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Boron Phosphide van der Waals p-n Junction via Molecular Adsorption
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We propose a p-n junction diode based on the adsorption of tetrathiafulvalene (TTF) and tetracyanoquin-
odimethane (TCNQ) molecules on a monolayer of boron phosphide (MBP). We use density functional
theory and a simple tight-binding model to investigate atomic configuration, electronic properties, and
transport characteristics of the TCNQ/MBP/TTF structure. The p-n mechanism is achieved by the full
coverage of MBP with TCNQ and TTF molecules, which are coupled by weak van der Waals forces.
The adsorption of each individual molecule on MBP provides localized electronic states close to the
valence and conduction bands; this is characteristic of p- and n-type semiconductors. To understand the
charge-carrier dynamics, we also examine the evaluation of energy bands, together with localized states,
local potential, charge redistribution, and charge transfer under the influence of an external electric field.
Our results show that the adsorption of both molecules on the surfaces of MBP results in the behavior
of a p-n junction with a rectifying current through the junction in the proposed van der Waals device.
Moreover, the optical response to electromagnetic radiation is also analyzed through density functional
theory by considering the independent-particle approximation. We show that, with a remarkable absorption
band in the infrared region, TCNQ/MBP/TTF is a potential candidate as a component of next-generation
optoelectronic devices.
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I. INTRODUCTION

With the synthesis of graphene, two-dimensional (2D)
layered materials, such as phosphorene [1–3], group IV
monolayers [4–9], and transition-metal dichalcogenides
[10], have become the focus of scientific research, owing
to silicon technology having reached the limit with respect
to the shrinkage of devices. The electronic structure of
2D layered phases, unlike their bulk counterparts, exhibit
different characteristics, such as direct-indirect band-gap
transitions, and metallic, semiconductor, and insulating
behavior, depending on the number of layers and stacking
order [11–14]. Their flexible and wide range of func-
tional features make them potential building blocks for
next-generation nanoelectronic devices. In practice, the
technologically applicable capacity of materials is pre-
cisely dependent on tuning and the value of the electronic
energy band gap. Some of the methods followed to achieve
this aim are the construction of heterostructures from these
2D sheets, doping, adsorption of organic molecules, appli-
cation of an external electric field, and structural strain.
Many recent experimental and theoretical studies have
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reported that van der Waals heterostructures, consisting
of combining different 2D phases formed vertically and
laterally, show very different electronic and optical prop-
erties than those of their individual components [15–23].
The external electric field modifies the electronic bands.
For instance, van der Waals heterostructure studies on
MoS2/stanene [18], GaSe/MoS2 [19], and GeC/WS2 [20]
show that the external electric field changes the magni-
tude of the band gap and yields direct or indirect energy
band-gap transitions. Another highly preferred technique
to modulate the electronic and optical properties of the sub-
strate is molecular adsorption. Tetracyanoquinodimethane
(TCNQ) and tetrathiafulvalene (TTF) molecules are the
focus of research in the field of molecular electronics,
owing to their low ionization energies and high affin-
ity properties, which allow easy electron transfer from
TTF to TCNQ. In other words, owing to the overlap
of energetic molecular orbitals, this TCNQ-TTF struc-
ture becomes a metallic phase, and therefore, an electric
current, consisting of electrons and holes, flows perpen-
dicular to the planes of the molecules [24,25]. In addi-
tion, to the properties of n- and p-type semiconductors,
TCNQ-TTF, with effective charge-carrier injection, can be
used as an alternative electrode to inorganic electrodes,
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such as Au and Ag, in optoelectronics [26,27]. Accord-
ingly, Lu and co-workers [28] investigated the adsorp-
tion of electron-accepting tetracyanoethylene (TCNE) on
graphene, using first-principles density functional the-
ory (DFT) and reported that p-type graphene could be
achieved through charge transfer, and that the coverage of
organic molecules was an effective option to control the
electronic features of graphene [29]. On the other hand,
the adsorption of three organic molecules with different
characteristics on phosphorene was studied by Yu et al.
[30] through DFT. The infrared absorption of molybde-
num disulfide (MoS2) monolayer is enhanced by molec-
ular charge transfer to TCNQ [31]. The construction of
p- and n-type semiconductors can be achieved by dop-
ing p- and n-type elements [32–35], stacking of het-
erostructures [36–38], and molecular adsorption [39–42].
Recently, Gao et al. [42] reported the functionalization
of an arsenene monolayer with TCNQ and TTF as donor
and acceptor molecules, respectively, and studied the elec-
tronic current through a p-n junction. Moreover, Çakır et
al. [43] explained the realization of a two-dimensional
p-n junction through doping of a monolayer of boron
phosphide (MBP).

