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2D SnSe-based vdW heterojunctions: tuning the
Schottky barrier by reducing Fermi level pinning+t
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Qian Wang & *P

Two-dimensional (2D) SnSe is a very promising material for semiconducting devices due to its novel pro-
perties. However, the contact behavior between a 2D SnSe sheet and a three-dimensional (3D) metal
surface shows an un-tunable Schottky barrier because of the metallization of the SnSe sheet induced by
strong Fermi level pinning at the contact interface. In this work, we use graphene rather than 3D metals as
the metal electrode which comes into contact with a single-layer SnSe sheet to form a van der Waals
(vdW) heterojunction. Based on state-of-the-art theoretical calculations, we find that the intrinsic pro-
perties of the SnSe sheet are preserved and the Fermi level pinning is weakened because of the vdW inter-
action between the SnSe sheet and graphene. We further demonstrate that an Ohmic contact can be rea-
lized by doping graphene with boron or nitrogen atoms or using other high-work-function 2D metals
such as ZT-MoSe,, ZT-MoS,, or H-NbS; sheet as the electrode to reduce the Fermi level pinning, leading
to a spontaneous hole injection from the electrode to the channel material. This study sheds light on how
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Introduction

2D materials have shown great potential for device appli-
cations due to their intriguing properties and intrinsic
quantum confinement effect. Among the experimentally
explored 2D materials, SnSe sheets are of special interest. In
2014, bulk SnSe was found to possess the highest thermoelec-
tric material efficiency." Since then, increasing attention has
been paid to SnSe sheets experimentally and theoretically to
study the effect of dimensionality on the properties.””
Subsequently, a single-layer SnSe sheet synthesized to form 2D
materials®* is found to be an indirect band gap semiconductor
with many fascinating properties, such as a large negative
Poisson’s ratio, an ultralow lattice thermal conductivity
(<3 Wm™" K™ at 300 K), and a high carrier mobility of 11 000
em® V7' $7' for holes,” which is comparable to that of
graphene. In addition, compared with toxic lead, cadmium, or
mercury containing minerals,®° SnSe is an environmentally-
friendly material with less pollution. All these features make
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to tune the Schottky barrier height for better device performance.

single-layer SnSe sheets a promising candidate for electronic
device applications.

For semiconductor devices, the interface properties of a
semiconductor and its substrate are even more important than
those of themselves. Ohmic contact is always desired due to
the spontaneous charge carrier injection from the metal to the
semiconductor. However, previous experimental work on the
I-V curve of the Ag/bulk SnSe junction suggests a Schottky type
contact with a barrier height of ~0.5 eV.'® In addition to the
bulk phase, Zhao et al. fabricated a field-effect transistor (FET)
based on single-layer SnSe sheets showing an obvious current
change at a bias voltage of 0.1 eV, which exhibits a smaller
Schottky barrier of the contact than that of the bulk structure.’
However, further theoretical study demonstrates that 2D SnSe
sheets undergo a metallization when forming heterojunctions
with 3D metals.” Such metallization leads to the Fermi level
pinning,""* resulting in ineffective modulation because the
Schottky barrier height is almost completely insensitive to the
work function of the metal electrode.

To weaken the strength of the Fermi level pinning, a new
strategy is to use a 2D metal as the electrode in a contact to
make the interaction at the junction interface be vdW force.""*?
Such a technique has been applied to the MoS,/graphene
heterostructure, in which there is no metal induced gap states
and the intrinsic properties of semiconductors are well
preserved."® In this work, following the same idea of using
2D metals as the electrodes,"" we study SnSe sheet-based vdW
heterojunctions. We choose graphene as the electrode, which
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has been widely used to form vdW heterojunctions with other
2D semiconductors, such as phosphorene sheet,'> 2D halide
perovskites,'” and penta-graphene.'® Based on the geometrical
structure of the SnSe/graphene (SnSe/G) heterojunction gener-
ated by using our in-house code to deal with the issue of lattice
match between the single-layer SnSe sheet and graphene due to
their different symmetries, we systematically study its electronic
structure and band alignment, and evaluate its contact behav-
ior. Besides H-NbS, and N-doped graphene as discussed in
ref. 11, we further explore the tuning of the Schottky barrier
using some other experimentally synthesized metallic 2D
transition metal dichalchogenide (TMD) sheets including
ZT-MoSe,,"” ' ZT-MoS,,>>** and B-doped graphene. We then
further study the modulation of the contact properties to realize
Ohmic contact from Schottky contact.

