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ABSTRACT

Novel properties of penta-graphene (PG) have stimulated great interest in exploring its potential for device applications. Here,
we systematically study the interfacial properties of the heterojunctions constructed by stacking PG on several metal substrates
(Ag, Al, Au, Cr, Cu, Pd, and Ti), which are commonly used in field-effect transistors. We consider PG as the channel material
because of its semiconducting feature, while treating the metal surfaces as the electrodes. Based on first principles calculations,
we show that PG preserves its pentagonal feature with some small distortions when deposited on the metal substrates but
undergoes metallization due to the chemical bonding between PG and the metal surfaces. We evaluate the device potential of
these PG-metal contacts by studying their tunneling barriers, orbital overlaps, and Schottky barriers. We find that PG forms an
n-type Schottky barrier when in contact with Al, Cu, and Ti, but forms a p-type Schottky barrier when supported on Ag, Au, Cr,
and Pd. Our study sheds light on the design and fabrication of PG-based electronic devices.

Published under license by AIP Publishing. https: //doi.org/10.1063 /1.5085414

I. INTRODUCTION

Penta-graphene (PG) is particularly interesting due to its
exotic atomic configuration and remarkable properties.’ Unlike
graphene, where hexagonal carbon rings serve as the struc-
tural motif, PG is composed exclusively of carbon pentagons,
displaying an array of intriguing properties that even outper-
formed graphene.”™ For instance, it possesses some novel
mechanical properties,* such as a negative Poisson’s ratio and
an ultrahigh ideal strength. It also exhibits unique thermal con-
ductivity and metal-free catalytic activity.””® More importantly,
PG has a fundamental energy bandgap of 3.25eV,"”™" which
is close to that of ZnO and GaN, showing the feature of a
wide-gap semiconductor. Thus, PG can be expected to have
potential applications in nano electronic devices.

In a real device, such as a field-effect transistor (FET), a
contact between the channel material and metal is usually
required to inject an appropriate type of carrier into the con-
duction or valance bands of the semiconducting channel

material. However, the biggest challenge that masks the intrin-
sic properties of the semiconductor is the lack of a low resis-
tance metal contact. For example, experiments show that a
large Schottky barrier appears in the contacts between MoS,
and Au, Pt, Sc, and Pd,"" which cannot be easily modulated
because of the Fermi level pinning induced by the metallization
of MoS,."*'° To overcome such issues in the PG-based device,
we explored an all-carbon heterojunction composed of PG and
graphene,'® where graphene is considered as the metal elec-
trode. We found that the intrinsic electronic properties of both
PG and graphene are well preserved after they are stacked
together, forming a van der Waals (vdW) heterojunction. An
n-type Schottky barrier is formed at the contact interface,
which can be effectively reduced by electrostatic gating or
doping graphene with nitrogen atoms. However, in terms of
the process of its robustness and electrical reliability, bulk
metals are still the first choice for practical device applications,
as compared to using two-dimensional (2D) monolayers. It is,
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therefore, highly desirable to explore suitable metals and
the contact configurations that can have maximum potential
to form low-resistance PG-metal contacts. At present, no
such research has been reported. This motivates us to carry
out this study.

In this work, using the density functional theory (DFT),
we have systematically studied the geometric and electronic
properties of the heterojunctions constructed by vertically
stacking the PG monolayer and metal (Ag, Al, Au, Cu, Cr, Pd,
and Ti) surfaces, respectively. The issue of lattice mismatch
between PG and the metal surfaces is taken care of by using
our in-house code."” To study device performance, the inter-
face properties including electrostatic potential, electronic
structures, and band alignment have also been investigated.
We have demonstrated that apart from choosing a metal
with proper work function, the interface between PG and
the metal surface plays an important role in achieving a low
resistant contact.

Il. COMPUTATIONAL METHODS
A. Interface modeling

According to the Schottky-Mott rule,” a metal with very
large or very small work function is needed to form a low-
barrier contact. We selected seven metals, including Ag, Al
Au, Cu, Cr, Pd, and Ti, because they are commonly used in
transistor junctions, and their work functions cover a wide
range.”” To construct PG-metal heterojunctions, we chose Ag,
Au, and Cr (110) surfaces, Pd and Cu (111) surfaces, and Ti
(0001) surface, respectively, to match the PG monolayer, as
these are the most probable orientations found in experi-
ments. We have used a five-layer slab model with the bottom
three layers of the metal atoms fixed at their bulk position to
simulate the metal surfaces. To study the effect of film thick-
ness and minimize the computational cost, we limited tests to
three to seven-layer slabs. We then vertically stacked PG and
the metal surfaces together to build the heterojunctions,
respectively. Since the symmetry and lattice constants of PG
and those of the selected metal surfaces are different from
each other, we have used our in-house code'’ to generate the
heterostructure supercells by setting the lattice mismatch
less than 2% and the total number of atoms to less than 300.
A detailed procedure for generating the supercells is given in
Fig. S1in the supplementary material. A vacuum space of 20 A
in the normal direction of the interfaces is added to avoid
spurious interaction between the periodic images.

