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The high carrier mobility of semiconducting penta-graphene (PG) discloses the possibility of realizing its van der
Waals (vdW) heterostructures with improved channel performance for optoelectronic applications. Here, we
rationally design an all-carbon two-dimensional vdW heterostructure by vertically stacking the semiconducting
PG and the synthesized metallic biphenylene network (BPN) sheets that respectively serve as channel and
electrode materials at the heterojunction interface. Based on first-principles calculations, we show that the PG/
BPN heterostructure possesses an n-type Schottky contact at the vertical interface with a calculated Schottky
barrier height of 0.19 eV, which reduces to 0.04 eV when a vertical negative electric field of 0.6 V/A is applied,
suggesting low resistance electronic transport across the heterojunction. More interestingly, we find that the n-
type Schottky interface can be transformed to a p-type contact by applying a vertical positive electric field of 0.6
V/A, offering hole transport across the heterojunction. In addition, the PG/BPN heterostructure exhibits strong
optical absorption and conductivity, ranging from infrared to ultraviolet regions, with the potential for field-
effect transistors and optoelectronic devices.

1. Introduction wide range of carbon sheets into all-carbon vdW heterostructures

beyond the limitations of crystal lattice matching.

With the shrinking size of electronic devices gradually approaching
sub-nano levels, it becomes challenging for silicon-based devices to
maintain Moore’s law lifeline. Thus, replacing silicon with more suitable
components is one of the leading motivations in device research [1,2].
To this regard, two-dimensional (2D) carbon materials can offer a
helping hand as silicon substitutes in ultrathin devices because of their
natural advantages, i.e., the bonding flexibility and structural stability
[3]. Particularly, new optoelectronic device architectures can be real-
ized by assembling all-carbon 2D van der Waals (vdW) heterostructures
with atomically clean interfaces and unique device functionalities [4-6].
In such heterostructures, the absence of direct chemical bonds on the
surface allows the formation of an artificial dangling-bond-free interface
between the contacted carbon sheets, which are bounded by weak vdW
forces. Notably, such an interface offers much freedom to integrate a
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In this device paradigm, penta-graphene (PG) [7] is of intensive in-
terest due to its unique pentagonal configuration, semiconducting
characteristic, auxeticity, and ultrahigh carrier mobility [8], offering a
perfect structural model for the design and synthesis of other pentagon-
based materials [9,10]. These intriguing properties endow PG with the
potential to form heterojunctions with other 2D materials, as shown in
our previous studies on the heterostructures constructed by vertical
stacking PG with graphene [11], penta-BN, [12], and some transition
metal surfaces [13]. Such PG-based heterojunctions exhibit enhanced
auxeticity [14], robust superlubricity [15], high performance for metal-
ion batteries [16,17], and the potential for photocatalytic water-
splitting [18,19], showing the upwelling research enthusiasm in
designing PG-based devices.

On the other hand, the recently synthesized ultra-flat metallic carbon
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sheet, namely, the biphenylene network (BPN) [20], has gained signif-
icant research attention due to its excellent performance in electro-
chemical oxygen reduction [21], magnetic and topological ordering
[22], anisotropic charge transport [23], and negative thermal expansion
[24]. Moreover, the metallic nature favors its potential application in
metal-semiconductor heterostructure devices. This has motivated us to
integrate it as a metal electrode in this study. Based on first-principles
calculations, we study the electronic, interfacial, and optical proper-
ties of an all-carbon 2D vdW heterostructure composed of the semi-
conducting PG sheet and the metallic BPN monolayer, and evaluate its
potential for field-effect transistor (FET) and optoelectronic devices.

