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Abstract

Monolayer germanium selenide (ML GeSe) has been experimentally fabricated recently. It is a
new member of the two-dimensional (2D) semiconductor material group and shares a similar
pucker structure, direct band gap, anisotropy, and high carrier mobility with isoelectronic ML
phosphorene. Additionally, it had an advantage over phosphorene in that it is intensely ambiently
stable and thus more suitable for a channel material for next-generation high-performance
transistors. We systematically research the contact properties between ML GeSe and electrodes
(Cu, Ag, Ti, Au, Pd, Pt, graphene and graphene-Cu) in a transistor configuration by using first-
principle and quantum transport calculations. ML GeSe field effect transistors (FETs) have
strong Fermi level pinning and anisotropic Schottky contacts in the lateral interface. Graphene
electrodes have a dramatic lateral p-type (quasi-p-type) ohmic contact in the b (a)-axis direction
of ML GeSe FETs, and graphene-Cu hybrid electrodes have a quasi-p-type ohmic contact in the
a-axis direction. Hence, high performance can be achieved in ML GeSe FETs with graphene
electrodes or via the insertion of graphene between the ML GeSe and a Cu electrode.

Supplementary material for this article is available online
Keywords: Ohmic contact, monolayer GeSe, first-principle theory, quantum transport simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Two-dimensional (2D) semiconductors, such as transition-
metal dichalcogenides (TMDs), phosphorene, bismuthene,
tellurene, and monolayer (ML) InSe have been extensively
investigated [1-14] for their unique electronic and optical
properties. Compared with bulk semiconductor materials, 2D
semiconductors can be more effectively controlled by the gate
due to their atomic scale thickness and they have better carrier
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transportation ability owing to the absence of dangling bonds
and atomic scale uniform thickness. Hence, they are hopeful
candidate channel materials for future transistors [1, 15-17].
Among 2D semiconductors, puckered phosphorene is dis-
tinguished by its high carrier mobility (~1000 cm? V" s™"),
apparent anisotropy and excellent device performance in the
sub 10nm region [18, 19]. Unfortunately, phosphorene is
unstable in ambient air, which greatly restricts the practicable
device application [3, 13].

Binary ML monolayer IV-VI chalcogenides (SnS, SnSe,
GeS and GeSe), another new 2D family material with proper
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Figure 1. (a) View of free-standing GeSe. The rectangle shows the unit cell. (b) Band structure and partial density of states (PDOS) of free-

standing GeSe.

band gap (1.1-1.5eV) [20-23], are made up of earth-abun-
dant and low-toxic elements. They have a puckered structure
and anisotropic properties similar to isoelectronic phosphor-
ene [24]. Remarkably, they are very stable in ambient air
[25, 26]. Among binary IV-VI chalcogenides, germanium
selenide (GeSe) is the only one that has a direct band gap of
1.16 + 0.13 eV [27, 28]. The close located direct and indirect
band gaps of GeSe are in the range of 1.1-1.2eV, which
overlap pretty well with the solar spectrum [28-30]. There-
fore, 2D GeSe shows attractive optical properties of photo-
electronic application and high optical absorption [27,
31-34]. Actually, solar cells and photodetectors based on
multilayer GeSe have been fabricated with Au electrodes and
Si0,/Si substrates [28, 35]. Moreover, thin-film GeSe is
easily fabricated by a rapid thermal sublimation, and ML
GeSe is predicted to have a high -carrier mobility
(~4000 cm?® V! s71) [36], which is comparable with that of
phosphorene. High ambient stability and carrier mobility
render ML GeSe a more promising channel material for next-
generation high-performance transistors compared with
ambient unstable phosphorene. In an actual 2D optoelectronic
or electronic device, ML GeSe often needs contact with metal
electrodes to inject proper carriers because of the lack of an
effective substitutional doping scheme. A Schottky barrier
always exists in the interface of the 2D semiconductor-metal
devices, and it induces an extra contact resistance, which
always significantly reduces the performance of devices.
Therefore, finding a low-resistance interface with a proper
metal electrode is essential to maximize device performance.
The interfacial properties of 2D materials, such as phos-
phorene (1-3 layers), arsenene, bismuthene, TMDs tellurene,
and ML InSe [8-10, 14, 37-41] contacts with metal electro-
des have been intensively investigated. There is a need to
simulate the interfacial properties of ML GeSe-metal contacts
for the prediction of suitable ML GeSe devices.