Here, we propose a nanoscale p-n junction based on
the adsorption of organic molecules on MBP. We examine
the impact of molecular adsorption on the electronic and
optical properties of MBP by considering first-principle
calculations. First, we consider half-coverage of the MBP
layer with TCNQ and TTF, then we extend the idea to
construct a p-n junction mechanism by considering full
coverage of the MBP layer with TCNQ and TTF, which are
held by weak van der Waals interactions. We show that the
surface adsorption of TCNQ and TTF on MBP can lead to
p- and n-type doped semiconductors. Moreover, the forma-
tion of the p-n junction is suggested through simultaneous
adsorption of TCNQ and TTF molecules on both surfaces
of MBP. We analyze the electronic properties of the struc-
tures by considering energy bands, charge transfer, and
local potential in the absence and presence of an external
electric field. The DFT electronic states are used to param-
eterize a simple tight-binding model for the calculation of
current-voltage characteristics by using the Green function
and Landauer-Buttiker formalism. Finally, we examine the
optical spectrum of doped structures through the calcula-
tion of the imaginary part of the dielectric function within
the framework of linear response theory.

II. METHODS

All first-principles calculations are performed by
using the Vienna ab initio Simulation Package (VASP)
[44,45]. The generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional is
used to approximate the exchange-correlation potential
[46]. The energy cutoff for a plane-wave basis is set

to 500 eV. For each configuration, the atomic positions
and lattice constants are optimized by using the quasi-
Newton method. For atomic relaxation, the final maximum
Hellmann-Feynman force on each atom is less than 0.01
eV/Å. Brillouin zone integration is performed by using
the gamma-centered Monkhorst-Pack algorithm [47] of
8 × 8 × 1 k points for a 4 × 4 × 1 supercell containing
16 B and 16 P atoms of MBP. A 30 Å vacuum is set
along the perpendicular direction to the MBP to avoid
interactions with the nearest unit cell. The convergence
criterion for total-energy minimization is set to 10−7 eV
between two sequential steps. To take into account the van
der Waals (vdW) interactions between weakly bound 2D
layers, we use the DFT-D2 method [48]. In VASP, the elec-
tric field is considered by adding an artificial dipole sheet
in the middle of the vacuum in the unit cell [49]. The
hybrid Heyd-Scuseria-Ernzerhof (HSE) [50,51] functional
provides a better estimation of the electronic energy band
gap, with respect to available experimental measurements
and GW approximation, as a higher level model [52,53].
Owing to the high computational cost for the large super-
cell, HSE calculations are limited to the electronic band
structure and optical spectrum of TCNQ/MBP/TTF (see
the Supplemental Material [54] for DFT HSE bands).

The electron partition between different layers is inves-
tigated by using Bader charge analysis, as implemented
in a code developed by Henkelman et al. [55–57]. By
considering the total energies of MBP and molecules, the
adsorption energy (Ead) per unit cell of the system is
calculated as,

Ead = EMBP + ETCNQ + ETTF − ETCNQ/MBP/TTF,

where EMBP, ETCNQ, and ETTF correspond to the total
energy of isolated MBP, TCNQ, and TTF layers,
respectively. ETCNQ/MBP/TTF is the total energy of the
TCNQ/MBP/TTF system. On the other hand, the charge
density difference of each system is calculated by

�ρ = ρTCNQ/MBP/TTF − ρMBP − ρTCNQ − ρTTF,

where ρTCNQ/MBP/TTF, ρMBP, ρTCNQ, and ρTTF are the
charge densities of the TCNQ/MBP/TTF system and iso-
lated MBP, TCNQ, and TTF layers, respectively.

