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ABSTRACT: We propose to use edge-modified phosphorene nanoflakes (PNFs) —Arimuurmnniifiile i
as donor and acceptor materials for heterojunction solar cells. By using density IR T
functional theory based calculations, we show that heterojunctions consisting of 33
hydrogen- and fluorine-passivated PNFs have a number of desired optoelectronic -3.6
properties that are suitable for use in a solar cell. We explain why these properties S 40
hold for these types of heterojunctions. Our calculations also predict that the @
maximum energy conversion efficiency of these type of heterojunctions, which can ~ &-44
be easily fabricated, can be as high as 20%, making them extremely competitive with L"ﬁ’ 48
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other types of two-dimensional heterojunctions. j/@/w
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Heterojunctions consisting of two types of donor and sufficient to keep the stack together with their intrinsic
acceptor materials have been suggested as a promising optoelectronic properties preserved. Another reason why 2D
mechanism for designing photovoltaics.' > Choosing two materials have drawn a significant level of interest*™® is that
different types of materials for donor and acceptor makes it they have been shown to exhibit tunable optoelectronic
possible to effectively separate charge carriers at the properties and high carrier mobility. In many ways, they are
heterojunction interface. However, to be considered for use superior to conventional bulk solar-cell materials.'® For
in a solar cell,the heterojunction must possess a number of example, graphene,'” which is a 2D sp>hybridized carbon
other properties such as a small direct bandgap of roughly 1.2— monolayer, has a high carrier mobility of up to 10° cm®/V/s.
1.6 eV' and a high electron mobility to facilitate efficient MoS,,”” which is a representative 2D transition metal
electron transport. The performance of such a heterojunction dichalcogenides (TMDCs), has a direct bandgap of 1.9 eV
critically depends on the choice of donor and acceptor and a relatively high on—off current ratio of up to 10%
materials.” However, some of these materials do not possess all desirable
In recent years, a number of two-dimensional (2D) properties required in a solar cell. For example, graphene is
materials’~® have been proposed as potential candidates to metallic and does not have a bandgap, and the carrier mobility
be used in heterojunctions.” ' Examples of heterojunction of MoS, is only 10 cm®/V/s, which is much lower than that
solar cells made from 2D materials include graphene/BN,12 what is desired.
graphene/MoS,,"* MoS,/MoSe,,"* MoS,/g-C;N,,"* and phos- Phospz}llgggne is an interesting and promising 2D elemental
phorene/MoS,.'® One important and desirable feature of 2D material " that has been isolated experimentally through

mechanical exfoliation from bulk black phosphorus. Phosphor-

materials is that they tend to have large photoreactive contact
ene exhibits some remarkable optoelectronic properties that are

area for optical absorption. It is relatively easy to stack 2D
materials up into multilayer systems with van der Waals

interaction in between to further enhance sunlight capture.'” Received: November 10, 2015
The strong covalent bonds provide in-plane stability of each 2D Revised: ~ January 14, 2016
monolayer, whereas the relatively weak van der Waals forces are Published: February S, 2016
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superior to graphene and MoS,. For example, phosphorene is a
direct semiconductor with a high hole mobility”' of 10° cm?/V/
s. When placed in nanoelectronics,”>*? it exhibits drain current
modulation of up to 10° It is the building block for black
phosphorus quantum dots** that have been used to fabricate a
flexible memory device with a high on—off current ratio of 6 X
10* and good stability. Furthermore, phosphorene possesses a
thickness-dependent direct bandgap” in a wide range of 0.3 eV
(bulk) to 1.5 eV (monolayer), which bridges the gap between
graphene (0—0.2 €V) and MoS, (1.0-1.9 eV) for new
optoelectronic devices. The thickness dependency of the
bandgap allows one to tune the bandgap of phosphorene-
based materials and enhance light absorption by varying the
number of layers. Like graphene26 and MoS,,”” phosphorene
also has remarkable optical properties.”® Therefore, phosphor-
ene is an ideal candidate 2D material for solar cells.