In this paper, we first comprehensively study the vertical
and lateral interface of ML GeSe (hereafter, ‘GeSe’ represents
‘ML GeSe’) field effect transistors (FETSs) with the bulk metal
electrodes (Cu, Ag, Ti, Pd, Au, Pt, graphene, and graphene-
Cu) by using density functional theory (DFT) and ab initio
quantum transport simulation. The GeSe FETs have good
ohmic contact in the vertical interface because GeSe under-
goes a metallization and has anisotropic lateral Schottky
contacts. Along the a-axis, n-type Schottky barriers of 0.45
(Ag) and 0.51(Pt) eV are formed, while p-type Schottky
barriers of 0.22(Au), 0.31(Cu), 0.37(Ti), and 0.50(Pd) eV,
respectively, are formed. Along the b axis, n-type Schottky
barriers of 0.30(Ag) and 0.53(Cu) eV are formed, while p-
type Schottky barriers of 0.40(Pt), 0.41(Ti), 0.42(Pd) and 0.54
(Au) eV, are formed. Strong Fermi level pinning (pinning
factor 0.14) is noted in the b-axis of GeSe FETs. It is inter-
esting that in the lateral interface of the b (a)-axis and a-axis,
a p-type (quasi-p-type) and quasi-p-type ohmic contact are
formed when graphene is the electrode and with a graphene
insert between GeSe and Cu. Hence, high performance GeSe
FETs can be made with graphene electrodes or via insertion
of graphene between the GeSe and a Cu electrode.

2. Computational details

The lattice parameters (¢ = 3.99 A, b =426A (shown in
figure 1)) of GeSe are in good agreement with the previous
results [20, 21, 28, 42]. Six common metals (Cu, Ag, Ti, Au,
Pd, and Pt) covered a wide work function (3.29 ~ 5.36¢eV)
are used as electrodes. We adapt 1 x 3 Ag(110)/Au(110)/Pd
(110) to 1 x 2 GeSe supercell and 1 x 3 Pt(110)/3 x J3Cu
(111)/\/3 x 1 Ti (111) to 2 x 1 GeSe supercell. Mismatch
degrees between the GeSe and metal electrodes are
1.23 ~ 3.46% (as listed in table 1). Convergence tests in the
preceding studies [41] show that a six-metal-layers model is
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Figure 2. The structural diagram of GeSe FETs. A/B is the vertical/
lateral interface where Schottky barriers (®y/®;) may exist. The red
arrows denote the pathway of electron or hole carriers from the
electrode regions to the channel GeSe.

enough to calculate the bulk metal electrode, and the atomic
positions of bottom layer is kept fixed and the other five
layers are free. In our periodic model, to avoid pseudo
interaction, the vacuum space is adopted at least 15 A in the z
direction.

The plane-wave basis set and the projector-augmented-
wave (PAW) pseudopotential DFT calculation was used for
the relaxation energy calculation in the Vienna ab initio
simulation package (VASP) [43, 44]. The van der Waals
correction is simulated by the DFT-D2 method of Grimme
[45, 46], and in the z-direction dipole correction is simulated
[47]. The convergence standard of energy per atom is less-
than 1 x 107%eV. The atomic positions are fully optimized
unless the maximum force per atom is less-than
0.001eV A™'. In geometry optimizations (energy band cal-
culations), the cutoff energy is 400 (500) eV, and the k-points
are sampled as 9 X 9 x 1 (24 x 24 x 1) in the Brillouin
integration. After examining the stabilized structures of the
ML GeSe-Ag interface optimized by the VASP and ATK
codes, it can be seen that the methods are quite similar (figure
S1 is available online at stacks.iop.org/SST/34/095021/
mmedia). The A, dy;,, and dp values of the ML GeSe-Ag
interfacial system are 2.67/2.69, 2.62/2.46, and 2.29/2.30 A
calculated by VASP/ATK, respectively.