2. Computational details

Our calculations are performed by using the Vienna ab initio Simu-
lation Package (VASP) [25,26] within the framework of density func-
tional theory (DFT) [27]. The generalized gradient approximation
(GGA)-based Perdue-Burke-Ernzerhof (PBE) [28] functional is used to
treat the exchange-correlation interactions of electrons for geometry
relaxation, while the hybrid Heyd-Scuseria—Ernzerhof (HSE06) func-
tional [29] is used to calculate the accurate electronic band structure.
Here, it is worth mentioning that the PBE-optimized geometries may not
be at the exact minima for the range-separated hybrid HSE06 functional,
but the small structural differences for these two levels are generally
compromised for large systems, where maintaining a good balance be-
tween computational efficiency, calculation accuracy, and costs are
required [30,31]. The projector-augmented-wave (PAW) method [32] is
used to describe the interactions between valence electrons and ion
cores. The valence electronic configuration of 25?2p? is taken for carbon,
and the kinetic energy cut-off of 520 eV is used to expand the wave
functions. In addition, the DFT-D3 correction [33] is considered for all
the calculations to describe the vdW interactions in the PG/BPN heter-
ostructure. A vacuum space of 25 A along the z-axis is used to avoid
interactions between the duplicate periodic images. The first Brillouin
zone is sampled with a fine grid of 14 x 4 x 1 k-point mesh within the
Monkhorst-pack scheme [34]. The atomic positions are fully relaxed
with an energy and force convergence threshold of 10™> eV and 1072
eV/A, respectively.

The thermal stability of PG/BPN heterostructure is examined by
carrying out ab initio molecular dynamics (AIMD) simulations within
the canonical ensemble, where the Nosé-Hoover thermostat controls the
temperature fluctuation [35]. In addition, the optical properties are
obtained from the frequency-dependent complex dielectric function
e (w) = Relef™(w)] + Im[ief*(w)], here Relef"™(w)] and
Im [ief*™(w)] are the real and imaginary parts of the complex dielectric
function, respectively. Im [ie}"(w)] is directly related to the electronic
structure and can be evaluated by the momentum matrix relations be-
tween the occupied (unoccupied) wave functions of valence (conduc-
tion) bands using the following Eq. [36]:

. 2e 2e’n 2
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here Q, ?, U and T represent the volume of the supercell, wave vector,
polarization direction vector of the incident electric field, and position
vector. Simply, Re [} ()] can be evaluated from Im [ie}"" ()] using
the following Kramers-Kronig dispersion relation:

2 @?Tm(iel™™ ()]
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here P denotes the principal value.
Here, it is worth mentioning that Re [} ()] and Im [ief*!(w)] are
renormalized for 2D materials due to the thickness-dependent Q2 in Eq.
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(1), and can be written as [36,37]:

Rele}”(w)] =1 +—{Re e ()] -1} (3)
L,  bulk
Im[ley ()] :ﬁlm[leyl (w)] “4)

Z

here, L, is the length of the supercell along the z-direction and L in-
dicates the effective length defined as a sum of the vdW thickness and
thickness of 2D material. Based on these Egs., the absorption coefficient
a?P(w) and the real part of optical conductivity Re [¢?P (w)] are calcu-
lated as [37-39]:

o () = V2w {\/Re 2+ Im [ie2° ()]* — Re [e2(0)] ’ )

Re [6% ()] = %Im [i€2” (@)] 6)

3. Results and discussion
3.1. Structure and electronic properties of the free-standing monolayers

Before constructing a PG/BPN heterostructure, we evaluate the
structural and electronic properties of the free-standing PG and BPN
monolayers. The monolayer PG possesses a tetragonal P-42;m symmetry
(space group no.113) with the optimized lattice constants of a = b =
3.64 A. This structure is purely composed of pentagonal carbon rings
and possesses a buckled configuration with the sp>- and sp%-hybridized
atoms, respectively, shown by yellow and grey spheres in Fig. 1(a).
Unlike PG, the monolayer BPN is composed of tetragonal, hexagonal,
and octagonal carbon rings formed by purely sp>hybridized carbon
atoms within an ultra-flat lattice (see Fig. 1b). This sheet possesses an
orthorhombic Pmma symmetry (space group no. 47), with the optimized
constants of a = 3.76 A and b = 4.52 A. The lattice constants of both
monolayers are consistent with those in previous reports [7,40], and
their dynamical, thermal, and mechanical stabilities have been well-
confirmed under different conditions [7,20].

