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Abstract: Recently, 2D phosphorus allotropes have arisen as possible candidates for technological
applications among the family of the so-called Xene layered materials. In particular, the energy band
structure of blue phosphorene (BP) exhibits a medium-size semiconductor gap that tends to widen in
the case of using this material in the form of ribbons. BP nanoribbons have attracted recent interest for
their implication in the improvement in efficiency of novel solar cells. On the other hand, compound
poly (3-hexylthiophene) (P3HT) is used as the semiconducting core of organic field effect transistors
owing to such useful features as high carrier mobility. Here, we theoretically investigate the electronic
properties of a heterostructure combination of BP—in the form of nanoribbons—with a P3HT polymer
chain on top in order to identify the features of band alignment. The work is performed using first
principles calculations via DFT, employing different exchange correlation approaches for comparison:
PBE, HSE06 and DFT-1/2. It is found that, under DFT-1/2, such a heterostructure has a type-II
band alignment.
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1. Introduction

After the discovery of graphene [1], the materials science community embarked
on the search for other potential systems with two-dimensional crystal structures [2].
Among the various graphene-like materials discovered are those composed of atoms of
a single chemical element. These have been called Xenes, based on the ending of their
names (silicene, stanene, borophene, antimonene and others) [3], all of them produced
artificially. This class of materials exhibits remarkable prospects for electronic integration
as well as promising applications in optics and photonics [4]. One standout in this group is
phosphorene, a layered allotrope of phosphorus with semiconductor properties. Among the
experimentally obtained structural phases of phosphorene are black phosphorene («-P
or, simply, phosphorene) and blue phosphorene (3-P, referred to hereafter as BP) [5].
The latter was theoretically proposed by Zhu and Tomanek in 2014 [6]. Various reports
of its experimental realization have shown its synthesis through epitaxial methods on
Au(111) substrates [7-10]. However, achieving BP growth through this approach continues
to face considerable challenges. On the other hand, theoretical studies employing different
approaches have been more abundant in the literature. To cite a couple of recent examples,
Shaikh et al. conducted first principles calculations of its electronic, optical and vibrational
properties [11], and a simulation in the same spirit proposed to employ monolayer BP as a
high-mobility channel, while bilayers of BP would serve as metallic electrodes, in a model
for junction-free field-effect transistor [12].
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Very recently, the use of first principles methods has identified a plausible route for the
mass production of this promising material in an epitaxial form on Ag(111) [13]. The sim-
ulation employs density functional theory (DFT) calculations, subsequently validated by
molecular dynamics, to explain the growth of single-crystal layers from BP nanoribbons
that gradually evolve into a monolayer. In fact, the present work focuses on BP nanoribbons.
Initial studies on their properties date back to the very year 2014 when Xie et al. analyzed
the effect of quantum confinement on the band structure of nanoribbons with zigzag and
armchair edge configurations [14]. In both cases, the use of DFT allowed the identifica-
tion of these systems as indirect gap semiconductors, with the bandgap decreasing as the
nanoribbon width increases.

Since that date, numerous studies have been dedicated to investigating BP nanoribbons.
To mention some of the works involving first principles DFT calculations, Liu and collab-
orators analyzed the magnetic and spin properties of zigzag nanoribbons [15]. The effect
of electric fields on the electronic structure and optical response of such nanoribbons were
explored [16], and a semiconductor-to-metal transition can occur in them due to the presence
of a giant Stark effect, as reported in Ref. [17]. A study on the influence of electric fields
on edge states is presented in [10]. DFT calculations have identified tunable electronic and
dielectric properties in ultra-narrow BP nanoribbons [18], while theoretical investigations
within the same formalism regarding transport properties in these nanosystems indicate
the possibility of controlling them through edge passivation with different groups [19].
Similarly, the effect of edge corrugation in zigzag BP nanoribbons is predicted as a tool
for bandgap engineering, leading to their increase and transition to a direct character [20].
As for applications, various reports mention a variety of possibilities. The sensing of or-
ganic molecules using BP nanoribbons is investigated in the work by Saravanan et al. [21].
The functionalization of edges in these structures enables them to act, for instance, as novel
catalysts for water splitting [22]. Additionally, the inclusion of BP nanoribbons has con-
tributed to improving the efficiency of perovskite-based photovoltaic cells by enhancing
hole extraction and increasing hole mobility [23].