The two-probe model is used to simulate the GeSe FETs
(figure 2). This kind of top-contact configuration has two
types of interface: vertical interface (A: between the metal
electrodes and GeSe in source/drain regions) and lateral
interface (B: between the GeSe electrode and channel). Take
about 5nm intrinsic GeSe as the channel region, and two
electrode regions are semi-infinite with GeSe/metal com-
pound systems. In the electrode region, the Neumann and
Dirichlet boundary conditions are used, that ensure the elec-
tron/hole neutrality. The quantum transport is simulated by
the DFT coupled with the non-equilibrium Green’s function
(NEGF) in the ATK 2018 package. The k-points are sampled
as 19 x 1 x 129 (ke x ky x k) (19 x 1 x 129) in the
channel (electrodes) region. The basis set is the double-C
polarized (DZP) with the FHI pseudopotentials and the
temperature is 300 K.

The transmission coefficient 7(E) is an average of
T (kx, E) over 129 ky-points, and k, is a vector vertical to the
transport direction. T(k,, E) is expressed as (1) when energy £

Table 1. Simulated properties of the GeSe-metal compound systems.
€ is the lattice mismatch between the GeSe and metals, d, the
vertical distance from the bottom GeSe atom layer to the topmost
metal atom layer, d,,;, the minimum distance of atom to atom from
GeSe to the metals. A is the vertical distance from the topmost layer
to the bottom atom layer of GeSe in contact with metal electrodes. Ei,
is the binding energy (each GeSe atom) needed to remove GeSe
layer from the metal electrodes. Wy, and W are the work functions of
metal electrode and the GeSe-metal compound systems. @y, | @IJV, L)
is electron (hole) Schottky barrier height (SBH) using the work
function approximation. ®% and ®%7 (@} and P} P) are the
electron (hole) SBH using the transport simulation in lateral a-axis
and b axis, respectively. Ef ¢ and Ef b are the transport gap in
lateral a axis and b axis. The lattice constant of GeSe is a = 4.26/
b =3.99A, and the work function is 4.45 eV.

Metal Cu Ag Au Pd Pt Ti

€ (%) 261 135 123 193 135 346
do (A) 217 229 233 108 090 —0.54
dmin (A) 253 262 254 242 242 249
A A) 282 267 281 408 366 475
E, (eV/GeSe) 1.70 020 131 421 397 570
Wy (eV) 469 418 498 477 536 329
W (eV) 439 405 438 4.69 463  3.68
%, (eV) 051 0.17 050 081 075 -0.20
Yy, (V) 0.64 098 0.65 034 040 135
¢ (eV) 0.86 0.45 0.85 074 051 0.78
P4 (eV) 031 071 022 050 071 037
%2 (eV) 053 030 061 062 071 0.47
Prb (eV) 0.67 083 054 042 040 041
El“@eV) 1.17 1.16 1.07 124 1.12 1.15
EI"(eV) 110 113 115 1.04 1.11  0.88

is given:

T (ky, E) = T:(G" (ky, E)IL(kx, E)G“ (ky, E)IR(ky, E)) (1)

where G’ (k,, E)(G“(k,, E)) is the retarded (advanced) Green
function, Ij,g)(ky, E) indicate the level broadening and scat-
tering region by left/right electrode and is expressed as:

LLryks, E) = iE L)y ks, E) — X wky, E)) ()

YLw)(E) is the electrode self-energies.

The generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) scheme to the exchange-
correlation functional is adopted. Because the electron-elec-
tron interactions in the 2D semiconductor channel region are
greatly screened by doping carriers from the electrode, single
electron approximation (DFT-PBE) becomes a good
approximation to describe the electronic structure of the FETs
device. For example, the experimental and simulated (at the
DFT-PBE level) transport gaps (in terms of the local device
density of states) of ML, bilayer, and trilayer black phos-
phorene FETs with Ni electrode are 1.00/0.79, 0.71/0.81,
and 0.61/0.68 eV, respectively [10, 48, 49]. Therefore, we
used the DFT-PBE to depict the FET device. The simulated p-
type ohmic or quasi-ohmic contact for ML and BL WSe, with
Pt electrode is well consistent with experimental results of a
dual-gated WSe, FET with Pt electrode [11, 50]. The MoS,
FET with Au and Pt electrodes also have the same results in
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GeSe-Au

Figure 3. Top views of the stable configuration for (1 x 2) GeSe on the (1 x 3) Ag (110)/Au (110)/Pd (110), (2 x 1) GeSe on the (1 x 3)
Pt(110)/(3 x V/3) Cu (111) / (/3 x 1Ti (111). The black rectangles represent the unit cells.

simulations and experimentations. The Pt electrode has an n-
type Schottky barrier (0.28 eV) by the quantum transport
simulation, which is accord with the results (electron SBH:
0.14-0.26 eV) of the experiments [51, 52]. The Au electrode
has an n-type Schottky barrier (0.20 eV) by the simulation,
which is consistent with the experimental value of 0.06/0.13/
0.32eV [52-54].

3. Results and discussion

3.1. Vertical interface properties of the GeSe and metal contact

Three kinds of stacking pattern with high symmetry are
considered as the initial configurations. After relaxation, the
most stable GeSe/metal systems are shown in figures 3 and 4.
Puckled GeSe has a tiny change on the Cu, Ag, and Au
electrodes, while has a seriously destruction on the Ti, Pd, and
Pt electrodes. As shown in table 1, the binding energy E, of
the GeSe/metal defined as:

Eb = (EGeSe + Emetal_EGeSe/metal) /NGeSe (3)

where Egese 1S energy of GeSe, E e, is energy of pure metal
electrode and Egese/metar 1S the energy of composite system

per supercell. Ngese is the number of GeSe atoms per
supercell.

The E;, of GeSe/metals composite systems increased in
the order of Ag (0.20) < Au (1.31) < Cu (1.70) < Pt
(3.97) <Pd (421) < Ti (5.70eV). We can qualitatively
divide the interactions of GeSe/metal compound systems into
a weak and a strong chemical bonding. The weak chemical
bonding is formed between GeSe and Ag/Au/Cu with larger
interfacial distance d; (the vertical distance from the GeSe the
metal atom layer) (2.29(Ag), 2.33(Au) and 2.17(Cu) A) and
larger atom-to-atom distance dp,;, (2.62 (Ag), 2.54(Au) and
2.53(Cu) A). The dy;, is the minimum distance of atom-to-
atom from metals to the GeSe. The vertical interface of GeSe
and Pd/Pt electrodes has a strong chemical bonding with
smaller dj (1.08/0.90 A) and dyn, (2.42/2.42 A). The largest
E, (5.70eV) is GeSe/Ti compound system with smaller dp;,
(2.49 A) and negative dy (—0.54 A) explain the especially
large morphing of GeSe on Ti, and a new compound system
is formed.

The numbers of unpaired electrons lead to the different
bond strength of GeSe/metal compound systems. The out-
ermost orbital of IB-group (Au(5d"%s"), Ag(4d105s1), and
Cu(34d"")) have only one unpaired electron, when they as
the solid-state electrodes contact with GeSe form one covalent
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Figure 4. The stable configurations (side view) and average electrostatic potentials (AEP) of GeSe on the Cu, Ag, Au, Ti, Pd, and Pt

electrodes, respectively. The Fermi level is at zero energy.

bond, corresponding to the weak Ejp. Pt atom (54°6s') and Ti
atom (3d*4s°) shape two and four covalent bonds with GeSe
because of having two and four unpaired electrons. The nd
and (n + 1) s shells redistribute electrons when transition
metal atoms form a solid. Although Pd atom (4d1°) has zero
unpaired electron, in fact, Pd has an electronic distribution
similar to that of Pt. Therefore, Pd shape two covalent bonds
with GeSe, corresponding to the strong Ej,.