Moreover, we calculate the current-voltage character-
istics of TCNQ/MBP/TTF by using a simplified tight-
binding (TB) model. The electronic current is calculated
through the Green function formalism [58,59] by con-
necting the p-n junction between source and drain elec-
trodes. The effect of two electrodes is modeled with the
self-energy operator (�L,R), which can be obtained by
using the surface Green function and molecule-electrode
coupling strength [58]. Here, for simplicity, the left and
right electrodes are described in the wide-band approx-
imation, which estimates the self-energy operator of
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electrodes with an energy-independent pure imaginary
matrix [60]. The retarded Green function of the p-n junc-
tion between the electrodes can be written as Gr(E) =
[E − H − �L − �R]−1, where H is the TB model Hamil-
tonian. The current-voltage characteristics are calcu-
lated by using the Landauer-Buttiker formalism, I(V) =
(2e/h)

∫
dE trace [�LGr(E)�RGa(E)] (fL − fR), where

�L,R = −2 Im(�L,R), Ga = (Gr)† is the advanced Green
function and fL,R is the Fermi function for the left and right
electrodes.

Furthermore, we examine the optical properties of MBP
after the adsorption of TCNQ and TTF through DFT
by using the GGA PBE functional without a local field
effect. The linear response of a system due to external
electromagnetic radiation is described by the complex
dielectric function ε(ω) = ε1(ω) + iε2(ω). The dispersion
of the imaginary part of the complex dielectric function,
ε2(ω), is derived from the momentum matrix elements
between the occupied and unoccupied wave functions, as
follows [61],

ε
(αβ)

2 = 4π2e2

�
lim
q→0

1
q2

∑

c,v,k

2ωkδ
(
εc,k − εv,k − ω

)

× 〈
uc,k+eαq|uv,k

〉 〈
uc,k+eβq|uv,k

〉∗ ,

where c and v correspond to the conduction and valence
band states, respectively, and uck is the cell periodic part of
the orbitals at the k point k.

III. RESULTS

A. Electronic properties in the absence of electric field

We first present the atomic configuration and electronic
bands of MBP doped with TCNQ and TTF molecules. The
atomic bond length of B–P is 1.86 Å, which is compati-
ble with earlier studies [15,16,43,62], and does not change
after the adsorption of TCNQ and TTF molecules. Dif-
ferent atomic positions are examined for each molecule
on the MBP to find the minimum-energy configuration of
TCNQ/MBP and TTF/MBP, as shown in Fig. 1, which is
the most favorable adsorption configuration. Other more
energetic and less favorable possible positions for the
adsorption of TCNQ and TTF are presented in the Sup-
plemental Material [54]. At the lowest energy configura-
tion of TCNQ, the adsorption height (dTCNQ/MBP) is 3.43
Å above MBP. For the TTF molecule, the adsorption
height (dMBP/TTF) is 3.18 Åabove MBP. The center of the
hexagon in TCNQ is above a B atom and TTF is slightly
shifted with respect to hexagons in MBP. The definition
of the adsorption energy (Ead) is given in Sec. II as the
energy difference between that of MBP/TCNQ(TTF) and
isolated MBP and TCNQ(TTF). The adsorption energies
(Ead) for TCNQ/MBP and MBP/TTF interfaces are 113
meV and 100 meV, respectively. The calculated values
are compatible with the adsorption energy of the same
molecules on a monolayer of hexagonal boron nitride [63],
which has a similar structure to that of MBP as a member
of III–V binary compounds. In the adsorption of both

(a) (b)

(c) (d)

FIG. 1. Lowest energy configurations of (a) TCNQ, TTF, and MBP; (b) TCNQ/MBP/TTF; (c) TCNQ/MBP; and (d) MBP/TTF.

054036-3



MOGULKOC, MODARRESI, MOGULKOC, and ALKAN PHYS. REV. APPLIED 12, 054036 (2019)

molecules, the adsorption energy of the TCNQ/MBP/TTF
system becomes 82 meV lower than that of interfacial
adsorption of each molecule. The atomic structure of MBP
is almost unchanged after adsorption of molecules; this can
be attributed to low adsorption energies due to weak vdW
interlayer interactions of molecules. The energy difference
between the lowest energy configuration and other consid-
ered atomic configurations is in the range of 2–197 meV
(2–80 meV) for TCNQ (TTF) molecules (see the Supple-
mental Material [54] for details). A possible experimental
mechanism for full coverage can be considered as the liq-
uid exfoliation of MBP and functionalization with TCNQ
and TTF molecules in the solution phase. A similar method
is used for the functionalization of other 2D monolayers
[64–67].