As plotted in Fig. 1(c, d), the calculated electronic band structures
show that PG is a quasi-direct band gap semiconductor with a band gap
of 3.26 eV at the HSEO6 level, while the monolayer BPN is metallic as its
partially filled energy bands across the Fermi level. Furthermore, the
calculated total and partial density of states (DOS) reveal that the
valence band maximum (VBM) and conduction band minimum (CBM) of
the PG are mainly contributed from the sp>hybridized carbon atoms,
whereas the p-orbital electrons dominantly contribute to the metallicity
in the BPN sheet. The strong semiconducting and metallic natures of
these monolayers allow us to integrate them into a metal-semiconductor
heterostructure for promising device functionalities.

3.2. Heterostructure design and stability

After confirming the electronic structure of both monolayers, we
focus on rationally designing their heterostructure by controlling the
lattice mismatch, and study its stability. To construct the PG/BPN het-
erostructure, we used CellMatch code [41], which is widely opted to
design low-strained vdW heterostructures without any restriction to the
lattice constants and symmetries of 2D sheets. Notably, in this method,
one sheet is vertically placed over the other, and the most favorable
stack (with a relatively low mismatch of < 2 % and a small number of
atoms) is obtained by rotating one sheet along the c-axis with an angle
ranging from 0° to 90°. Previous studies have shown that hetero-
structures with various rotation angles between the adjacent monolayers
can be experimentally synthesized [42,43].

For the PG/BPN heterostructure, we find the best stack witha 5 x 1
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Fig. 1. (a, b) Top and side views of the free-standing PG and BPN monolayers. (c, d) Electronic band structures, and corresponding total and partial DOS of the PG
and BPN monolayers.

supercell for PG and a 4 x 1 supercell for BPN monolayer at 90° with a we calculate the binding energy Ey, using E, = — [(Eg — Epg — Eppn)/Al,

lattice mismatch of 1.1 %, as shown in Fig. 2(a). The optimized structure here Ey is the total energy of the PG/BPN heterostructure, Epg and Egpn
belongs to the monoclinic system of P2 (space group no. 3) with an are the energies of the non-contacted PG and BPN monolayers, and A is
interlayer distance (d) of 3.40 A between the stacked PG and BPN the total supercell area of the heterostructure. The calculated binding
monolayers. To examine the interface stability of this heterostructure, energy (E, = 0.04 eV/A2) and interlayer distance (d = 3.40 A) are very
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Fig. 2. (a) Top and side views (b) total potential energy fluctuations of the PG/BPN heterostructure at 500 K. The inset is the geometry of the PG/BPN supercell at the
end of the simulation at 500 K.
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close to that of vdW crystals such as graphite (E, = 0.02 eV/A%2 and d =
3.60 A) [44], hexagonal BN (Ej, = 0.04 eV/A% and d = 3.30 A) [45], and
some recently reported pentagon-based vdW stacks such as PG/gra-
phene (B, = 0.06 eV/A% and d = 3.14 A) [11], PdSe,/BPN (Ep = 0.06 eV/
A% and d = 3.40 A) [46], and NiNo/BPN (E}, = 0.05 eV/AZ and d = 3.40
[o\) [47], indicating the interfacial stability of the PG/BPN hetero-
structure bounded by weak vdW forces.

Besides the interface stability, we further investigate the thermal
stability of the PG/BPN heterostructure at 500 K. After performing an
AIMD simulation for 10,000 steps with a time step of 1 femtosecond (fs)
and a simulation time of 10 picoseconds (ps), there is no significant
geometric distortion (see Fig. 2b), and the total potential energy of the
system fluctuates around a constant value, suggesting the thermal sta-
bility of the PG/BPN heterostructure at 500 K.

Since we stack two monolayers with different symmetry, it is inter-
esting to explore how the stacking affects the in-plane mechanical
properties of the heterostructure. As listed in Table 1, our calculated
values for PG and BPN monolayers are well consistent with previously
reported results [7,48], fully satisfying the Born-Huang stability criteria
for both the monolayers and the heterostructure [49]. For comparison,
we note that our calculated stiffness tensor components of this hetero-
structure possess larger values of the elastic constants and Young’s
modulus as compared to the individual components, suggesting
enhanced in-plane stiffness and more resistance to deformation under
applied stress. Additionally, the Poisson’s ratio v becomes positive upon
the formation of the vdW contact between PG and BPN with an inter-
mediate value of 0.32, suggesting a moderate degree of contraction
perpendicularly to the direction of applied stress. To summarize, the PG/
BPN heterostructure exhibits enhanced mechanical stiffness and resis-
tance to deformation, showing its potential for nanoscale mechanical
devices requiring high stiffness and strength.