Computational methods
Interface modelling

Because the lattice symmetry of the single-layer SnSe sheet and
graphene is different, special care is needed in the construc-
tion of the heterostructure model in which the lattice mis-
match strain should be minimized. To this end, we use our in-
house code, which implements a supercell approach based on
Zur and McGill’s work** to generate the supercell models with
a constraint of the lattice mismatch between the SnSe sheet
and the graphene electrode of less than 2%. Simultaneously,
we set the total number of atoms in the heterojunction to be
less than 300, as it is difficult to deal with a large system in
DFT calculations.

DFT calculations

Our calculations are based on density functional theory (DFT)
as implemented in the Vienna Ab initio Simulation Package
(VASP)***° employing the projector augmented wave (PAW)
pseudopotentials*>*” and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.”® To correctly describe the
effect of van der Waals interaction, we use the dispersion-
corrected DFT method (optB88-vdW).>*° The plane-wave cutoff
energy is set to 400 eV for all the calculations. Monkhorst-Pack
sampling®' of sufficient k-points is used (see Table S1 in the
ESIT for details). All studied heterostructures are fully relaxed
until the energy and force on each atom are less than 0.0001 eV
and 0.01 eV A™, respectively. To obtain more accurate band
gaps for the studied systems, we use the HSE06 functional®**?
for the electronic structure calculations. Work functions are cal-
culated by subtracting the corresponding electronic levels with
respect to the vacuum level in the heterostructures.

Results and discussion
Geometry

By using our lattice match code, we obtain four SnSe/G hetero-
structures composed of a single-layer SnSe sheet and graphene
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with a constraint of the lattice match of less than 2%. The
lattice parameters are given in Table S2 in the ESI,{ which
shows that the way to match two 2D surfaces is not unique.
Our previous study demonstrates that the calculated results
are insensitive to the supercell size.'® Therefore, we choose the
smallest model of the heterostructure in our calculations to
reduce the computational cost.

The fully optimized geometry of the SnSe/G heterostructure
is plotted in Fig. 1(a). We find that both the SnSe sheet and
graphene remain almost intact without any obvious geometric
distortions after optimization, implying that the lattice strain
is indeed negligible in this heterostructure model. To examine
its stability, we calculate the binding energy, which is defined
as Ey, = —(Ey — Eg — Esnse)/N, where Ey is the total energy of
the SnSe/G heterostructure, Eg,se. and Eg are the total energy of
the freestanding SnSe and graphene sheets, respectively, and N
is the number of carbon atoms in the graphene sheet. Fig. 1(b)
shows the variation of binding energy per carbon atom as a
function of the interlayer distance between the SnSe sheet and
graphene. The equilibrium interlayer distance and the binding
energy are found to be 3.48 A and 57 meV, respectively, which
are comparable to those of some vdW heterojunctions or crys-
tals, such as 2D phosphorene/graphene (d = 3.45 A, E, =
60 meV),"” graphite (d = 3.33 A, Ej, = 52 meV),** and hexagonal
boron nitride (d = 3.33 A, Ej, = 65 meV).**

Contact evaluation

We first examine the electronic properties of the SnSe/G
heterostructure. The projected band structures of SnSe/G on
the SnSe sheet and graphene are calculated and plotted in
Fig. 2(a) and (b), respectively. For the convenience of compari-
son, we also plot the band structures of the freestanding SnSe
sheet and graphene, respectively, as shown in Fig. S1, which
are in good agreement with those of previous -calcu-
lations.>”***® We find that the energy band dispersions of
both the freestanding SnSe sheet and graphene are almost
completely preserved after being stacked together, which is an
important feature of a vdW heterojunction. However, a close
examination of the projected band structures uncovers that the
valence band edge of SnSe is mixed with some states of gra-
phene, which shifts the Fermi level of graphene up to 0.18 eV
from the Dirac point, as shown in Fig. 2(b). We argue that the
shift of the Fermi level is due to the formation of the interface
dipole induced by the unsymmetrical charge distribution
between the metal and the semiconductor surfaces. As shown
in Fig. S2,T the charge distribution is asymmetrical between
the two layers, leading to the formation of the interface dipole.