As shown in Fig. 2(a), MBP is a direct semiconductor
with an energy band gap of 0.90 eV between the valence
band maximum (VBM) and the conduction band minimum
(CBM) at the K point of 1BZ, which is compatible with
early results [15,16,43]. Figures 2(b) and 2(c) represent
the projected electronic bands for TCNQ and TTF lay-
ers on MBP. The red and blue (green) lines correspond
to the contributions of MBP and TCNQ (TTF) layers,
respectively, to the band structure. One can easily recog-
nize that the electronic bands consist of MBP electronic
bands and a localized state from each molecule close
to the Fermi level (EF ). Here, EF is set to be zero in
Figs. 2 and 4. Even the shapes of the electronic bands
of MBP remain almost unchanged by molecular adsorp-
tion; the presence of TCNQ (TTF) shifts the conduction

(a)

(e)

(b) (c) (d)

FIG. 2. Projected electronic band structures for (a) 4 × 4 MBP, (b) MBP/TCNQ, (c) MBP/TTF, and (d) TCNQ/MBP/TTF. Projected
bands on MBP, TCNQ, and TTF are shown in red, blue, and green, respectively. The Fermi level is set to zero and is shown by a dotted
line. (e) Schematic representation of the band alignment of the structures.
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and valance band states of MBP far away from the Fermi
level, which is clear in Figs. 2(b) and 2(c). The adsorption
of TCNQ provides an empty localized band in the energy
band gap close to valence bands, which is a feature of
p-doped semiconductors [Fig. 2(b)]. On the other hand,
the adsorption of TTF molecules shows characteristics of
a n-doped semiconductor, with a filled shallow localized
state near the conduction band, as shown in Fig. 2(c). The
molecular localized energy states are presented as Ep(n) =
−5.08(−4.29) eV, with respect to the vacuum energy
level [see Fig. 2(e)]. Here, Ep ,n is the energy of localized
states belonging to p- and n-type doping, according to the
Fermi energy in the band spectrum. The partial bands in
Figs. 2(b)–2(d) show that the localized bands are purely
related to TCNQ and TTF molecules. The VBM of bulk
bands at the TCNQ/MBP interface has contributions from
both the MBP layer and TCNQ molecules. For TTF/MBP,
both the VBM and CBM of bulk bands at the K point result
from MBP. The electronic band gap in the p- and n-type
semiconductors are sharply reduced to 0.21 eV between
�K points and 0.11 eV at the K point from the original
MBP band gap, respectively. In the TCNQ/MBP/TTF sys-
tem, the energy band spectrum includes flat bands of p-
and n-type states at Ep = −4.90 eV and En = −4.92 eV,
respectively, with respect to vacuum energy. The electronic
bands of MBP (red color) show a wide band gap of 0.93
eV in Fig. 2(d). There is also one localized empty band
from TCNQ and one filled shallow band from TTF inside
the band gap. Upon the adsorption of two molecules, the
CBM (VBM) shifts to lower (higher) energy with respect

to pristine MBP and it yields a tiny electronic band gap of
20 meV between two localized states from TCNQ and TTF
at the DFT PBE level [as shown in the inset of Fig. 2(d)].
The electronic band spectrum of TCNQ/MBP/TTF is also
obtained by using DFT HSE06, which has the same trend
as that with PBE, and yields a band gap of around approx-
imately 0.68 eV (see the Supplemental Material [54] for
details). For the four atomic configurations, we draw the
band alignment by considering vacuum level as a reference
energy in Fig. 2(e). The energy levels are comparable due
to the unique energy reference. The energy level related
to MBP is almost unchanged by the adsorption of TTF,
while both the VBM and CBM of MBP are shifted by the
adsorption of TCNQ. Interestingly, the relative positions of
molecular levels change in TCNQ/MBP/TTF with respect
to the adsorption of individual molecules. For example, the
energy difference between the VBM of MBP and TCNQ is
0.2 eV for TCNQ/MBP, which increases to 0.58 eV for
TCNQ/MBP/TTF.