The adsorption and doping of BP involving atoms of other chemical elements have also
been subjects of investigation using first principles methods. The substitution of BP atoms
with light non-metallic elements such as B, C, N, O and F was considered in the work by
Sun et al. [24]. The report by Ding et al. examines the adsorption of metallic and non-metallic
atoms on black phosphorene and BP [25]. Tuning the electronic and magnetic properties
of BP through doping with Al, Si, As and Sb has been proposed [26]. The influence of
other atoms from groups IV and VI, as well as various metallic atoms, acting as dopants in
BP, has also been investigated [27,28]. In the case of BP nanoribbons, Correa has reported
calculations of optoelectronic properties considering doping with C, Si and S for both zigzag
and armchair configurations [29].

Poly 3-hexylthiophene (P3HT) is a conjugated semiconductor polymer that shows a
strong tendency to crystallize, forming ribbon-like nanostructures, and can be fabricated
in the form of thin films [30,31]. It is easy to synthesize and exhibits good optoelectronic
properties, which have allowed its application in various organic electronic devices, such
as solar cells, organic field effect transistors (OFETs), light-emitting diodes and others [32].
Within the field of 2D materials, P3HTs have been blended to graphene nanoribbons to
produce OFETs, which show a three-fold increase in the charge carrier mobilities when
compared to pure P3HT devices [33]. Similarly, OFETs have been fabricated using doped
MoS; nanosheets as the active layer, combined with P3HT films, resulting in a significant
improvement in the polymer’s mobility compared to undoped P3HT [34]. For the sake of
photovoltaic applications, electronic and optical properties of combinations of P3HT with
organic [35,36] and inorganic systems [37] have been investigated. In particular, the work
in [37] dealt with Heyd—-Scuseria—Ernzerhof (HSE) hybrid-functional DFT calculations of
electronic and structural features of PBHT-PbS and P3HT-CdS hybrid interfaces. It is also
relevant to mention a recent theoretical and experimental study that investigates the band
alignment between P3HT and exfoliated multilayers of black phosphorene. Among other
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properties, a remarkable charge delocalization from the polymer towards the conduction
band of black phosphorene was observed [38].

These recent references point to a growing interest in organic 2D inorganic hybrid
heterostructures. For this reason, as previously mentioned, the objective of this study is to
explore the basic electronic properties of the heterojunction between BP nanoribbons and
P3HT films. The investigation, of a theoretical nature, will be conducted using DFT. Aside
from the DFT-1/2 approach, we shall employ, for the sake of comparison, GGA+PBE and
HSEO6 calculations for both BP and P3HT systems. This is conducted in order to discuss
the validity of the results obtained by means of the computationally cheaper DFT-1/2
approach. In the following section, we will discuss in detail the simulation tool employed.
Subsequently, the obtained results will be presented, and the conclusions of the study will
be outlined.

2. Computational Methodology

In 2008, Ferreira, Marques and Teles introduced an approximation within DFT in order
to develop a cheaper way of improving the calculation of energy band gaps in semiconduc-
tors, compared to the typical underestimation achieved within LDA or GGA [39,40]. It was
named DFT-1/2. The authors used Slater’s half-occupation DFT technique [41,42] together
with exchange correlation approximations to suitably modify DFT approach for band gap
rectification. They show that, even when the technique might not be entirely convenient,
obtained results are much better than the outcome from LDA and GGA. Here, we shall
employ the GGA-1/2 variant of this approach, as implemented in the open access code
SIESTA [43,44]. This package of first principles calculations employs a linear combination
of localized atomic orbitals (LCAO). Our procedure includes polarized double- basis and
norm-conserving pseudopotentials. Relaxation in the cell is sought until the residual force
on each atom becomes smaller than 0.02 eV/A. A mesh cutoff energy of 250 Ry guarantees
the energetic convergence. After reaching it, calculation of electronic and optical properties
uses a 10 x 10 x 1 Monkhorst-Pack partition mesh of the Brillouin zone. In the case of
the supercell, this partitionis 3 x 3 x 1.

