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The non-zero band gap together with other unique properties endows penta-graphene with potential
for device applications. Here, we study the performance of penta-graphene as the channel material
contacting with graphene to form a van der Waals heterostructure. Based on first-principles calcula-
tions, we show that the intrinsic properties of penta-graphene are preserved in the heterojunction,
which is different from the conventional contact with metal surfaces. The stacked system forms an
n-type Schottky barrier (®,) at the vertical interface, while a negative band bending occurs at the
lateral interface in a current-in-plane model. From the device point of view, we further demonstrate
that a low-®, or an Ohmic contact can be realized by applying an external electric field or doping
graphene with nitrogen atoms. This allows the control of the Schottky barrier height, which is
essential in fabricating penta-graphene-based nanotransistors. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4986604]

Last ten years witness the rapid growth of two dimen-
sional (2D) materials.' Researches ranging from the basic
physics and chemistry to the applications for electronics,
energy, and environment demonstrate that 2D materials
exhibit very different fascinating properties as compared to
their 3D counterparts.” Among all, graphene is undoubtedly
of great importance due to its superior electronic and
mechanical properties,” which is regarded as the key ingre-
dient for electronic devices in the future. However, the zero-
band gap of graphene significantly limits its applications in
the semiconductor industry,6 and there is no controllable
way to open the gap while perfectly keeping the fundamental
nature of graphene. In this context, extensive efforts have been
devoted to exploring other 2D materials that have semiconduct-
ing characteristics such as transition metal dichalchogenides
(TMDs)”® and layered black phosphorous.” Recently, our
group predicted a 2D carbon allotrope, penta-graphene (PG),
which is entirely composed of carbon pentagons.'® State-of-
the-art calculations showed that penta-graphene exhibits a nega-
tive Poisson ratio, an ultrahigh ideal strength, and especially an
intrinsic band gap of about 3.25eV.'" These properties make
penta-graphene a promising alternative to graphene in elec-
tronic device applications.

The rise of 2D materials offers a platform for the crea-
tion of heterostructures by vertically stacking different 2D
sheets together via the van der Waals (vdW) force.!! Because
charge transfer is different with different 2D materials, vdW
heterostructures provide an interesting possibility in band
structure engineering with applications in tunneling and
optoelectronic devices, solar cells, light-emitting diodes, and
so on.''"'* For example, the fabrication of nanotransistors
based on 2D materials has been experimentally realized by
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stacking MoS, or hBN on the top of graphene,'”™"” which
exhibit excellent performances such as a high on/off ratio
and a tunable Schottky barrier height. Theoretically, gra-
phene has been also combined with other 2D semiconductors
such as black phosphorous,'® GaSe,'” and halide perovskites
to form tunnel junctions. In this device paradigm based on
vdW heterostructures, 2D semiconductors are considered as
the channel materials, while graphene is used as the metallic
electrode. Previous studies have demonstrated that unlike
conventional metal-semiconductor contacts, the absence of
dangling bonds in 2D materials can prevent the strong bond-
ing at the junction interface, hence preserving the intrinsic
properties of semiconductors.'®?° In addition, Fermi level
pinning is weakened in such vdW contacts, leading to a tun-
able Schottky barrier height by using 2D metals with differ-
ent work functions.?'** These advantages are very desirable
in transistor applications.

Since penta-graphene possesses a non-zero band gap,' it
is of great interest to integrate this unique property into an
electronic device by constructing a vdW heterostructure via
stacking penta-graphene and graphene together and to explore
whether the stacked system has some useful electronic proper-
ties. In this letter, we systematically study the geometric and
electronic structures of an all-carbon vdW heterostructure
constructed by penta-graphene (PG) and graphene (G), named
PG/G. We first use our in-house code to address the issue of
lattice match. Then, we study the interface properties which
determine the device performance, including charge transfer,
band alignment, and Schottky barrier. We show that the elec-
tronic properties of both penta-graphene and graphene are
well preserved after being stacked up, and an n-type channel
is formed due to the negative bend banding in a current-in-
plane (CIP) device. Moreover, we predict that it is possible to
tune the Schottky barrier height by applying an external

Published by AIP Publishing.
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TABLE I. Lattice parameters of the penta-graphene and graphene supercells. The lattice constants and the angle between the vectors are in the unit of ang-
strom and degree, respectively. The last column shows the total number of atoms in the heterostructures.