In the Bader charge analysis of interfaces, charge trans-
fer from MBP to TCNQ is 0.30 |e|, while TTF (MBP)
loses (gains) 0.09 |e| at the TCNQ/MBP and MBP/TTF
interfaces, respectively. The quantity of charge transfer
is increased by the full coverage of MBP with TTF and
TCNQ. While TCNQ gains 0.42 |e|, TTF loses 0.27 |e|
for TCNQ/MBP/TTF. As a result, MBP also gains a net
charge of +0.15 |e|, which is a desired feature, such that
MBP behaves like a spacer between molecules instead of
a charge accumulator; thus charge transfer substantially
occurs between two molecules. Charge transfer between

(a) (b)

FIG. 3. (a) Plane-averaged electrostatic potential along the normal direction of a monolayer for the TCNQ/MBP/TTF structure.
(b) Charge-density difference of the TCNQ/MBP/TTF system. Yellow and blue colors represent charge accumulation and depletion,
respectively. The isosurface value is set to be 0.0006 eÅ

−3
.
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layers is also calculated based on the DDEC6 method
[68,69]. Due to similar charge-transfer regimes, they are
not presented here (see the Supplemental Material [54] for
details). In semiconductor technology, p- and n-type semi-
conductors are attached side by side to form a p-n junction,
which works as an electronic rectifying diode. Here, our
idea is that the TCNQ and TTF molecules on both sides of
MBP act as a p-n junction.

For a deeper insight into the adsorption process, the
plane-averaged electrostatic potential and charge-density
distribution after the adsorption of TCNQ and TTF on
MBP are presented in Fig. 3. Moreover, the photoelectric
threshold (work function) of the structures can be calcu-
lated by using the electrostatic potential [Fig. 3(a)], which
is an important feature for the design of electronic and
photovoltaic devices [29,70]. The work function is defined
as �w = Evac − EF , where Evac is the vacuum electro-
static potential of the structure. Here, EF is set to zero in
Fig. 3. The work function of MBP is �w = 4.66 eV [16].
It is calculated that the adsorption of TCNQ molecules
increases the work function to �w = 5.23 eV, while the
adsorption of TTF decreases it to �w = 4.19 eV. In the
full coverage of both molecules, the work function of

TCNQ/MBP/TTF is �w = 4.72 eV (�w = 4.91 eV) for
the TCNQ/MBP (MBP/TTF) side of the interface. Similar
effects of acceptor and donor molecules on the work func-
tion of a 2D material are reported in Refs. [71] and [72].
The relative magnitude of the work functions of adsorbed
structures can be associated with charge transfer between
molecules and MBP, which occurs from a low work func-
tion structure to a high work function structure [73,74].
The work function difference (��w) between TCNQ/MBP
(MBP/TTF) and pure MBP is 0.57 eV (−0.47 eV) for
the interfaces. It is clear from the work function scheme
that charge transfer occurs from MBP (TTF) to TCNQ
(MBP) for the TCNQ/MBP (MBP/TTF) interface, which
is compatible with the results of Bader charge analysis.
Moreover, charge transfer from TTF to TCNQ is also
supported by the work function (�MBP/TTF

w > �
TCNQ/MBP
w )

for full coverage of MBP. The charge density difference
in Fig. 3(b) shows a charge accumulation (depletion)
region on TCNQ (TTF), which confirms the p- and n-
type semiconductor characteristics, as discussed for the
electronic band structure in Fig. 2. Charge redistribution
occurs mainly on molecules, rather than at the interfacial
region, while TCNQ (TTF) gains (loses) charge. It is also

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 4. (a)–(d) Electronic band structure and (e)–(h) charge-density difference of TCNQ/MBP/TTF at an external electric field. The
isosurface value is set to 0.0006 eÅ

−3
.
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(a) (b) (c)

+V/2

–V/2

FIG. 5. (a) Potential difference �U (inset: the arrow represents the positive direction of the electric field in the structure), (b) Bader
charge analysis, and (c) energy of localized states Ep ,n of TCNQ/MBP/TTF at different perpendicular electric field values with respect
to vacuum energy.

clear from Fig. 3(b) that the charge distribution on MBP
is lower, according to the molecules that lead to a p-n
system, where MBP holds molecules without charge accu-
mulation. On the other hand, charge redistribution is also
low at interfacial regions of TCNQ/MBP and MBP/TTF;
this can be linked with the low adsorption energy of
molecules.