In this paper, we propose a new way to construct a
heterojunction from a single type of material derived from
phosphorene only. The heterogeneity of the junction, which is
critical for achieving charge separation, is introduced by using
different types atoms to passivate nanoflakes cut out from the
phosphorene. We show by density functional theory (DFT)
based theoretical calculations that the electronic structures of
phosphorene nanoflakes (PNFs) depend on the type of edge
passivation. By using two different types of atoms to passivate
the edges of the PNFs, we obtain two types of edge-modified
PNFs that can be used as donor and acceptor materials in a
heterojunction. Our computational results show that our
proposed edge-modified PNF-based heterojunction has a
desirable highest-occupied molecular orbital—lowest unoccu-
pied molecular orbital (HOMO—-LUMO) gap and optical
absorption properties. The estimated maximum power
conversion efliciency of this type of heterojunction can be as
high as 20%, which is competitive with the efliciency of existing
heterojunctions. We explain why these properties hold by using
a surface dipole model.

Theoretical Models. When phospherene is cut into
nanoflakes, edge passivation is required to stabilize the
nanoflakes.””*" Different types of atoms can be used to
passivate the edges of a nanoflake. Here we focus on
rectangular PNFs that are passivated by either hydrogen
atoms (HPNFs) or fluorine atoms (FPNFs). Figure la shows
the atomic configuration of a 2D phosphorene monolayer in a 5
X 7 supercell (P 4). Some edge-passivated PNF nanoflakes we
have examined include PisoHj, PisoFss, PsgoHgsy PssoFes
PiyooHi02 PragoFi02 PazooHize PazooFi3e PsssoHazo, and

PygsoFazo-
Hydrogen and fluorine edge passivation introduces polar

covalent bonds of the forms P"—H" and P*—F~, respectively
around the edges of the PNFs. These covalent bonds create
edge dipole layers that produce constant electric potential
jumps () in the form of p/2v/27el < 1p(7) | < p/2nelfl
inside PNFs as shown in Figure 1(b) and (c), where 7 is the
distance close to the edges and p represents the electric dipole
moment per unit area at armchair and zigzag edges of PNFs.
Such a potential jump shifts all single particle energy levels,
including the HOMO and LUMO energies. The direction of
the shift is different for HPNFs than it is for FPNFs. To be
specific, the HOMO and LUMO levels of HPNFs are shifted
upward upon edge passivation, whereas those associated with
FPNFs are shifted downward.

This strong edge decoration effect on the HOMO and
LUMO energy levels of PNFs makes it possible to design
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Figure 1. Geometric models for 2D phosphorene and PNFs. (a)
Geometric structures of 2D phosphorene in a 5 X 7 supercell. The
violet balls denote phosphorus atoms. Two types of edges, armchair
and zigzag, are highlighted in the inset. Electric potential jumps
produced by edge dipole layers of (b) HPNFs and (c) FPNFs,
respectively. The red and blue regions indicate potential increase and
decrease, respectively. Two circles represent electron and hole carriers
at the electric dipole layer, respectively.

tunable and effective PNF based heterojunctions that are
suitable for solar-cell devices. The opposite directions of the
HOMO and LUMO energy shifts associated with HPNFs and
FPNFs create a HOMO/LUMO offset when a monolayer of
HPNF is placed adjacent to a monolayer of FPNF. Such an
offset effectively reduces the HOMO/LUMO gap of the overall
system through band alignment. It allows us to create a PNF
heterobilayer that serves as a type-II donor—acceptor interface
band heterojunction,31 as illustrated in Figure 2. Furthermore,
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Figure 2. Schematic illustration of type-II donor—acceptor band
alignments for the carrier transfer and separation in hybrid HPNF/
FPNF heterobilayers. E; is the band gap of PNFs. AE. and AE,
represent the conduction and valence band offsets, respectively.

we predict that such type of heterojunction will promote
electron and hole carrier transfer and separation at the HPNE/
FPNF interface due to the built-in potential induced by the
edge dipole layers inside monolayers. Such an induced potential
is likely to localize HOMO and LUMO states within distinctive
donor and acceptor regions. It is the localization of the HOMO
and LUMO states that ultimately leads to enhanced charge
separation and enables electron and hole carriers to be easily
collected. These properties will lead to improved carrier
lifetime when the heterojunction is used in solar cells.*”
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Results and Discussion. We now report computational
results obtained from Kohn—Sham DFT based electronic
structure analysis tools described in Computational Methods.
We show how these results validate the theoretical model we
established in Theoretical Models.