3.3. Electronic properties of the PG/BPN heterostructure

In metal-semiconductor vdW contacts, the semiconducting channel
material serves as the active layer mainly responsible for carrying/
controlling the charge carriers between the electrodes. To analyze the
electronic properties of the PG/BPN system, we calculate the band
structure of the heterostructure, its projection on both monolayers and
the corresponding DOS, as shown in Fig. 3(a-d). The PG/BPN hetero-
structure shows metallic behavior (see Fig. 3a), while Fig. 3(b) shows
that the interlayer interactions induce downward (upward) shifting of
conduction (valence) bands towards the Fermi level. In addition, Fig. 3
(c) shows that the well-preserved electronic feature of the BPN sheet
mainly contributes to the DOS near the Fermi level of the PG/BPN
heterostructure (see Fig. 3d).

3.4. Interfacial properties of the PG/BPN heterostructure

We further evaluate the potential of PG/BPN heterostructure as a
metal-semiconductor FET device by calculating three types of energy
barriers, namely, the tunneling barrier (&), Schottky barrier (®gp),
and lateral barrier (&p).

Firstly, we discuss the &g that exists at the vertical interface due to a
potential energy mismatch between the stacked monolayers, where the

Table 1
Summary of the elastic constants (C; in GPa-nm), Young’s modulus (E in
GPa-nm), and Poisson’s ratio (v) of PG, BPN, and PG/BPN heterostructure.

System Cin1 Co2 Ci2 Cee E v

PG 268.63 268.63 —21.63 149.74 270.37 - 0.08
PG [7] 265.00 265.00 —18.00 152.00 263.80 - 0.07
BPN 264.13 241.04 98.35 82.12 227.51 0.37
BPN [48] 294.00 240.00 91.00 83.00 259.70 0.38
PG/BPN 416.47 362.68 133.86 163.86 373.45 0.32
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tunneling probability (TP) of charge carriers can be determined by the
height (hrg) and width (wpp) of the tunneling barrier potential. For the
PG/BPN heterostructure, the TP is calculated with the Wentzel-Kra-
mer-Brillouin (WKB) approximation [46]:

vV 2thB >
—— X W

TP:exp(fz 7

@

here m is the electron mass, and # is the reduced Planck’s constant. From
the electrostatic potential profile in Fig. 4(a), we calculate the hyg and
wrg as 2.42 eV and 1.97 10\, respectively, which lead to a TP of 4.39 % in
the PG/BPN heterostructure (see Fig. 4b), higher than recently reported
TP values for 2D metal-semiconductor vdW heterostructures such as
MoSiaN4/NbS, (1.3 %), WSioN4/NbS, (1.5 %), MoSipN4/graphene (1.5
%), WSioN4/graphene (1.7 %) [50], InySes/TaSy (3.45 %) [51], NbSy/
MoSey (2.74 %) [52], graphene/a-GayOs (0.77-1.86 %) [53],
MoSH@MoS; (3.39 %), MoHS@MoS; (4.10 %) [54], NbS2/MoSSe (3.23
%) [55], etc. Here, it is worth mentioning that a small d may induce
strong interactions at the interface and lead to a smaller hrg and the
larger corresponding TP (up to 100 %) in bulk metal/semiconductor
systems such as in PG/bulk metal (Al, Cr, and Ti) contacts [13], which is
not the case for PG/BPN heterostructure. In addition, our calculated TP
mainly depends on the weak vdW interactions. From these two factors, it
is easy to understand why hrp is larger, and the TP is lower in the PG/
BPN heterostructure as compared to those of PG/metal contacts.