We then make a contact evaluation for this heterostructure.
Fig. 3 shows the schematic diagram of a two-probe model for
the SnSe/G heterojunction-based transistor. In this model, gra-
phene acts as the metal electrode, while the SnSe sheet acts as
the channel material. Typically, charge carriers encounter two
energy barriers when they transport from the source to the
channel region. One exists at the vertical interface of the
contact, called the Schottky barrier (®sp, ), which is the energy
barrier for charge carrier transport across the interface of the
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Fig. 1 (a) Top view of the optimized SnSe/G heterostructure. The black dashed-line rectangle represents the supercell of SnSe/G. (b) Variation of
energy as a function of the interlayer distance between the SnSe sheet and graphene. The inset shows the side view of SnSe/G. Red, blue, and gray

spheres represent Se, Sn, and C atoms, respectively.
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Fig. 2 Band structure of SnSe/G projected on (a) the SnSe sheet and (b) the graphene sheet.

SnSe/G heterojunction, and the other appears at the lateral
interface between the contact and the channel part, character-
ized by band bending, AEr. Both of these parameters are
important in determining the performance of a FET device.

To calculate the band bending AEg, we use the current-
in-plane (CIP) geometry,">” which is composed of the SnSe/G
heterostructure and the freestanding SnSe sheet as the
channel material in this study. The geometry and band align-
ment are plotted in Fig. 4. In a CIP geometry, a band bending
usually occurs at the lateral interface due to the work function
deference between the heterostructure and its channel
material.*® In this CIP geometry, the band bending is esti-
mated by the Fermi level difference (AEr) between that of the

This journal is © The Royal Society of Chemistry 2018

SnSe/G heterostructure and the freestanding SnSe sheet, ie.,
AEp = Wy — Wgnse, Where Wy and Wg,g. are their corres-
ponding work functions, which are calculated to be 4.55 and
4.26 eV respectively, leading to a band bending (AEg) of 0.29
eV, as shown in Fig. 4. Therefore, holes are the major carriers
making the channel p-type as AEr > 0, similar to the case of
the phosphorene/graphene-based device."

To calculate the Schottky barrier (®gp;), we use the
Schottky-Mott rule,"* which defines ®gg, as the energy differ-
ence between the Fermi level of the heterojunction and its
band edges:

@D = Ecgm — Ep, §n = Er — Evam (1)

Nanoscale, 2018, 10, 13767-13772 | 13769
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Fig. 3 Schematic diagram of a SnSe/G heterojunction-based transistor.

&g, and AEg represent the vertical Schottky barrier and the lateral band
bending, respectively.
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Fig. 4 Schematic diagram of the CIP geometry, and its corresponding
band alignment. W and Ws,s. are the work functions of the SnSe/G
heterostructure and the non-contacted SnSe sheet, respectively. E,.c
represents the vacuum level.

where @, and @, are the Schottky barrier heights for electrons
and holes, respectively, and Er is the Fermi level of SnSe/G,
while Ecgy and Eygy denote the energies of the conduction
band minimum (CBM) and the valence band maximum (VBM)
of the SnSe sheet in the heterostructure, respectively. From the
band alignment in Fig. 4, we obtain a &g, of 0.15 eV for
holes. While the Au/SnSe sheet contact has a Schottky barrier
height of 0.10 eV,’ which is comparable to that of SnSe/G, the
Au electrode has a much larger work function than that of the
graphene one. Hence, the Fermi level pinning is weakened
when the bulk Au is replaced by the graphene sheet.

Modulation of the Schottky barrier

For device applications, a small Schottky barrier or an Ohmic
contact is ideal as the contact resistance can be reduced.
According to the Schottky-Mott rule," for a vdW hetero-
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structure, the Schottky barriers of electrons and holes can be
approximately calculated using

Doy =W —Epp,Pny =Ep — W (2)

where W is the work function of the metal electrode, and Eg, and
Epp are the electron affinity and ionization potential of the semi-
conductor, respectively. The energy value of the difference
between Epp and Eg, is equal to that of the band gap of the semi-
conductor in the heterostructure. Eqn (2) can be derived from
eqn (1) when the interaction between the semiconductor and the
metal is negligible. Therefore, ®gp, can be modulated by tuning
the work function of the metal electrode or changing the metal
electrode with other materials having different work functions.
Here, we use the two different approaches to modulate @gg .

First, we tune @sp; by doping the graphene sheet with boron
(B) or nitrogen (N) atoms to change its work function. Because B
and N are, respectively, located at the left and right of carbon in
the periodic table, if one C atom is replaced by one B or N in a
supercell of the SnSe/G heterostructure, the system will have one
electron less or more. Thus, the work function of graphene can
be changed, accordingly. We calculate the Fermi level of the
B-doped graphene sheet, and find that it decreases to —4.11 eV
from —3.59 eV, leading to an increase of the work function of 1.44
eV (from 4.42 eV to 5.86 eV). We then calculate the Schottky
barrier &sp; of the interface, and find that B doping shifts the
Fermi level of the graphene sheet down to below the VBM of SnSe
in the SnSe/G heterostructure, turning @sg, from the Schottky
type into the Ohmic one (see Fig. S3 for details). As mentioned
above, 2D SnSe undergoes metallization when forming a hetero-
junction with 3D metal surfaces, resulting in &gg,; being insensi-
tive to the metal work function.'® However, the metal-induced
gap states in the SnSe sheet are totally missing in this vdW
heterostructure, thus leading to a tunable ®gg .