Electronic Structures of PNFs. The relevant electronic
properties of to be examined for PNFs include the Kohn—Sham
single particle energy levels, the local density of states (LDOS)
near the HOMO and LUMO energy levels, and the projected
density of state (PDOS) associated with phosphorus, hydrogen,
or fluorine atoms.

To ascertain the effect of edge passivation on the electronic
properties of PNFs, we first compute as a baseline for
comparison the energy levels and the PDOS associated with
a phosphorus atom for a 2D phosphorene placed in the 5 X 7
supercell (P,4,) shown in Figure 3. We observe that
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Figure 3. Energy levels of phosphorene and PDOS of equivalent
phosphorus atom (denoted as Pc.y.) in the S X 7 supercell of
phosphorene (P,4,). Their LDOS of HOMO and LUMO are shown in
the figure. The violet balls denote phosphorus atoms. All energy levels
are referenced to the vacuum level, which is set to zero.

phosphorene is semiconducting with a direct band gap of
0.96 (GGA-PBE) or 1.52 (HSE06) eV.”” The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of Py, exhibit different electron distribution
patterns. The HOMO states are found to consist of only P3p,
orbitals associated with lone pairs of electrons, whereas the
LUMO states are contributed by the sp* hybridized orbitals of
P3s, P3p,, P3p,, and P3p,. These particular features of the
HOMO and LUMO orbitals suggest that the phosphorus
atoms in phosphorene form three P—P o-bonds and a
nonbonding lone pair of electrons via asymmetric sp’
hybridization of P3s, P3p,, P3p, and P3p, atomic orbitals.
When H or F atoms are used to passivate the edges of PNFs
after they are cut out from phosphorene, P—H or P—F o-bonds
are expected to form around the edges. Figure 4, which
illustrates how molecular orbital energies change through
hybridization, shows that the molecular orbitals associated with
these bonds, which characterizes the distribution of electrons
around the edges of the PNFs and sometimes referred to as
edge states, should be more stable than those that are
composed of sp® hybridization orbitals of phosphorus atoms
only. As a result, the corresponding molecular orbital energies
are lower compared to those that characterize the sp’
hybridization of the atomic orbitals associated with the P
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Figure 4. Schematic illustration of hybrid molecular orbital diagram
for P—P, P—H, and P—F bonds in phosphorene and PNFs monolayers
in different edge types. s, p,, p,, and p, represent the atomic orbitals. &
and o™ represent the bonding and antibonding molecular orbitals.

atoms in the interior of the PNFs. Therefore, they should not
appear as HOMO or LUMO states of a PNF. In other words,
the HOMO and LUMO states of a PNF should only be
contributed by inner phosphorus atoms.

The predicted absence of edges states in the HOMO and
LUMO range is verified by our computational results presented
in Figure 5, which depict the energy levels and PDOS of PNFs
monolayers of different sizes and with different types passivated
edges. Their LDOS near the HOMO and LUMO are also
shown. We can clearly see that the HOMO and LUMO states
of both HPNFs and FPNFs share similar characteristics with
those of a 2D phosphorene (Py4). In particular, unlike the
widely studied GNFs,>>™*° none of the states around the
HOMO and LUMO levels shows high density near the edges,
that is, the HOMO and LUMO states do not contain any edge
states. In fact, the densities of all HOMO and LUMO states
appear to be contributed to only by inner phosphorus atoms.
Therefore, for large-scale PNFs the difference in passivated
edge types should have little effect on the HOMO/LUMO gaps
of PNFs, which are close to that (0.96 eV) of a phosphorene.

