Waals interaction. Fig. 5(b)
shows that ML buckled GaN and Ag, Al, Ti, and Sc electrodes
form a p-type vertical Schottky contact, which has a hole SBH of
0.21, 0.44, 1.31, and 1.53 eV, respectively. Remarkably, the Au
and Pt electrodes form a p-type vertical ohmic contact. The
band gaps in the vertical direction are 4.17 (Au), 4.22 (Ag),
4.29 (Al), 4.34 (Ti), 4.56 (Sc), and 4.63 (Pt) eV, which are all
larger than the gap (3.26 eV) of free-standing ML buckled GaN

This journal is © the Owner Societies 2018
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Fig.5 (a and b) Energy band structures of ML planar/buckled GaN
on the Sc, Ag, Al Au, Pt, and Ti electrodes. Gray dots correspond to
the GaN/metal system. Red dots correspond to the states with valid
contribution from ML GaN, and the radii of the dots are proportional
to the weight. Light purple closed area indicates the region with MIGS.
The Fermi level is at zero energy.

at the GGA level (VASP). We identified the GaN-derived states
within the band gap of ML buckled GaN as metal-induced gap
states (MIGS).

To explore the cause of these changed band gaps in the ML
buckled GaN/metal combined systems, we calculated the band
structures of only ML buckled GaN peeled from the Al, Ag,
Au, Pt, Sc, and Ti electrodes, as shown in Fig. S2 (ESIt). The
structures and the band gaps of ML buckled GaN are almost
the same as that of the free-standing ML buckled GaN, and the
direct band gaps are almost 3.12 eV, which are comparable with
that of the free-standing ML buckled GaN (Eg.qirece = 3.26 €V).
Therefore, it is the interaction with the metal electrodes that
enlarges the energy band of ML buckled GaN. This interaction
is tentatively attributed to the repulsion between the intensive
metal states in the middle of the band gap and the conduction
and valence band of ML buckled GaN.

The cumulative partial density of states (PDOS) on the GaN
atoms of ML GaN/metals are shown in Fig. 6, which further verify
the metallization of ML planar GaN and the semiconducting
nature of ML buckled GaN on the six metal electrodes. After
contact with the metal electrodes, the band gap of ML planar
GaN disappears (Fig. 6(a)) and an ohmic infusion of carriers is
revealed in the vertical direction for all the ML planar GaN/metal

Phys. Chem. Chem. Phys., 2018, 20, 24239-24249 | 24243
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Fig. 6 (a and b) Partial density of states (PDOS) (DOS on ML planar/buckled GaN atom and orbitals) of ML planar/buckled GaN on the Ag, Al, Au, Pt, Sc,

and Ti electrodes.

combined systems. Compared with the PDOS of the ML planar
GaN/metal combined systems, the band gap of ML buckled
GaN is clear (Fig. 6(b)), confirming the semiconductor feature
of ML buckled GaN in the combined systems. Hence, a weak
van der Waals contact in the vertical direction is formed
between ML buckled GaN and the metal electrodes. Near the
Fermi level, there is still a small amount of GaN states in the
ML buckled GaN/metal combined systems, which is in agree-
ment with the properties of the band structure, as shown in
Fig. 5(b) (light purple closed area).

3.2 Quantum transport simulation of the ML GaN FETs

In Fig. 1(e), we present a schematic of an ML GaN FET, and the
length of its channel is about 5 nm. In the vertical direction of
the ML planar GaN FET, the ML planar GaN is metallized,
leading to the absence of a Schottky barrier; however, the
Schottky barrier may be in the lateral direction of the
ML planar GaN FET. In contrast, the Schottky barrier can
appear in both the vertical and lateral directions of the ML
buckled GaN FET.