Penta-graphene a =b = 3.64A, o = 90°

Graphene a =b = 2.46;& o= 120°

Mismatch (%)

U Vi 71 U Vo V2 U » Vio V12 Number of atoms
Case 1 7.38 25.57 90.00 7.28 25.48 90.00 1.37 0.33 0.00 156
Case 2 15.00 16.28 77.47 14.96 16.13 77.70 0.30 0.91 0.29 198
Case 3 15.00 18.56 87.27 14.96 18.57 88.13 0.30 0.07 0.97 232
Case 4 16.28 18.56 74.75 16.13 18.57 74.18 091 0.07 0.77 242
Case 5 13.12 23.31 85.03 13.02 23.47 84.32 0.82 0.68 0.85 254

electric field to the heterostructure or doping the graphene
layer with N atoms.

Our first-principles calculations within the framework of
the density functional theory (DFT) are carried out using 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 the vdW inter-
actions, we employ a dispersion-corrected DFT method
(optB88-vdW).?’?® The plane-wave cutoff energy is 500eV
for all the calculations. The Brillouin zone is sampled with
11x 1 x 1 Monkhorst-Pack special k-point meshes.”’ The
systems are fully relaxed until the final force on each atom is
less than 0.01eV/A. Work functions are calculated by sub-
tracting the corresponding electronic levels with respect to the
vacuum level in the supercell.

Unlike graphene/hBN (Ref. 12) and MoS,/WS, (Ref.
30) heterostructures, which can be directly stacked together
because of the small lattice mismatch between their primi-
tive cells, the lattice shapes of penta-graphene and graphene
are very different from each other (see Table I). Therefore,
special care is needed in the construction of the heterostruc-
ture model that the lattice mismatch strain should be mini-
mized. To this end, we use our in-house lattice-match code
to construct the supercell model. In this code, we implement
an approach based on the work by Zur and McGill’s,>' which
can render reasonable supercell models that are amenable to
DFT calculations. We look for the lattice match based on the
interface area. For a certain area, we use a mathematical
method to find all the shapes of the superlattice, and by com-
paring three lattice parameters (u, v, and 7) one by one, we
search the best match between them. We set the mismatch of
the lattice parameters (u#, v, and ) between the penta-
graphene and graphene superlattices to be less than 2% to
insure that the lattice strain is negligible (see Table I). Given

that DFT calculations cannot hold a very large system, we
also set the total number of atoms in the system less than 300
at the same time.

Table I lists the lattice parameters of the penta-graphene
(uy, vi, and y,) and graphene supercell (u,, v,, and y,) by
using the lattice-match code. One can see that u;, v, and 7y,
are close to u,, v,, and 7,, respectively, and therefore, the
two supercells can be stacked together with minor lattice
mismatch. We also find that the way to match two carbon
sheets is not unique, where there are five possible models
that meet the requirements set in the code. We choose Case
1 as the candidate [see Fig. 1(a)] because it contains mini-
mum atoms so that the system can be dealt easily in calcula-
tions. Note that, in our simulation, we slightly stretch the
penta-graphene supercell (u;, v{, and y;) to match the fixed
graphene supercell (u,, v,, and 79,) when stacking them
together and then optimize the heterostructure without any
constrains of atomic coordinates. More details about con-
structing the heterostructure can be seen in the supplemen-
tary material.