As mentioned, sole GGA+PBE [45] as well as hybrid-functional HSE06 [46—48] ap-
proaches are also employed to determine the band structure of involved compounds: the
P3HT polymer and the BP nanoribbon (BPNR). The first is implemented through SIESTA,
with the same parameterization, while the second is carried out with the GPAW environ-
ment, with a basis of plane waves having an energy cutoff of 650 eV, and a possibility of
using finite difference to solve the Poisson equation and calculate the exchange correlation
potential [49,50]. This is completed in order to compare results and, at the same time,
contribute to discuss the suitability of the use of SIESTA-based DFI-1/2 formalism for the
calculations of interest. For example, it is widely known that describing exchange and
correlation through hybrid HSE06 functional leads to estimations of semiconductor energy
band gap in semiconductors closer to the accepted experimental values [51].

3. Results and Discussion

Figure 1 contains schematic views of the systems investigated. The P3HT 1D oligomer
chain design that leads to the periodic chain used to combine with BP nanoribbons appears
depicted in Figure 1a (shown with N = 4 dimer units). The view of the zigzag nanoribbon
configuration with 10 hexagonal units of width (NRZ-10) is shown in Figure 1b, with H-
passivated edges. The unit cells for the two distinct configurations considered in the case of
the PBHT-BP nanoribbon heterostructure appear in Figure 1c,d for the side-on and edge-on
orientations of the 1D P3HT periodic polymer chain, respectively (here, we use the same
terminology as Ref. [38]).
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Figure 1. (Color online) (a) View of the P3HT oligomer. Carbon atoms are shown in green color,
hydrogen atoms in white and sulfur ones in yellow. (b) Schematic view of a zigzag blue phosphorene
nanoribbon with 10 hexagon units of width (phosphorus atoms are in red color). (c) Upper view
of the unit cell of the complex blue phosphorene nanoribbon plus 1D P3HT chain with side-on
configuration. The growth of the heterostructure proceeds along the vertical axis. (d) Lateral view
of the unit cell of the complex blue phosphorene nanoribbon plus 1D P3HT chain with edge-on
configuration. The growth of the heterostructure proceeds along the horizontal axis.

3.1. P3HT Oligomers and Periodic Chain

We have calculated the HOMO-LUMO energy difference for several P3HT oligomers
consisting of N dimer units (D-N). The evolution of such quantity is presented in Figure 2.
They were obtained under GGA+PBE (both using SIESTA and GPAW), DFT-1/2 (SIESTA)
and hybrid HSE06 (GPAW) numerical approaches. In the crystal limit, the value of the
direct energy band gap for the infinite polymer chain is plotted as well, indicated by
the P3HT label at the right side of the horizontal axis. In all cases, there is a decreasing
tendency of this energy difference towards the periodic result. The GGA+PBE values
obtained within the two platforms are almost identical. The decreasing tendency of the
HOMO-LUMO gap here obtained coincides with DFT calculations performed using Becke’s
three-parameter exchange functional along with the Lee—Yang—Parr nonlocal correlation
functional (B3LYP) [52]. However, the HOMO-LUMO gaps there reported are significantly
larger than those here obtained. As expected, hybrid-functional HSEQ6 provides for larger
estimation, as also results from employing DFT-1/2. However, the latter leads to a higher
energy band gap for the polymer dimeric crystal chain: Egpsyr = 1.62 eV. This value lies
within the intense part of the solar spectrum. Hence, it might indicate potential usefulness
in power conversion efficiency. Moreover, for the sake of comparison, we plot the values of
energy gap for the P3HT polymer chain presented in several previous works, including
bilayer cases [37,52-54]. Interestingly, our PBE and HSEQ6 calculations for the polymer
chain are close to those obtained by other groups for bilayer structures, but it is worth
noticing that those results correspond to systems where there are either PbS or CdS layers
underlying the P3HT polymer [37]. In relation to this fact, one must keep in mind that most
experimental energy gap reports largely depend on the substrate onto which the polymer
thin film is deposited. In this sense, in the same work by Ansari et al. [52], the authors
discuss experimental measurements of spectroelectrochemistry, cyclic voltammetry and
optical spectroscopy for a solid thin film of P3HT chains with six monomer units on indium
tin oxide (ITO). This was completed in order to study electric and optical energy band gaps.
Accordingly, the electrical gap was determined to be equal to 1.96 eV, whilst the optical gap
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was found to be 2.46 eV. The first of those values lies in between our D-3 and D-4 oligomer
DFT-1/2 results.