24244 | Phys. Chem. Chem. Phys., 2018, 20, 24239-24249

The local density of states (LDOS) in the color coding and
transmission spectra of the ML planar GaN FETs with Sc, Ag, Ti,
Al, Au, and Pt electrodes are shown in Fig. 7(a). The band bends
in the ML planar GaN channel, which reveals that there is an
inserted potential, Ap, induced by the charge transfer in the
lateral interface between the channel and source/drain region.
The lateral hole (electron) SBH &{" is the average value between
the left and right electron (hole) SBH. As an example, the left and
right electron SBH are —0.24 (¢ ;) and 0.24 (&f ) eV; thus, the
electron SBH is 0 eV for & = (&5, + ¥f r)/2. The left and right
hole SBH are 1.85 (®f;) and 1.67 (@} ) eV, respectively; thus, the
hole SBH is 1.76 eV for @ = (4>1L“L + QE,R)/Z (Table 2). In terms of
the LDOS, the Ag electrode forms an n-type Schottky contact with
@f = 0.65 eV, and the Ti, Al, and Au electrodes form a p-type
Schottky contact with P = 0.40, 0.88, and 1.0 eV, respectively.
Remarkably, the Sc/Pt electrodes form an n-type/p-type ohmic
contact at the lateral interface.

Because of the band bending in the channel of the ML
planar GaN FET, the lateral electron (hole) SBH is not identical
with the energy difference between the Fermi level and the
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Fig.7 (a and b) Local density of states (LDOS) in color coding and
transmission spectra (TS) of the ML planar/buckled GaN FET with Sc, Ag,
Ti, AL, Au, and Pt electrodes under zero-bias and zero-gate voltage, and
the channel length is about 5 nm. Light-purple closed area indicates the
region with MIGS. The Fermi level is at zero energy. The vertical white
dashed lines indicate the boundary of ML GaN/metal and the uncontacted
ML GaN channel. The corresponding conduction band and valence band
profiles along the channel are given in white lines.

conduction band minimum, CBM, (valence band maximum
(VBM)) of the transmission spectra. The semiconducting ML
planar GaN is terminated by the metal electrodes and thus, a
surface state is probably induced. The observed states appear-
ing in the band gap of planar GaN with Sc and Ti electrodes
stem from the MIGS (Fig. 7(a)), and the surface states of the
channel planar GaN are responsible for the Fermi level pinning.
Moreover, the strong interaction between the metal electrodes
alters the band gap of the channel ML planar GaN at the
interface and increases the SBH, which is also responsible for
the Fermi level pinning. In our model, the channel ML planar
GaN is perfect and no defects exist. In actual devices, defects in
the channel semiconductor will also lead to Fermi level pinning
and reduce the pinning factor.*’

Fig. 7(b) shows the LDOS in the color coding and transmis-
sion spectra of the ML buckled GaN FETs, and there are few
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Table 2 Calculated electronic structures of ML GaN-metal contacts. Q is
the Mulliken charge per GaN atom transferred from the metal electrodes
to ML GaN. Metal work function and W are the work functions for each
pure metal electrode and the ML GaN-metal combined systems, respec-
tively. ®% (@) is the vertical electron (hole) SBH obtained from the work
function approximation. @$g (9 g) is the vertical electron (hole) SBH
obtained from the band calculation.®y + (45\’};) is the vertical electron (hole)
SBH obtained from the transport simulation. @f (@) is lateral the electron
(hole) SBH obtained from the transport simulation. EX is the transport gap,
which is defined as £f = ®f + @ The lattice constant and the work
function of the free-standing ML planar (buckled) GaN are 3.24 (3.18) A and
4.74 (5.72) eV, respectively

Metal Al Ag Au  Sc Ti Pt

Metal work function (eV) 4.01 4.55 5.28 3.41 3.87 5.66

Planar GaN  Q (Je]) —0.047 —0.05 0.017 —0.27 —0.537 —0.02
W (eV) 416  4.20 495 3.40 426 5.24
Dy (eV) 051 055 130 0 0.61  1.59
5 (eV) 143 0.65 1.20 0 110 2.23
o (eV) 1.68  1.64 0.89 0 1.58  0.60
o (ev) 0.88  1.40 1.00 176 0.40 0
B (eV) 231 2.05 220 176 1.60  2.23