Another indication that edge states do not contribute to the
HOMO and LUMO of monolayer PNFs is that the change of
the HOMO—LUMO energy gap with respect to the size of the
PNF (L) becomes very small when L is beyond a certain size.
This can be seen from Figure 6a in which the calculated
HOMO-LUMO energy gaps E, (eV) for PNFs of different
sizes L (nm) are plotted. Our calculations show that the
HOMO-LUMO gaps of HPNFs and FPNFs both increase
linearly with respect to 1/L. By using a linear least-squares
fitting procedure, we obtain E, ~ 0.89 + 4.83/L for HPNFs and
E; ~ 0.89 + 3.61/L for FPNFs, respectively. Therefore, when L
is sufficiently large, the second term in these expressions
becomes extremely small so that the HOMO/LUMO energy
gap is mostly determined by the first constant, which is around
0.89 eV. Such a relationship between E, and L is quite different
from that associated with other low dimensional materials such
as GNFs,”7*° GNRs,>’*' and boron nitride nanorib-
bons.**™** For these materials, the HOMO/LUMO states are
dominated by edge states, and the HOMO/LUMO gap (E,)
can be smaller than that of bulk systems when L is sufficiently
large. Unlike these materials, the small variation of the E,
associated with an edge passivated monolayer of PNF with
respect to L for large L is mainly due to the well-known
quantum confinement effect (QCE), which is present in most
nanomaterials.
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Figure S. Energy levels and PDOS of PNF monolayers in different sizes and passivated edge types. (a) Py5oHsy, (b) Py5oFss, () PsgoHgg, and (d)
PggoFes including the PDOS per atom of central phosphorus atom (Pceye,), AC and ZZ edge phosphorus atoms (P, and P;), and hydrogen or
fluorine atoms (H/F). Their LDOS of HOMO and LUMO are shown in the figure. All the energy levels are referenced to the vacuum level, which is
set to zero. The violet, white, and blue balls denote phosphorus, hydrogen, and fluorine atoms, respectively.

Although the HOMO/LUMO bandgap of PNFs appears to
be insensitive to the type of edge passivation, it is interesting to
see from Figure 6b that the absolute HOMO and LUMO
energy levels of a HPNF are different from those of a FPNF
even when these PNFs contain nearly 10 000 atoms. Therefore,
edge decoration appears to have a strong effect on the absolute
HOMO and LUMO energies of PNFs. This observation is
consistent with the prediction we made in Theoretical Models,
which is based on the edge dipole layer model. Different types
of passivated edges in PNFs can shift the orbital energy in
different ways. Figure 6b shows that hydrogen edge passivation
shifts the HOMO and LUMO energies up respectively by 0.04
and 0.05 eV from those of a phosphorene, whereas fluorine
edge passivation shifts the HOMO and LUMO energies down
respectively by 0.08 and 0.16 eV from those of a phosphorene.
The difference in the amount of energy shift is Because polar
covalent bond P*—F~ in FPNFs has a stronger dipole moment
than that of P"—H" in HPNFs. Hence, the HOMO and LUMO
energy shifts (—0.08/—0.10 eV) of FPNFs are larger than those
(0.04/0.05 eV) of HPNFs, respectively.

Heterobilayers of PNFs. As we indicated in Theoretical
Models, by placing a monolayer of HPNF next to a monolayer
of FPNF, we may obtain a heterobilayer with a reduced
HOMO/LUMO bandgap compared to that of a PNF
monolayer. The reduced bandgap results from a band
alignment process’’ induced by the opposite directions of
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HOMO/LUMO energy shifts associated with hydrogenand
fluorine edge passivation. It is consistent with the theory
established for interlayer interactions.'®

Such bandgap reduction is confirmed by our computation in
which electronic properties two PNF heterobilayers (P;5oHj,/
PisoF3s and PggoHg/PogoFgs) are examined. These hetero-
bilayers are generated by AB-stacking hydrogen and fluorine
edge-passivated PNFs monolayers as shown in Figure 7. We
used SIESTA-PEXSI to optimize the atomic positions of these
heterobilayers. We observe that the bandgap of P;50H;,/P50F34
and PygoHgg/PsgoFgg is 0.93 and 0.70 eV, respectively. They are
much smaller than the bandgap values associated with each
constituent PNF monolayers (1.43, 1.29, 1.15, and 1.08 eV
respectively for PisHy,, PisoFas PsgoHgs and PggFeg), as we
predicted in Theoretical Models. The distribution of the single-
particle energy levels associated with these two model
heterobilayers, as well as their TDOS of PNF monolayers
and heterobilayers are also shown in Figure 7.