35 —— PBE(SIESTA) —i— Exp-polymer
’ —— DFT-1/2(SIESTA) Exp-optical
—s— PBE(GPAW) —+— PBE(VASP)-2layers
HSEOB(GPAW) —i— HSEO6(VASP)-2layers
3.0 1 Exp
— 2.5
®
o
<
2.0 1
1.5
1.0

T
1 2 3 4 5 CHAIN
Number of P3HT dimers

Figure 2. (Color online) Evolution of HOMO-LUMO energy gap as a function of the size of P3HT
oligomers constructed with dimer units (see Figure 1a). Results were obtained using DFT-PBE,
calculated under both SIESTA and GPAW environments, and with DFT(PBE)-1/2 implemented in
SIESTA. HSE06 under GPAW are shown as well. The rightmost value in each case indicates the limit
of periodic chain (energy band gap). Labels used to identify polymer gaps in the inset correspond to
the following references: Exp [54], Exp-polymer [53], Exp-optical [52], PBE-2Layer and HSE-2Layer [37]

At this point, it is worth discussing the outcome of the DFT-1/2 approach in this case.
As is known, this method mostly relies on a suitable choice of a certain cutoff radius for
the ions involved in the compound. Here, following the work of Garcia-Basabe et al., we
have only modified this parameter for C atoms, leaving H and S ones untouched. This
is justified by the predominant influence of carbon p-orbitals in determining the valence
band properties in the polymer [38]. However, we have not only sought maximizing the
electronic band gap of P3HT but also tried to reproduce as much as possible the features
of its energy band structure. For that reason, our choice for C cutoff radius is 5.4 Bohr
instead of the 3.8 Bohr value chosen in [38]. Similarly to what was completed in that work,
we switched to 1/4 description (instead of 1/2) for the charge ionization. Our selection
can be justified by observing the calculated P3HT band diagram presented in Figure 3.
There, the electronic structure is plotted, comparing GGA+PBE, HSE06 and DFT-1/2. It is
readily noticed that HSE06 maintains the overall behavior of the band structure compared
to GGA+PBE and mostly acts by enhancing the direct band gap. In the case of using
DFT-1/2, our choice of parameters provides a quite correct description of both valence and
conduction band features when compared to the other approaches used at the time that
E¢pspt becomes enhanced. In this sense, our use of the DFT-1/2 approach is meant to reach
a balance between enhancing the energy gap and fairly reproducing the band structure of
the polymer.
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Figure 3. (Color online) Calculated energy band structure of P3HT periodic polymer chain.
(Left panel) calculated under GPAW with GGA+PBE (blue, thinner, lines), and HSE06 hybrid func-
tional (orange, thicker, lines). (Right panel) calculated under SIESTA, with GGA+PBE (black lines)
and DFT-1/2 (red lines).

3.2. Blue Phosphorene Nanoribbons

The same numerical approaches above employed have been used to calculate the
energy band structure of BP zigzag nanoribbons with H-passivated edges. The variation in
band gap as a function of the ribbon width appears depicted in Figure 4.

3.0 4 —— PBE(SIESTA) —— DFT-1/2(SIESTA)
—— PBE(GPAW) HSE06(GPAW)

2.8 4

2.6 '—\\F\

2.4 1

EgapleV)

2.0 ~ —

T T T T T T T
NRZ3 NRZ4 NRZ5 NRZ6 NRZ7 NRZ8 NRZ9
Nanoribbons Size(number of vertical hexagones)

Figure 4. (Color online) Evolution of energy band gap of zigzag blue phosphorene nanoribbons as
a function of ribbon width, indicated by NRZ-K, with K numbering the hexagonal units along the
transverse ribbon direction. Results are presented for GGA+PBE under SIESTA and GPAW, DFT-1/2
under SIESTA and hybrid HSE06 under GPAW.