Figure 4 also shows the average electrostatic potentials
(AEP) of GeSe/metal contacts. In the vertical interface, the
tunneling barrier AV is described as the AEP over the Fermi
level (Ep) between GeSe and the metals. There is no AEP over
the E; in the interface, and as a result, no tunneling barrier
arises in the vertical interface of GeSe/metal contacts. The
band structures of GeSe/metal contacts are shown in figure 5.
Compared with the free-standing GeSe, the band structure of
GeSe come from compound systems are all severely
destroyed, suggesting a covalent in the vertical interface. The
hybridization levels of GeSe in contact with the Pd, Pt, and Ti
electrodes are stronger than those of the Cu, Ag, and Au
electrodes. In addition, the Fermi level pass through the band
of GeSe/metal contacts, suggesting that GeSe has undergone
metallization.

Figure 6 shows the partial density of states (PDOS) of the
GeSe/metal contact, and the band gap disappears, confirming

the metallization of GeSe supported by the metal electrodes.
Therefore, GeSe and metal electrodes form an ohmic contact
in the vertical interface. Figure S2 shows the total electron
distribution, and the accumulation of electrons is obvious in
the vertical interface, suggesting a covalent bond.

3.2. Lateral interface and quantum transport properties of the
GeSe FETs

As shown in figure 2, if the Schottky barriers exist in the
interface of semiconductor and electrode of FETs, they will
affect the performance of FETs because of depressing the
electron/hole transport. In GeSe FETs, the GeSe/metal
contacts of source/drain region are metallization, indicting @y
(the vertical Schottky barriers) is zero, and the lateral interface
may be Schottky barriers contact and ®, (the lateral Schottky
barriers) is not zero.

We will get &, by two methods: the work function
approximation (WFA) and the quantum transport simulation.
In the popular WFA method, the &) (electron/hole SBH) of
GeSe FETs is defined by the difference between the Fermi
level values of the metallized GeSe and CBM (VBM) of the
channel GeSe. The Ag/Au/Cu electrodes have n-type
Schottky barriers ($ €V’L) of 0.17, 0.50, and 0.51 eV, respec-
tively. The Pd and Pt electrodes have p-type Schottky barriers
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Figure 5. Energy band graph of GeSe with Cu, Ag, Au, Pd, Pt, and Ti electrodes, respectively. Gray dots correspond to the GeSe-metal
compound systems. Red dots correspond to the states with valid contribution from GeSe, and the radii of the dots are proportional to the

weight.

&~
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w
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E-E, (eV)
d orbital —— Total

Figure 6. Partial density of states (PDOS) of GeSe on the Cu, Ag, Au, Pd, Pt, and Ti electrodes.

@}vlv, 1) of 0.34 and 0.40 eV, respectively. The Ti electrode has
n-type ohmic contact (list in table 1). The interaction between
the channel and electrode regions is overlooked by WFA, thus
a more reliable method, quantum transport simulation, should
be used.

The quantum transport method define the ®5®) (electron/
hole SBH) of GeSe FETs by the difference between the Fermi

level and CBM (VBM) of the channel at the lateral interface,
that can be evaluated by local density of states (LDOS) of
GeSe FETs. The LDOS can offer more details of the vertical
and lateral interface, such as metal-induced gap states (MIGS)
(the new electronic states in the band gap of semiconductor
that comes from metal), and thus the contact type and values
of SBH calculated by the LDOS are more precise. The LDOS
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respectively.

color coding of GeSe FETs projected on the GeSe and
transmission spectrum (TS) of the GeSe FETs under the zero-
bias and zero-gate voltage are shown in figure 7.