Next, we focus on the &gp, which refers to the energy barrier formed
at the vertical interface due to the difference in the work functions,
resulting in the contact resistance to carrier injection/extraction be-
tween the metal and semiconductor materials. For the PG/BPN hetero-
structure, we follow the Schottky-Mott model [46], in which the &gp
height for electrons (®.) and holes (&) can be determined by the energy
difference between the Fermi level and the respective energy band edges
of the semiconductor in the heterojunction,

@, = Ecpy — Er, ®pn = Er — Eypy (8

here Ep represents the Fermi level energy, Ecgm and Eypy are the band
edge positions of PG identified from the projected band structure in
Fig. 3(b). Notably, the calculated ®gp values of 0.19 eV for &, and 1.07
eV for ¢y, are significantly lower than the reported values for PG/gra-
phene [11] and PG/penta-BN; [12] contacts (see Table 2), implying the
lower Schottky contact barrier in this heterostructure. In addition, as @,
is much smaller than &y, an n-type Schottky contact is naturally formed
at the vertical interface of the PG/BPN heterojunction, suggesting that
electrons as the major transporting carriers flow across the interface.

Further, the &g occurs at the lateral interface between the hetero-
structure and the channel material. It can be obtained by aligning the
energy levels of the heterostructure and the channel material, and
calculating the resulting band bending (AEf) between them. For the PG/
BPN heterostructure, the band alignment is plotted in Fig. 4(c) under the
scheme of the current-in-plane (CIP) model [11], which is mainly
divided into three parts: the left side for the PG/BPN heterostructure, the
interface between the heterostructure and the non-contacted PG as
marked with the red dashed line in the middle, and the right side for the
non-contacted monolayer PG. The energy levels of the heterostructure
and the non-contacted PG sheet are well aligned to the vacuum energy
Eyac. The difference between vacuum energy and Fermi energy is
calculated as the work functions Wy = 4.62 eV and Wpg = 6.00 eV for
the heterostructure and the non-contacted PG, respectively. As listed in
Table 2, the calculated AEg = Wy — Wpg = —1.38 eV with the negative
value (AEr < 0) confirms that an n-type channel is naturally formed
between the PG/BPN heterostructure and non-contacted PG at the
lateral interface, similar to the reported situations for PG/graphene
(-1.63 eV) [11], and PG/BN3 (-1.00 eV) [12] heterojunctions.

To minimize the contact resistance and improve the FET device
performance, a Schottky contact with small or tunable &g is preferred.
To tune the &gp values, the most common and practical approach is to
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Fig. 3. (a) Band structure of the PG/BPN heterostructure and its projection on (b) PG and (c) BPN. (d) Total DOS of the PG/BPN heterostructure, and partial DOS

contributed from PG and BPN.
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Fig. 4. (a) Schematic model of the PG/BPN-based transistor. (b) calculated electrostatic potential of PG/BPN heterostructure. (c) Schematic of CIP model and band

alignment in the PG/BPN heterostructure.

Table 2

Calculated structural and interfacial parameters of PG/BPN heterostructure
including d (in A), Ey, (in eV/A?), hrg (in eV), wrg (in A), TP (in %), @, (in eV), &p,
(in eV) and AEg (in eV).

Structure d Ep hrg wrp TP D, [N AEg
PG/BPN 3.40 0.04 2.42 1.97 4.39 0.19 1.07 -1.38
PG/graphene 3.14 0.06 — —- —- 0.42 1.69 -1.63
[11]

PG/BN, [12] 2.48 —- — —- —- 1.06 1.16 -1.00
PG/Al [13] 2.13 0.45 0 0 100 1.20 2.07 —
PG/Cr [13] 2.07 1.63 0 0 100 1.90 1.37 —-
PG/Ti [13] 2.37 0.66 0 0 100 1.60 1.67 —-

apply an external electric field (Eext), which can tune the electronic
structure of the vdW heterostructures for improving device functionality
[5,11]. We note that an electric field strength of + 0.1 V/A was used to

tune the electronic band structures of the layered material as well as its
performance in an experiment [56]. While in many reported computa-
tional studies, an electric field with the strength in the range of +
0.1-1.5 V/A is applied to study its effect on the behavior and properties
of junction interfaces [55,57-61].

In the PG/BPN heterostructure, we apply an Ecy in the vertical di-
rection with its strength varying from -0.6 to + 0.6 V/A, and the
resulting electronic band structures are shown in Fig. 5. For E¢y < O, the
applied electric field induces the downward shift of the CBM of PG,
leading to a reduction in ®.. At -0.6 V/;\, @, is reduced to 0.04 eV from
0.19 eV, implying the formation of an n-type Schottky contact with
negligible ®gp (see Fig. 5a). On the contrary, for Ecxy > 0, the applied
electric field leads to an increase in @, and a reduction in @y. At + 0.6 V/
10\, @y, is reduced to 0.44 eV from 1.07 eV, and &, is increased to 0.72 eV
from 0.19 eV, implying the induced transition from n-type to a p-type
interface by an electric field (see Fig. 5d).