The reduced bandgap in a heterobilayer of edge-modified
PNFs increases the its absorption energy range and makes it
easier for it to absorb visible 1'§ht. Furthermore, interlayer
interactions”” and charge transfer*® in such heterostructures can
induce new optical transitions that result from the overlap of
electronic states and enhance the absorption efficiency for
hybrid HPNF and FPNF heterobilayers. These enhancements
can be measured by examining the optical absorption

DOI: 10.1021/acs.nanolett.5b04593
Nano Lett. 2016, 16, 1675—1682


http://dx.doi.org/10.1021/acs.nanolett.5b04593

Nano Letters

14 1@) 7
I 314 —m— HPNFs
S\ 13l %1_3_ —e—FPNFs
Q9 I 1.2
o 1af .1
(@)] L 81.0
2 1.1 0o
E) ’ 0.02 0.04 0.06 0.08 _9.10 0.12
@ I 1/Length (nm™)
w 1.0 0.97 eV
o_9j ‘Phosphorene E_g=_0.$;5e_v o — _09_4;,
0 2000 4000 ~ 6000 8000 10000
Number of phosphorus atoms
3.2
(b) Ph h LUMO
—3_6— - osphorene
N g S
-4.0F & ®
% ;{&*w —H— HPNFs HOMO
\; I —&— HPNFs LUMO
o “4.4r —&—FPNFs HOMO
5 L o —%—FPNFs LOMO
c g —H_
TTREE: Col o
_5_2f/r Phosphorene HOMO
582000 — 4000 6000 8000 10000

Number of phosphorus atoms

Figure 6. Energy gaps and HOMO and LUMO energies of large PNF
monolayers in different system sizes and edge types. The energy gap
and HOMO and LUMO energies of 2D phosphorene are marked by
green dotted lines.

coefficients of PNF heterobilayers. Figure 8 shows that PNF
heterobilayers exhibit a wider absorption range and stronger
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Figure 8. Absorption coeflicients of PNFs monolayers and
heterobilayers in different system sizes and edge types. (a) P 5oHa,,
Py5oFs, and PypgHyFay (PysoHae/PisoFsy). (b) PsgoHes PssoFes and
Py6oHesFes (PssoHgs/PssoFes). The wider absorption range and
stronger optical absorption of PNF heterobilayers are marked by
pink arrows.

optical absorption compared to FPNF and HPNF monolayers.
Furthermore, two monolayers in the same size show similar
absorption spectrum due to the absence of edge states in FPNF
and HPNF monolayers.

Upon light absorption, electron and hole pairs are created at
the interface between HPNF and FPNF. It follows from the
type-Il heterojunction alignment model®' that the excited
electrons tend to migrate from the HPNF layer to the FPNF
layer due to the elevated electrostatic potential in the HPNF
layer. For the same reason, holes tend to migrate from the
FPNF layer to the FPNF layer due to the reduced the
electrostatic potential on the FPNF side. As we indicated in
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Figure 7. Energy levels and TDOS per atom of PNF heterobilayers in different system sizes and edge types. (a) P340H34F34 and (b) PyjeoHsFes.
Corresponding PNF monolayers’ TDOS also are shown in the figures, including P s;Hz,, PsoF34, PsgoHes, and PsgoFgg. The LDOS of HOMO and
LUMO of PNF heterobilayers are shown in the figure. All the energy levels are referenced to the vacuum level, which is set to zero. The violet, white,
and blue balls denote phosphorus, hydrogen, and fluorine atoms, respectively.
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Theoretical Models, these electron and hole migrations are
likely to result in well-localized HOMO and LUMO states in a
PNF heterobilayer. In particular, the HOMO states should be
localized closer to the hydrogen passivated armchair edges in
in-plane HPNF layers whereas the LUMO states should be
localized closer to fluorine passivated armchair edges in in-
plane FPNF layers. This type of localization can be easily
observed in Figure 7 where the LDOS of the states near the
HOMO and LUMO levels of both P5o,H;,F, and Pj,¢oHggFes
are shown.