B. Electronic properties in the presence of electric field

The external electric field is an efficient method to tune
the electronic properties of 2D structures [18–20,75–78].
In this section, an electric field that is perpendicular to
TCNQ/MBP/TTF is considered to modulate the electronic
properties of the p-n junction. A schematic representation
of the electric field direction perpendicular to the plane
of the TCNQ/MBP/TTF system is shown in the inset of
Fig. 5(a). The direction of the arrow along the z axis shows
the positive electric field from TTF to the TCNQ layer.
The applied electric field changes the internal potential of
the structure, charge distribution, and electronic bands, as
depicted in Fig. 4 for the TCNQ/MBP/TTF junction.

Evaluation of the electronic bands in Figs. 4(a)–4(d)
shows that a positive electric field does not change elec-
tronic bands significantly, while a negative field opens up
an energy band gap of 0.42 eV between two localized
states of TCNQ and TTF molecules at E = 0.5 V/Å. It
is also clear that, while the p state is rather sensitive to
negative electric fields, the shallow n state is almost unaf-
fected. There is a physical limit to the magnitude of the
external electric field due to the possibility of field emis-
sion of electrons into a vacuum [79]. The magnitudes of
the vacuum and electric field are crucial parameters for

the applied electric field in DFT [49]. Here, we consider
a fixed vacuum value for all structures. However, both the
value and direction of the electric field are evaluated as
variables to tune the electronic structure of the p-n sys-
tem. The external electric field yields charge transfer and
its increasing value gives rise to the enhancement of charge
transfer between different layers. The increasing value of
the electric field can yield electron field emission into the
vacuum [79]. The charge density from the field emission
mechanism at the edges of a vacuum can be followed from
the differential charge density (�ρdiff; see Fig. S3 in the
Supplemental Material [54] for differential charge density).
It is clear from the value of �ρdiff that the charge-transfer
regime is more prominent from the negative electric field
values and significant charge distribution is accumulated
in the vacuum region for the electric field values of E ≥
0.5 V/Å and E ≤ −0.5 V/Å, which determine the physi-
cal limits of electric field magnitude in this study (see the
Supplemental Material [54] for the whole band spectrum
of different electric field values). The energy band gap in
Figs. 4(a) and 4(b) restricts electron conduction through
the junction. On the other hand, due to the low energy
band gap at positive electric field, electrons can flow at
a low-bias voltage. This mechanism suggests the potential
application of TCNQ/MBP/TTF as a rectifying p-n diode
for low-dimensional circuits, which are analyzed in Sec.
III C. The effect of the electric field on the electronic struc-
ture of TCNQ/MBP/TTF can also be followed from the
charge-density difference in Figs. 4(e) and 4(f). Although a
relatively weak perpendicular electric field |E| < 0.3 V/Å
does not affect the band structure significantly, it changes
the charge-density difference conspicuously. It is clear
from Fig. 4 that charge redistribution and charge transfer
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between molecules increases upon increasing the posi-
tive electric field, which supports the p-n character of this
heterostructure. Accordingly, charge distribution decreases
at negative electric field values and finally disappears
at E = 0.5 V/Å. To present a qualitative discussion of
the charge donation/acceptance of the molecules, Bader
charges together with the p(n) state energy and potential
difference (�U) profile are analyzed in the presence of an
electric field (Fig. 5).

Modulation of the band structure of the TCNQ/MBP/
TTF system under the perpendicular electric field can be
understood by considering its local electrostatic poten-
tial profile, which shows the relative potential difference
between molecules. It is revealed from Fig. 5(a) that
the potential difference increases linearly with increasing
values of electric field, but decreases with increasing neg-
ative electric field values in the range of −0.5 V/Å ≤
E ≤ 0.5 V/Å. Accordingly, the Bader charge analysis in
Fig. 5(b) shows that the TCNQ molecule remains a charge-
accepting molecule in positive and negative electric fields.
On the other hand, for the donor TTF molecule, the net
positive charge is reduced and becomes negative at E =
0.5 V/Å, where the structure no longer shows p-n charac-
teristics. The p-n system is more sensitive to the magnitude
of electric values in the negative direction (see Fig. S3
in the Supplemental Material [54] for differential charge
density). Charge transfer (�Q) of TCNQ (TTF) increases
(decreases) linearly with the electric field. It is also clear
that the charge on MBP remains almost constant; this sup-
ports the idea of the p-n character, such that MBP does not
accumulate charge and allows charge transfer between p
(TCNQ) and n (TTF) states. Figure 5(c) shows the modu-
lation of two localized states, Ep and En, from TCNQ and
TTF molecules, respectively, relative to the vacuum energy
level, as a function of electric field. The donor (acceptor)