In addition, it is worth mentioning that the d remains unaffected in
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Fig. 5. Projected electronic band structures of PG in the PG/BPN heterostructure under external (a, b) negative and (c, d) positive electric fields.

the PG/BPN heterostructure under the application of Ecy, while the
shifting of energy levels strongly depends on the E.y;. Based on the above
analysis, the reduced ®gp at —-0.6 V/A can promote the low-resistance
transport of electrons across the interface, further improving the
tunneling efficiency of this system.

3.5. Optical properties of the PG/BPN heterostructure

The enhanced optical response of a metal-semiconductor vdW het-
erostructure is desired for optoelectronic devices such as solar cells and
photodetectors. Although the total electronic band structure of the PG/
BPN heterostructure shows metallic behavior, it can still exhibit
considerable optical efficiency due to the existence of semiconducting
PG. In this regard, we calculate the a®®(w) and Re [6?°()] of BPN, PG
and the PG/BPN heterostructure. As shown in Fig. 6(a, b), the absorption
and conductivity spectra of the heterostructure not only preserve the
combined intrinsic features of both individual monolayers but also offer
an enhanced absorption of up to 8 %. This phenomenon can be attrib-
uted to the coupled contributions of both monolayers after stacking in
vdW assembly, suggesting that photons can make electronic excitations
from the valence to the conduction band, depending on the specific
bandgap energy between the transition k-paths. To verify, one can
observe that absorption and conductivity peaks ranging from 0 eV to 2.9
eV are dominated by the BPN sheet, as PG is a poor absorber in this
range. At the same time, the increasing peaks above 2.9 eV are induced
by the PG sheet, where BPN shows reducing optical efficiency. In
addition, we note that both the a?®(w) and Re [¢?°(w)] are mainly
dominated by Im [iegD(a))], which is directly related to the electronic

transitions, optical absorption and conductivity based on Egs. (5) and

(a) 8
— PG/BPN
— PG
——BPN
6_
S
o
2 4
e
@}
[72]
]
<
2_
0
0

Energy (eV)

(6).

To gain further insight into the optical performance of the PG/BPN
heterostructure, we calculate its a?° (») and Re [6?° ()] with an external
electric field Eey ranging from -0.6 to + 0.6 V/A. Distinct from the cases
with E¢y < O (see Fig. 7a, b), we observe the switching of absorption and
conductivity peaks for varying positive E¢x ranges, as shown in Fig. 7(c,
d). As mentioned above, the electric field with Eexc > O significantly
shifts the VBM (CBM) of PG in the PG/BPN heterostructure upwards
(away) from the Fermi level, in turn changing the corresponding wave
function and transition matrix, and altering the overall absorption and
conductivity spectra. Consequently, the p-type contact formation en-
dows excellent potential in the PG/BPN heterostructure, providing more
channels for electronic excitations and transport.

4. Conclusion

In this work, we report the electronic, interfacial, and optical prop-
erties of an all-carbon vdW heterostructure composed of the 2D PG and
BPN monolayers, respectively, acting as channel and source materials
because of their intrinsic electronic features. The PG/BPN hetero-
structure possesses an n-type Schottky contact at the vertical interface of
the heterojunction with a barrier height of 0.19 eV, which is reduced to
0.04 eV under an external electric field of —0.60 V/A. Besides, the PG/
BPN heterostructure also exhibits an n-type to p-type contact transition
as electric field strength reaches + 0.60 V/A. In addition, as compared to
the free-standing monolayers, the PG/BPN heterostructure can harvest a
wide range of the solar spectrum (from infrared to ultraviolet regions)
with strong optical absorption and conductivity, implying its potential
in optoelectronic devices.
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Fig. 6. (a) Calculated optical absorption (in %) and (b) optical conductivity spectra of PG, BPN, and the PG/BPN heterostructure in units of 6o = e2/4h.
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