B. DFT calculations

Our first principles calculations within the framework of
DFT were 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 vdW interactions, we used a dispersion-corrected
DFT method (optB88-vdW). The plane-wave cutoff energy is
set to 500 eV for all calculations. The Brillouin zone is sampled

ARTICLE scitation.org/journalljap

with 5 x 5 x 1 Monkhorst-Pack special k-point meshes™ for Ag,
Al, and Au, 9x1x1 for Cu and Ti, 1x1x1 for Pd, and 7x7x1 for
Cr, respectively. All studied heterojunctions are relaxed until
the force and energy on each atom is less than 0.01eV/A and
1x10~* eV, respectively.

lll. RESULTS

Three major factors determine the electronic transpar-
ency of the contact in a metal semiconductor junction, which
include (1) interface geometry, (2) tunneling barrier, and (3)
Schottky barrier. A favorable interface structure requires a
small lattice mismatch, which can maximize the orbital
overlap between both sides. The tunneling barrier should be
as narrow and as low as possible to increase the tunneling
probability, thus maximizing the current injection. The height
of the Schottky barrier should also be low so that the charge
transfer can be more efficient. In the following, we evaluate
the interfacial properties of the PG-metal junctions by analyz-
ing each of these factors one by one.

In Fig. 1, we show the geometric structures of the opti-
mized contacts. Because of the small lattice mismatch
(< 2%), after geometry optimization, the original structure of
PG is well preserved on all of the selected metal substrates,
implying that the lattice strain is negligible in these hetero-
structures. To study the interaction between PG and the
metal surface, interlayer distance (d) is measured for each of
the optimized contacts (see Table I), which is defined as the
average distance between the top layer of metal and the
bottom layer of PG. We find that PG strongly bonds with the
Au, Al, Pd, Cr, and Cu surfaces, respectively, as reflected by
the fact that the calculated average interlayer distance of
these contacts is approximately equal to or shorter than the
sum of C and metal atom covalent radii. For example, d for
PG-Au contact is 1.57 A, which is 0.54 A shorter than the sum
of C and Au covalent radii. However, we note that the inter-
action between MoS; and Au is relatively weak as d is longer
than the sum of S and Au covalent radii in the MoS,-Au
contact.”* This is because unlike fully saturated sulfur in
MoS,, the sp? hybridized C atoms in PG are not fully satu-
rated, which results in a stronger chemical bonding. Because
of the short distance between PG and the metal surfaces, a
large orbital overlap exists in these contacts.

To characterize the bond strength in these contacts,
we calculate the binding energy Ey, for each of them. This is
defined as

Ep = (Epc + Em — Epg—m)/N, 0

where Epg, Ey, and Epg-y, respectively, represent the total
energies of PG, metal surface, and PG-metal heterojunction,
respectively, and N represents the number of atoms of PG in
the heterojunction supercell. The calculated binding energies
for PG-M (M = Ag, Al, Au, Cr, Cu, Pd, and Ti) heterojunctions
are 0.85, 0.45, 0.77, 1.63, 0.73, 0.27, and 0.66 eV, respectively.
The PG-M (M = Au, Cr, and Cu) contacts have larger binding
energies of 0.77, 1.63, and 0.73 eV, respectively, that are larger
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FIG. 1. Side views of the optimized PG-M (M = Ag, Al, Au, Cr, Cu, Pd, and Ti) contacts and the average electrostatic potentials in the normal direction to the interfaces.
AV and wg are the tunneling barrier height and width, respectively, and d is the interlayer distance between the bottom layer of PG and top layer of the metal. The Fermi

level is shifted to zero.

than those of PG-M (M=Al, Ti, and Pd) contacts whose
binding energies lie in the range of 0.27 and 0.66 V. On the
other hand, the interlayer distance of the former group
(157<d<2114) is larger than those of the latter group
(2.13 <d <2.37A). In contrast, graphene-M (M = Al, Cu, Ag, Au,
and Pt) contacts lead to a much weaker binding (Ep < 0.04 eV)
and a larger equilibrium separation (d~3.34).”> Our results

TABLE |. Calculated interfacial properties of the PG-M (Ag, Al, Au, Cu, Cr, Pd, and
Ti) contacts, including the average interlayer distance (d in A) between the PG
monolayer and metal surface, binding energy per carbon atom of PG (E, in eV),
tunneling barrier height (AV in eV), tunneling barrier width (wg in A), tunneling
probability (Tg in %), and the Schottky barrier height for electrons (&, in eV) and
holes (@, in eV) in the lateral direction. Work functions of the pure metals (WF in
eV), and heterojunctions (WFy in eV) are also given.