We then dope the graphene sheet with N atoms. We find
that N doping raises the Fermi level resulting in a smaller
work function as N has one electron more than C. Fig. 5(a)
shows the variation of calculated work functions and &g, as a
function of different doping concentrations for the SnSe/
N-doped graphene heterostructure. We find that &y,; increases
to 0.53 eV from the original value of 0.05 eV, while &,
decreases to 0.46 eV from 0.87 eV when N doping concen-
tration is increased from 1/64 to 2/64 in the supercell of the
graphene sheet. If the doping concentration is further
increased, the Fermi level of the heterostructure becomes
closer to the CBM of the semiconductor SnSe, and conse-
quently, the Schottky barrier changes from p-type to n-type,
which means that the electron becomes the major charge
carrier transporting from the N-doped graphene sheet to the
SnSe sheet. According to previous study, the linear dependence
of &gz, on the metal work function should have a slope of
+1."" By linearly fitting these points, we obtain a slope of
+1.03, as shown in Fig. 5(a), implying that the Fermi level
pinning is almost eliminated by N doping. The calculated elec-
tronic band structures and band alignments of the SnSe/

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Variation of the Schottky barrier height @sg, and the work function with the N doping concentration for (a) SnSe/N-doped graphene and (b)
SnSe/2D metal heterostructures. The top ticks in (a) represent the N-doping concentration.

N-doped graphene heterojunctions in each of the N concen-
trations studied are given in Fig. S47 for details.

Next, we tune the ®gsp; by replacing the metal electrode
(graphene) with some experimentally synthesized transition
metal dichalchogenide (TMD) sheets, including ZT-MoSe,,
ZT-MoS,, and H-NDbS,, respectively, because these 2D metals
have larger work functions than that of graphene. The opti-
mized geometric configurations and their corresponding
lattice parameters of the considered supercells composed of
the SnSe sheets and the TMD sheets are given in Fig. S5 and
Table S3,T respectively. We calculate their band structures and
band alignments (see Fig. S61 for details) and then calculate
the Schottky barrier heights ®gg,. As shown in Fig. 5b, the
work functions are 5.27, 5.92, and 6.22 eV for the hetero-
structures with ZT-MoSe,, ZT-MoS,, and H-NbS, as the elec-
trode, respectively, all of which are significantly greater than
that of the heterostructure with graphene as the metal elec-
trode (4.42 eV). Accordingly, the Fermi levels are shifted down
to below the VBM by 0.13, 0.27, and 0.32 eV, respectively,
leading to Schottky-barrier-free contacts with spontaneous
hole injection from the metal to the semiconductor. For a
clear view, we plot ®@gg, for all the studied systems in Fig. S7+
for comparison. One can see that a tunable Schottky barrier in
the 2D SnSe-based heterojunctions can be achieved because
the interaction between the metal electrode and the channel
material is caused by the vdW force.

Conclusions

In summary, we systematically study the structural and elec-
tronic properties of a vdW heterostructure composed of a

This journal is © The Royal Society of Chemistry 2018

single layer SnSe sheet and graphene. We use our in-house
code to construct a heterojunction supercell via minimizing
the lattice mismatch, and use state-of-the-art theoretical calcu-
lations to evaluate the contact performance including the
lateral band bending and vertical Schottky barriers. Our main
results include: (1) the electronic properties of both the SnSe
sheet and graphene are almost completely conserved after
being stacked together, indicating that the interaction between
the two surfaces is caused by vdW forces; (2) a positive band
bending appears at the lateral interface; (3) different from the
strong Fermi level pinning in 2D SnSe sheet/3D metal contacts,
the metal-induced gap states are totally suppressed due to the
vdW interaction, leading to a tunable Schottky barrier height
®gp; (4) an Ohmic contact can be realized by doping graphene
with B atoms or replacing graphene with other high-work-func-
tion 2D metals, leading to spontaneous hole injection from
the metal to the semiconductor. These findings solve the
problem of the un-tunable Schottky barrier height of 2D SnSe/
3D metal contacts, which plays a significant role in future
device fabrications.
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