The puckered GeSe gives rise to anisotropy in the
transport properties, and so we take into account two axes (a
and b directions as shown in figure 1(a)) of the GeSe FETs in
the quantum transport simulation. Considering the asymme-
trical FETs, the values of n(p)-type Schottky barriers (&™)
are the average of the left and right Schottky barriers (€%

and CIDifk}g) at lateral interface [10, 48, 49]. Along a-axis, the
Ag/Pt electrodes have n-type Schottky barriers ($$*) of
0.45/0.51 eV, while the Au/Cu/Ti/Pd electrodes have p-
type Schottky barriers (®%*) of 0.22/0.31/0.37/0.50¢V,
respectively. Along b-axis, the Ag/Cu electrodes have n-type
Schottky barriers (®S°) of 0.30/0.53 eV, respectively. The
Pt/Ti/Pd/Au electrodes have p-type Schottky barriers (®°)
0f 0.40/0.41/0.42/0.54 eV, respectively. In other words, in @
and b axis directions, the Ag and Au/Pd/Ti electrodes have
Schottky contacts of the same polarity with GeSe (n- and p-
type, respectively), while the Cu/Pt electrodes have Schottky
contacts of totally opposite polarity. In the lateral interface, a
build-in potential A exists between the electrodes and
channel region and gives rise to the band bending, as shown
in figure 7. Compared with the Cu/Ag/Au electrodes, the
band bending in the channel is severe in the Pd/Pt/Ti elec-
trodes, and the region of MIGS is broader. The contact type
evaluated by the LDOS is in line with that by the TS.
The transport gap E, Ta (E, T'5) define as:

Egd_@ed—f—@hd(ETb @fzb_'_(I)hb) (4)

The values of EgT’Zl are 1.07 (Au), 1.12 (Pt), 1.15 (Ti), 1.16

(Ag), 1.17 (Cu), and 1.24 (Pd) eV, and the values of Eg’b are
0.88 (Ti), 1.04(Pd), 1.10(Cu), 1.11(Pt), 1.13(Ag), and 1.15
(Au) eV, respectively, which are all agreement with the
intrinsic band gap of GeSe (1.15¢eV).

The comparison of the lateral electron (hole) SBHs
obtained at the WFA and transport simulation levels in the
two axis directions (figure 8). These two methods have the

same contact type in b axis, except for the Ti and Au elec-
trodes, while the WFA and transport simulation give the
opposite contact type in a axis, except for the Ag and Pd
electrodes. The difference between the transport simulation in
a and b axis directions and WFA is caused by the fact that the
quantum transport simulation takes into account the effect
between the metal electrodes and channel whereas the WFA
ignores it. The interaction at the interface B often leads to the
MIGS, which work as electrons reservoir and cause Fermi
level pinning (FLP) preventing formation of a lateral ohmic
contact.

The diagram of lateral electron SBH as a function of the
metal work function in a and b axis of the GeSe FETs
(figure 9(a)). The slope of the line fit to data, S, is known as
pinning factor and represents the FLP level. S = 0 illustrates
complete pinning and S = 1 illustrates no FLP. In a and b
axis, the FLP factor is S, = —0.03 and S}, = 0.14, respec-
tively. But S, makes little sense here due to the highly dis-
perse data. The FLP factor in b axis is lower than the
theoretical S values of ML BP (0.28) [8], ML blue phos-
phorene (0.42) [55], and ML arsenene (0.33) [41], suggesting
stronger FLP at the lateral interface of GeSe. The stronger
FLP effect in GeSe is due to more broad MIGS (figure 7). The
GeSe/metal contact has a clearly strong FLP effect
(figure 9(b)), and the Fermi level is pinned to a range of
0.64 eV in the band gap of the GeSe.