Buckled GaN  Q (Je) 0.027 —0.03 0 —0.04 —0.07 —0.02
W (eV) 523 577 644 437 474 646

@Sy (eV) 3.85 4.01 417 3.03 3.03  4.63
P¢r(eV) 3.66  3.62 4.55  3.22 315 471

@ (eV) 3.67 376 3.95 214 2.65 3.9
Py (eV) 044 0210 1.53 131 0
ohr(eV) 033 048 0 141 120 -0.33
o7 (eV) 0.44  0.43 0 1.74 141 0
E% (eV) 411 419 3.95 3.88 4.06 3.9

MIGS in terms of the LDOS. Since the conduction and valence
bands are flat, the electron/hole SBHs of the ML buckled
GaN FETs with Sc, Ti, Ag, Al, and Pt electrodes are the same
as that from the transmission spectra. In the lateral direction,
the Al, Ag, Ti, and Sc electrodes form a p-type Schottky contact
with a hole SBH of 0.43, 0.44, 1.41, and 1.74 eV, respectively.
Remarkably, the Au and Pt electrodes form a desirable p-type
ohmic contact.

In the lateral direction, the work function approximation
(WFA) is used to estimate the SBH of an FET. In the WFA, the
energy difference between the E¢ of the ML planar GaN/metal
combined systems and the CBM/VBM of the channel ML planar
GaN determines the lateral electron/hole SBHs, #S/®% (listed in
Table 2). Fig. 8(a) shows the lateral electron/hole SBHs of the
ML planar GaN FET produced by the WFA and quantum
transport simulations. The contact polarity of the ML planar
GaN FET with Ti and Al electrodes is totally opposite in the two
ways. The contact type of the ML planar GaN FET with a
Pt electrode changes from p-type Schottky contact in the WFA
to p-type ohmic contact in the transport simulation. This
difference between the WFA and quantum transport simula-
tions is ascribed to the fact that the coupling of ML planar GaN
between the electrode and channel regions is completely
ignored in the WFA. Consequently, the SBH value in the lateral
direction obtained by the WFA is less accurate.'' 34831

We defined the transport gap to be the total of the electron
and hole SBH: E% = &¢ + &l and the values are 3.88 (Sc),
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3.95 (Au), 3.99 (Pt), 4.06 (Ti), 4.11 (Al), and 4.19 (Ag) eV. The
transport gap is slightly larger than the gap (3.26 eV) from the
energy band simulation using the GGA level based on a
different plane-wave basis set (VASP). The simulated transport
gap should include the many-body effect at the single-electron-
approximation-based GGA level, which enlarges the transport
gap. Due to charge doping of the metal electrode, the many-
electron effect of the channel ML buckled GaN is strongly
suppressed and thus, the increase in the transport gap is not
significant. Therefore, the actual transport gap is found to be
slightly greater than the transport gap simulated at the GGA
level. Taking the ML black phosphorene FET as an example, the
measured transport gap is 0.99 eV, which is 10% larger than
the calculated transport gap (0.91 eV) at the GGA level."* The
present quantum transport simulation is expected to slightly
underestimate the transport gap.

The LDOS projected on ML buckled GaN for the simulated
ML buckled GaN transistor with metal electrodes are shown in
Fig. S3 (ESIf), and the band gap of ML buckled GaN is identifi-
able in the electrode region of LDOS. In addition, we could
obtain the vertical SBH from the LDOS. The vertical electron/
hole SBH is defined as the discrepancy between the Fermi level
and the CBM/VBM of ML buckled GaN in the deep electrode
region (away from the channel). From the LDOS, p-type Schottky
and ohmic contacts remain in both the vertical and lateral
directions, and the hole SBH is 0.48/0.43 (Ag), 0.33/0.44 (Al),
1.20/1.41 (Ti), 1.41/1.73 (Sc), 0/0 (Au), and 0/0 eV (Pt). In the
electrode region, MIGS are observed in the band gap with the Sc,
Ti, Al, Ag, and Pt electrodes. These MIGS adopt electrons from
the channel ML buckled GaN near the lateral interface, causing a
built-in potential, Ag; thus, the band of ML buckled GaN in the
electrode region bends. As a result, the SBHs defined by the
LDOS are somewhat different in the vertical and lateral direc-
tions. Fig. 8(b) shows the contrast of the vertical and lateral
electron/hole SBHs of the ML buckled GaN FET calculated by the
band calculations and quantum transport simulations. The
band gaps in the vertical direction are 4.63/4.56 (Sc), 4.35/
4.34 (Ti), 4.10/4.22 (Ag), 3.99/4.29 (Al), 4.55/4.17 (Au), and 4.71/
4.63 (Pt) eV, which were calculated by the band calculations and
quantum transport simulations, respectively. The differences in
the SBHs from the three schemes are relatively small.