state, En (Ep ), decreases by applying an external electric
field and the difference in localized states (band gap) is
examined in the inset of Fig. 5(c) over the moderate elec-
tric field range. There is a tiny energy gap (approximately
20 meV) between Ep and En in the absence of the electric
field, while En − Ep increases upon increasing the external
electric field.

C. Transport

The current-voltage characteristics of the proposed p-n
junction are calculated by using a simplified TB model.
In the TB model, we replace each adsorbed molecule
and MBP with single electronic levels in a tight-binding
scheme, as shown in the inset of Fig. 6(a). The flat
electronic bands from TCNQ and TTF molecules in
Fig. 2(d) confirm the single-level approximation. To calcu-
late current-voltage characteristics, we attach two metallic
electrodes on both sides of the TCNQ/MBP/TTF junction.
The chemical potential of the whole p-n device, which
depends on the electronic and chemical structure of the
electrodes, is set in the middle of the TCNQ and TTF
energy levels, as shown in the inset of Fig. 6(a). The on-
site energies are set to Ep ,n for molecules and the edge
of the conduction band for MBP from HSE06 calcula-
tions. The energy level of the MBP layer is far from the
chemical potential level and does not contribute to the cur-
rent at low voltages, as shown in the inset of Fig. 6(a).
The applied electric field produces a potential difference
between each layer, which is added as an additional on-
site energy to each site. In the limit of isolated layers,
there is no hopping between layers, and thus, there is no
charge sharing. In the tight-binding approach, the interac-
tion between layers can be modeled by using an additional
hopping between layers, which enables charge transfer

(a)

–0.5 –0.25 0 0.25 0.5
Bias voltage (V)

0

0.5

1

1.5

2

C
ur

re
nt

 (
µA

) TCNQ

TTF

ΣL ΣR

MBP

(b)

FIG. 6. (a) The current-voltage characteristics of modeled TCNQ/MBP/TTF between two conducting electrodes. The inset presents
the electronic levels of TCNQ, TTF, and MBP. (b) A schematic representation of the TCNQ/MBP/TTF p-n nanodiode.
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between layers. Here, the value of hopping determines
the amount of charge accumulation-depletion on layers.
The obtained hopping value is 40 meV, which is close to
that of interlayer hopping in bilayer graphene [80]. The
imaginary part of self-energy reflects the coupling strength
between TCNQ/MBP/TTF and electrodes. In the weak
coupling regime, the value of �L,R should be much smaller
than that of energy splitting between molecule levels. The
�L,R value is set to 10 meV, which reflects possible weak
van der Waals coupling between molecules and electrodes.
Our results show the rectifying behavior in the current-
voltage characteristics of the TCNQ/MBP/TTF TB model
in Fig. 6(a). Due to different on-site energies, there is a
potential barrier between two molecules. At negative bias,
the applied voltage increases the potential barrier and pre-
vents electron flow, while the barrier is removed at positive
bias voltage and the current increases above a threshold
voltage. The diode work voltage and breakdown voltage
are around 0.5 V. For calculations with on-site energies
from the GGA level, the breakdown voltage is reduced to
nearly 50 mV; this is related to the small energy gap in the
TCNQ/MBP/TTF junction (see the Supplemental Material
[54] for current-voltage characteristics for GGA levels).
According to the above results, we present a schematic of
the proposed p-n nanoscale diode based on the adsorption
of organic molecules on MBP in Fig. 6(b).