In general, a decreasing behavior of BP nanoribbon band gap is revealed within all
first principles approaches used. GGA+PBE yields distinct functional variations, with the
GPAW-based one having the smaller results. In all cases, E¢gpyr remains above 2 eV,
but HSE06 seems to somehow overestimate the band gap, although a previous report
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presents a HSE06 gap of 2.67 eV for the monolayer, which might be close to the limiting
value of the extended 2D BP in our case [55].

DFT-1/2 produces the slightest decreasing trend of all. It is directed towards our
calculated 2D monolayer band gap value of Eggp = 1.97 eV, which agrees with the accepted
result of 2.0 eV [56].

This time, the choice of cutoff radius in the case of P atoms also took into account, be-
sides achieving a maximum possible gap value for all ribbon widths considered, the correct
reproduction of the main features of energy bands in the systems. It turns out that the same
value used in Ref. [38] for the calculation of the energy structure of black phosphorene
monolayers leads, here, to seemingly correct results. So, we have used a P cutoff radius of
3.3 Bohr, with 1/4 ionization.

In accordance, for the sake of illustration, we present in Figure 5 the calculated
electronic structure of NRZ-8 BP nanoribbon using the named four different first principles
approaches. It can be noticed that the outcome of DFT-1/2, with the mentioned choice of
parameters, closely resembles the band diagrams arising from GGA and HSE06 schemes
regarding the morphology of valence and conduction dispersion relations. The GGA+PBE
and DFT-1/2 schemes yield a barely indirect energy band gap in the case used as an
example. Interestingly, the HSEO6 calculation provides a direct band gap at the Brillouin
zone center.

5 DFT-1/2(SIESTA) . PBE(SIESTA)
— 14
3
o 27
do_q
-3 -\ .
r HSE(GPAW) X r PBE(GPAW) X
3 — =
2 -
— 1
3
& 27
UIJ _1 -
_2 -
_3 T T _3 T T

r X r X

Figure 5. (Color online) Calculated energy band structure for the NRZ-8 zigzag blue phosphorene
nanoribbon. Results for different DFT-based first principles approaches are used. The right column
contains GGA+PBE band structures under SIESTA and GPAW environments. Left column shows the
outcome of DFT-1/2 (SIESTA) and HSE06 hybrid functional (GPAW) procedures.

3.3. The Blue Phosphorene Nanoribbon plus P3HT Complex

The previously presented results pave the way for the calculation of the electronic
properties of the heterostructure formed when a periodic 1D P3HT polymer chain is placed
on top of a BP zigzag nanoribbon, as is schematically depicted in Figure 1c,d. The design
chosen for such an arrangement contemplates the location of a polymeric chain just above
the middle longitudinal axis of the ribbon. For on-edge configuration, this can be achieved
for all the ribbon widths considered. When the P3HT chain is put side-on, the width of
the ribbon has to be extended beyond the lateral extension of the dimer (vertical size of
Figure 1a).

Figure 6 contains the calculated band structures of BP (H-passivated) zigzag nanoribbon
plus 1D P3HT periodic chain complexes. First, the results for different ribbon widths and
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edge-on polymer chains are depicted. The immediate conclusion is that the whole system
behaves as a direct narrow gap semiconductor. For the examples depicted, the gap values
range from 0.14 eV to 0.18 eV. There is little difference when comparing the band diagrams
of complexes with equal ribbon widths but with side- and edge-on P3HT chain orientations
for wide-enough underlying BPNR. This can be observed from the plots in the lower row of
the figure. Here, the case of NRZ-19 is considered for illustration.

NRZ-3 0 NRZ-4

E-ErleV)

E-Er(eV)

—0.5 1 —0.5 |
1.0+ -1.01
1.5 - 154
—2.0- —2.0 -

Figure 6. (Upper panel) Energy band structure of the complex P3HT 1D periodic chain plus blue
phosphorene zigzag nanoribbon, with edge-on geometric configuration (see Figure 1d). Different
ribbon widths are considered, indicated by K number of hexagonal units in the NRZ-K labels on top
of the plots. In all cases, zero energy values correspond to Fermi level. (Lower panel) (a) Energy
band structure of P3HT periodic chain plus zigzag blue phosphorene for the side-on case of Figure 1c,
which corresponds to K = 19; (b) the same for the edge-on geometric configuration of Figure 1d,
with equal ribbon width.