(b)

0

Monolayer buckled GaN7

x .
3 onduction
band

Conduction|
band

‘alence
band

Energy Level (eV)

Monolayer planar GaN
alence

8 band

Fig. 9 (a) Lateral electron SBHs for ML planar GaN and hole SBHs for ML buckled GaN using different metal contacts. From the Schottky—Mott rule, St
and S are the electron and hole pinning factor in the lateral interface between the contacted and uncontacted ML GaN, respectively. Inset: The structure
of ML planar and buckled GaN. (b) Illustration of the Fermi level pinning in the ML planar and buckled GaN FETs.
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Fig. 9(a) shows the electron SBHs of ML planar GaN and hole
SBHs of ML buckled GaN against the metal work function. The
slopes of the linear fit to the data are called the electron and
hole pinning factors S§ and S, respectively. A complete Fermi-
level pinning corresponds to S = 0, and no Fermi-level pinning
corresponds to S = 1.*” The ML GaN FET has a moderate Fermi-
level pinning effect because the calculated pinning of the
planar and ML buckled GaN/metal contacts is S;, = 0.63 and
SP = 0.75, respectively. These pinning factors are higher than
those of ML arsenene (S§ = 0.33),"® ML blue phosphorene (Sf =
0.42),>" ML BP(Sf = 0.28)'" and ML bismuthene (S = 0.12)"
contacted with metals. The weaker Fermi-level pinning effect in
ML GaN is ascribed to the small amount of MIGS, as shown in
Fig. 7. Fig. 9(b) clearly shows the Fermi-level pinning effect
in GaN/metals, and there is an apparent overall downshift in
the Fermi level of the metal (about 2 eV) after contact with ML
buckled GaN due to the coupling at the interface.>?

4. Conclusion

In this paper, we report the first comprehensive study on the
interfacial properties of ML GaN FET using ab initio energy
band and quantum transport simulations. In the vertical
direction, ML planar GaN undergoes metallization, forming
an ohmic contact with metal electrodes. In the lateral direction,
because of moderate Fermi level pinning (pinning factor St =
0.63 for electrons), ML planar GaN and the Ag electrode form
an n-type Schottky contact with an electron SBH of 0.65 eV,
while the Ti, Al, and Au electrodes form a p-type Schottky
contact with a hole SBH of 0.40, 0.88 and 1.0 eV, respectively.
Remarkably, the Sc/Pt electrodes form a highly desirable n-type/
p-type lateral ohmic contact. In the case of the buckled GaN
contact to metal electrodes, the energy band structure of ML
buckled GaN in the electrode regions is well-maintained due to
a vdW interaction. In the vertical/lateral direction, both p-type
vertical and lateral Schottky contacts are formed with the Ag, Al,
Ti, and Sc electrodes, with a hole SBH of 0.48/0.43, 0.33/0.44,
1.20/1.41, and 1.41/1.73 eV, respectively. There is a moderate
pinning factor of S!' = 0.75 for holes in the lateral direction.
Remarkably, the Au and Pt electrodes form a highly desirable
p-type ohmic contact in both the vertical and lateral directions.
Therefore, a low resistance contact can be realized in ML planar
and buckled GaN devices.
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