Ag Al Au Cr Cu Pd Ti
d 2.52 213 1.57 2.07 21 210 2.37
E, 0.85 0.45 0.77 1.63 0.73 0.27 0.66
WF 4.38 4.14 5.16 5.06 5.00 5.41 479
WFy 5.37 4.39 5.20 5.09 4.99 5.37 4.86
AV 2.20 0 1.97 0 0.74 0.55 0
Wp 0.80 0 0.60 0 0.30 0.30 0
Ts 29.73 100 42.28 100 76.81 76.66 100
P, 1.12 1.20 2.01 1.90 1.47 218 1.60
Dy, 1.09 2.07 1.26 1.37 1.80 1.09 1.67

imply that the interaction between PG and the metal surfaces
is stronger than that of graphene and metal surfaces, sug-
gesting that PG is more reactive toward the metals than the
graphene.”®*’

Next, we calculate the energy barriers at the PG-metal
interfaces to evaluate their device performance. A schematic
image of the PG-based two-probe FET model is plotted in
Fig. 2. A tunneling barrier (TB) and a vertical Schottky barrier
(®,) may exist at the interface (B) between the metal surface
and PG monolayer, depending on the strength of their
binding interaction. A lateral Schottky barrier (&) can appear
at interface D between the heterojunction and the PG
channel region. We first calculate the electrostatic potential
to analyze the tunneling barrier. From the potential profile, as
shown in Fig. 1, the PG-M (M = Al, Cr, and Ti) contacts have no
tunneling barriers, as their potential energies do not cross
over the Fermi level. However, there is an obvious tunneling
barrier in PG-M (M = Ag, Au, Cu, and Pd) with a barrier height
of 2.20, 197, 0.74, and 0.55eV, respectively. The tunneling
barrier can be characterized by its height (AV) and width (wg).
Since the real potential barrier has an irregular shape, we
assume a square potential barrier to estimate the tunneling
probability (Tg) by using the WKB equation””**

Tp = exp (—2 ZIF?AV X wB>, (2)
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the vertical and lateral Schottky barriers, respectively. The right figure is a schematic diagram of a heterojunction-based FET, showing the source, drain, and channel regions.

where m is the mass of the free electron and h is the reduced
Planck’s constant. Obviously, the tunneling possibility is 100%
for the PG-M (M =Al, Cr, and Ti) contacts, while that for the
PG-M contacts with M =Ag, Au, Cu, and Pd it is 29.73, 42.28,
76.81, and 76.66%, respectively. The small physical separation
d between the PG layer and Au, Cr, Cu, or Pd metal surface
leads to a small tunneling barrier height AV and strong orbital
overlap. This is the case with the metal contacts of monolayer
transition metal dichalcogenide (TMD) semiconductors.”’
Tunneling probability of a weak-bonding system is usually
smaller than that of a strong bonding one. Our calculated

results show that the PG-Al, PG-Cr, and PG-Ti contacts can
be expected to have excellent electron injection efficiency
because of the strong metallization and absence of tunneling
barrier at the their interfaces.

Besides the tunneling barrier, another important key
factor that determines the contact resistance of a heterojunc-
tion is the Schottky barrier.”’ To study this, we calculate the
band structure of the free-standing PG monolayer and the
projected band structures of PG in these contacts. The
results are plotted in Fig. S2 in the supplementary material. It
clearly shows that the band structures of PG supported on all
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FIG. 3. (a) DOS of the pristine PG monolayer and (b)-(h) are the DOS contributed from PG in PG-M (M =Ag, Al, Au, Cu, Cr, Pd, and Ti) heterojunctions. The Fermi

energy is set to zero.
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of the metal substrates are significantly perturbed because of
the chemical bonding between the carbon and metal atoms.
However, for graphene-metal contacts, the projected band
structures of graphene on Al, Ag, Au, and Cu substrates are
much less perturbed, where the band dispersions as well as
the Dirac points can be clearly identified.” This is very differ-
ent from the PG-metal contacts studied here. This, once
again, suggests that the interactions between PG and the
metal surfaces are stronger than that between graphene and
metal surfaces.”*“*' The band hybridization in PG-M (M = Al