Figure 1(a) shows the fully optimized PG/G heterostruc-
ture. We note that after optimization, both the penta-graphene
and graphene layers remain intact without any obvious geo-
metric changes, implying that lattice strain is indeed negligi-
ble in this heterostructure model. We then characterize the
interface stability by using the binding energy defined by
Ey= (Epgc - Ep - Eg)/n, where Epg,g is the total energy of
the PG/G heterostructure, Epg and Eg are the total energies of
the freestanding penta-graphene and graphene sheet, respec-
tively, and n represents the number of carbon atoms in the gra-
phene layer. Figure 1(b) shows the binding energy as a
function of the interlayer distance between the penta-graphene
and graphene layers. We find that the equilibrium distance is
3.14 A with a binding energy of 56 meV (absolute value) per
carbon atom. Compared with other van der Waals crystals,*
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FIG. 1. (a) Top view of the optimized
PG/G heterostructure. The red dashed
line represents the crystal lattice of the
heterostructure. (b) Binding energy as
a function of the interlayer distance
between penta-graphene and graphene.
The inset image shows the side view of
the equilibrium heterostructure. Green
and purple balls represent the carbon
atoms in penta-graphene and graphene,
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such as graphite [d=333A and E, = 52meV], hexagonal
boron nitride [d=3.33 A and E,, = 65 meV], and phosphorene
on graphene [d= 345A and E, = 60meV], both the inter-
layer distance and binding energy have the same order of
magnitude as those of the typical van der Waals crystals,
implying that the PG/G heterostructure can be classified into
the category of van der Waals type.

We then check the thermal stability of the PG/G hetero-
junction by performing ab initio molecular dynamics
(AIMD) simulations using a canonical (NVT) ensemble. The
simulations are carried out with a Nosé thermostat™ at 300 K
for 10 picoseconds (ps) with a time step of 1 femtosecond
(fs). The fluctuation of the total energy with simulation time
is plotted in Fig. S2 in the supplementary material. After 10
000 steps, no obvious distortion is observed in the structure,
and the average value of the total energy remains nearly con-
stant during the entire simulation. This implies that the PG/G
heterojunction is thermally stable up to at least 300 K.

We first examine the electronic structure of the PG/G het-
erojunction. For the convenience of comparison, we use the
superlattice instead of the unit cell to calculate the band
structures. The electronic band structures of freestanding
penta-graphene and graphene are given in Fig. S3 in the
supplementary material. All of our results are in good agree-
ment with previous studies.'®** We note that the valence band
maximum (VBM) and the conduction band minimum (CBM)
of penta-graphene, as well as the Dirac point of graphene, are
all located between the I" and X points in the Brillouin zone.
Therefore, we focus on the k-path from the I' to the X point of
the band structure in the remaining discussions. The calculated
projected band structures of the PG/G heterojunction on penta-
graphene and graphene are plotted in Figs. 2(a) and 2(b),
respectively, which clearly show that the electronic structures
of both penta-graphene and graphene are well preserved after
being stacked together, consistent with the important feature of
vdW contacts.'® However, a close inspection uncovers that the
valence band edge of penta-graphene is mixed with some deep
states of graphene, which induces an additional hybridized
state in the electronic structure of penta-graphene, as shown in
Fig. 2(c). Our previous study demonstrated that the VBM of
penta-graphene is contributed by the p. orbitals of the sp*-
hybridized carbon atoms,10 and thus, this hybridization is
solely from the interaction between the p, orbitals of penta-
graphene and the 7 cloud of graphene.
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FIG. 2. Band structure of the PG/G heterojunction projected on (a) penta-
graphene and (b) graphene. (c) Partial density of states of penta-graphene
and graphene in the PG/G heterostructure. The Fermi levels are shifted to
zero.
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FIG. 3. The schematic diagram of a PG/G heterojunction based transistor.
®gp and AE represent the Schottky barrier and band bending, respectively.

Next, we make a contact evaluation for this heterostruc-
ture from the device point of view. Figure 3 shows the sche-
matic diagram of a PG/G heterojunction based transistor. In
general, charge carriers moving from the electrode to the
channel need to overcome two energy barriers at two interfa-
ces (as labeled in Fig. 3).*> One appears at the lateral interface
(band bending, AEF), which is between the heterojunction and
the freestanding channel part. The other one is at the vertical
interface in the contact (Schottky barrier, ®gg), which deter-
mines the efficiency of carrier injection from the metal to the
semiconductor.