3.8. Improvement of the contact

The previous works have shown that using graphene elec-
trodes or inserting graphene/BN between 2D semiconducting
materials and bulk metal electrodes can reduce or even
eliminate the SBH because the MIGS are strongly depressed
by the Van der Waals contacts and Fermi level pinning is
greatly weakened or absent [18, 40, 56]. To this end, we tried
graphene and graphene-bulk metal hybrid electrodes. The
binding energies are 0.26(graphene) and 0.34 eV (graphene-
Cu), respectively, which are weaker than that of the other six
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Figure 9. (a) The diagram of lateral electron SBH as a function of the metals (Ti(111), Ag(110), Cu(111), Pd(110), Au(110), and Pt(110))
work function in a axis and b axis for the GeSe FETs. S is the FLP factor. (b) Fermi level pinning (FLP) Diagram of the GeSe FETs.

common metal electrodes (except Ag), and weak chemical
bonding is formed in those compound systems. Figure 10(a)
shows the band structure of GeSe with graphene electrode.
The band structure of GeSe contacted with graphene is same
as the free standing GeSe because of a weak Van der Waals
contacts and has a p-type vertical Schottky barrier of 0.17 eV.
Figure 10 (b)/(c) show the LDOS projected on GeSe. In a-
axis, there is a p-type lateral Schottky barriers of 0.1eV
(quasi-ohmic contact), which is consistent with the vertical
Schottky barriers of 0.17 eV obtained from the band structure,
and there is no Fermi-level pinning for absence of MIGS. In
b-axis, remarkably, ohmic contact of p-type is formed. There
are apparent MIGS near the VBM of GeSe in the lateral
interface, and they accept electrons from both the electrode
and channel, leading to a band bending and formation of an
ohmic contact (as illustrated in figure S3). There is a 0.1 eV
hole SBH far away from the interface in the electrode region,
a result consistent with the band structure for the interfacial
system.

Figure 10(d) shows the properties of electrons in the
vertical interface of GeSe with graphene-Cu hybrid electrode.
The dispersion relation of GeSe supported by graphene-Cu is
consistent with the intrinsic GeSe, and a p-type Schottky
barrier of 0.26 eV in the vertical interface. Figures 10(e)/(f)
show the LDOS projected on the GeSe with graphene-Cu
electrode. In the lateral interface of g-axis, a strong p-type
lateral Schottky barrier of 0.04eV averaged over the two
electrodes, which treat as quasi-p-type ohmic contact. The
apparent MIGS have connected the valence band of the
channel, and the effective VBM is elevated. As a result,
ohmic contact is formed at the left electrode. On the other
hand, in b-axis, a weak n-type Schottky barrier of 0.47 eV
averaged large electron SBH is formed because of apparent
MIGS. It is clearly that 2D graphene electrode and insertion
of graphene between GeSe and Cu electrode are superior to
the six common metal electrodes. Hence, the GeSe FETs with
2D graphene electrode or graphene-Cu hybrid electrode
should have a higher performance along a-axis direction.

4. Conclusion

In summary, we systematically study the contact properties
between GeSe and different metal electrodes (Cu, Ag, Au, Ti,
Pd, Pt, graphene, and graphene-Cu) in the transistor config-
uration by using DFT and quantum transport simulation.
Anisotropic Schottky contacts are formed in the lateral
interface of GeSe FETs. Along the a-axis of GeSe, the Ag and
Pt electrodes have lateral n-type Schottky barriers of 0.45 and
0.51 eV, respectively, while the Au, Cu, Ti, and Pd electrodes
have lateral p-type Schottky barriers of 0.22, 0.31, 0.37, and
0.50 eV, respectively. Along the b-axis of GeSe, the Ag and
Cu electrodes have lateral n-type Schottky barriers of 0.30
and 0.53 eV, respectively, while the Pt, Ti, Pd and Au elec-
trodes have lateral p-type Schottky barriers of 0.40, 0.41,
0.42, and 0.54 eV, respectively. The GeSe FETs have a strong
Fermi level pinning factor of 0.14 in the b-axis. However,
graphene electrodes have a highly desirable lateral p-type
(quasi-p-type)) ohmic contact in the b (a)-axis direction.
Upon insertion of graphene between GeSe and Cu, it has a
quasi-p-type ohmic contact in the a-axis direction. Thus,
GeSe FETs with graphene electrodes or with the insertion of
graphene between GeSe and a Cu electrode could have higher
performance.
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