o High WF

Au, Cr, and Pd) is more intense as compared to that in PG-M
(M =Ag, Cu, and Ti). The energy bandgap of pristine PG in all
the contact disappears, where the new bands are induced by
the orbital overlaps, and extend into the original gap of PG.
This implies that PG undergoes metallization, thus the vertical
Schottky barrier (®,) at the interface (B) between PG and the
metal surface vanishes. From Fig. S2 in the supplementary
material, we further infer that the electrons in the overlap
states of the band structures of the PG-Ag, PG-Cu, and PG-Ti
contacts are delocalized, because most of their energy bands

o Medium WF
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FIG. 5. Summary of the electron injection efficiency of PG-metal contacts in terms of tunneling probability and Schottky barrier.
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have high curvatures, indicating a small charge effective mass.
Therefore, the conductivity of PG in these contacts is not
degraded by the metal atoms for an efficient carrier trans-
port, which is good for carrier injection from metal to PG.

In order to further confirm the metallization of PG in the
heterojunctions, we also plot the density of states (DOS) for
the PG-metal contacts in Fig. 3. One can see that a large
number of metal-induced-gap-states appear in the original
bandgap of pristine PG, especially at the Fermi level, and the
bandgaps disappear in all of the seven systems, resulting from
the hybridization of the energy bands. For all of the contacts,
the s, py, and p, states are nearly uniformly distributed with
small contributions to the states near the Fermi level. The py
orbitals make the major contribution to the original bandgap
of PG. The band hybridizations in these PG-metal contacts
are different from those of graphene-metal systems where
the hybridized bands are solely comprised of p,.””

We then calculate the lateral Schotkky barrier (&;) fol-
lowing the same precedure as in our provious study.® The
Schottky barrier height (SBH) is defined as

@, = Ecgm — Er, @, = Er — Evau, (3)

where ®, and ®;, are the lateral SBHs for electrons and holes,
Er represents the Fermi level of the heterojunction, while
Ecpm and Eypy denote the energies of the conduction band
minimum (CBM) and the valence band maximum (VBM) of the
PG semiconductor, respectively. The calculated results are
plotted in Fig. 4. Note that except for Ag and Al, the work
functions (WFs) of the metals change slightly after the con-
tacts are made with PG, respectively. According to the band
alignment, PG forms p-type Schottky barriers when contacted
with Ag, Au, Cr, and Pd substrates because the position of the
Fermi level of the interfacial system is close to the VBM of PG.
The corresponding Schottky barrier heights are 1.09, 1.26, 1.37,
and 1.09eV, respectively. On the other hand, it forms the
n-type Schottky barrier when in contact with Al, Cu, and Ti,
because the Fermi level is close to the CBM of PG. Thus the
conduction is through electrons in these transistor models.

IV. DISCUSSION

Based on the above analysis of tunneling and Schottky
barriers, we summarize the main results in Fig. 5. One can see
that the PG-M (M = Al, Cr, and Ti) contacts would have excel-
lent electron injection properties because of the strong met-
allization and the absence of a tunneling barrier at the
interfaces. This can enhance the performance when used as a
FET device. PG-Al is a more favorable contact due to the for-
mation of the n-type contact with a SBH of 1.20 eV. Although
PG-Cr and PG-Ti contacts undergo strong metallization and
have 100% tunneling possibility, the presence of SBH of 1.37
and 1.60 eV in the lateral direction, respectively, is relatively
higher for both n-type and p-type contacts. While the PG-Au
contact is a superior contact relative to that of the PG-Ti
contact in terms of a lower SBH of 1.26 eV, the presence of an
unexpected tunneling barrier in PG-Au would degrade its

ARTICLE scitation.org/journalljap

performance. Similarly, although the PG-Cu heterojunction
also forms an n-type contact, the presence of a tunneling
barrier at the interface and a SBH of 147eV would also
degrade its performance. Both PG-Ag and PG-Pd heterojunc-
tions form a p-type contact with a SBH of 1.09 eV. However,
the PG-Pd contact is superior to the former because of its
higher tunneling possibility. Therefore, we conclude that Al
and Pd are the best n-type top-contact and the best p-type
contact metal for PG, respectively. All the calculated parame-
ters regarding the geometrical stability and contact evalua-
tions are also summarized in Table 1.

SUPPLEMENTARY MATERIAL

See the supplementary material for the procedure for
generating heterojunction supercells and electronic band
structures of PG-metal contacts.
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