At first, we use a current-in-plane (CIP) model®® to calcu-
late the band bending in the PG/G heterojunction as plotted in
Fig. 4. The CIP system is composed of three parts: the left is
the PG/G heterostructure, while the right part is the freestand-
ing penta-graphene sheet, and the interface is in the middle.
Due to the difference in work functions of the metal and
semiconductor, there is a band bending at the interface, which
can be estimated by the Fermi level difference (AEr), i.e.,
AEr =Wpg,c — Wpg, where Wpg g and Wpg are the work
functions of the PG/G heterostructure and freestanding penta-
graphene, respectively. In Fig. 4, we can see that the
calculated Wpg/g is 4.53 eV, Wpg is 6.16eV, consequently,

PG/G heterojunction . Non-contacted
-CO-CO-CO-CO-CO-CY |
i Penta-graphene
1
P O G PO o QO G
¥e) (Q\/ﬁ'»(f(?wﬁ‘ (q::()\" ((r:;‘:h,,r“’-,(_((?\(ﬁ (Qwﬁ‘ (Qm' \
1
Evac
Wpeic=4.53 €V Wpe=6.16 eV
£
5 CBM
[=]
M ! ®,=0.42 eV
EF - ———T ———————— T-I
o, -1.69ey AEr163eV
J 3 ‘
VBM

FIG. 4. Schematic plot of a CIP model and band alignment. Wpg,g and Wpg
are the work functions of the PG/G heterostructure and single-layer penta-
graphene, respectively. E,,. represents the vacuum level that all the values
are aligned.
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the band bending (AEf) is about —1.61eV. Since AER <0,
the electrons will move from the PG/G heterostructure to the
freestanding penta-graphene, leading to an n-type channel,
hence making the CIP device n-type without further doping.
The results are different from those of the heterostructure of
graphene and phosphorene, which predicts a p-type contact.'®
Next, we discuss the Schottky barrier in the PG/G heter-
ojunction, the most important parameter that determines the
contact resistance in a transistor device.’’ The Schottky bar-
rier height (Dgp) is defined as the energy difference between
the Fermi level and the band edge of the semiconductor in a
heterostructure

(De :ECBM_EF7 (Dh :EF_EVBM7 (1)

where ®, and @, are the g values for electrons and holes,
respectively, Er represents the Fermi level, while Ecgy and
EvpMm denote the energy of the CBM and VBM of the semi-
conductor in the heterostructure, respectively, which are
identified from atom projected density of states. From Figs.
2(a) and 4, we obtain a ®gg value of 0.42eV for electrons
and 1.69 eV for holes in the PG/G heterostructure. The Fermi
level is near the edge of the conduction band of penta-
graphene, indicating an n-type Schottky barrier with elec-
trons as the major transport carriers. For device applications,
it is better to get a smaller Schottky barrier height or even
induce an Ohmic contact to reduce the contact resistance. It
has been demonstrated that Schottky barriers can be tuned
by applying a perpendicular external electric field.'®*°
Here, we apply the same method to the PG/G heterojunction.
In Fig. 5(a), we plot the evolution of the Schottky barrier
heights subject to a positive and a negative electric field.
Without the field, the system shows an n-type Schottky bar-
rier as @, is less than @,. By applying a positive field, we
find that the Fermi level gets closer to the valence bands as
the field strength increases, leading to a reduction in @, and
an increase in ®,. Note that ®; becomes smaller than @,
when the field strength reaches 5 V/nm, implying that the
Schottky barrier transforms from the n-type to the p-type. On
the contrary, the negative field makes the Fermi level moves
towards the conduction bands, resulting in a low-®, contact.
It is worthy to note that @, becomes negative for the field
smaller than 6 V/nm, which means that the Fermi level is
above the CBM of penta-graphene, turning this contact into
an Ohmic one. In this circumstance, electrons in graphene
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FIG. 5. (a) Evolution of the Schottky barrier heights as a function of the
external electric field. (b) Variation of the Schottky barrier height of penta-
graphene on the top of N-doped graphene.
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can spontaneously get injected into the penta-graphene layer,
inducing an n-type doping of the penta-graphene channel. A
previous experiment shows that a high bias (parallel to gra-
phene) would lead to a breakdown in graphene-based devices.*
However, the voltage applied in our study is perpendicular to
the PG/G heterojunction, and the range of the electric field is
comparable to that in previous studies, such as metal/h-BN/
graphene™ and phosphorene/graphene'® systems. Thus, we
believe that the PG/G heterojunction can withstand the electric
field in this range.