D. Optical properties

The optical properties of 2D nanostructures are impor-
tant for future technological applications. The optical
responses of TCNQ/MBP, MBP/TTF, and TCNQ/MBP/
TTF are analyzed by calculating the imaginary part of the
dielectric function [ε2(ω)], which is presented in Fig. 7.
The absolute value of the imaginary part of the dielec-
tric function for 2D monolayers depends on the arbitrary
length of vacuum in the unit cell. Here, we normalize the
dielectric function by multiplying it by vacuum length.
Moreover, the optical response of MBP is also presented
in Fig. 7 to specify the peaks arising from the MBP layer,
as initially calculated in Refs. [15] and [16]. The absorp-
tion onsets of the adsorbed structures are all compatible
with their small energy band gaps. It is clear from Fig. 7
that, although all three structures preserve the optical pro-
file of MBP, molecular modifications yield some extra
absorption peaks in the spectrum. MBP has two remark-
able absorption peaks at around 2.5 eV and 6.5 eV and its
absorption occurs in the visible and beyond UV ranges.
Because of the adsorption of TCNQ, a new peak appears
at around 0.36 eV, which indicates an optical absorption in
the infrared (IR) region. This prominent effect of TCNQ
is also discussed for adsorption on MoS2 [31], arsenene
[71], and phosphorene [30] 2D structures. On the other
hand, the adsorption of TTF has negligible effects on the
optical properties of the MBP/TTF system, as also shown

FIG. 7. Imaginary part of the dielectric function for MBP,
TCNQ/MBP, MBP/TTF, and TCNQ/MBP/TTF structures. The
values of the dielectric function are normalized to the vacuum
length.

in Refs. [30] and [31]. Through the adsorption of two
molecules, the optical spectrum of TCNQ/MBP/TTF gains
a far-IR absorption peak, which is essential for the design
of nanodevices based on IR technology. It can also be inter-
preted that the IR peak of TCNQ/MBP is redshifted and
its absorption strength is enhanced by the adsorption of
a TTF molecule, which results in a new optical character
of the structure that is distinct from those of TCNQ/MBP
and MBP/TTF. It is also known that DFT HSE yields a
blueshift in the optical spectrum. The main absorption peak
of TCNQ/MBP/TTF in the far-IR region is blueshifted by
around 0.6 eV for HSE calculations (see the Supplemen-
tal Material [54] for details). The polarization axis of light
is also important due to the anisotropy of the system. The
imaginary part of the dielectric function along the y direc-
tion is plotted in the inset of Fig. 7. The optical properties
of MBP are isotropic in the xy plane and the imaginary
part of the dielectric is almost identical for the x and y
directions. The molecular adsorption of TCNQ on MBP
yields optical anisotropy in the xy plane and modifies the
optical spectrum in the energy range between 0.0 and 2.5
eV for TCNQ/MBP and TCNQ/MBP/TTF. However, the
TTF molecule does not have any substantial effects on the
isotropy of the structure, as observed in the spectrum of
MBP/TTF in Fig. 7. The anisotropy in the optical spec-
trum arising from TCNQ has also been reported previously
in Ref. [30]. More sophisticated calculations can be per-
formed by using models beyond DFT, such as GW and the
Bethe-Salpeter equation (BSE), to observe the many-body
effects in the optical spectrum. The local field effects are
ignored due to their tremendous computational costs for
such a large structure.
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IV. CONCLUSION

In summary, by using density functional theory, we
investigate the electronic characteristics of MBP through
the physical adsorption of two different organic molecules.
TCNQ and TTF molecules donate electrons and holes to
the MBP layer and transform it into a p- and n-type semi-
conductor. We find the lowest energy atomic configuration
for the adsorption of each molecule and calculate the elec-
tronic band structure, binding energy, potential barrier, and
charge density in the new p and n semiconductor. We
expand on the idea of molecular adsorption by simultane-
ous adsorption of both molecules on both sides of MBP
(full coverage of MBP) toward a p-n junction with rectify-
ing behavior. The transport properties of the p-n junctions
are studied within a simple TB approach, by replacing each
MBP layer and adsorbed molecule with a single TB site.
The current-voltage characteristics obtained by using the
Green function show an asymmetrical current and recti-
fying of the theoretically proposed p-n molecular device.
Our study suggests a p-n mechanism for the full coverage
of MBP with organic molecules; this tunes the electronic
and optical properties of pristine MBP. As a result, upon
molecular doping, the modification of MBP can be treated
as a p-n junction, which builds up a featured component
of semiconductor electronic devices. This results bring the
possibility of the p-n junction design through full cover-
age of a 2D monolayer with molecules. In addition, the
IR-sensitive nature of the TCNQ/MBP/TTF structure may
result in it being a potential material for applications in
optoelectronic devices.
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