The separation of the electron (LUMO) and hole (HOMO)
states can also be revealed by examining the differential charge
density (Ap = p(HPNFs/FPNFs) — p(HPNFs) — p(FPNFs))
between the HPNF and FPNF layers. Figure 9 shows that
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Figure 9. XY-averaged electrostatic potentials of heterobilayers of
PNFs in different system sizes and edge types. (a) P3poHj,Fs4
(Py5oH34/PisoF34) and (b) PyieoHesFes (PssoHes/PssoFes). Different
hydrogen and fluorine edge-passivated layers in heterojunctions are
marked by H1, H2, F1, and F2, respectively. Electrons transfer from
the HPNFs H2 layer to the FPNFs FI layer is marked in the figure.
The differential charge density is shown in the figure. The red and blue

regions indicate electron decrease and increase, respectively.

electron transfer from the HPNF layers to the FPNF layers
with holes left on the HPNF layers, resulting in well-separated
electron—hole pairs at the HPNF/FPNF interfaces.

From a practical perspective, the quality of heterojunction
solar cells depends on its power conversion efficiency (PCE)
defined as'?

© p(hw)
0.65(E, — AE, — 0.3) /E 5 227 d(h)

"= [P d(h)

where 0.65 is the band-fill factor, P(Aiw) is the AML.S solar
energy flux at the photon energy 2w, E, is the bandgap of the
donor, AE_is the conduction band offsets, and the (Eg — AE_ —
0.3) term is an estimation of the maximum open circuit voltage.

The maximum PCE depends critically on the interface band
alignment between donor and acceptor materials.'> For large-
scale hybrid HPNF/FPNF heterobilayers, the bandgap values
E, of donor and acceptor monolayers are the same, and they are
equal to that (E, = 1.52 eV (HSE06)*”) of 2D phosphorene.
This gap value is very suitable for the absorption of the solar
spectrum'” and can be tuned by changing the number of layers
in multilayer phosphorene.”’ The conduction band offset AE,
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between large-scale HPNFs and FPNFs up to 9150 atoms is
AE_ = 0.15 eV, which are close to optimal values of conduction
band offset to archive the high PCE in heterojunction solar
cells.® Therefore, large-scale HPNF/FPNF heterobilayers can
achieve PCE as high as 20%. These values are comparable to
that of recently proposed bilayer phosphorene/MoS, hetero-
junctions (16—18%),'® hybrid PCBM/CBN heterojunctions
(10—20%)"* and g-SiC, based systems (12—20%)"” for highly
efficient solar cells.

It is important to recognize that larger-scale PNF
heterobilayers’ conduction band offsets can be effectively and
precisely engineered by edge passivation. What is unique for
PNFs is that edge modification does not alter certain electronic
properties such as band gap and carrier mobility. These
electronic properties also do not depend sensitively on the
system size. Furthermore, we expect that large-scale HPNF/
FPNF heterobilayers can be easily fabricated because two PNF
monolayers can be stacked or combined with weak van der
Waals interaction. Since the donor and acceptor are both
derived from phosphorene with different types edge
passivation, we do not need to be concerned with lattice
mismatch and Moiré effect”® between HPNF and FPNF
monolayers. Although we considered thin bilayer PNFs with
potential application in solar-cell devices, it is also possible to
devise thicker multilayer PNF heterojunctions that can be
further optimized to increase the photoreactive contact
interface area and to enhance the range of light absorption.
These improvement can lead to higher PCEs in practical
applications. On the other hand, our proposed edge-modifiled
PNF heterojunction model can be universally extended and
applied to a variety of 1D and 2D systems, such as GNFs,**™*°
GNRs,”” ™" and PNRs.* ™! Therefore, this edge-modified 2D
heterojunction model may lead to new semiconductor
optoelectronic devices in the future experiments, especially
for ultrathin solar cells.">'**’