We then show another approach to tune ®gp. According
to the Schottky-Mott rule (O, = W — E, and O}, = E;, — W),
Dgp is related to the metal work function (W), which is equal
to the difference between the Fermi level and the vacuum
level. Therefore, by increasing or decreasing the number of
electrons in the metal, the work function will be changed
accordingly due to changes in the Fermi energy. Since the
PG/G heterojunction possesses an n-type ®gsg, we hope to
obtain an enhanced device performance by reducing ®@,. As
we know, nitrogen is right next to carbon in the periodic table,
and thus, the system will gain an electron by replacing a C
atom with a nitrogen one, leading to a small W. In the PG/G
contact, the supercell of graphene contains 72 carbon atoms.
To confirm our conjecture, we substitute C atoms with 1, 2, 3,
and 4 N atoms (structures can be seen in Fig. S5 in the supple-
mentary material). We optimize the geometries of the hetero-
structures and calculate the Fermi level of these doped
graphene layers. As expected, we observe that the Fermi level
increases with the increasing doping concentration [see Fig.
5(b)], implying that nitrogen doping can effectively change
the work functions. We then use the N-doped graphene layer
as the electrode and calculate ®@gp of these systems. The par-
tial DOS of N-doped PG/G heterojunctions is given in the
supplementary material. Figure 5(b) clearly shows that nitro-
gen doping significantly reduces ®, and leads to a small @,
value of 0.12eV when the doping concentration is 1/18. We
linearly fit these points in Fig. 5(b), obtaining a slope of
—0.43, which implies that Fermi level pinning exists in these
heterojunctions. It was demonstrated that the interface dipole
is one of the main reasons for the Fermi level pinning.22 The
averaged charge density difference of the PG/G heterojunc-
tion, defined as Ap = p(heterojunction) - p(metal) - p(semi-
conductor), is plotted in Fig. S7 in the supplementary
material. One can see that the charge redistribution is not sym-
metric between the two layers, leading to the formation of the
interface dipole. Note that to keep the hexagonal lattice of gra-
phene, the maximum N-doping concentration cannot exceed
33.3%.*" In our study, the highest N concentration is 1/18
(5.56%), which is achievable in experiments.

From Table I, one can see that the PG/G heterojunction
can be modeled by using different supercells. One may won-
der how sensitive the calculated results are to the supercell
size. Thus, we have also carried out additional calculations for
Case 2 following the same procedure as Case 1. The main
results are found to be consistent with each other, which con-
firms that our heterojunction model is reliable. Details can be
found in the supplementary material.

In summary, we have studied the vdW heterojunction
composed of penta-graphene and graphene. We used our in-
house code to build the heterostructure model with a negligible
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lattice mismatch strain and demonstrated that the PG/G
heterojunction is energetically and thermally stable by cal-
culating the binding energy and performing the AIMD
simulation. Electronic structure analysis shows that (1) the
intrinsic electronic properties of the isolated penta-
graphene and graphene are preserved after being stacked
together and a hybridized state appears at the valence band
edge of penta-graphene, which is induced by the interaction
between the p, orbitals of penta-graphene and the = clouds
in graphene; (2) there is a negative band bending at the
lateral interface between the PG/G heterostructure and
the freestanding penta-graphene, indicating an electron
transfer from the stacked system to the channel material;
(3) the Schottky barrier shows that an n-type character as
the Fermi level of the PG/G heterojunction is closer to the
CBM of penta-graphene; and (4) it is possible to tune the
Schottky barrier by electrostatic gating or nitrogen doping
graphene. We found that an Ohmic contact can be achieved
under a negative field of 6 V/nm and a low-®, can be real-
ized by using the N-doped graphene as the electrode. These
findings are very important for the exploration of penta-
graphene in future device applications.

See supplementary material for more information on the
stability and structural and electronic properties of PG/G
heterostructures.
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