We have also analyzed how the alignment of P3HT polymer onto the nanoribbon
affects the electronic structure of the complex. With that purpose, we again choose the wide-
enough NRZ-19 and consider a shift in the side-on P3HT chain from on-center position
towards one of the passivated ribbon edges. Figure 7 presents five different alignments
between the P3HT chain and NRZ-19, as well as the resulting electronic structures. Our
findings indicate that the alignment of P3HT with the nanoribbon does not cause significant
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changes in the electronic structure near the Fermi level, such that the disposition of the
band’s edges is practically independent of the complex alignment.

L L L r T
r x r X T X r x r X

Figure 7. (Upper panel) Schematic representation of five different alignments between P3HT and
NRZ-19. (Lower panel) Bands structure of the five alignments considered in upper panel. The align-
ments are labeled as (A-E).

Viewing our system as a heterostructure formed by putting together a BP zigzag
naoribbon and a 1D P3HT periodic polymeric chain, the subject of main interest is the
kind of band alignment achieved. This feature will determine the charge carrier properties
in the system. Here, we choose to evaluate, via DFT-1/2, this alignment in the case of
edge-on configuration. Our results point at a type-II band alignment as depicted in Figure 8.
There, the positions of conduction band minimum and valence band maximum of each
component are depicted for several values of the zigzag nanoribbon widths. This result
contrasts with the P3HT+black-phosphorene heterostructure reported in Ref. [38]. There,
the edge-on configuration exhibits a type-I band alignment.

In addition, the two rightmost plots in Figure 7 represent the band alignment for the
heterostructure formed regarding the wide BP NRZ-19. In one case, only one polymer
chain is assumed to be forming the heterostructure. In the other, the ribbon width is
completely covered by three parallel adjacent side-on P3HT chains. In both cases, the type-
II arrangement is maintained, but, in the second one, it is possible to notice a greater
separation between aligned bands. Actually, the incorporation of more P3HT chains causes
a relative descent in polymer energies and a rise in ribbon ones. We attribute this effect
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to the increment in charge transfer between layers, but further analysis would be needed
to confirm this assumption, considering whether there is a real possibility for practical
realization of such kind of heterostructure.

2_
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T T T T T T
PIHT/NRZ-3 P3HT/NRZ-4 P3HT/NRZ-5 P3HT/NRZ-& P3HT/NRZ-19 3P3HT/NRZ-19

Figure 8. (Color online) The conduction and valence band alignments of heterostructures formed by
edge-on P3HT 1D chain (red lines) and blue phosphorene zigzag nanoribbons (blue lines) of different
widths. Calculations correspond to the use of DFT-1/2 approach.

4. Conclusions

We have investigated the electronic properties of semiconductor heterostructures of
the P3HT blue phosphorene zigzag nanoribbon type in order to determine the kind of
conduction and valence band alignment for their possible optoelectronic use. In accor-
dance, P3HT periodic polymeric chain and blue phosphorene nanoribbons were separately
studied using first principles within density functional theory. Different approaches, in-
cluding GGA+PBE, HSE06 hybrid functional and DFT-1/2, were employed to determine
the electronic dispersion relations and the energy band gaps of these compounds, with the
main purpose of revealing the advantages of the DFI-1/2 approach, which is known as a
quite accurate and computationally cheap method for dealing with the electronic properties
of semiconductors.

According to our DFT-1/2 results, the 1D periodic P3HT polymeric chain is a direct
gap semiconductor with Eg = 1.62 eV, and the blue phosphorene monolayer is an indirect
gap semiconductor with E; = 1.97 eV. However, blue phosphorene nanoribbons appear—
barely—as indirect gap semiconductors, although the hybrid HSE06 approach results in a
direct gap description in that case.

With such information at hand, the combination of both crystals to form a heterostruc-
ture produces a direct narrow gap complex, which, when analyzed from the point of view
of band alignment, turns out to be a type-II semiconductor system. On the other hand,
it would be interesting to consider the p-doping of the P3HT chain, as reported in [52],
since convenient modifications of the electronic structure of the complex could be achieved.
Work on this line is currently in progress.
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