Conclusion. We propose to use edge-modified phospherene
nanoflakes to create donor and acceptor materials that can be
used in a heterojunction solar cell. Our DFT-based theoretical
calculations indicate that the HOMO and LUMO energy levels
of PNFs shift away from those of bulk phosphorene in different
directions when they are passivated with H atoms and F atoms,
respectively. When a HPNF monolayer is placed next to a
FPNF layer to form a heterobilayer, the opposite shifts of the
HOMO and LUMO energy levels associated with the HPNF
and FPNF monolayers result in an overall reduced HOMO/
LUMO energy gap for the heterobilayer through a band
alignment process. We examined the HOMO/LUMO states of
the heterobilayer and showed that they are localized in the
donor and acceptor region, respectively. The localized HOMO
and LUMO states indicate that charge separation can be
effective achieve at the heterojunction interface. We explained
why these electronic properties hold by using a surface dipole
model to elucidate the electronic structure of PNFs. In
particular, we explain the absence of edge states near the
HOMO/LUMO region of edge modified PNFs. Our
calculations also predict that a heterojunction consisting of
HPNF and FPNF can achieve a maximum power conversion
efficiency of up to 20%, which is competitive with other types
of 2D heterojunctions. Because edge-modified PNF hetero-
junctions can be easily fabricated without no lattice mismatch
and Moiré effect, we believe they are extremely suitable for

building high efficiency and low cost solar cells.
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Computational Methods. We use the Kohn—Sham DFT-
based electronic structure analysis tools implemented in the
Spanish Initiative for Electronic Simulations with Thousands of
Atoms (SIESTA) software package to study the optoelec-
tronic properties of PNFs and verify our prediction discussed
above. We choose the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (GGA-PBE)*’ exchange
correlation functional, which generally gives a good description
of electronic structures of phosphorene,”' %raphene nanoflakes
(GNFs),™* graphene nanoribbons (GNRs), > and phosphorene
nanoribbons (PNRs).”’ We adopt the van der Waals correction
proposed by Grimme (DFT-D2)°° to optimize the layered
atomic structures of PNF heterojunctions. We use the double-{
plus polarization orbital basis set (DZP) to describe the valence
electrons within the framework of a linear combination of
numerical atomic orbitals (LCAO).”” All atomic coordinates
are fully relaxed using the conjugate gradient (CG) algorithm
until the energy and force convergence criteria of 107* eV and
0.04 eV/A, respectively, are reached. Our results for the atomic
structures and electronic properties of 2D phosphorene (P4)
in the S X 7 supercell and PNFs (P,s,H;, and Py,Fs,) are
crosschecked with Vienna Ab initio Simulation Package
(VASP)*® calculations. Because the GGA-PBE exchange
correlation functional tends to underestimate the bandgap of
semiconductors, the screened hybrid HSE06 functional®
implemented in VASP is also used to check the electronic
band structure of phosphorene.

Because of the large number of atoms contained in the PNFs
under study, the standard diagonalization (DIAGON) method
in SIESTA, which is based on the ScaLAPACK®® software
package, becomes prohibitively expensive. Therefore, we use
the recently developed Pole EXpansion and Selected Inversion
(PEXSI) technique® ™®* to reduce the computational time
without sacrificing accuracy even for metallic systems. The
PEXSI technique allows the evaluation of physical quantities
such as electron density, total energy, and atomic forces to be
performed without calculating any eigenvalue or eigenfunction.
Furthermore, the SIESTA-PEXSI method can scale to more
than 10000 processors on high-performance computing
machines.

We use the first-order time-dependent perturbation theory
implemented in SIESTA® to study the optical properties of
large-scales PNF monolayers and heterobilayers. We crosscheck
the optical properties of phosphorene against previous
theoretical calculations.”®
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